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The projected increase in sea surface temperature due to climate change is
expected to substantially intensify future hurricanes. Wooden light-frame
residential buildings are particularly vulnerable to hurricane damage, and their
risk is expected to increase due to heightened exposure and intensifying
hurricanes. Therefore, adaptation strategies need to be planned to reduce
damage to such buildings while considering the impact of climate change on
hurricanes. This study investigates the effectiveness of various climate change
adaptation strategies for coastal wood-frame single-story residential buildings
and demonstrates how these strategies can be planned. The study considers the
four Representative Concentration Pathways (RCPs) proposed by the IPCC to
investigate the impact of climate change on wind hazard and losses. Additionally,
three locations in the coastal United States of varying sizes, exposure, and
hurricane hazard levels are considered: Harris County, Texas; Mobile County,
Alabama; and Miami-Dade County, Florida. The results show that the increase in
wind speeds and losses will be non-linear with time. All considered adaptation
strategies decreased losses, with some able to completely counter the increasing
losses even under high emission scenarios. Investigating the effectiveness of
adaptive measures can guide stakeholders in allocating funds and efforts for
hurricane risk management and enhancing community resilience.
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1 Introduction

The population of the coastal communities in the U.S. hit approximately 130 million in
2020, accounting for almost 40% of the total U.S. population. Consequently, there has been
a notable surge in the number of residential buildings in these regions. Notably, light-frame
wooden structures comprise the majority of residential buildings in the United States
(Amini and van de Lindt, 2014; Unnikrishnan and Barbato, 2017; Masoomi et al., 2018).
However, this type of construction is vulnerable to intense winds, and damages caused by
excessive wind pressure and wind-borne debris represents a significant portion of the losses
caused by hurricanes (Abdelhady et al., 2022). Furthermore, the majority of future climate
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prediction models based on emission scenarios of the
Intergovernmental Panel on Climate Change (IPCC) predict
significant changes in environmental parameters, such as sea
surface temperature, as a result of climate change (Portner et al.,
2019). As a result, the intensity of climate-dependent natural
hazards, including hurricanes, is expected to substantially
increase in the future (Hallegatte, 2007; Knutson et al., 2010;
Walsh et al., 2016; Contento et al., 2019). Considering the
combined effects of climate change and population growth in
coastal regions, damage to buildings—especially light-frame
wooden structures—due to hurricane hazards has the potential to
increase significantly (Gurley et al., 2005; Pielke et al., 2008; Lee and
Ellingwood, 2017; Lin et al., 2019; Snaiki et al., 2020). Hence,
understanding the effect of climate change on the lifecycle
performance of these structures is of utmost importance and
requires further consideration.

The vulnerability of wooden light-frame structures to intense
winds has garnered increasing attention over the years. More
recently, Abdelhady et al. (2022) presented a probabilistic
methodology for fragility analysis of wooden residential buildings
subjected to hurricane winds. The available literature predominantly
focuses on structural performance, fragility analysis at the
component and building level, as well as loss assessment under
hurricane wind hazard (Ellingwood et al., 2004; Pinelli et al., 2004;
Emanuel et al., 2006; Li and Ellingwood, 2009; Unnikrishnan and
Barbato, 2017; Wang and Rosowsky, 2018; Pant and Cha, 2019a;
Angeles and Kijewski-Correa, 2022; Klepac et al., 2022; Angeles and
Kijewski-Correa, 2023; Kijewski-Correa et al., 2023). While
extensive research has been conducted regarding the structural
performance of wooden buildings under wind loads, not enough
attention has been given to the assessment of the benefits and
efficiency of different adaptive measures, considering the
anticipated changes in future hazards (e.g., adaptation methods,
retrofitting, strengthening, and design improvement and
enhancement).

Current performance assessment studies for buildings under the
threat of hurricanes assume that wind speeds remain stationary over
time and do not consider the potential impact of climate change. For
instance, Unnikrishnan and Barbato (2016) presented a
performance-based hurricane engineering (PBHE) framework to
evaluate the losses due to hurricanes and the benefits of different
mitigation measures for a typical residential building, without
considering climate change. In another study, Masoomi et al.
(2018) investigated different sets of wind performance
enhancement methods for specific archetype building types under
extreme winds. However, the wind load was assumed to be
stationary with time. More recently, Orooji et al. (2022) explored
the effectiveness of available wind mitigation strategies for a single-
story, wood-frame residential building in the U.S., in terms of
payback period (the number of years to recover the investment).
The results of the cost-effectiveness of these mitigation measures
were performed based on the current ASCE-7 wind speed contours,
which assume stationarity wind threat and do not account for any
changes in future hazards due to the impact of climate change.

Previous studies on the impact of climate change on future
building damage and loss have primarily focused on capturing
changes in climate parameters and their relationship with
estimated losses (Pita et al., 2012; Liu, 2014; Pant and Cha, 2018;

Pei et al., 2018; Wang and Rosowsky, 2018; Pant and Cha, 2019a;
Pant and Cha, 2019b). Hence, further attention is required in
improving structural performance, quantifying costs, and
assessing the benefits of various adaptive measures under a
dynamic risk level caused by the impact of climate change.
Currently, some studies have investigated the cost-effectiveness of
adaptation planning for residential buildings at a regional scale,
considering the uncertainties of climate change effects (Bjarnadottir
et al., 2011; Li et al., 2012; Bjarnadottir et al., 2014; Stewart and Deng,
2015; Bjarnadottir et al., 2019; Qin and Stewart, 2020; Orcesi et al.,
2021). For example, Dong et al. (Dong and Frangopol, 2017)
conducted one such study, which explored the performance of
different adaptive measures under hurricane threats, assuming a
non-stationary wind model to account for climate change. However,
the investigated adaptive measures were limited to updating older
buildings to newer building types based on the year built (e.g.,
buildings constructed before 1970 updated to types built between
1986 and 1997 or after 1997). Furthermore, while this study
accounted for the changing hazard due to climate change, the
hazard is not directly assessed as a function of potential future
climatic condition, and the wind hazard intensity changes due to
climate change is assumed to be linear. Hence, there is a need for an
investigation into the impact of component-level adaptive measures
on building performance, based on climatic conditions. By
incorporating the effect of climate change on the hurricane
hazard in building performance assessment, the non-stationary
aspect of the hazard will be considered, which would lead to
improved pre-disaster preparedness considering the long-term
lifespan of structures while improving resource management and
funding allocation. Additionally, it is essential to investigate adaptive
measures specific to individual components of a structure, rather
than applying a general update to structural performance. Such an
approach will provide a more detailed analysis of different building
types and insights into the effectiveness of selected adaptive
measures under varying levels of future hazards. Conducting an
investigation of adaptive measures on a component level will also
lead to a better understanding of each measure’s effectiveness and
practicality for implementation on a regional scale, offering more
flexibility in allocated funds and expected cost. The results from such
an approach could provide detailed guidance for decision-makers
and stakeholders to improve the understanding of the effectiveness
of different adaptation methods and enhance community resilience.

This paper investigates various climate change adaptation
measures for residential buildings based on lifecycle loss due to
hurricane winds considering the non-stationary aspects of wind
hazard due to the impact of climate change. Cost-benefit analysis is
used to investigate the effectiveness of different adaptive strategies in
Harris County, Texas; Mobile County, Alabama; and Miami-Dade
County, Florida, which are expected to experience varying levels of
increased hurricane wind hazards in the future. The goal is to assess
the structural performance, quantify lifecycle loss, quantify the
mitigated loss and adaptation cost, and determine the best
strategy sets within specified economic constraints based on cost-
effectiveness analysis considering the predicted future changes of the
wind hazard. The U.S. Census Bureau estimates that out of total
129 million occupied units in 2021, approximately 82 million
housing units are single-family houses (U.S. Census Bureau,
2020). Furthermore, reports have stated that the majority of
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hurricane damage typically occurs to such units (Bjarnadottir et al.,
2011), which makes them one of the most vulnerable types of
residential units. Additionally, approximately 50% of the houses
across the investigated regions in this study are one-story. Therefore,
emphasis is placed on single-family, one-story units with similar
properties such as area and property value.

The paper is organized as follows. Section 2 describes the study
locations and building types and characteristics. In Section 3, the
model used to simulate hurricanes and generate future projections of
wind speeds based on projected changes in sea surface temperature
is described. Section 4 outlines the loss assessment methodology and
presents the projected losses for the study locations. In Section 5, the
effectiveness of various adaptation strategies is investigated, and the
implementation of the strategies is discussed. Finally, the study’s
conclusions are presented in Section 6.

2 Study locations

2.1 Locations description

Three coastal counties in the U.S. have been selected for the
study: Harris County, Texas; Mobile County, Alabama; and Miami-
Dade County, Florida. These locations exhibit varying levels of
hurricane hazard risk, vary in size and population, and are
expected to experience diverse changes in hurricane hazards due
to climate change, as will be discussed later. Harris County has the
lowest hurricane wind hazard among the three locations. For
instance, the 50-year mean recurrence interval design wind speed
for Harris County is 104 mph, compared to 113 mph and 127 mph
in Mobile and Miami-Dade counties, respectfully (ASCE, 2022).
However, there are an estimated 533,551 one-story residential
buildings in Harris County compared to 73,142 in Mobile and
76,743 in Miami-Dade (FEMA, 2022). Hence, while Harris County
has the lowest hurricane wind hazard, it has the highest exposure of
buildings, leading to higher potential vulnerability.

2.2 Building types and characteristics

The single-story residential buildings within a region contain a
wide array of building types and properties. For simplification, to
assess the regional damage and loss caused by hurricanes, buildings
with similar properties, construction quality, loss characterization
and wind-performance in the study regions are categorized into

different “building types” grouped together based on their building
feature variations that are outlined in Table 1.

Considering the predominant variations of building features
(Table 1) (FEMA, 2012) and wind resistance characteristics among
wooden-frame residential buildings, 96 different building types are
considered in the studied regions. The buildings in each region are
categorized based on each building feature such that they can
accurately represent the wind-resistance characteristics of the
single-story buildings as a whole in that region. Other
characteristics such as plan area and height were assumed to be
similar for all the single-story buildings to focus on the building
features specifically. For each county, using a Monte-Carlo
simulation, a building inventory is generated that represents the
current building composition in terms of building feature
proportions, number, and location through census tracts—a
small, relatively permanent statistical subdivisions of a county, as
defined by the Census Bureau—which provides a general location
and distance from the shore. These properties are based on the
extracted information fromHAZUS-MH (Hazus) (FEMA, 2012) for
building inventory established from the 2010 census. For example,
based on the information available fromHazus (FEMA, 2012), it has
been observed that 70% of the wooden-frame residential buildings in
Miami-Dade have shutter protection while 30% do not have shutter
protection. The buildings are assumed to have a plan area of
1800 ft2 with a story height of 9 ft and an average value of
$200,000. Applying the outlined rulesets and assumptions within
different study regions allow the generation of a representative
building inventory, as acquiring specific and accurate building
feature data for every single building within a wide region such
as a county is cumbersome and with limited access.

Furthermore, it should be noted that the building inventory
composition considered for future loss estimation in this study is
assumed to be unchanged since the purpose of this study is to
compare the current and future implications of climate change on
hurricane wind damage as well as investigate the efficiency of
different adaptive measures without introducing uncertainties in
other parts of the modeling (e.g., building numbers, value, types,
vulnerability, fragility, etc.). Recently, Kijewski-Correa et al.
(Kijewski-Correa et al., 2023) developed a novel method of
generating building inventory in data-rich and data-scarce
environments using publicly available data and time-evolving
code-based rulesets. The method can overcome some of the
shortcomings of the approach adopted in this study to generate
building inventory. For example, the time-evolving ruleset approach
overcomes the challenge of assuming a stationary or older building

TABLE 1 Building features and variations.

Building feature Variations

Roof Shape Hip or Gable

Roof sheathing nailing pattern 6d @ 6"’/12’’ (15.24 cm/30.48 cm), 8d @ 6’’/12’’ ((15.24 cm/30.48 cm), 8d @ 6’’/6’’ (15.24 cm/15.24 cm)

Roof-to-wall connection Toe-nail or Straps

Shutter availability Yes or No

Garage Door None, Weak, Standard, Reinforced
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inventory and allows for the consideration of changes in building
codes over time.

3 Hurricane hazard analysis

3.1 Hurricane simulation model

The first step in assessing the structural performance and
regional loss of residential buildings is to quantify the hazard

intensity. The structural performance of buildings under wind-
related hazards, such as hurricanes, can be expressed as a
function of wind speed. Wind speed serves as a necessary input
for damage assessment and is dependent on hurricane intensity. To
capture the effect of climatic parameters on the intensity of future
hurricanes and provide predictions of future wind hazard, the
Empirical Track Model (ETM), first proposed by Vickery et al.
(Vickery et al., 2000), is employed in this study. This model is widely
used in studies concerning the impact of climate change (Powell
et al., 2005; Emanuel et al., 2006; Mudd et al., 2014; Pant and Cha,

FIGURE 1
Flowchart for one storm year simulation [adapted from Salarieh et al. (2023)].
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2019a), and was also used to develop the wind speed maps in ASCE
7-10 & ASCE 7-16 guidelines (ASCE, 2017). Additionally, the model
facilitates the direct incorporation of changes in Sea Surface
Temperature (SST) as one of the main variables for hurricane
intensity, making it an ideal choice for developing climate-
dependent hurricanes. As a result, the simulated hurricanes are
influenced by the temporal and spatial variations of SST over the
Atlantic basin.

Figure 1 shows a flowchart of the simulation model. The number
of simulated hurricanes over the North Atlantic Ocean each year is
determined by sampling from a negative binomial distribution with
a mean value of 11.20 storms/year and a standard deviation of
5.6 storms per year. These values are based on a statistical analysis of
historic storm records (HURDAT) from 1944 to 2020 (Vickery et al.,
2010; Landsea et al., 2015). For each simulated storm, the genesis
point is sampled from recorded hurricanes to provide starting
coordinates, date and time, initial heading, and translational
speed, accounting for the seasonality of Atlantic hurricanes. Once
a genesis point is selected, the storm’s track is updated at specific
time intervals (every 6 h) using regression coefficients. These
coefficients are determined based on recorded historical
hurricane data for each cell on a 5o × 5o grid over the entire
Atlantic basin and new hurricane parameters are evaluated for
the hurricane’s eye location.

The central pressure of a hurricane on water, which serves as a
measure of its intensity, is calculated as a function of SST. Given that
hurricane intensity directly depends on climatic parameters such as
SST, the hurricane model takes into account the impact of climate
change and its effect on SST. For the present climate scenario, recorded
monthly average SST values up until the year 2020, on a 1 × 1° grid, were
obtained from the Hadley Ice and Sea Surface Temperature (HadISST)
database (Rayner et al., 2003) and used in the hurricane model.
Meanwhile, projections of future SST on a monthly average basis by
the end of the 21st century (2100) were obtained from the Coupled
Model Intercomparison Project Phase 5 (CMIP5) on a 1 × 1° resolution
grid (Held et al., 2019). These SST projections are extracted from
Geophysical Fluid Dynamics Laboratory (GFDL) - Coupled Model
(CM3) of the National Oceanic and Atmospheric Administration
(NOAA) and cover four emission scenarios in terms of
Representative Concentration Pathways (RCP), defined by the IPCC:
RCP 2.6, 4.5, 6.0, and 8.5. The IPCC emission scenarios represent four
possible total radiative forcing and resulting potential impacts on the
climate and environmental parameters such as global and sea surface
temperature by the end of the 21st century (IPCC, 2013; Allan et al.,
2021). RCP 2.6 represents a scenario wheremitigation actions are taken,
leading to a very low forcing level that peaks and declines before 2100.
RCPs 4.5 and 6.0 are stabilization scenarios where radiative forcing
stabilizes by 2100 for RCP 4.5 but does not peak for RCP 6.0. RCP 8.5 is
a very high greenhouse gas emissions climate scenario representing a
high-risk future. Considering the significant uncertainty in future global
emission trends and policies, it is challenging to identify which climate
scenario will become the status quo in the future. As a result, this study
accounts for all four Representative Concentration Pathways (RCPs)
when calculating the predicted wind speeds and subsequent regional
loss estimations. Based on concentration-driven CMIP5 simulations by
the IPCC (IPCC, 2013), the mean ocean temperature for the period
2081-2100 is projected to increase by 0.8°C (RCP 2.6), 1.5°C (RCP 4.5),
1.9°C (RCP 6.0), and 2.8°C (RCP 8.5) relative to the period 1986-2005.

To model the decay of the hurricane’s central pressure after it
makes landfall until dissipation, a decay model provided by
Vickery and Twisdale (1995) is used. Dissipation is assumed
to occur when the difference between the central pressure of the
hurricane and the atmospheric pressure is less than 1 mb. To
account for uncertainties associated with hurricane scenarios, a
Monte-Carlo simulation is used to simulate 80,000 years of
hurricanes, considering the projected SST changes for each of
the studied climate scenarios. The hurricane parameters obtained
from the simulation are then input into a wind field model
developed by Georgiou (1986) to evaluate the gradient wind
speeds. Finally, the gradient wind speed can be converted to
surface wind speed using the conversion factors provided by Lee
and Rosowsky (2007). Using the simulated hurricane ensembles
for each climate scenario, the 3-s gust wind speed at 10 m (V) is
extracted for each census tract in a studied county to be used for
damage assessment.

For more detailed information on the ETM model used in this
study, including model validation, refer to Salarieh et al. (2023).

FIGURE 2
Projected percentage increases for the four considered climate
scenarios in the 700-year MRI hurricane wind speeds on 10-year
intervals across three studied Counties Harris, TX; Mobile, AL; and
Miami-Dade, FL.
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3.2 Impact of climate change on hurricane
wind hazard

To assess the impact of climate change on future hurricane wind
hazard, the 3-s gust wind speed under different climate scenarios as a
function of the Mean Recurrence Interval (MRI) for the studied
counties is evaluated for the present and future climate scenario.
Figure 2 presents the projected increases in the 700-year MRI wind
speeds on ten-year intervals between the years 2020 and 2100 for the
four climate scenarios. The 700-year MRI is presented because it
corresponds to the wind design level for Category II structures in
ASCE 7-16 (ASCE, 2017), including residential buildings. It is
observed that the impact of climate change will lead to a
significant increase in the intensity of design wind speed for all
the studied locations. Under the RCP 8.5 climate scenario (average
SST increase of 2.8℃), the 700-year MRI wind speed for Harris
County is predicted to increase by 22% by the end of the century,
compared to current conditions. Meanwhile, the corresponding
increase for Mobile and Miami-Dade Counties are 20% and 32%,
respectively. A similar trend of increase in future wind speeds, with
less drastic differences, is observed for more moderate climate
scenarios (RCP 4.5 and 6.0). For RCP 2.6, which represents the
low-emission climate scenario with approximately 1.0℃ increase in
the global average SST, the wind speeds are projected to increase
between 9% and 12% compared to current conditions.

Additionally, the projected increase in the wind speeds for
different decades also suggests a non-linear trend. This is because
the projected increase in SST is temporally uneven and fluctuating.
For example, a significant increase in 700-year wind speeds is
expected for Miami-Dade over the next three decades, while
Mobile, AL, and Harris, TX, will be experiencing a significant
increase in wind speeds towards the end of the century.

4 Loss assessment

The loss assessment approach involves using building damage
state definitions and the wind hazard from the hurricane simulation
to evaluate losses at both the individual building and regional levels.
Building damage states, corresponding to damage ratios (or loss
ratios), are derived from component (building features) damage
levels. Structural loss for a single building type can be expressed in
terms of the expected annual loss (EAL), based on the structural loss
ratio of individual building types under a given hurricane scenario.
Subsequently, the expected total loss (ETL) for a region can be
estimated using the number of residential buildings by type and the
average building value in that region for a specific time frame. The
building damage functions and the loss assessment procedure are
described in detail below.

4.1 Building performance assessment

Existing damage models for different building types under wind
load are employed to predict the damage and loss for the residential
buildings in this study. Five descriptive damage states, ranging from
0 (no damage) to 4 (destruction), are considered to assess the
structural performance of the buildings. These damage states

(DS) are defined based on the building envelope’s performance
and the required repair cost/action needed to restore a damaged
building. Table 2 provides a summary of the assumed damage states
for residential buildings in this study (Vickery et al., 2006a; Vickery
et al., 2006b; FEMA, 2012; Unnikrishnan and Barbato, 2016;
Masoomi et al., 2018).

For each damage state, a damage model or fragility function is
extracted for individual building types from Hazus (FEMA, 2012).
Fragility functions are cumulative distribution functions (CDFs) and
are defined as the probability of damage reaching or exceeding a
certain damage level (i.e., damage state) for a given hazard intensity
measure. The fragility curves for a specific building type are based on
numerous iterations that compare the building feature strength or
“Resistance” to the applied wind speed or “Load” to decide whether
an element has been damaged in that iteration. Such procedure leads
to a probabilistic approach rather than a deterministic method that
assumes one single value for strength and load. One advantage of a
probabilistic damage modeling approach such as employing fragility
functions is that the variations in the resistance of building features
will be accounted for and the impact from such variations could be
primarily captured. However, there are uncertainties that are
difficult to capture even with the probabilistic damage model.
Uncertainties due to differences in regional construction practices
and regulatory environments (building code variations, year of
building construction relative to code updates, materials
variations, etc.) cannot be adequately captured in the adopted
probabilistic damage model. For hurricane wind hazard, the
intensity measure is often assumed as a maximum 3-s gust wind
speed (V). As such, the building fragility FRi(v) is given by Eq. 1:

FRi v( ) � P DS> dsi V � v|( ) (1)
where DS is a damage state, dsi is one of the predefined limit states
(DS1 through DS4) for a given wind speed (v).

4.2 Loss estimation

Using the fragility functions and the climate-dependent
projected wind speed at the location of each census tract, the
probability of the damage level exceeding specific damage states
(DS) can be computed by employing a Monte Carlo simulation.
Since each damage state is defined according to the required repair
action/cost, it becomes possible to define the expected loss for a
single building in a region based on the functionality of the structure.
In this study, the direct loss due to structural damage is emphasized.
The expected annual loss (EAL) is calculated by convolving the loss
curve and probability density function of the annual maximumwind
speed as shown by Eq. 2:

EAL � E Loss[ ] � ∫∞

0
fv v( ).L v( )dv (2)

in which L(v) is the convolution of losses considering all damage
states as a function of wind speed, and fv(v) is the probability
density function of the hurricane wind speed (v) from the hurricane
hazard modeling. The annual maximum wind speed for each
location is assumed to follow a Weibull distribution (Li and
Ellingwood, 2006). The Weibull shape parameters are site specific
to each census tract within a region. It should be noted, however,
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that the Weibull distribution might not always be the best fit for
annual maximum wind speed in all locations and climate
conditions.

The direct loss in terms of repair cost is calculated based on the
damage ratio associated with a structure under a given hurricane
scenario. While building loss ratios, based on the level of individual

component damage states, are sufficient for quantifying the damage
and loss for single buildings, regional loss, and comparison of loss
increase due to climate change, the cost-effectiveness analysis of the
adaptive measures requires the loss to be expressed in dollar values.
Hence, for each Damage State (DS) assumed, a repair cost in the
form of a lognormal distribution is generated with a mean value
expressed as a percentage of the total building cost (Table 2) and a
COV of 0.2 to account for the uncertainty of the repair cost due to
factors such as local labor cost, local construction practices, and
material availability (Unnikrishnan and Barbato, 2017). The
calculated direct loss for each building type can then be used,
along with the number of buildings by type and average building
value in the investigated census tract, to estimate the regional
expected annual loss. Based on the calculated EAL for individual
building types and the acquired building inventory of the studied
region, the regional expected annual loss (REAL) is given by Eq. 3:

REAL � ∑tract

j�1 ∑type

i�1 EALij.nij (3)

in which nij is the number of ith building type in the jth census
tract within a county, and EALij is the expected annual loss for the
ith building type in the jth census tract.

The increase in losses between the present climate and the future
climate scenarios for the studied regions is quantified for ten-year
intervals between the years 2020 and 2100, as shown in Figure 3.
Since the comparison is made in terms of a ratio, the value is
normalized for the average building value and number of building
types, making it easier to compare regions that vary in size.
However, the regional loss is also measured in terms of monetary
value, providing further insight, especially when performing the
cost-benefit analysis for different adaptation measures, as presented
in the next section. It is observed that the estimated annual losses are
expected to increase in the future due to the rise in hurricane wind
intensities. Nevertheless, similar to the projected wind speeds, the
risk in terms of loss increases is not consistent across the studied
locations and time frames.

Figure 3 shows that by the end of the century, Miami-Dade will
experience the highest increase in losses, while the lowest loss
increase is in Mobile, AL. This trend is particularly prominent
for the higher emission scenarios. Under RCP 8.5, the losses in
Miami-Dade in the year 2100 will be 4.70 times the losses in 2020.
The corresponding increases in Harris and Mobile are 4.26 and 3.20,
respectively. Interestingly, this analysis demonstrates that the

TABLE 2 Damage States (DS) for wooden frame residential buildings.

Damage
state (DS)

Qualitative
measure

Roof
covering
failure (%)

Window/
door/garage

failure

Roof
sheathing
failure

Roof-to-wall
connection

failure

Repair cost
mean (%

building cost)

0 No Damage ≤ 2 No No No 0a

1 Minor Damage >2% & ≤15 1 No No 2

2 Moderate Damage >15% & ≤50 >1 and ≤ max
[3 or 20%]

1-3 panels No 10

3 Severe Damage ≥50 > max [3 or 20%]
and ≤50%

>3 and ≤25% No 30

4 Destruction Typically ≥50 > 50% >25% Yes 70

aThe repair cost for roof covering less than 2% is assumed to be negligible.

FIGURE 3
Increase in losses in future climates compared to present climate
(2020) for the four considered climate scenarios on 10-year intervals
across three studied Counties Harris, TX; Mobile, AL; and Miami-
Dade, FL.

Frontiers in Built Environment frontiersin.org07

Salarieh and Salman 10.3389/fbuil.2024.1273311

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1273311


increases in the loss ratio by the year 2100 for Harris and Miami-
Dade are comparable, even though the wind hazard is relatively
higher for Miami-Dade and is expected to increase more
significantly (as shown in Figure 2). This is because other factors,
such as the number and types of buildings, also play a crucial role in
determining the level of losses. Harris County has over
500,000 buildings compared with approximately 76,000 in
Miami-Dade.

The increase in losses is also dependent on the emission
scenarios. Under the low-emission RCP 2.6 scenario with 1 °C
increase in average sea surface temperature, all the locations will
experience approximately a 100% increase in regional loss by the end
of the century. This is because the increase in wind speeds in all three
locations is also similar, as seen in Figure 2. Changes in wind speeds
for the locations are similar because, under the RCP 2.6 scenario,
changes in SST are not drastic across all regions in the Atlantic and
the Gulf of Mexico. However, as emissions increase (to RCP 4.5 and
6.0), the increase in losses starts to differ among locations. It is worth
noting that the predicted increase in regional loss under the
moderate emission scenarios (RCPs 4.5 and 6.0) is comparable
across all time frames and studied locations because the expected
increase in SST under these two scenarios is relatively close, resulting
in comparable wind hazard profiles, as observed in Figure 2.

It is also worth noting that the investigated time intervals (e.g.,
10, 20, ., and 80 years from 2020) have a considerable effect on the
expected annual loss of the buildings, and the rate of increase is not
constant or linear over time. This is especially evident for the RCP
8.5 scenario. In Harris County, the loss ratio will increase from
1.62 in 2030 to 2.28 in 2060 under the RCP 8.5 scenario, indicating a
41% increase. However, the loss ratio would further increase from
2.28 in 2060 to 4.26 in 2100, showing an 87% increase. Hence, the
trend demonstrates a faster increase in the second half of the 21st
century. The trend is even more pronounced for Mobile, where the
loss ratio will increase by 9.2% from 2030 to 2060 and by 108% from
2060 to 2100 under the RCP 8.5 scenario. However, the trend is
different in Miami-Dade. Under the RCP 8.5 scenario, the loss ratio
will increase by 51% from 2030 to 2060, and by 20% from 2060 to
2100. Note that the trend in the increase in losses follows the trend in
the increase in wind speed seen in Figure 2.

5 Adaptation planning

5.1 Adaptation strategies

The adaptation strategy considered in this study involves
retrofitting and strengthening existing selected archetype single
family homes by implementing robust and stronger component-
based setups. Table 3 provides a summary of the considered
adaptation strategies and the assumed retrofit implementation
cost on existing selected archetype single family homes, extracted
from Orooji et al. (Orooji et al., 2022), along with published
component-level housing cost data included in RSMeans
(Gordian, 2013). Note that in Table 3, “Shutt” indicates the
fortification of openings, which includes installing shutters and/
or reinforced garage door(s). Following the method used in the
previous section for calculation of the regional loss for wind hazard
under different climate scenarios, the predicted estimated regional

loss considering different adaptation measures are considered by
accounting for the changes to the building type and the building
composition in a region. The updated fragility curves for the
buildings after implementing the adaptation strategies are also
obtained from Hazus (FEMA, 2012). To study the effectiveness
of the adaptation strategies, it is assumed that the implementation
takes place in the year 2020, and the accumulated total lifecycle loss
is calculated for the end of the century (i.e., 80 years lifecycle).

To quantify the effectiveness of an adaptive measure, a cost-
benefit analysis is implemented, which takes into account the cost of
different adaptation techniques and the benefits achieved from the
performance improvement of the studied buildings over their entire
lifecycle (design life). Incorporating lifecycle engineering is crucial
when evaluating the impact of climate change on the expected loss
and damage of infrastructures in the future (Dong and Frangopol,
2017), given that climate change is a long-term issue. Additionally,
the cumulative damage, losses, and possible benefit in monetary
terms over the expected design life are of importance to decision-
makers and stakeholders when considering different adaptation
options. The expected economic benefit of an adaptive measure
(B) is given by Eq. 4 (Liel and Deierlein, 2013):

B � ∑
Year

t�0

REALwo − REALR

1 + γ( )t − CostR (4)

where REALwo is the regional expected annual loss without any
retrofits, REALR is the regional expected annual loss after retrofit
implementation, γ is the monetary annual discount rate assumed to
be 2% (Dong and Frangopol, 2017) to account for variation in
inflation and interest rates, and Year is the assumed total lifecycle for
the investigated buildings (i.e., 80 years when considering the
climate scenario for the end of the century–the year 2100). CostR
represents the cost of retrofitting that includes the cost of the
material and the labor cost shown in Table 3. Values of B less
than 0 denote that the adaptation strategy is not cost-effective, while
values greater than 0 denote that the considered adaptation strategy
is beneficial. Finally, the net benefit ratio compared to the estimated
total regional loss is normalized to provide a better understanding of
the effect without the impact of size or building counts in a region.

5.2 Adaptation planning approach

To guide the planning and implementation of the adaptation
strategies, the estimated annual loss (EAL) for all building types is
calculated, which is directly related to the building vulnerability. To
identify the retrofits that are beneficial and cost-effective (B > 0), the
building types are ranked based on their vulnerability (EAL). While
the wind hazard profile varies significantly across different locations,
the vulnerability ranking remains unchanged across the regions. For
example, the most vulnerable building type considered in this study
is a gable roof with 6 days nails @ 6”/12″ roof to deck attachment, a
Toe-nail roof-to-wall connection with no shutters, and a weak
garage door. Conversely, the most robust building type is a hip
roof with 8 days nails @ 6”/6” roof to deck attachment, strap roof-to-
wall connection with hurricane shutters installed, and an SFBC
1994 garage door. The outcome based on vulnerability (or,
conversely, performance) is directly related to the lifecycle loss
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within a region. The aim here is to achieve the maximum benefit by
reducing the expected lifecycle loss.

It is found that the most effective approach to implementing
adaptation strategies is to prioritize the highest exposed of the most
vulnerable building types based on the building type vulnerability
ranking. Such an approach intuitively leads to the highest reduction
of the total lifecycle loss within the investigated region for a given
adaptive strategy, thereby maximizing the benefits associated with
structural adaptive actions in a lifecycle context. This is because the
cost of the adaptation strategies is the same for each specific building
component. Furthermore, when similar building types are
considered in terms of vulnerability ranking, it is observed that
higher loss reduction and benefits are achieved by prioritizing the
buildings located in census tracts with higher wind hazard levels.
These hazard levels vary among different census tracts within a
region and are found to be impacted by average surface roughness
and distance from the coast.

First, the effectiveness of the adaptation strategy in terms of its
ability to reduce losses is investigated. The level of implementation
of the adaptation strategies for all the buildings in a region is also
varied from 10% to 100%. For example, 80% implementation
implies that a particular adaptation strategy is implemented on
80% of building types in a region that are eligible to receive the
adaptation. Eligible buildings are those that would benefit from the
adaptation strategy. For instance, buildings eligible to receive
hurricane straps are those without hurricane straps. Additionally,
the adaptation is planned based on the vulnerability ranking
discussed above. Hence, for all implementation levels, buildings
are prioritized based on their vulnerability ranking. 100%
implementation means all eligible buildings received the
adaptation strategy.

The results are presented in Figure 4. Note that the losses in
Figure 4 are normalized and represented by the “Total loss ratio,”
which is a ratio of the total lifecycle loss with adaptation strategies
and climate change to the total lifecycle loss with no climate change
and no adaptation. Only results for RCP 2.6, 4.5, 8.5 are shown.
Results for RCP 6.0 are not displayed because they are very similar to
the RCP 4.5 results, as observed in Figures 2, 3.

Figure 4 shows that all the adaptation strategies are effective in
reducing losses; however, their effectiveness varies. In all locations
and for all RCP scenarios, a robust yet expensive RDA + RWC +
Shutt (Roof to Deck Attachment (RDA), Roof to Wall Connection
(RWC), and Shutter and garage door (Shutt)) upgrade led to the
highest loss reduction. It is also observed that the level of
implementation significantly impacts the effectiveness of the
adaptation strategies in all locations for all RCPs. For example, at
10% implementation, all seven possible combinations of adaptation

strategies did not show significant variation in their effectiveness to
reduce losses. However, at 100% implementation, the effectiveness is
starkly different. Consider the RDA + RWC + Shutt strategy in
Miami-Dade for the RCP 8.5 scenario, where the total loss ratio
decreased from 4.4 to 2.0 for 10% and 100% implementation,
respectively. In contrast, the RWC strategy only reduced the loss
ratio from 4.66 to 4.48 for 10% and 100% implementation,
respectively. This pattern is consistent across all locations and
RCPs, indicating that the RWC strategy is the least effective in
reducing losses. This can be attributed to the fact that Roof to the
Wall (RWC) attachments such as hurricane straps mostly prevent
significant levels of damage to the building roof by transferring the
uplift force to the walls. Such damage mode usually occurs under
significantly strong winds that detach the roof of the building, partly
or completely. Although a clear increase in the intensity of future
winds, especially under RCP 8.5, is observed for all studied locations,
the frequency of such occurrence is still not common. Hence, it can
be said that hurricane straps prevent significant damage and loss to
the building when the rare intense wind incident strong enough to
uplift the roof occurs. The figure also show that RDA + Shutt is
almost as effective as RDA + RWC + Shutt in all locations. This
further underscores the limited impact RWC has in reducing losses.

Among all single-component adaptive actions, hurricane shutter
installation and improvement to the garage door (‘Shutt’) are the
most effective strategies in reducing losses. The next most effective
strategy is RDA, followed by RWC. Additionally, as the percentage
of implementation increases from 10% to 100%, the difference in
effectiveness between the shutter/garage improvement strategy and
the other two widens. When considering a combination of any two
strategies, RWC + Shutt and RDA + Shutt upgrades are significantly
more beneficial compared to RDA + RWC. In fact, the Shutt strategy
alone is more effective than the combined RDA + RWC strategy in
all cases. Therefore, protecting windows and doors from damage
incurred by intense winds is observed to be among the most
beneficial approaches and should be prioritized when considering
adaptive actions to reduce structural lifecycle loss.

The results in Figure 4 show that the effectiveness of the
adaptation strategies depends on the severity of climate change.
In a future where the RCP 2.6 scenario prevails, the RDA + Shutt and
RDA + RWC + Shutt strategies decrease losses to levels lower than
those with no climate change in all three locations, depending on the
level of implementation. For example, at 70% or higher
implementation levels, the two strategies would result in a total
loss ratio of less than 1.0. This implies that the total loss, considering
climate change and adaptation, would be less than the total loss with
no climate change and no adaptation. However, as the severity of
climate change increases, the effectiveness of the strategies in terms

TABLE 3 Retrofit implementation cost for each adaptation strategy for archetype single family, one-story residential building (Note: Costs are for homes
with plan area of 1800 ft2 with story height of 9 ft and value of $200,000).

Adaptation method Cost of implementation

Shutt Install shutters $3,128

Install reinforced Garage door(s) $1,200

RDA Roof Deck Attachment: re-nailing $10,770

RWC Roof to wall connection: Adding hurricane straps $1,700
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of loss reduction decreases. For instance, at 70% implementation
levels under RCP 8.5, the RDA + RWC+ Shutt strategy would yield a
total loss ratio of 1.95, 1.58, and 2.84 in Harris, Mobile, and Miami-
Dade counties, respectively. This means that losses with climate
change would be higher than the case with no climate change,
despite the implementation of the adaptation strategy.

Meanwhile, the effectiveness of the different strategies varies
across the studied sites. For example, the RDA + RWC + Shutt
strategy, which is the costliest adaptation studied herein, proves to
be more beneficial for Harris, TX, significantly reducing the
predicted regional loss ratio. Under the RCP 8.5 scenario, 100%
implementation of the RDA + RWC + Shutt strategy decreased the
total loss ratio for Harris County from 4.26 to about 1.0. In other
words, 100% implementation of the adaptation strategy would make
the total loss with climate change about the same as the case with no
climate change. This implies that the adaptation strategy can
effectively counter the impact of the worst climate change
scenario in Harris County. However, in Miami-Dade, 100%
implementation of the RDA + RWC + Shutt strategy decreased
the total loss ratio from 4.70 to about 2.0, indicating that the strategy

is less effective compared to Harris County. This is potentially due to
the more resilient “initial” building inventory in Florida compared
to the other studied regions due to stricter building code in Florida
(e.g., only 15% of the buildings in Miami-Dade have toe-nail Roof-
to-Wall attachment while 25% buildings have this setup in Mobile
County). Furthermore, the variation of the projected increase in
wind hazard in the future between these regions is another
contributing factor as it was previously observed that Miami-
Dade is expected to experience the highest increase in wind
speed among the three investigated counties.

Figure 5 shows plots of adaptation cost against the ratio of
benefit to adaptation cost. Each data point in the figure represents a
level of implementation of the strategies, ranging from 10% to 100%.
Figure 5 provides valuable information that can be used to plan the
implementation of the adaptation strategies. Firstly, the figure
displays the cost of implementing different levels of the strategies
in the three locations. For example, a 100% implementation of the
RDA + RWC + Shutt strategy in Harris will require approximately
$6.2 billion. InMobile andMiami-Dade, the corresponding costs are
around $880 million and $721 million, respectively. This cost

FIGURE 4
Reduction in total lifecycle loss for different levels of adaptation strategy implementation for the considered climate scenarios across three studied
Counties Harris, TX; Mobile, AL; and Miami-Dade, FL [“Total loss ratio” (vertical axis) is the ratio of the total lifecycle loss with adaptation strategies and
climate change to the total lifecycle loss with no climate change and no adaptation. Dashed lines are total loss with no adaptation].
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variation is a function of the cost of each adaptation strategy, the
number of buildings, and the initial building inventory composition
(i.e., number of buildings eligible for mitigation) in each location.

Figure 5 can also assist in selecting adaptation strategies based
on their cost-effectiveness, as indicated by the benefit-cost ratio. The
results show that the RWC strategy is the most cost-effective for all
locations and climate change severities. This is despite the strategy
being the least effective in terms of reducing total losses, as seen in
Figure 4 and discussed previously. The RWC strategy is the most
cost-effective due to its relatively low implementation cost. On the
other hand, the RDA strategy is the least cost-effective, despite
reducing total losses more than the RWC strategy. This is because of
its relatively high implementation cost. Therefore, the benefit gained
(reduced total expected loss) from an adaptation strategy and its
cost-effectiveness are different and can vary significantly. Cost-
effectiveness and benefits depend on various factors, such as
wind hazard intensity, building type composition, and assumed
adaptation costs. For regions with predicted high-intensity winds
and substantial future losses, such as Miami-Dade, hurricane straps

(RWC) are considered a cost-effective yet significantly effective
adaptation strategy.

Selecting appropriate adaptation strategies is not necessarily a
straightforward procedure, as the needs and wants of the decision
maker may not align with the strategy that offers the highest loss
reduction or highest cost-effectiveness (benefit-cost ratio).
Furthermore, limited funding and budget allocations for adaptive
action planning make the cost-effectiveness of an adaptation
measure critical. For instance, consider a county that raised
$200 million from resilience bonds (Dhanjal, 2020) and decided
to invest it in adaptation strategies for buildings. In Miami-Dade,
under RCP 8.5, the most cost-effective adaptation action would be
the RWC + Shutt strategy, with a benefit-cost ratio of about 250.
With the $200 million budget, retrofitting will be possible for
approximately 80% of the eligible buildings, leading to an
estimated $55.4 billion in averted losses over an 80-year period
in the region. A similar result can be achieved with the Shutt strategy
alone. On the other hand, the least cost-effective strategy is the RDA
strategy, with a benefit-cost ratio of about 51, and only about 40% of

FIGURE 5
Cost effectiveness of different studied adaptive measures for different regions for the considered climate scenarios across three studied Counties
Harris, TX; Mobile, AL; and Miami-Dade, FL. The dashed lines represent the budget available for investing in adaptation strategies.
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the buildings will receive the adaptation strategy. For the same
allocated budget of $200 million, implementing RDA + Shutt for
28% of the most vulnerable buildings in Miami-Dade County would
lead to a $29.9 billion loss reduction compared to the unmitigated
estimated regional loss under the RCP 8.5 climate scenario. The
same budget in Mobile will yield lower benefit-cost ratios and a
lower percentage of implementation. As Harris County has many
more buildings than Mobile and Miami-Dade, the same RWC +
Shutt strategy that is the most cost-effective inMiami-Dade can only
be implemented on about 10% of the buildings in Harris with the
same budget, resulting in a benefit-cost ratio of about 135. For the
moderate and low emission scenarios, the same budget will result in
lower benefit-cost ratios for all locations.

Figure 5 also demonstrates that the cost-effectiveness (benefit-
cost ratio) of the strategies increases as the severity of climate change
increases. For example, in Miami-Dade, the benefit-cost ratio for
100% implementation of the RDA + RWC + Shutt strategy is 58, 91,
and 141 under RCP 2.6, 4.5, and 8.5, respectively. A similar trend is
observed for the other locations. Moreover, the benefit-cost ratio
varies depending on the location, with Miami-Dade having the
highest ratio, followed by Mobile and Harris. For instance, the cost-
benefit ratio for 100% implementation of the RDA + RWC + Shutt
strategy is 141 inMiami-Dade, compared to 60 and 46 inMobile and
Harris, respectively. This trend aligns with the hurricane wind
hazards in each location, with Miami-Dade having the highest
hazard level, followed by Mobile and Harris.

6 Conclusion

This study investigates the efficiency and cost-benefit of
different adaptation strategies for wooden-frame residential
buildings subjected to changing hurricane wind hazards due to
climate change. The regional loss of residential buildings in three
different coastal communities located in the Southeast U.S., which
are expected to have non-uniform exposure to hurricane wind
hazards in the future, is computed. Furthermore, the effect of
adaptive measures on the structural performance over their
lifecycle by the end of the century under different climate
scenarios is investigated. Based on the estimated benefits and
adaptation costs by the end of the century, the results
demonstrate how adaptation strategies can be planned and
implemented, considering reduction in losses, benefit-cost ratio,
and budget limitations.

The following can be concluded based on the analyses presented
in the study:

1. Time-dependent analysis of changes in wind speeds at 10-year
intervals shows that the increase in wind speeds is neither
linear nor uniform over time. A similar trend is observed for
the annual losses over time. While Harris and Mobile Counties
are expected to show a higher increase in losses in the second
half of the 21st century, Miami-Dade County is projected to
experience a higher rate of loss increase in the first half of the
21st century. Hence, investigations of future hurricane wind
hazards, regional losses, and other implications under the
impact of climate change should carefully consider the
temporal nature of expected changes.

2. The estimated regional losses under future climate conditions
are predicted to increase significantly, especially for a high
emission scenario. Such a significant increase in regional losses
due to hurricanes emphasizes the importance of disaster
preparedness studies and actions by local and federal
governments to improve the resiliency of coastal
communities through adaptive measures such as building
retrofitting. While Miami-Dade is expected to experience
the most intense wind speeds in the future, the regional loss
increase ratio by the end of the century (year 2100) for Harris,
TX, and Miami-Dade, FL, is comparable under an RCP
8.5 scenario. This result could be attributed to the variation
in the current building types in each region and the fact that the
‘as-is’ building inventory of Miami-Dade is more robust and
resilient against wind hazards compared to Harris County.

3. While some of the studied retrofitting strategies (a
combination of roof deck attachment re-nailing and
fortification of openings, for example) lead to a significant
mitigated regional loss or benefit, the cost-effectiveness of such
strategies, due to their expensive implementation costs, is
considerably lower than other studied strategies such as
adding hurricane straps or fortification of openings. Hence,
it is recommended that decision-makers consider both the
gained benefit (mitigated loss) and the cost-effectiveness (ratio
of benefit to adaptation cost) of each strategy to make informed
decisions based on the community’s needs, wind hazard
probability, building composition, and specific goals.

It should be noted that in this study, some assumptions and
simplification were made as the purpose of this paper was to
provide a comparison of the current and future estimated losses due
to potential climate variation and study the efficiency of different
retrofitting strategies in terms of benefit gained and cost of
implementation. The general procedure described in this study can
be applied to study the future hurricane risks and retrofitting benefits in
other regions considering different assumptions such as repair cost,
building numbers and composition, building type fragilities (fragility
can change over time), different building types (multi-family, mobile
homes, etc.), and year of construction using more detailed data sets.
Furthermore, only the impact of hurricane winds on the structural
damage was considered in this study, i.e., impacts from storm surge,
rain and flooding or content damage were not included in the loss
calculations. Consideration of the loss and damage incurred by these
hazards will result in higher loss prediction.

Another limitation of the study is the omission of changes in
building inventory and population within the regions. The building
type composition in each region is assumed unchanged in the future.
Based on this assumption, even if the total number of buildings
changes in the future, the estimated loss ratio will remain the same.
However, there is no evidence that the building type composition
will remain unchanged. A major factor that would impact building
inventory and hurricane losses is population growth. The increase in
losses from hurricanes over the years is partly due to increasing
urbanization and population growth, which has led to increased
exposure and vulnerability of infrastructure and communities. Non-
stationarity of building inventory and population changes should be
incorporated in future research on hurricane loss estimation
considering climate change. Additionally, indirect losses (content
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loss) can be considered in the analysis. Such losses are typically
caused by rain ingress and flooding. Hence, indirect loss models that
are directly related to the levels of rainfall and storm surge can be
employed if available.
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