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Coastal cities in the Southeast and Gulf Coast of the United States are at an increased risk of tropical cyclones (hurricanes) due to the combined effects of urbanization, rapid economic development, and climate change. Current building codes and standards focus on minimum performance criteria for individual buildings exposed to severe hazard events to ensure occupant safety. However, they do not consider the resilience of buildings and building portfolios, which are key factors in determining whether a community can respond to and recover from a severe natural hazard event. Light-frame wood residential buildings dominate the residential market in the US, represent a significant percentage of the investment in the built environment, and are especially vulnerable to hurricane winds and storm surge in coastal areas. Our study of the impact of various hurricane and climate change scenarios on the performance of coastal residential communities reveals that decision-making at the community level is needed to develop rational engineering and urban planning policies, to mitigate the impact of hurricane wind and storm surge, and to adapt to climate change. The results suggest that fundamental changes in the current building regulatory process may be necessary.
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INTRODUCTION
Background
Over 625 million (nearly 10%) of the global population lives in low-lying coastal regions that are less than 10 m above sea level (Neumann et al., 2015). Thus, inundation from even moderate sea level rise will have a destructive economic and social impact on coastal communities, especially on their vulnerable populations. Sea level rise may drive millions further inland (Hauer et al., 2016), causing immense social disruptions. In the US, forty percent of the population currently lives and works within 100 km of the ocean shoreline, with population growth in coastal areas projected to rise by 50% by the end of the 21st Century (Melillo et al., 2014). Many of the nation’s commercial, industrial, and recreation facilities, military installations, and energy production facilities are located in coastal regions of the US. The economic contribution of these facilities to the US GDP was $7.9 trillion, or 46% of GDP in 2014 (NOAA, 2017). Moreover, present coastal flood defenses are at risk of damage or collapse from future sea level rise, indicating that design criteria for such protective structures should be revised to meet the high rates of sea level rise that have been forecast (Rajabalinejad and Demirbilek, 2013).
Population and economic growth along the Gulf Coast of the US and in Southeast Florida have exceeded the national average in the past three decades. Communities in these regions are vulnerable to tropical cyclones (hurricanes) and storm surge. Sea level rise may cause these hazards and their impacts on the social fabric to be intensified. Severe damage to residential buildings, which dominate the residential market in the US, may have catastrophic impacts on social and economic institutions within the community. In most areas of the US, 90% of single-family and low-density residential construction is light-frame wood construction (McKeever and Elling, 2015). Such construction is especially vulnerable to the impacts of tropical cyclones (Kijewski et al., 2018), as shown by its performance in recent major hurricanes1—Hurricane Andrew (1992), Hurricane Katrina (2005), Hurricane Ike (2008), Hurricane Matthew (2016), Hurricane Harvey (2017), Hurricane Irma (2017), and Hurricane Michael (2018), to name a few. Notwithstanding the changes in residential building construction in the past three decades (IRC, 2018; WFCM, 2018), losses to residential construction remain disproportionately high compared with other engineering building constructions. Assuming 2017 conditions for climate, sea levels, and development in areas at risk of hurricane winds or storm-related flooding, the expected annual losses due to hurricane winds and storm-related flood in the US total $54 billion (0.3% of the nation’s gross domestic product), of which $34 billion occurs in the residential sector (Congressional Budget Office, 2019).
Current building codes and standards in the US focus on minimum performance criteria of individual buildings exposed to severe hazard events to ensure occupant safety and functionality (e.g., ASCE 7–16; IRC, 2018). However, they do not consider the resilience of buildings and building portfolios, which are key factors in determining whether a community can respond to and recover from a severe natural hazard event. Many probabilistic loss assessment approaches that have been developed over the past two decades to forecast expected damage and losses to residential buildings due to hurricanes (e.g., Pinelli et al., 2004; Deierlein et al., 2020; Pinelli et al., 2020) have focused on wind-related damage to individual buildings under stationary conditions. Enhancements to community resilience will require well-thought-out strategies by policymakers, urban planners, and engineers, involving a mix of land use policies, incentives, improved building practices, and targeted public and private investments in the built environment, to address the intensification of multiple hazards associated with climate effects.
Objectives and Scope of the Article
In this study, we integrate recent research on hurricane wind field modeling with residential building hurricane fragilities and economic loss data to model the likely impact of various hurricane and sea level rise scenarios on the performance and resilience of residential coastal communities. Taking a broad view of the problem, we utilize a scenario (or conditional risk assessment) approach to analyze damage to residential building portfolios rather than a fully coupled risk analysis for the following reasons: first, many community planners feel more comfortable in basing their decision-making on scenario events because they can easily relate the consequences of such events to historical data and prior experiences; most, being risk-averse (Cha and Ellingwood, 2013), are content to develop policies addressed at mitigating that damage. Second, as a risk communication strategy, a scenario analysis may better convey to a community the consequences of future hazard events (Ellingwood et al., 2016). Finally, the scenario approach is consistent with the approach taken by the NIST Community Resilience Planning Guide (NIST, 2016), which does not advocate the use of a full distribution analysis in community resilience planning.
We begin by establishing a digital elevation model (DEM) coupled with sea level rise, wind data, and hurricane track for the region of interest. We simulate wind and storm surge impacts on a coastal community and utilize previously developed fragilities (e.g., Adhikari et al., 2020) to predict damage to residential construction. We project economic losses under increasing hazard intensities out to 2100 under various climate scenarios to identify possible practices for achieving resilient buildings and communities and further assess the economic impact of different mitigation alternatives. We show that a decision at the community level is needed to develop rational engineering and planning policies to mitigate hurricane risk and to adapt to climate change, suggesting that fundamental changes in the current building regulatory process might be required.
NATURAL HAZARDS IMPACTING COASTAL COMMUNITIES
In this section, we summarize the impact of hurricane winds, sea level rise, and storm surge/wave action in a changing climate on coastal communities. We consider the impact of these hazard events on a coastal community located near Mobile, AL, beginning with a projection of hurricane intensities, frequencies, and tracks under climate change, followed by a discussion of climate effects on sea level rise and storm surge. Climate change effects typically are evaluated based on emission scenarios associated with representative concentration pathways (RCPs) adopted in the Intergovernmental Panel on Climate Change (IPCC)’s Fifth Assessment Report (AR5) (IPCC, 2014)—RCPs 8.5, 6.0, 4.5, and 2.6—which identify radiative forcing2 values in the year 2100 (2.6, 4.5, 6, and 8.5 W/m2, respectively) (Moss et al., 2010). RCP 2.6 represents the lowest emission and is based on the assumption that CO2 emissions begin declining almost immediately and are reduced to zero by 2100, to comply with the Paris Agreement’s primary objective of the United Nations Framework Convention on Climate Change, i.e., lowering means global warming to below 2°C by 2100. In contrast, RCP 8.5 assumes that no action is taken to prevent additional emissions of CO2 (van Vuuren et al., 2011), resulting in mean global warming of around 4.8°C by 2100. RCP 4.5 is an intermediate case, based on the assumption that climate policies to achieve the goal of limiting emissions, concentrations, and radiative forcing, leading to mean global warming around 2.6°C by 2100 are invoked (IPCC, 2014). In the following, the climate change effects will be discussed based on scenarios RCP 4.5 and RCP 8.5 to show the impact of moderate vs. conservative climate assumptions.
Projection of Hurricanes Under Climate Change
The change of hurricane frequency/intensity under climate change not only may increase the hurricane wind risk but also might increase the risk of hurricane-induced storm surge (Lin et al., 2012). A comprehensive review of eleven studies by Knutson et al. (2019) considered a number of recent studies of projected changes in future hurricane activities. For comparison, they rescaled the projections under different climate change scenarios to represent the projections for a 2°C global mean surface air temperature increase occurring during the late twenty-first century under the RCP 4.5 scenario. The projected changes in hurricane activity in the local area of interest in this study (within 300 km of Mobile City) are considered to be the same as those for the Atlantic basin.
Hurricane Intensity (Maximum Wind Speed Over Hurricane Duration)
Ten of the eleven authors in the above-cited review by Knutson et al. (2019) had at least medium-to-high confidence3 that the global average hurricane intensity of all categories will increase. The histograms of projected changes in average hurricane intensity are summarized in Figure 1, which depicts global changes and changes in the Atlantic basin, respectively. The median of the average hurricane intensity change in the Atlantic basin is +5%. Hence, the local (within 300 km of Mobile) projected change in the maximum wind speed is assumed to be a 5% increase in this study.
[image: Figure 1]FIGURE 1 | Histograms of projected changes of average hurricane intensity in different studies (Knutson et al., 2019): (A) global; (B) Atlantic basin.
The evaluation of the intensified joint hazards of hurricane and storm surge due to climate change and their impact on community resilience, which is the objective of this study, requires not only the projected hurricane intensity (i.e., maximum wind speed) but also the projections of the radius of maximum wind (RMW) and central pressure, which are needed to simulate the entire hurricane wind field. Once the projected change in the maximum wind speed is determined, the projected central pressure and RMW can be derived subsequently. Specifically, central pressure can be projected from the wind-pressure relationship (WPR) proposed by Knaff and Zehr (2007). Their model can be simplified as a quadratic polynomial, P = aV2 + bV + c, where the coefficients (a, b, and c) are determined by the storm motion, latitude, and size of the hurricane. However, some parameters, such as the size of the hurricane, are not readily available. In other quadratic polynomial WPRs (Dvorak, 1975; Wooten, 2011; Kossin, 2015), the coefficients (a, b, and c) were treated as constants and determined based on historical North Atlantic hurricane data. The constants found in these three studies (Dvorak, 1975; Wooten, 2011; Kossin, 2015) are very similar, with a, b, and c being about −0.0025, −0.36, and 1,021.36, respectively. Knutson et al. (2015) proposed a projection of WPR in the late twenty-first century under the RCP 4.5 scenario, in which a 2°C global temperature increase occurs. Their projected WPR was obtained by fitting the projected hurricane data of several basins with a quadratic polynomial, with a = −0.0029, b = −0.35, and c = 1,013.3. The coefficients of the projected WPR and historical WPR are similar. Furthermore, the historical WPR is regional, while the projected WPR is global. Hence, the historical WPR, modeled as a quadratic polynomial with coefficients −0.0025, −0.36, and 1,021.36, will be used to simulate the joint hurricane wind and storm surge hazard in Community Damage Assessment Under Scenario Events. After obtaining the projected central pressure, the RMW is estimated using the statistical model proposed by Vickery and Wadhera (2008), which is developed based on the flight-level and H*Wind data in the Atlantic basin between 1900 and 1985:
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where [image: image] is the difference between the peripheral pressure and the central pressure and [image: image] is the latitude.
Frequency of Category 3–5 Hurricanes
Eight of the eleven authors in the review by Knutson et al. (2019) had at least medium-to-high confidence that the frequency for high-intensity hurricanes (Category 4–5) will increase with the 2°C global warming, and three of them rated it as high confidence. Among these studies, the median of the projected frequency change for the Atlantic basin is +33%. The number of strong hurricanes (Categories 3–5 during their lifetime) that impacted Mobile (within 300 km) between 1851 and 2018 is 28, or approximately 19.6 hurricanes per century. Due to the lack of studies about the projected change of Category 3 hurricanes, the local projected increase in frequency for Category 3–5 hurricanes is also assumed to be 33%. Accordingly, the projected frequency of strong hurricanes that will strike Mobile is 26 per one hundred years with 2°C global warming (i.e., late twenty-first century under the RCP 4.5 scenario).
Hurricane Track
There is a considerable difference in opinion in the studies reviewed by Knutson et al. (2019) on hurricane tracks under climate change. Those projections of hurricane track were usually conducted at the basin level and it is difficult to downscale those studies to a local area. Hence, the hurricane track is simulated based on the historical tracks in the local area using a data-driven hurricane simulation method (e.g., Guo and van de Lindt, 2019), which requires a user to provide the landfall location and heading angle to initiate the simulation. Plausible landfall locations and heading angles in this study, shown in Figure 2, are analyzed based on the historical tracks of intense hurricanes (Categories 3–5) within 300 km of Mobile between 1851 and 2018. The coastline in this region is divided into four areas (A1–A4 in Figure 2). The variation of proportions of hurricanes in each area (A1–A4) does not exhibit an obvious trend over the historical period considered, implying that one may assume that potential landfall locations are uniformly distributed along the coastline. The heading angle at landfall is defined as a counterclockwise angle from the east direction and estimated using Eq. 2,
[image: image]
where [image: image] is the heading angle at landfall, [image: image], [image: image] are the latitude and longitude of the landfall location, and [image: image], [image: image] are the latitude and longitude of the next recorded location. An analysis of proportions of historical heading angles for each area suggests that to represent more plausible hurricane tracks, the heading angles falling within the ranges of 30–60o, 30–90o, 90–120o, and 90–120o might be selected for areas A1, A2, A3, and A4, respectively.
[image: Figure 2]FIGURE 2 | Historical hurricane tracks of Category 3-5 hurricanes (1851–2019): data from NOAA (2020).
Climate Effects on Sea Level Rise and Storm Surge
Storm surge is a phenomenon in which water rises beyond what would be expected by the normal water body movement related to astronomical tides. It is generated as a result of atmospheric pressure changes and wind associated with a storm, with a period varying from a few minutes up to a few days (Webb, 2017). Storm surge often is the source of most of the damage from tropical cyclones (Baradaranshoraka et al., 2017). The characteristics of storm surge depend on the characteristics of a tropical storm, such as storm intensity (i.e., maximum lifetime wind speed), central pressure, translational speed, approaching angle, landfall location, and size (NHC, 2020), among which the central pressure and wind are the most dominant contributing factors. Every 1 hPa decrease in the air pressure causes an elevation in water level of approximately 1 cm (McInnes et al., 2002), while the wind determined the magnitude of shear force pushing the water inland from the ocean and has an even larger impact on the storm surge intensity than air pressure.
Storm surge is also greatly influenced by sea level rise, which may cause a future storm to generate higher surges and further flooding. Sea level rise is typically predicted based on the RCPs adopted by the IPCC. The likely range (over 66% probability) of global mean sea level rise by the end of the century is 0.26–0.55 m for RCP 2.6 scenario and 0.52–0.98 m for the RCP 8.5 scenario (IPCC, 2014). Many agencies have presented future anticipated sea level rise in various locations of the US. For example, the U.S. Army Corps of Engineers (USACE) provides a sea level change calculator tool to help engineers and planners apply three USACE possible forecasts of sea level rise (low, intermediate, and high) in future coastal engineering projects at any of 142 coastal tide stations in the U.S. (USACE, 2013). The National Oceanographic and Atmospheric Administration (NOAA, 2013) presented six possible projections of sea level rise: 30, 50, 100, 150, 200, and 250 cm denoted as Low, Intermediate-Low, Intermediate, Intermediate-High, High, and Extreme, respectively (Sweet et al., 2017), for most coastal locations in the US at 10-year intervals up to 2100. Figure 3 shows the differences in the NOAA and USACE projections of global mean sea level rise. Three studies have found that the peak of storm surge increases nonlinearly with sea level rise (Smith et al., 2010; Bilskie et al., 2016; Yin et al., 2017), while a fourth study showed that the relationship was linear (Yang et al., 2015).
[image: Figure 3]FIGURE 3 | Comparison between NOAA and USACE projections for SLR up to the year 2100 extracted from the tool developed by USACE.
Based on the projected changes of tropical storm characteristics discussed in Projection of Hurricanes under Climate Change and in sea level rise using the tool developed by USACE, the potential change of storm surge due to a changing future tropical storm and sea level rise will be evaluated on a scenario basis in Community Damage Assessment Under Scenario Events. There is great uncertainty in the projected future tropical cyclone behaviors, as discussed in Projection of Hurricanes under Climate Change, while the future sea level rise has been predicted with high confidence. Thus, even assuming no future changes in tropical cyclone characteristics, storm surge is expected to intensify due to sea level rise (Knutson, et al., 2010).
ARCHETYPE COASTAL RESIDENTIAL COMMUNITY
We consider a small coastal residential community located on the west side of Mobile Bay, just south of the City of Mobile, AL. Mobile County has a population of approximately 400,000 inhabitants, approximately 75% of whom live in Mobile City. The Port of Mobile, which was founded as a deep water port on the Mobile River, is a major employer in the County, along with shipbuilding and steel, aviation, higher education, and chemical and healthcare (Mobile Area Chamber of Commerce, 2016).
Description of Community
Figure 4 illustrates a portion of the residential community considered, which is 1.3 km by 0.8 km (0.8 miles × 0.5 miles) in area and includes 965 residential buildings and approximately 2,500 inhabitants. The open-source collaborative project, OpenStreetMap (OSM), was used as a tool to obtain its geodata. We chose to analyze only a portion of the community in this initial study because considering possible hazard mitigation strategies for a larger community that extends further inland may require various actions (e.g., relocating public infrastructure) that are outside its scope. Even a community of this size is a complex system with buildings, residential and commercial, as well as civil infrastructure systems consisting of transportation and lifeline networks (electric power, natural gas, and water/wastewater systems). Only residential buildings are considered in this study because large-scale damage from a hurricane (including wind and storm surge/wave action) accompanied by sea level rise in the presence of a changing climate will lead to massive outmigration of residents with an accompanying severe impact on the local economy and social services. We assume that all buildings in the community are constructed as slab-on-grade, an assumption confirmed with Google Earth for residential buildings in near-shore regions of Mobile, AL.
[image: Figure 4]FIGURE 4 | Portion of the community considered in the resilience assessment.
Building Fragility Models for Structural Performance, Damage, and Loss Assessment
Fragilities are common tools for assessing damage to buildings and other civil infrastructures. A fragility is defined as the conditional probability of reaching a performance limit state, LS, as a function of an intensity measure, D, appropriately defined for the hazard and the structure, system, or component (SSC) involved and the needs of the performance assessment (Kennedy and Ravindra, 1984; Ellingwood, 1990; Singhal and Kiremidjian, 1996; Shinozuka et al., 2000; Porter, 2015). In the past three decades, fragility analysis has evolved from a tool used for probabilistic risk assessment (PRA) of complex industrial systems exposed to low-probability, high-consequence events to one for describing uncertainties in the performance of common buildings and other physical infrastructure systems.
A building fragility depicts the uncertainty in the performance of a building system as a function of a deterministic variable (or variables), often termed the interface or control variable, that defines the intensity of the hazard. Using the definition in the preceding paragraph, fragility is defined as follows:
[image: image]
where LS is the specified limit state for the component (described subsequently) and y is the control variable, i.e., the value of IM defining the hazard intensity. For extreme winds, the intensity measure in the US is the 3-second gust wind speed, while for storm surge and coastal inundation from sea level rise, the measure is water depth (coupled with water velocity, depending on circumstances).
The most common method of describing the fragility of an engineered SSC is with a two-parameter lognormal distribution (Ellingwood, 1990; Porter, 2015):
[image: image]
in which [image: image] and [image: image] are, respectively, the median capacity (50th percentile) of the SSC (defined in the units of IM) and the logarithmic standard deviation in its capacity. Specifically, [image: image], where [image: image] is inherent variability in capacity, [image: image] is inherent variability in demand, and βM is modeling uncertainty, given that IM = y, and [image: image] = standard normal probability integral.
Fragilities for Hurricane Wind Damage
Wind pressures acting on low-rise buildings are (ASCE, 2016),
[image: image]
in which the velocity pressure at the mean roof height, h, (in m) is
[image: image]
and V is 3-second gust wind speed; Kz is wind profile coefficient; Kd is directionality coefficient; and GCp and GCpi are aerodynamic coefficients for exterior and interior building surfaces, respectively, all of which are random variables. Since damaging hurricane wind effects usually cause uplift or suction on building surfaces, W generally acts in a direction opposite to [image: image] and the limit state (cf. Eq. 3) is LS = {R < W(V) – D}, in which R is capacity and D is weight of the structure. Thus, the component or system fragility, [image: image], as a function of 3-second gust wind speed is as follows:
[image: image]
Fragilities of structural components and systems and expected damage are developed using building component failures—roof sheathing (including shingles and panels), roof-to-wall connections, and wall-foundation connections—as suggested by Pinelli et al. (2004) and as defined in (Adhikari et al., 2020). Equations 5, 6 capture the physics of wind effects on buildings correctly. In the reliability analyses that follow, they are used to determine the wind pressures, with aerodynamic coefficients applicable to hurricane-prone regions, but the variables in those equations are random variables rather than the nominal values in ASCE Standard 7-16 that are used for design.
The building is assumed to be a series system; i.e., vertical load path from roof to foundation is assumed to be in a series—panels to roof-to-wall connection to wall-to-foundation connection (Standohar-Alfano et al., 2017). Monte Carlo simulation is used to calculate the failure probabilities for each component along the vertical load path and an event tree is utilized to illustrate possible outcomes from the limit state analysis. In-depth fragility analysis of roof and wall performance in hurricanes is carried out assuming structure is intact while the failure is initiated at the connection being investigated. For developing the system-level fragilities, only failure of components along the load path is considered. In a series system, failure of any component is tantamount to failure of the system. Survival of all the components is used to calculate the system survival probability. This gives the system failure probabilities as in Eq. 8:
[image: image]
where Pf is the probability of failure and Ps is the probability of survival of the system. The probability that all the components survive is P(A∩B∩C), where A, B, and C can be considered survival of roof sheathing, roof-to-wall, and wall-to-foundation connections, respectively. Therefore, the probability of survival is as follows:
[image: image]
The system fragility, determined as FV(v) = 1 – Ps, is calculated using Eq. 9, as shown in Figure 5. The fragilities are developed for construction practices that represent pre- and post-Hurricane Andrew construction4; many of the changes made around that time, including changes to nailing patterns attaching roof panels to roof trusses and eliminating toenailing roof trusses to upper sill plates in favor of hurricane straps, were in response to excessive roof damage. They are similar, in order of magnitude, to damage state probabilities reported for minimum and enhanced construction practices by Li and Ellingwood (2009).
[image: Figure 5]FIGURE 5 | Fragility of residential buildings, wind pressures.
Fragilities for Storm Surge/Wave Action and Coastal Flooding
The fragilities for residential buildings were developed using a regression-based formulation previously developed by Tomiczek et al. (2014) and Tomiczek et al. (2017), which includes wave height, freeboard, age of building, and velocity of waves. This method was selected because it offers the ability to rapidly construct fragility functions for a large ensemble of buildings with different geometrical configurations and different storm surge levels without relying on computational fluid dynamics.
[image: image]
where PF is the probability of failure of the structure; HS is the significant wave height; FBHS is the freeboard = ds + 0.7*HS; ds is the surge depth; Vw is the maximum velocity of the wave for a given event. Surge fragilities are a function of the wave height and surge depth and are event-dependent. Figures 6, 7 show example fragilities for pre- and post-Andrew construction.
[image: Figure 6]FIGURE 6 | Fragilities of residential buildings, wave velocity Vw = 0.18 m/s.
[image: Figure 7]FIGURE 7 | Fragilities of residential post-Andrew buildings for different wave velocities (Vw= 0.18, 0.63, 0.865 m/s).
COMMUNITY DAMAGE ASSESSMENT UNDER SCENARIO EVENTS
Two major hurricanes have damaged the Alabama coastal region significantly in the past two decades: Ivan (2004) and Katrina (2005). However, the surge caused by Katrina (see Figure 8), which resulted in a total of 1,833 deaths and approximately $107 billion (2005 USD) in total property damage (Knabb et al., 2006), was larger than that caused by Ivan. Katrina was formed as a tropical depression near the Bahamas and became a Category 5 hurricane over the Gulf of Mexico (Figure 8), with maximum winds of 75 m/s and a central pressure of 909 millibars (NOAA, 2019a), but made landfall as a Category 3 hurricane in Southeast Louisiana and Mississippi with a maximum wind speed of 57 m/s and a central pressure of 920 millibars (Knabb et al., 2006). While Mobile City was not impacted significantly by the wind, the storm surge ranged from 3.4 to 3.8 m, resulting in disabled roads and large areas of inundation (Choate et al., 2014). In this study, we will consider the impact of a number of scenarios constructed from Hurricane Katrina in performing a damage and loss assessment of the residential community described above, varying the track and intensity of the wind field under various climate change scenarios summarized in Selection of Scenarios. These competing hazards analyses will show that the mechanisms impacting the coastal community—wind, surge/waves, flooding—are strongly dependent on the scenario.
[image: Figure 8]FIGURE 8 | Modeling domains with Katrina natural track and tides observation stations used in this study.
Multihazard Modeling
There are several storm surge modeling platforms based on similar principles of computational fluid dynamics, e.g., ADCIRC (Luettich et al., 1992) and Delft3D (Stelling, 1996) that are used mainly to model tides, storm surge, waves (when coupled with SWAN (Booij et al., 1999)), and erosion in the presence of sea level rise near the coast. In contrast to many of these CFD models, Delft3D is relatively simple to use and has been validated for predicting the storm surge generated by Hurricanes Ike and Irene (Veeramony et al., 2017). For simulating current and future storm surge magnitude and extent induced by a hurricane and/or sea level rise, then, Delft3D is utilized for computing unsteady hydrodynamic flow on a rectangular or curvilinear grid domain arising from external forces, including wind, tides, and waves.
Model Grid, Bathymetry, and Bottom Roughness
To simulate the hurricane wind profile throughout its track, the analysis domain must include the point of hurricane formation to capture the water propagated from the Gulf of Mexico (GOM) accurately. Accordingly, a nesting grid modeling technique is used to simulate a broad selection of spatial scales. Following a previous study (Veeramony et al., 2017), three different scale model domains, as shown in Figures 9A–C, are selected. A large lower resolution grid of about 10 km is chosen to cover the GOM region as the first stage of the analysis. Then, the output information from the GOM model is passed to a higher resolution grid of about 2 km that covers the northern part of the Gulf (NG). Finally, the results of the previous two domains are passed to the highest resolution grid domain of about 0.38 km surrounding Mobile Bay (MB). Bathymetry and topography data are based on the U.S. Coastal Relief Model (CRM) (NOAA, 2001), which has a horizontal resolution of three arc seconds (approximately 90 m). The vertical datum in the CRM model is mean sea level. In areas where the CRM data are not available, the General Bathymetric Chart of the Oceans (GEBCO, 2010) (900 m horizontal resolution) is used. The seafloor roughness factor is defined by the spatial variations of the Manning coefficient, which is extracted from the land use data using the National Land Cover Database (NLCD) and then transformed to compatible Manning’s values by implementing the method developed by Mattocks and Forbes (2008).
[image: Figure 9]FIGURE 9 | Bathymetry and topography for the three nested domains used in this study: (A) NG domain, (B) MB domain, and (C) GOM domain.
Wind Profile
Delft3D is capable of calculating the wind profile, presented by spiderweb grid data, by using the Wind Enhancement Schema (WES) approach (Heming et al., 1995) informed by analytical formulations by either Holland (1980), revised Holland (2010), or modified Rankine vortex (MRV) models (Phadke et al., 2003). We employ the Holland model to simulate current and future wind profiles for storm surge assessment because it is widely used in engineering applications. In this study, Hurricane Katrina track data are extracted from the National Hurricane Center second-generation HURDAT2 dataset (NOAA, 2014). The HURDAT2 data provide 1-minute maximum sustained wind speeds. To facilitate surge simulation, WES converts this wind speed to a 10-minute surface mean wind speed for an open-sea exposure. When evaluating the wind-induced damage using an ASCE Standard 7-16–based approach (Damage and Loss Assessment), the 10-minute wind speed for open-sea must be converted to 3-second gust wind speed at 10 m height for open terrain exposure (i.e., the standard exposure C), which is consistent with the design wind speed specified in ASCE Standard 7-16 (ASCE, 2016).
Boundary Condition Tidal Forcing
Many boundary conditions can be implemented in Delft3D to force the model domain. These include water level, current, discharge, Neumann, and Riemann (water level and current) boundaries (Caldwell and Edmonds, 2014). Tidal forcing can be applied as harmonic, astronomical, or time series elements. In this study, we used a Riemann astronomical boundary condition, extracted from the TPXO 7.2 Global Inverse Tidal Model (Egbert et al., 1994; Egbert and Erofeeva, 2002), to define the 13 tidal components used to force the open ocean boundary of the GOM domain. For the NG and MB domains (see Figure 9), the Riemann time series are used to define the open boundary conditions needed to pass the water level and current data from the GOM domain to the nested domains.
Validation of Multihazard Modeling
NOAA Tides and Currents (NOAA, 2019b) Stations at Dauphin Island (ID: 8735180) and Pensacola, FL (ID: 8729840), are used to test the accuracy of the storm surge simulations in this study, as they are the only two stations that had recorded data during Hurricane Katrina. The predicted water levels determined by Delft3D at the Dauphin Island station, shown in Figure 10A, capture the measured peak storm surge, although the predicted astronomical tides are slightly less than at the observation station. At the Pensacola Station (Figure 10B), the Delft3D model produces the same shape and duration of storm surge and tides during Hurricane Katrina but overestimates the peak of the surge by around 0.13 m. That behavior can be attributed to the fact that this station is some distance from the hurricane track. The simulation captures the peak of the storm surge of about 3.5 m southwest of downtown Mobile, our area of interest, which matches the FEMA high water marks at this location (FEMA, 2006). It is clear that this model can be used to couple future sea level rise with hurricanes to study the impact of different scenarios on the region of interest.
[image: Figure 10]FIGURE 10 | Comparison of water level from observation stations (red dashed lines) and model simulation (gray lines) for baseline scenario at (A) Dauphin island and (B) Pensacola, FL observation stations.
Selection of Scenarios
The hurricane wind and storm surge present two competing hazards for the community, in the sense that hurricane tracks located at some distance from the community may, nonetheless, produce damaging storm surges, while tracks close to the community may produce significant wind damage. To consider the influence of these hazards on community resilience planning and decision-making, the historical track of Hurricane Katrina (baseline) is used in simulating scenarios representing surge-dominant hazards, while a synthetic (shifted) Katrina-like track, chosen to maximize the wind speed at Mobile, is simulated based on the natural Katrina track to account for wind dominant hazard scenarios. The landfall location for the shifted track (close to Mobile) will likely be located in areas A2 or A3 (Figure 2). According to the plausible ranges of heading angles of A2 and A3 discussed in Hurricane Track, the heading angle of the shifted track is selected as the angle of the natural Katrina track, which is close to 90o. The landfall location is determined by maximizing the wind speed experienced by Mobile during the passage of the hurricane. The corresponding landfall location, the natural Katrina track, and the synthetic (shifted) track are illustrated in Figure 11.
[image: Figure 11]FIGURE 11 | The landfall locations and hurricane tracks.
Climate change effects may influence the increases in hurricane intensity and sea level rise, which, in turn. may affect the storm surge and hurricane wind field. However, as noted in Hurricane Intensity (Maximum Wind Speed over Hurricane Duration, the increase of hurricane intensity is projected to be 5% around the late twenty-first century under the RCP 4.5 scenario. Therefore, the impact of changing hurricane intensity will not be considered further in the scenario-based damage assessment in this study.
The actual hydrodynamic parameters of water level and characteristics of the existing hurricane track are used in the baseline storm surge scenario, illustrated in Figure 11, while for the future scenarios, the water level and characteristics were updated by the Army Corps of Engineers (USACE, 2020) for Dauphin Island gauge station based on NOAA climate projections (Sweet et al., 2017) scenarios. Two sea level rise scenarios are selected, 1.21 and 3.28 m, to represent the intermediate and extreme scenarios in NOAA’s scale (Sweet et al., 2017), which correspond to about 3% probability of exceedance for RCP 4.5 and 0.1% probability of exceedance for RCP 8.5 in IPCC’s scale (IPCC, 2014) by 2100, respectively.
Six scenarios are utilized with different combinations of hurricane tracks and climate change projections and are identified using the following designation SKWXXXX-Y.Z, where S is scenario; K is Katrina; W is N or S (natural or shifted track); XXXX is year considered; Y.Z is RCP.
• SKN2005 represents the 2005 multihazard event, where the natural Hurricane Katrina track data are used as the input in the modeling of the hurricane wind field and storm surge without considering climate change (see Figures 8, 11).
• SKS2005 represents the 2005 multihazard event with a shifted Hurricane Katrina track (See Figure 11) to expose the community to the maximum possible wind speed without considering climate change.
• SKN2100-4.5 simulates the storm surge for the natural Hurricane Katrina track (SKN2005) while considering the sea level rise under RCP 4.5 by the end of the 21st century. This scenario models the effects of intermediate climate change on the storm surge.
• SKS2100-4.5 represents the multihazard event with a shifted Hurricane Katrina track (SKS2005) while considering the sea level rise under RCP 4.5 by the end of the 21st century. This scenario exposes the community to the maximum possible wind speed while modeling the effects of intermediate climate change on storm surge.
• SKN2100-8.5 simulates the storm surge for the natural Hurricane Katrina track while considering the sea level rise under RCP 8.5 by the end of the 21st century, while the hurricane wind field is kept unchanged compared with SKN2005. This scenario models the effects of extreme climate change on the storm surge.
• SKS2100-8.5 represents the multihazard event with a shifted Hurricane Katrina track (see Figure 11) while considering the sea level rise under RCP 8.5 by the end of the 21st century. This scenario exposes the community to the maximum possible wind speed while modeling the effects of extreme climate change on storm surge.
Additional subscenarios, denoted by SKSXXXX-4.5 in Table 1, occurring at different times during the 21st century under RCP 4.5 are defined for the shifted Katrina to investigate the evolution of losses over time.
TABLE 1 | List of six hurricane scenarios considered for this study.
[image: Table 1]Damage and Loss Assessment
Flooding due to Storm Surge
The extent of peak storm surge flooding for each scenario in Table 1 is shown in Figure 12. Comparing flooding between the natural and shifted track, the area inundated by the shifted track (blue color in Figure 12B) is 24% larger than the area inundated by the natural track (blue color in Figure 12A). That increase is derived by the increase in storm surge associated with the peaking of wind speed when the Katrina track is shifted. These simulations highlight the effect of sea level rise on the inundated area, where for the natural track, the area flooded increased by 54% and 100%, respectively, for the intermediate and extreme sea level rise events. The inundation areas from the six scenarios are summarized in Table 2. Changing the landfall location so that the area of interest is impacted by the maximum wind speed has not only contributed to a higher storm surge but also to a higher inundated area due to flooding. Sea level rise with RCP 8.5, in combination with the hurricane, almost doubled the flooded area for the natural track and increased it by more than 65% for the shifted track, as shown in Figure 12 and Table 2.
[image: Figure 12]FIGURE 12 | Inundations for (A) natural Hurricane Katrina track and (B) shifted Hurricane Katrina track. Blue color dominates the area inundated by scenario SKN2005 for (A) and SKS2005 for (B) only; red represents the extra area flooded by SKN2100-4.5 for (A) and SKS2100-4.5 for (B). Green is the extra area inundated by SKN2100-8.5 for (A) and SKS2100-8.5 for (B).
TABLE 2 | Inundation areas in Mobile and Baldwin counties under different scenarios.
[image: Table 2]Damage and Loss Assessment for Joint Wind and Surge Hazards
We now consider the impact of the above scenarios on the bayside residential community depicted in Figure 3. The three cells (1A, 6A, and 11A) in Figure 13 represent the extension of the flooded area caused by scenario SKS2100-8.5 (shifted track coupled with RCP 8.5). Sample simulation outputs of six cells, representing a cross-section of land elevation, for three of the scenarios, are illustrated in Table 3.
[image: Figure 13]FIGURE 13 | (A) The cells considered in this study analysis and (B) section A-A from (A) showing the cross-section of the land elevations and the Mobile River.
TABLE 3 | Water depth, velocity, and wind speed for the first three scenarios (SKN2005–SKN2100-4.5), in which DW represents water depth in meters, Vw represents water velocity in m/s, and VWind represents wind speed in m/s.
[image: Table 3]To assess building damage, we considered the community to be geographically located across cells 2–5, 6–10, and 11–15 in Figure 13A. Figure 14A shows the community layout with respect to different identified cells, while Figure 14B displays cell identifier and number of houses in each cell while. The community is assumed to have developed in the westerly direction, beginning at the shoreline where buildings constructed near the shoreline prior to Hurricane Andrew in 1992 are referred to as zone 1 and those constructed following Andrew are referred to as zone 2. In zone 1, “standard” construction, which is typical to practices prior to Hurricane Andrew, is assumed, whereas in zone 2, “improved” construction is utilized, reflecting changes in construction practices that followed Hurricane Andrew. Building damage due to combined wave-surge-hurricane action is assessed based on assumptions made by Masoomi et al. (2018):
[image: image]
where ds is the water depth, Hs is the wave height, h1 is the height to a first-story window sill, h2 is the height to the top of the window, and H is height of the building. Calculations of losses to residential buildings due to wind are based on aggregating costs of repairing/replacing damaged building component damages (R.S. Means 2018; Adhikari, 2020), with an allowance added for nonstructural and contents damage, while losses due to surge are based on HAZUS (2020). In both cases, damages and losses exceeding 50% of assessed values are considered as total losses. We did not consider interdependencies in building performance due to proximity, debris shielding, and other effects (Hatzikyriakou and Lin, 2016).
[image: Figure 14]FIGURE 14 | (A) Community layout with respect to different identified cells. (B) Cell identifier and number of houses in each cell.
Figures 15–17 show heatmaps of the expected losses to the community. In all three figures, losses caused by the shifted track (close to Mobile) are substantially higher than the natural track. Figure 15 shows the expected loss from both the natural and shifted Hurricane Katrina tracks to be dominated by wind losses (marked by WD). Losses projected for 2100 under RCP 4.5 (Figure 16) show the expected losses to be dominated by water (marked by WR), particularly for buildings located near the shoreline, with a slight increase in losses when compared with the 2005 tracks. Under the extreme scenario, i.e., RCP 8.5 for the year 2100 (Figure 17), the losses are predominantly water-driven, resulting from the combined effects of coastal flooding, storm surge, and wave action.
[image: Figure 15]FIGURE 15 | Expected losses for scenarios (A) SKN2005 and (B) SKS2005.
[image: Figure 16]FIGURE 16 | Expected losses for scenarios (A) SKN2100-4.5 and (B) SKS2100-4.5.
[image: Figure 17]FIGURE 17 | Expected losses for scenarios (A) SKN2100-8.5 and (B) SKS2100-8.5.
Mitigating Risk to Residential Communities in Coastal Areas
Life Cycle Perspective
The analyses presented in the previous section clearly show the risk posed to coastal residential communities by sea level rise and tropical cyclones in the presence of a changing climate during the remainder of the 21st century. The nature of the risk will evolve as sea level rise causes the impact of storm surge accompanying tropical cyclones to become an overwhelming threat to this residential coastal community. In addition to the damage to physical infrastructure, such hazards may lead to substantial disruption or closure of commerce and industry, outmigration of community residents, healthcare and social stresses. Risk mitigation through appropriate planning of new development and protection of existing communities must recognize the changing nature of the risk posed by these hazards. Appropriate strategies will differ, depending on the characteristics of the community. While the focus of this article is on residential building portfolios, which form the core of most communities, the spectrum of disruptions caused by these multihazards should be considered in any comprehensive and integrated risk mitigation plan.
Risk mitigation for coastal communities is an interdisciplinary endeavor, with a number of components (Burby and French, 1981; Aerts, et al., 2018), among them, protection (e.g., shore protection and elevating new buildings), regulation (building codes, land use), relocation (public, private), taxation, public and private financing and expenditures, education (public awareness), and emergency response. All have been employed with mixed success in the past. As noted previously, our existing community on Mobile Bay contains a mix of pre-Andrew and post-Andrew residences. Since the purpose of this article is to define the potential scope of the problem and we are dealing with existing residences rather than new development, elevation of existing buildings is a feasible option. A recent study (Xian et al., 2017) considered this option from an optimal life cycle cost perspective that might be useful for insurance underwriting, under the assumption that the hurricane threat was stationary. To avoid having to randomly simulate the occurrence of hurricanes and, at the same time, capture the nonstationary effects of sea level rise, we imagine a decision to mitigate future losses is taken in 2020 (as described in Estimated Life Cycle Cost for the Different Alternatives) and stipulate that a major hurricane event can occur at any of the following times: 2040, 2060, 2080, and 2100 under sea level rise driven by RCP 4.5 (see subscenarios in Table 1); this enables us to utilize the previous analyses in damage assessment in showing how the risk profile of the community evolves over the remainder of the 21st century. For simplicity, we consider two alternative mitigation strategies to establish a perspective on life cycle performance and costs: Alternative A is to do nothing, while Alternative B involves retrofitting for flood protection by increasing the building elevations (Xian et al., 2017), either immediately or in phases.
In Alternative A, we perform the loss assessment at 20-year intervals. The present value of damage caused by each tropical storm is 
[image: image]
where C is loss, n is the number of years in the future when the storm occurs, r is the effective discount rate, herein assumed to be 3 and 5%. A value of 3% is consistent with the rate of return on long-term financial instruments, while the higher discount rate, 5%, is provided simply for comparison.
In Alternative B, we begin with the same current community as in A. We then perform a hurricane wind/sea level rise/surge analysis to determine what the still water elevation (design flood) would be throughout the community in 2100. In B.1, we elevate the entire community in 2020.5 In B.2, we elevate the near-shore half of the community in 2020 and the western half in 2060. In all analyses, the damage due to storm occurrence at 20-year intervals is discounted to PV. Since the topography of the studied community varies (see Figure 14B), buildings in different areas must be elevated to different levels depending upon the predicted design flood in 2100. Furthermore, because the Mobile County Flood Damage Prevention Ordinance (Mobile County Commission, 2010) requires freeboard of 0.6 m (2 ft) in the coastal areas, 0.6 m is added to the predicted 2100 still water level. Thus, buildings near the shoreline are raised as high as 3.8 m (12.4 ft) and those on the western end of the community are raised as high as 2.1 m (6.76 ft). The approximate cost of elevating a single-family dwelling as reported in FEMA (2009b) and adapted from Aerts et al. (2013) is $33,239 for 0.6 m (2 ft), $35,464 for 1.2 m (4 ft), $37,319 for 1.8 m (6 ft), and $39,173 for 2.4 m (8 ft). In this study, we assumed the cost of elevating the structure to be $31,000 + $1,000 per foot elevation. The PV equals the cost of retrofit, CR, plus the (reduced) cost of damage caused by the hurricane, performed once or twice, depending on the number of stages of retrofit:
[image: image]
where ΔC is reduction in cost of damage due to retrofit. Clearly, if the discounted savings exceed the cost of retrofit, option (2) is preferable to option (1).
Estimated Life Cycle Cost for the Different Alternatives
Figures 18–20 show the costs associated with these three alternatives, i.e., strategies A, B.1, and B2, respectively. When the elevation of the whole community is carried out at once, the total cost shouldered by the investors is $41.69 million, while the cost due to phased elevation for 3% is $27.43 million and for 5% discount rate is $24.05 million. There is a significant benefit to be gained by elevating the community: $14.26 million and $17.64 million (based on 3% and 5% discount rates). Also, the damage to the community is obviously less when the elevations are carried out all at once.
[image: Figure 18]FIGURE 18 | Hurricane damage cost when no retrofit is done (A).
[image: Figure 19]FIGURE 19 | Hurricane damage cost when the retrofit is done at the present time all at once (B.1).
[image: Figure 20]FIGURE 20 | Hurricane damage cost retrofit is carried out in two phases (B.2).
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY
Coastal communities in the Southeast and Gulf Coast of the United States are at increasing risk from tropical cyclones (hurricanes) due to sea level rise brought upon by climate change. In this study, we have examined the performance of a residential building community to a number of plausible scenarios involving Katrina-like hurricanes coupled with storm surge effects intensified by sea level rise under climate projections based on RCP 4.5 (moderate) and RCP 8.5 (severe) warming over the remainder of the 21st century. We also have provided a simple illustration of an assessment of how the risk to this community might be assessed in terms of economic loss under various hurricane and global warming scenarios and risk mitigation strategies. Effects of interdependencies in performance of adjacent buildings (e.g., shielding and debris impact) were not considered; moreover, postdisaster recovery of a residential building portfolio following a hurricane depends on numerous socioeconomic factors that were outside the scope of this initial study.
Our study of the impact of the various hurricane and climate change scenarios on the performance of coastal residential communities reveals that decision-making at the community level is needed to develop rational engineering and urban planning policies to mitigate hurricane risk and to adapt to climate change. Based on the analysis presented in 4.4.2, we found that the dominant hazard changed over a relatively short period of time, as follows:
• Through 2040, hurricane winds are the major source of damage, accounting for 66% of the total damage attributed to the storm, whereas surge accounted for 34%.
• Years 2040–2060 signaled a shift in damage. With sea level rise, the damage pattern shifted from being dominated by wind to include the increased contribution from surge, with 47% of the damage being attributed to surge.
• Beyond 2070, the storm surge, intensified by sea level rise due to climate change, becomes the major source of damage (73%), and by 2100, storm surge accounted for virtually all damage.
• If the buildings are elevated at once in 2020 based on the storm surge/inundation predictions for the year 2100, the relative damage due to surge, in comparison to wind, is minimal because all buildings are elevated beyond the inundation level.
• If the decision to elevate portions of the community is deferred until resources and incentives can be identified, the total damage is due initially to the combination of both wind and storm surge, and later on due only to wind. Fundamental changes in the current building regulatory process away from a focus on the performance of individual buildings are warranted.
Although the conclusions drawn are community-specific, it is clear that local planners and building officials must take a broader view of the threat their coastal communities face than suggested by local building code provisions. A life cycle analysis can provide a reasonable way to ensure that limited resources available to them are expended efficiently and wisely. The changing nature of the risk over time revealed by this type of analysis will allow more targeted decision-making on what to invest (e.g., wind damage reduction vs. surge damage reduction) and when to invest.
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1The U.S. National Hurricane Center classifies hurricanes of Category 3 and above as major hurricanes.
2Radiative forcing is the difference between the insolation (sunlight) absorbed by the Earth and the energy radiated back to space (albedo) in units of watts per square meter (W/m2) of the Earth’s surface.
3The confidence in projection is based on the author teams’ evaluations of underlying scientific understanding and is expressed as a qualitative level of confidence (i.e., very low, low, medium, high, and very high), according to the IPCC AR5’s framework (IPCC, 2014).
4We chose Hurricane Andrew as the delimiter because Andrew was the initiating event that caused a major change in wind design loads (maps) and availability of engineered solutions for wind design of wood structures. Wind loads have been on an increasing trajectory since that time, with a positive effect on residential building performance to this day. The International Residential Code now requires engineered design in hurricane-prone regions that line up with engineered solutions in the Wood Frame Construction Manual (developed following Andrew).
5We leave aside the question as to whether this strategy is practically feasible because we are interested in understanding the difference between an immediate and a phased investment in community resilience.
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