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The properties of hurricanes directly influence storm surges; however, the implications of projected changes to the climate are unclear. Here, we simulate the storm surges of historical storms under present day and end of century climate scenarios to assess the impact of climate change on storm surge inundation. We simulate 21 storms that impacted the Gulf of Mexico and Atlantic Coasts of the continental U.S. from 2000 to 2013. We find that the volume of inundation increases for 14 storms and the average change for all storms is +36%. The extent of inundation increases for 13 storms, and the average change for all storms is +25%. Notable increases in inundation occur near Texas, Louisiana, Mississippi, the west coast of Florida, the Carolinas, and New Jersey. Our calculations of inundation volume and extent suggest that at the end of the century, we can expect hurricanes to produce larger storm surge magnitudes in concentrated areas, as opposed to surges with lower magnitudes that are widespread. We examine changes in maximum wind speed, minimum central pressure, translation speed, and radius of the 33 ms−1 wind to assess the impacts of individual storm characteristics on storm surge. We find that there is no single storm characteristic that directly relates to storm surge inundation or its climate induced changes. Even when all the characteristics are considered together, the resulting influences are difficult to anticipate. This is likely due to the complexity of the hydrodynamics and interactions with local geography. This illustrates that even as climate change research advances and more is known about projected impacts to hurricanes, implications for storm surge will be difficult to predict without explicit numerical simulation.

Keywords: coastal flood risk, global warming, ADCIRC, WRF, tropical cyclones


1. INTRODUCTION

Climate change will have significant implications for built environments, particularly those that lie within coastal regions. Coastal regions are routinely threatened by hazards including beach erosion and flooding from tropical cyclones. Climate change is intensifying these hazards due to several factors, e.g., increases in local sea levels, wave energy, and hurricane intensity (Hemer et al., 2013; Kopp et al., 2014; Walsh et al., 2016). As the number of coastal residents continues to increase (Neumann et al., 2015), it is increasingly important that the impacts of climate change on tropical cyclones and their ensuing hazards are explored.

Storm surges are of particular concern, as they pose a great threat to life and property. Storm surges occur when the high wind speeds and low pressure areas of tropical cyclones force ocean water toward and into coastal regions. Historically, it has been assumed that storm surge is directly and solely related to hurricane intensity, i.e., maximum sustained wind speed and minimum central pressure. However, over time, historical evidence and research have shown that other meteorological properties of hurricanes including size, translation speed, and angle of approach, as well as geophysical characteristics of impacted areas (e.g., coastal geography, topography, and bottom friction) have significant impacts on the generation and propagation of storm surges (Irish et al., 2008; Rego and Li, 2009, 2010; Resio et al., 2009; Irish and Resio, 2010; Weaver and Slinn, 2010; Mayo et al., 2014; Needham and Keim, 2014; Akbar et al., 2017; Fossell et al., 2017; Thomas et al., 2019; Ramos-Valle et al., 2020).

A rich body of work investigating the impacts of climate change on the meteorological properties of tropical cyclones has been developed in recent decades. Among studies that have explored impacts on hurricane intensity, most agree maximum wind speeds and minimum pressures are likely to intensify by the end of the 21st century. Both theoretical and numerical models have consistently shown that the globally averaged intensity (i.e., maximum wind speeds) of tropical cyclones will shift toward stronger storms, with intensity increases of 2–11% by 2100 (Knutson et al., 2010; Walsh et al., 2016). Emanuel (2005) developed a destruction index and used it to demonstrate that climate change may increase the intensity-based destruction of tropical cyclones in the future. This is supported by their earlier finding that peak wind speeds of tropical cyclones should increase by 5% for every 1°C increase in tropical ocean temperature (Emanuel, 1987). Holland and Bruyère (2014) developed a climate change index and showed that, globally, the number of intense hurricanes (Category 4 and Category 5) was increasing, although they also proposed the existence of a saturation level that prevented unbounded increases in the future.

Lynn et al. (2009) were among the first to project increases in hurricane intensity using numerical global climate modeling, and used simulations of Hurricane Katrina under climate change scenarios to show that wind speeds >60 m/s at landfall could be sustained for increasing duration at the end of the 21st century. Hill and Lackmann (2011) found an average increase in intensity of 14% for 75 of 78 high resolution simulations of hurricanes, and Patricola and Wehner (2018) also found significant increases in intensity for 11 of 15 storms simulated. Knutson et al. (2013) compared multimodel ensemble projections of downscaled climate models using data from the Intergovernmental Panel on Climate Change (IPCC) Third and Fifth Coupled Model Intercomparison Projects (i.e., CMIP3 and CMIP5) under the Representative Concentration Pathway (RCP) 4.5 (moderate) emissions scenario and found that the maximum hurricane intensity increased by 4–6%. Knutson et al. (2015) used a similar methodology using only CMIP5 data, and found a significant increase in average tropical cyclone intensity by the late 21st century (+4.1% globally and +4.5% in the North Atlantic basin). Kim et al. (2014) used numerical climate simulations to show that the intensity of tropical cyclones will increase by 2.7% in a climate with double the atmospheric concentration of CO2. Mudd et al. (2014) simulated 10K years of synthetic hurricane events for the Atlantic basin and found a significant increase in hurricane intensity when considering the effects of changes to SST (Sea Surface Temperature) only, hurricane genesis frequency only, and both climate change impacts simultaneously. Yates et al. (2014) simulated Hurricane Sandy under climate scenarios representative of 2020, 2050, and 2090, and found that intensity was generally within 5% of the control simulation, however in Lackmann (2015)'s exploration of Hurricane Sandy, they found that numerical models depicted a “significantly more intense system” in future climate scenarios.

Fewer studies have explored climate change impacts on hurricane size, another meteorological property that greatly influences storm surge inundation (Irish et al., 2008). There is not a strong consensus on the expected direction of the impact. Knutson et al. (2015) used numerical simulation to show changes to storm size at the end of the 21st century under the IPCC CMIP5 RCP 4.5 emissions scenario. They found a substantial increase (+11%) in the median size of storms in the North Atlantic basin, although, globally, the median storm size stayed nearly constant. Mudd et al. (2014) focused on the Northeast coastline of the U.S., and also found that for the year 2100, hurricane size would increase under current projections of changes to hurricane genesis. Kim et al. (2014) showed that tropical cyclone size would moderately increase, by about 3%, both globally and in the North Atlantic in response to doubling of the atmospheric concentration of CO2. Lin et al. (2015) used observational data to examine rainfall area, which directly reflects storm size. While they found storm size was related to relative sea surface temperature (i.e., spatially), they did not find it was related to absolute SST, and thus concluded changes in storm size were not expected in a warmer climate, provided changes to SST are relatively uniform in space. Lynn et al. (2009) used numerical simulations to demonstrate that the radius of strong winds in a storm like Hurricane Katrina would decrease in the latter part of the 21st century.

Even fewer studies have explored climate change impacts to the translation speed of tropical cyclones, which also plays an important role in storm surge inundation (Rego and Li, 2009; Thomas et al., 2019). Both the global and regional climate models of Knutson et al. (2013) demonstrated slight decreases (−3 and −1.9%, respectively) in the translation speed of hurricanes by the late 21st century, however neither result was statistically significant. Kim et al. (2014) found small increases (+0.6% globally and +2.7% in the North Atlantic basin), however their results also lacked statistical significance and they concluded that the translation speed of tropical cyclones would not significantly change over the 21st century with projected increases in atmospheric CO2 levels. More recently, Kossin (2018) discussed that anthropogenic warming is expected to decrease translation speeds of tropical cyclones in the future. They examined observational data and found that over the 68-years period 1949–2016, translation speeds of tropical cyclones had decreased by 10 and 16% globally and within the North Atlantic, respectively. However, Lanzante (2019) argued that although subtle effects due to anthropogenic climate change cannot be ruled out entirely, Kossin's findings were most likely not indicative of changes in the climate system, and were instead strongly influenced by natural climate variability and changes in measurement practices. Based on these findings, the impacts of climate change on the translation speed of tropical cyclones remain uncertain.

Although these storm characteristics are known to individually influence the extent and severity of storm surge flooding, questions surrounding their collective impact on storm surge remain. In general, coastal storm surges must be explicitly modeled using numerical simulation (Jelesnianski et al., 1992; Luettich et al., 1992; Mandli and Dawson, 2014). While an increasing number of studies have taken various approaches to exploring how climate change will impact coastal flood risk in the future (Lin et al., 2012; Needham et al., 2012; Murdukhayeva et al., 2013; Yates et al., 2014; Takayabu et al., 2015; Lin and Emanuel, 2016; Garner et al., 2017; Rahmstorf, 2017; Marsooli et al., 2019; Chen et al., 2020; Yin et al., 2020), it is unclear how these impacts specifically relate to individual tropical cyclone characteristics. Few studies have considered climate change impacts to tropical cyclone characteristics at all, and fewer studies have focused exclusively on the effects on storm surges, i.e., without introducing uncertainties related to sea level rise.

In Gutmann et al. (2018), projected climate change data were used with a convection-permitting regional climate model to reproduce U.S. landfalling hurricanes that occurred from 2000 to 2013 under an end of century climate scenario. The same hurricanes were hindcasted using present day atmospheric conditions, and changes to hurricane intensity, size, and translation speed were investigated (precipitation was also investigated; however, this meteorological property generally has implications for inland and compound flood risk, hazards which are beyond the scope of this paper). In an effort to understand the influence of climate change on storm surge risk, we use the projected and hindcasted hurricanes as the atmospheric forcing inputs to a high fidelity storm surge model, and investigate the changes to simulated inundation.

The paper is organized as follows. In section 2, we discuss the atmospheric and hydrodynamics models used for this work. We also describe the metrics used to quantify storm characteristics and storm surges. In section 3, we discuss the results of our storm surge simulations, and in section 4, we discuss the implications of our findings. We conclude by summarizing our results and identifying illustrated research needs in section 5.



2. MATERIALS AND METHODS


2.1. Overview

Storm surge is modeled using the Advanced Circulation (ADCIRC) Model, which numerically simulates coastal hydrodynamics (Luettich et al., 1992). ADCIRC can be forced with meteorological input, and here we force it with data produced by the Weather Research and Forecasting (WRF) Model (Skamarock et al., 2005). The WRF simulations are produced using initial and boundary conditions representative of present day and end of century climate scenarios to depict hurricanes characteristic of both time periods. We use the existing WRF simulations of Liu et al. (2017), and specifically the hurricanes presented in Gutmann et al. (2018).



2.2. Atmospheric Modeling
 
2.2.1. WRF Model

The WRF Model is a three-dimensional, convection-permitting, regional climate model. It is a system that numerically solves the compressible, non-hydrostatic Euler equations, and can be used for a range of applications through a number of physics packages and data assimilation methods (e.g., weather forecasting and research Schwartz et al., 2015, climate simulations Rasmussen et al., 2011, and atmosphere-ocean coupling Nicholls and Decker, 2015). It can simulate both observed and hypothetical atmospheric conditions, and has been used for atmospheric research and operational forecasting since it was developed. Here, we use the output from simulations of the atmosphere created using WRF version 3.4.1 with a 5,440 km (east–west) by 4,064 km (north–south) domain spanning the contiguous U.S. and portions of Canada and Mexico (Figure 1). In the horizontal direction, a 4 km grid spacing is used on a lambert conformal-conic grid. In the vertical direction, 51 layers are used with the top level set to 50 hPa. Seven observational datasets were used to demonstrate that this model “faithfully captures the spatial and temporal pattern of sub-seasonal/seasonal/annual precipitation and temperature in most of” the Continental U.S (Liu et al., 2017). Additional details on the WRF configuration, physics parameterization, and uncertainty of the data used in this study can be found in Liu et al. (2017) and Gutmann et al. (2018).


[image: Figure 1]
FIGURE 1. Domain of the Weather Research and Forecasting (WRF) model.


The WRF Model is implemented to produce high resolution simulations of hurricanes that impacted the U.S. between October 2000 and September 2013. The domain is not large enough to study changes in hurricane genesis, however removing this chaotic process facilitates comparison of otherwise identical storms from different climates. To simulate hurricanes under present day climate conditions (CTRL), WRF is forced with initial and boundary conditions derived from the ERA-Interim dataset (Dee et al., 2011). This data set specifies atmospheric characteristics, e.g., wind, temperature, humidity, and pressure, with temporal and spatial resolution of 6 h and 0.7°, respectively. Sea surface temperatures (SST) are also used to define the lower boundary condition throughout the simulation.

To simulate hurricanes under an end of century climate scenario, the pseudo-global warming (PGW) method is used (Schär et al., 1996; Rasmussen et al., 2011). A climate change signal is calculated using the RCP 8.5 (high) scenario as simulated by 19 different models in the IPCC CMIP5. The perturbation is calculated by averaging across the two periods 2071–2100 and 1976–2005, and then computing the difference. Thus, even though we only use 13 years of simulated weather for our study, the climate change signal itself is based on traditional 30 years averages imposed on the same weather. This approach avoids problems caused by internal variability (Deser et al., 2012), and is comparable to approaches used to study hurricanes in similar studies (Lackmann, 2015; Carroll-Smith, 2018; Jung and Lackmann, 2019; Chen et al., 2020). Inputs to the radiative transfer scheme are also modified to account for projected changes in greenhouse gases. The climate change signal is then applied to the WRF boundary conditions describing the zonal and meridional wind speeds, sea level pressure, geopotential height, air temperature, relative humidity, sea surface temperature, and initial soil temperature. The PGW changes in 700 hPa air temperature and relative humidity range by +3 to +4K and +2 to −2% over the Gulf of Mexico and North Atlantic during hurricane season. SSTs over the region increase by 3.2K. Changes to the other boundary conditions are modest.



2.2.2. Hurricane Simulations

Over the time period of interest (2000–2013), 32 named storms in the National Hurricane Center (NHC) best track hurricane (HURDAT) database (Landsea and Franklin, 2013) have track centers that come within 400 km of the WRF model domain. Of these, the WRF model is able to reasonably simulate the tracks, intensities, sizes, and translation speeds of 26 of them, although the more extreme intensities are slightly underestimated (i.e., the tails of the maximum wind speed and minimum central pressure distributions are under- and overestimated, respectively; see Figure 4 in Gutmann et al., 2018 for details). When the PGW method is implemented, WRF is able to successfully simulate all but one of these 26 storms, however three have relatively large changes between the simulated tracks of the present day and end of century climate scenarios. This makes it difficult to attribute changes in storm surge inundation to changing meteorological characteristics rather than changing storm tracks (i.e., landfall location). The latter is not examined in this study, thus we exclude these three storms from our analysis. More detail can be found in Gutmann et al. (2018). Finally, of the 22 remaining storms, one (Hurricane Gustav, 2002) causes numerical instabilities within the ADCIRC model, likely due to the position of this storm at the edge of the ADCIRC domain. The 21 storms that remain for analysis are listed chronologically in Table 3.

Of note, Hurricane Katrina is not included in this study. It is one of the six storms that was not well-simulated by the WRF model, and specifically its track did not accurately reflect HURDAT data. This is likely due to the placement of the southern boundary of the WRF domain, which is too close to the storm center for much of the track. Climate change impacts to the meteorological properties of Hurricane Katrina were investigated in Lynn et al. (2009) using a coarser 9 km WRF model with boundary conditions derived from the comparable A2 emissions scenario of the IPCC Fourth Assessment Report, and it was suggested that the storm would likely intensify in a warmer climate. We expect that storm surge would intensify as well, though as discussed in section 4.2, this is difficult to predict without explicit modeling.



2.2.3. Hurricane Intensity Metrics

Gutmann et al. (2018) computed the average maximum wind speed, minimum central pressure, radius of hurricane force winds, and translation speed of each simulated hurricane, taken across the duration of each storm. For each point along the simulated track, these statistics were computed using data from a 400 × 400 km region centered at a point of minimum pressure. Thus, the point of minimum pressure is computed as the point at the center of this region by definition. The maximum wind speed is simply the maximum (instantaneous) value in the region. The radius of the 33 ms−1 winds is computed as the average distance from the track center to the easternmost and westernmost points that exceed 33 ms−1. The translation or forward speed is computed by dividing the distance between the track center and the track center calculated 3,600 s prior by 3,600 s. Further details can be found in Gutmann et al. (2018). These values were used to determine statistically significant increases to the maximum wind speed, damage potential, and maximum rainfall rate, and statistically significant decreases to the translation speed and minimum central pressure of hurricanes over the 21st century. In this work, we use these metrics to assess how climate change impacts to tropical cyclone characteristics can be expected to influence storm surge inundation in the future.




2.3. Storm Surge Modeling
 
2.3.1. ADCIRC Model

The Advanced Circulation (ADCIRC) model is a numerical hydrodynamics model (Luettich et al., 1992). It solves a modified form of the shallow water equations through the discretization of spatial derivatives using a finite element method. The use of a finite element method allows the equations to be modeled using unstructured meshes, which offers the advantage of discretization with high resolution in regions of interest without the computational expense of increasing resolution uniformly throughout the entire spatial domain. This is especially advantageous for coastal hydrodynamics applications, where more spatial resolution is often desired near the coastline than in the deep ocean. Time derivatives are discretized using centered and forward finite differencing.

The ADCIRC model has been continually developed since its inception in the early 1990s, becoming increasingly robust for a number of applications. Notably, wetting and drying algorithms have been implemented to allow modeling of overland flooding (Luettich and Westerink, 1995; Dietrich et al., 2004). Especially important to modeling overland surge and flooding in regions of shallow water, bottom friction can be specified through spatially variable parameters (Passeri et al., 2013; Mayo et al., 2014). The ADCIRC model can also utilize various forms of meteorological input, including parametric wind profiles and gridded wind field data (Houston et al., 1999; Cyriac et al., 2018; Mayo and Lin, 2019). It has been extensively validated and verified for tropical cyclones around the world, and has been used for a range of modeling, planning, and emergency operations applications (Fleming et al., 2008; Dietrich et al., 2010; Butler et al., 2012; Lin et al., 2012). In this work we use the parallel implementation of version 53.04.

We convert WRF data to an ADCIRC readable format through several preprocessing steps. First, we project the simulated wind and pressure fields onto the Cartesian coordinates of the ADCIRC mesh. Then, pressure and directional wind data are used to create the meteorological forcing input files used in ADCIRC. Both of these steps are accomplished using Matlab and Python scripting. The data are also manually trimmed to exclusively span the spatial extent and duration of simulated hurricanes to improve computational efficiency.



2.3.2. HSOFS Mesh

We use the Hurricane Surge On-demand Forecast System (HSOFS) mesh, which was developed jointly by the National Ocean Service, Riverside Technology, and AECOM (Riverside Technology and AECOM, 2015). It spans the Gulf of Mexico and the U.S. Atlantic Coast, extending into the Atlantic Ocean to the approximate longitude of 65W (Figure 2). Nearshore, the mesh generally extends on to land up to a topographic height of 10 m. Because it was developed with the intent of operational use, it does not have the local resolution of more geographically-focused ADCIRC meshes, however it is one of the only meshes with national inundation coverage, i.e., it allows overland flooding to be modeled across the entire coastline of the eastern and southern U.S. It has a total of 1,813,443 vertices and 3,564,104 triangular elements, with an overland grid resolution that ranges from 150 to 500 m.


[image: Figure 2]
FIGURE 2. Computational domain (colored regions) and bathymetry of the Advanced Circulation (ADCIRC) model, the Hurricane Surge On-demand Forecast System (HSOFS) mesh. Bathymetry is shown in meters below mean sea level. Dark green regions are used to depict areas that are above sea level, i.e., overland.


Version 50.99 of ADCIRC was previously used to verify this mesh for astronomical tides and 10 major tropical and extratropical storms (i.e., Hurricanes Ike, Katrina, Dennis, Charley, Hugo, Floyd, Isabel, Sandy, and the Great New England Hurricane and Perfect Storm of 1938 and 1991, respectively). Storm surges were modeled primarily using high fidelity wind data developed by Ocean Weather, Inc. (OWI) (Hurricane Sandy and Hurricane Floyd were modeled using HWRF and Hwind data, respectively). The National Oceanic and Atmospheric Administration (NOAA) Coast Survey Development Laboratory Skill Assessment Software (Zhang et al., 2006, 2010) and high water marks were used to determine that maximum storm surge heights were modeled with an RMSE of 0.26 m, demonstrating the suitability of the HSOFS mesh for research applications.

ADCIRC is run with the HSOFS mesh for each WRF simulation to model the storm surge of hurricanes given present day and end of century climate scenarios. The simulations are executed using the high performance computing facilities at the Texas Advanced Computing Center and National Center for Atmospheric Research-Wyoming Supercomputing Center. On average, simulations ~2-weeks in length are completed in 1,440 core hours.



2.3.3. Surge Inundation Metrics

To quantify the storm surge risk modeled by ADCIRC, we use two metrics to describe storm surge inundation volume and extent. Because our interest is storm surge impacts to the built environment, we focus on inland geographical regions, i.e., those elements of the HSOFS mesh that are initially entirely above the reference sea level (geoid) defined in ADCIRC. Each ADCIRC simulation produces a global maximum water surface elevation file, which describes the peak storm surge height at each node of the mesh over the duration of the storm. For each inland (i.e., initially dry) element, we calculate its inundation volume using its (triangular) area and the peak storm surge height computed for each of its three nodes (i.e., vertices of each triangular element):

[image: image]

where Ve is the element volume, Ae is the element area, and Di is the water depth at node i. (When computing Ae, we use the World Geodetic System to account for the projection of the area onto the spherical earth.) We sum each of these element inundation volumes to compute a measure of total inundation volume for each simulation. A similar approach was used in Fossell et al. (2017).

If all three nodes of an inland element have a peak water elevation above zero (i.e., if the element inundation volume is >0), we consider its area to have been “wetted” by the simulated storm:

[image: image]

Here Aw is the wetted area. We sum each of these wetted element areas to compute a measure of total inundation extent for each simulation.

Both of these metrics allow storm surge to be quantified and compared across simulations, while accounting for the variable spatial resolution of the unstructured mesh. In contrast to more routinely used metrics, such as root mean square difference, regions with high spatial resolution are not weighted more heavily than those that are coarser. Additionally, uncertainties introduced by the description of the atmospheric characteristics, the numerical approximation of the WRF model, the deviations of the simulated hurricanes from observed data, the prescribed boundary conditions and wind field representation within ADCIRC, and the numerical approximation of the ADCIRC model all compound and propagate in complex ways that are difficult to quantify without formal analysis. The use of these inundation metrics serves to reduce the sensitivity of our results to these uncertainties by effectively smoothing error with integration (Oden, 2011; Smith, 2013).





3. RESULTS


3.1. Simulated Storm Surge


3.1.1. Maximum Storm Surge Levels

The combined maximum storm surges of all 21 storms simulated for the present day climate scenario (CTRL) is shown in Figure 3A. The largest storm surges occur along the Gulf Coast, specifically near Texas, Mississippi, and the Florida panhandle. The highest surges were caused by Hurricane Ike that produced up to 9.8 m near the Galveston area. Maximum storm surges are less severe along the Atlantic coastline, with the largest levels attained near the Outer Banks of North Carolina and Chesapeake Bay in Virginia.


[image: Figure 3]
FIGURE 3. (A) A composite of the maximum storm surge levels of all 21 present day (CTRL) simulations. (B) A composite of the maximum storm surge levels of all 21 end of century (PGW) simulations.


The combined maximum storm surges of all 21 storms simulated for the end of century climate scenario (PGW) is shown in Figure 3B. Hereafter, hurricanes from these simulations are referred to as Hurricane(P). The largest storm surges occur in the same areas along the Gulf coast seen in the CTRL scenario, although the levels are greater. Water levels >5.0 m are seen in Texas and Mississippi. These large surges are caused by Hurricane Ike(P) and Hurricane Isidore(P), respectively. The surge caused by Hurricane Isidore(P) in Mississippi increases by 2.30 m from the CTRL scenario, while the surge caused by Hurricane Ike(P) in Texas increases surge by just 0.01 m. A greater extent of the Gulf side of Florida is affected by higher storm surges, including Tampa Bay, which is not inundated in the CTRL simulation. Along the Atlantic coast, North Carolina and Virginia remain affected, and substantial increases in storm surges are also seen near South Carolina and New York.

Overall, there is an increase in maximum storm surge levels from the CTRL to the PGW simulations. Figure 4 shows a more pronounced increase along the Gulf coast of more than 1.0 m. Notable increases are seen near Mississippi, the Gulf Coast of Florida, the Carolinas, and New York. However, there are parts of Albermarle Sound and Pamlico Sound in North Carolina and the eastern side of Chesapeake Bay that show lower surges (i.e., decreases ranging from about 0.5 to 1.0 m) in the PGW simulations. Few studies have implemented this methodology to deterministically assess climate change impacts to storm surges, however our results are consistent with Yates et al. (2014), who used the PGW method to assess climate change impacts to Hurricane Sandy over the 21st century and found significant increases to flood heights and inundation extent along the New Jersey and Long Island coasts. Additionally, Little et al. (2015) developed a novel flood index and demonstrated substantial and positively skewed changes to coastal flood risk along the east coast by the end of century, and Yin et al. (2020) used a fully coupled global weather and climate modeling system to simulate storm surge risk along the U.S. Atlantic Coast under elevated CO2 levels and also found increased storm surge risk.


[image: Figure 4]
FIGURE 4. Difference (PGW-CTRL) between maximum storm surge levels over the 21st century.




3.1.2. Inundation Volume

The total volume inundated in each simulation, along with the relative change from the CTRL to the PGW simulations, is summarized in Table 1. Volumes are arranged in descending order based on the CTRL simulations, i.e., in order of decreasing severity for the present day scenario. Values for the CTRL simulations range from 0.01 to 22.81 km3, and have a mean value of 2.55 km3. Six storms (i.e., Hurricane Gustav, Hurricane Isaac, Hurricane Irene, Hurricane Rita, Hurricane Isidore, and Hurricane Ike) have inundation volumes above this mean. Notably, the inundation volume computed for Hurricane Ike is 22.81 km3, which is substantially (more than five times) larger than the next largest volume of 4.13 km3 (Hurricane Isidore). Figure 5A reflects the widespread flooding caused by Hurricane Ike near coastal Texas, and specifically near Galveston Bay and the Houston Ship Channel. Storm surge levels in this region exceed 5.0 m. Most (all but six) of the 21 CTRL simulations cause inundation volumes >1 km3.


Table 1. Total inundation volumes computed for each hurricane and corresponding changes over the 21st century.

[image: Table 1]


[image: Figure 5]
FIGURE 5. (A) Maximum storm surge levels of the Hurricane Ike CTRL simulation. (B) Maximum storm surge levels of the Hurricane Ike PGW simulation.


For the PGW simulations, the inundation volumes range from 0.01 to 30.13 km3, and the mean value increases to 3.56 km3. Six storms again have inundation volumes above this mean [Hurricane Dennis(P), Hurricane Isaac(P), Hurricane Irene(P), Hurricane Rita(P), Hurricane Isidore(P), and Hurricane Ike(P)]. The inundation volume computed for Hurricane Ike(P) remains the largest, and increases to 30.13 km3. Figure 5B illustrates more intense flooding than that seen in the CTRL simulation (Figure 5A), with high storm surge levels extending further inland and inundating Galveston Island. The inundation volume for Hurricane Ike(P) (30.13 km3) is again substantially larger than the next largest volume [7.87 km3 for Hurricane Isaac(P)]. However, Figure 6 shows that the changes are mostly limited to the states of Texas, Louisiana and some parts of Mississippi, where Ike (P) generally causes increases in water levels >1 m.


[image: Figure 6]
FIGURE 6. Difference (PGW-CTRL) between maximum storm surge levels over the 21st century for Hurricane Ike. The storm tracks for the CTRL (green) and PGW (orange) simulations are also included.


The inundation volumes of 14 storms increase across the climate scenarios (CTRL to PGW), with relative increases ranging from +3 to +161%. The largest relative increase occurs for Hurricane Frances(P). The inundation volume of Hurricane Alex does not change, while the inundation volume decreases for 6 storms, with Hurricane Ivan(P) decreasing the most, relatively (−25%). Across all simulations, the average change to inundation volume is an increase of 36%.



3.1.3. Wetted Area

The total area wetted in each simulation is summarized in Table 2. Areas are arranged in descending order based on the CTRL simulations, i.e., in order of decreasing severity for the present day scenario. Values for the CTRL simulations range from 69 to 16,224 km2, and have a mean value of 3,457 km2. Hurricane Ike is again worthy of note, and has the largest wetted area (16,224 km2; Figure 5A). The next largest wetted area is less than half of this (6,174 km2 for Hurricane Rita). Hurricane Isidore, Hurricane Irene, and Hurricane Sandy complete the set of the five storms with the largest wetted areas. All but three of the CTRL simulations cause wetted areas >1,000 km2.


Table 2. Total inundation extent (wetted area) computed for each hurricane and corresponding changes over the 21st century.

[image: Table 2]

For the PGW simulations, wetted areas range from 69 to 17,546 km2, and the mean value increases to 4,044 km2. Hurricane Ike(P) again produces the largest wetted area, however there is not as great a difference between the two largest wetted areas. Hurricane Isaac(P) produces the second largest wetted area, 10,457 km2 (Figures 7A,B). The redistribution of water is illustrated in Figure 8. Hurricane Sandy(P), Hurricane Isidore(P), and Hurricane Irene(P) complete the set of the five storms with the largest wetted areas for the PGW simulations.


[image: Figure 7]
FIGURE 7. (A) Maximum storm surge levels of the Hurricane Isacc PGW simulation. Storm surges are lower, but affect portions of Louisiana and southwest Florida. (B) Maximum storm surge levels of the Hurricane Isaac CTRL simulation. Portions of northwest Florida are inundated with storm surges over 2 m.



[image: Figure 8]
FIGURE 8. Difference (PGW-CTRL) between maximum storm surge levels over the 21st century for Hurricane Isaac. The storm tracks for the CTRL (green) and PGW (orange) simulations are also included.


The wetted areas of 13 storms increase across the climate scenarios (CTRL to PGW), with relative increases ranging from +1 to +244%. The largest relative increase occurs for Hurricane Isaac(P). The wetted area of Hurricane Alex does not change, and has the smallest wetted area under both climate scenarios. The wetted area decreases for seven storms, with relative decreases ranging from −2 to −28%. Hurricane Jeanne(P) has the largest relative decrease. Across all simulations, the average change in wetted area is +25%.




3.2. Storm Characteristics

The storm characteristics of each simulation are summarized in Table 3. This is a subset of the complete set of storm characteristics (i.e., including damage potential and rainfall rates) analyzed in Gutmann et al. (2018). On average, from the CTRL to the PGW simulations, the wind speeds and radii of the 33 ms−1 winds increase by +5.33 and +1.46%, respectively, and the translation speeds and central pressures decrease by −4.53 and −0.42%. Of note, the wind speeds are averaged over the entire duration of the hurricane and the averages thus include wind speed values that occur overland (averaging wind speeds over the 24-h period prior to landfall was explored but did not impact the results of this study). Additionally, the values are instantaneous wind speeds, differing from the oft reported 1-min averages. The values of the storm characteristics for each simulation are illustrated in Figure 9 (CTRL) and Figure 10 (PGW), arranged from top to bottom in order of increasing inundation volume. The changes in the storm characteristics are illustrated in Figure 11, arranged from top to bottom in order of increasing change to inundation volume.


Table 3. Summary of average hurricane characteristics of each simulated storm.

[image: Table 3]


[image: Figure 9]
FIGURE 9. Average hurricane characteristics of each simulated storm arranged from top to bottom by increasing inundation volume of the CTRL simulations. Magnitudes of hurricane characteristics that theoretically contribute positively to larger surges (e.g., higher wind speeds, larger radii, and slower translation speeds) are depicted by darker hues.



[image: Figure 10]
FIGURE 10. Average hurricane characteristics of each simulated storm arranged from top to bottom by increasing inundation volume of the PGW simulations. Magnitudes of hurricane characteristics that theoretically contribute positively to larger surges (e.g., higher wind speeds, larger radii, and slower translation speeds) are depicted by darker hues.



[image: Figure 11]
FIGURE 11. Differences (PGW-CTRL) in average hurricane characteristics arranged from top to bottom by increasing inundation volume. Decreases in translation speed and pressure contribute positively to larger surges so signs are reversed in this figure accordingly (e.g., decreases in translation speed are defined as positive changes).





4. DISCUSSION


4.1. Impact on Inundation Volume and Extent

Our results indicate that we can generally expect remarkably greater severity of storm surges at the end of the century, as the volume and extent of inundation increase for most hurricanes examined here. The inundation volumes increase for 14 of 21 hurricanes, and the inundation volumes of three hurricanes (Hurricane Isaac, Hurricane Dennis, and Hurricane Frances) more than double over the century. Hurricane Ike produces the most severe storm surges for both climate scenarios, however the other storms do not change in severity uniformly. For example, the wetted area of Hurricane Isaac, which is near the mean for the present day climate scenario, substantially increases and its surge becomes the second most severe by this metric.

Hurricane Alex produces the smallest inundation volume and wetted area, and neither metric changes over the century. The hurricane tracks of both the CTRL and PGW simulations of this storm make landfall close to the Texas and Mexico border (see Figure 5 of Gutmann et al., 2018), close to the boundaries of the ADCIRC model domain. The simulations are likely impacted by limitations in the hydrodynamics modeling in this region.

The calculations of inundation volume and wetted area broadly indicate that in the future we can expect hurricanes to produce relatively more high storm surge levels in concentrated areas rather than smaller storm surges that are more wide spread, as inundation volumes generally increase more substantially than wetted areas. For example, Hurricane Jeanne and Hurricane Rita both produce decreases in wetted areas, but increases in inundation volume. On the other hand, we also find that storms that produce increases in wetted areas do not necessarily cause increases to inundation volumes. Hurricane Lili(P) shows a small increase in area (+1%) but decreases in inundation volume (−4%). In these cases, the heights of storm surges may decrease, while a larger area is impacted. The relationship between inundation volume and wetted area must be closely examined for specific impacted regions, as both are greatly impacted by local topography, but in general we expect that coastal inundation will increase in the future.

The potential societal impacts of these findings are vast. Increased inundation increases the number of people and property threatened by storm surge, particularly as coastal populations and the associated urban development grow (Neumann et al., 2015). Beyond increased fatalities, this can have long lasting consequences for the under- and uninsured, and agencies, such as the Federal Emergency Management Agency (FEMA), which provide disaster assistance and already substantially contribute to the national deficit. Increased inundation also poses a greater threat to infrastructure. Transportation networks may face greater obstructions during and after a storm, impeding evacuation efforts and access to medical care and other resources. Widespread flooding can also flood power equipment and limit the mobility of power restoration crews, which can cause and extend the power outages that often accompany hurricanes, resulting in large economic and social losses. Increased inundation can also have a number of environmental impacts, for example by exacerbating other hazards, such as inland flooding caused by obstructions to drainage systems, and saltwater intrusion which can have catastrophic consequences for agriculture and the biogeochemical cycles of coastal ecosystems.



4.2. Influence of Storm Characteristics

We examine the relationships between storm surge inundation and storm characteristics to gain more insight into the impacts of climate change. The coastal research community generally agrees on the influences of individual storm characteristics to storm surges. Higher intensity hurricanes, i.e., those with larger maximum wind speeds and lower minimum pressures, produce larger storm surges, all other things being equal. Slower-moving hurricanes produce more storm surges inland, while faster-moving storms cause higher water levels along the coast (Rego and Li, 2009). Larger storms, particularly those that translate over mildly sloping beaches, e.g., Hurricane Katrina, are expected to produce higher surges than smaller storms that translate over steeper continental shelves (Irish et al., 2008). Given this, six hurricanes in our study have storm characteristics that change over the century in precisely the directions that would theoretically result in increased storm surges. They are Hurricane Isabel, Hurricane Jeanne, Hurricane Ike, Hurricane Dolly, Hurricane Sandy, and Hurricane Irene (Figure 11). Simulations of five of the six named storms do produce increases in inundation (Hurricane Isabel is the exception). However, the magnitudes of the increases greatly vary by storm, ranging from +6 to +63%, and a number of hurricanes without this “perfect storm” of changes produce more substantial increases in surge. Hurricane Sandy is notable on this list, because it was historically one of the costliest storms, and much of the cost was associated with the flooding caused by the storm surge. This storm has substantial intensification of the simulated pressure, however the changes in the other storm characteristics are mild in comparison to those of other storms.

Figure 11 further illustrates the variation in the influences of individual storm characteristics on storm surge inundation. As the storms are ordered by increasing changes to volume inundation, we expect to see systematic changes to the storm characteristics. However, we do not see such changes. In particular, wind speed does not strongly nor directly relate to the severity of surges. Furthermore, the five hurricanes that produce inundation volumes with the largest increases do not share similarities in the directions of change to their storm characteristics. In fact, Hurricane Frances, which produces the largest increase in inundation volume, decreases in both wind intensity and radius. It does decrease in translation speed (and central pressure), but only by 3%, which is lower than the average decreases of translation speeds for the full set of storms studied here. This could suggest that changes in translation speed play a more significant role in storm surge generation than previously indicated. However, in contrast, Hurricane Ophelia has the largest decrease in translation speed (44%), yet produces a significant decrease of inundation volume. It is evident that more research is needed to better understand the role of translation speed on storm surge generation in combination with other storm characteristics in both present day and future climate scenarios.

Upon closer examination of the two other storms whose inundation volumes double over the century, i.e., Hurricane Dennis and Hurricane Isaac, there is generally no discernible pattern emerging in the hurricanes that produce substantial increases in inundation volume.

Six storms produce decreases in inundation volumes. For example, the inundation volume of Hurricane Gustav, which was one of the more severe hurricanes of the CTRL simulations (2.74 km3), decreases by 11%. The wind speed, translation speed, and radius decrease, while the central pressure increases, i.e., each characteristic decreases in severity with the exception of translation speed. This is similar to the behavior observed in the storm characteristics of Hurricane Frances, however the impacts on storm surge are much different.

These results demonstrate that there is no single storm characteristic for which changes induced by climate can predict impacts to storm surge severity. Even when considered in conjunction, the resulting influences are difficult to anticipate. Our results may be influenced by moderate differences in tracks of the CTRL and PGW simulations, which can have important implications for landfall location and angle of approach. Perpendicularly landfalling storms tend to produce more wide spread surges than those that make landfall diagonally, however this is rare (Hall and Sobel, 2013; Ramos-Valle et al., 2020). Also, in some areas, track fluctuations lead to landfalls of areas with different physical characteristics of the coastline and shelf that can either amplify or diminish surge magnitude (Azam et al., 2004; Mori et al., 2014). It is unlikely that the moderate differences in tracks observed in this study would significantly impact computed inundation volumes (Resio et al., 2009); however, the impact of local topography and bathymetry, including how these may also be impacted by climate change, should be investigated further.



4.3. Study Limitations

The methodology presented here offers a framework with which climate change impacts to storm surge inundation can be systematically assessed; however, there are several limitations. Here, we focus exclusively on storm surge, i.e., we do not simulate astronomical tides, waves, or sea level rise. While this reduces the introduction of uncertainties related to the timing of hurricane landfall, resolution of short period waves, and projections of local sea level rise, these phenomena can have important impacts on total water levels (Rego and Li, 2010; Dietrich et al., 2011; Atkinson et al., 2013; Bilskie et al., 2014). As a result, in the future, coastal inundation may become more extreme than the results of this study suggest.

Additionally, we do not account for coastal morphodynamics and land use change. Coastal morphodynamics and hydrodynamics are coupled processes, with each directly impacting the other (Roelvink et al., 2009). As such, climate change impacts including sea level rise and increases to tropical cyclone intensity and frequency will likely cause morphological changes to the U.S. coastline, with important implications for coastal flood risk (Passeri et al., 2015; Ozkan et al., 2020; Roelvink et al., 2020). Furthermore, land use is also changing with population growth and urban development (Lawler et al., 2014). This can significantly impact the climate and coastal flood risk, as was recently observed during Hurricne Harvey (Kalnay and Cai, 2003; Zhang et al., 2018).

The tracks, landfall locations, and intensities of several simulated hurricanes differ slightly from those reported in the HURDAT database (Gutmann et al., 2018), which are also subject to error (Landsea and Franklin, 2013). These differences impact the locations and magnitudes of flooding simulated (Weisberg and Zheng, 2006; Sebastian et al., 2014). These differences also make it difficult to systematically verify our simulations with observational data, e.g., from high water marks and tide gauges (exemplary hydrographs of Hurricane Ike, the simulations of which had good agreement with HURDAT data, are shown in Figure 12). As the main objective of this study is to investigate climate induced changes to storm surges, we have not included extensive verification exercises here, though preliminary analyses show reasonable reproduction of observed peak storm surge levels and timing. The use of the inundation metrics described in section 2.3.3 reduces the sensitivity of our assessment to the slight storm variations.


[image: Figure 12]
FIGURE 12. Time series of water levels recorded at NOAA tide gauges that lie within 100 km of Hurricane Ike at landfall (blue) and data from the present day (red) and end of century (yellow) WRF-ADCIRC simulations. Note that several gauges failed prior during peak storm conditions.


Finally, although the HSOFS mesh extends inland with resolution ranging from 150 to 500 m, it is not able to resolve fine details, such as roads and infrastructure close to the coastline. While we believe that the mesh is suitable for describing general locations and patterns of storm surge along the coastline, it cannot be used to explicitly simulate, e.g., neighborhood-level impacts or coastal protection measures.




5. CONCLUSIONS

In this study, we simulate the storm surges of 21 hurricanes to understand the potential impacts of climate change to coastal inundation. While this small sample of storms is not large enough for statistical analysis of changing coastal flood risk, it makes feasible the use of high fidelity, high resolution atmospheric and hydrodynamics models to investigate the potential impacts for a broad range of events. We assess the changes to storm surges produced by hurricanes under present day and end of century climate conditions, and find that storm surges will likely become more severe by 2100. On average, storm surge inundation volume and extent both increase over the century, with notable increases along the Gulf Coast (Texas, Louisiana, Mississippi, and the West Coast of Florida), the Carolinas, and New Jersey (i.e., within Delaware Bay and the New York-New Jersey Bight). The inundation volume increases for 14 of the 21 modeled storms, and the average change across all 21 storms is +36%. The inundation extent increases for 13 storms, and the average change across all storms is +25%. Storms that increase in inundation volume generally increase in inundation extent; however, there are three exceptions to this. Hurricane Jeanne and Hurricane Rita both increase in volume, but decrease in area. Hurricane Lili increases in area, but decreases in volume. Our assessment of inundation broadly demonstrates that in the future, hurricanes may produce larger storm surge levels in more concentrated areas as opposed to surges with lower magnitudes that are more widespread.

We find that neither the changes to nor magnitudes of storm surge inundation are predictable by any single hurricane characteristic. Even when storm characteristics are considered together, the resulting influences to storm surge is difficult to assess. The hurricanes with the largest increases to inundation volume are not those whose storm characteristics change in expected ways; their intensities and sizes do not always increase, and their forward speeds do not always decrease. We find that hurricanes with characteristics that do change in ways expected to produce larger storm surges do in fact increase inundation volume and extent. However, the increase in inundation is generally not as large as might be expected. This indicates that even as climate change research advances and more is learned about potential impacts to hurricanes, implications for storm surge will be difficult to predict without probabilistic assessments or numerical experiments, such as those conducted here. Ultimately, the changes to storm surge inundation are caused by the complex interplay between the spatiotemporal distribution of storm characteristics and the geographical properties of the nearshore.

This work provides a fundamental first step in coastal hazard assessment under climate change by improving our understanding of the storm surge component. The atmospheric model used here can also simulate rainfall, so there is potential to explore inland and compound flood risk as the state of numerical modeling of these coupled hazards advances. Additionally, as more is learned and uncertainties are reduced in our understanding of climate change impacts to waves and sea level rise, we are better equipped to assess climate change impacts on total flood risk. Particularly as computational advances are made toward resolving the spatial scales necessary to model fluid/structure interactions, this will have significant implications for our understanding of climate change impacts to the built environment.
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