Nat Hazards (2017) 89:939-962 @ CrossMark
DOI 10.1007/s11069-017-3001-5

ORIGINAL PAPER

Simulating storm surge waves for structural
vulnerability estimation and flood hazard mapping

Adam Hatzikyriakou'® * Ning Lin’

Received: 30 November 2016/ Accepted: 18 July 2017/Published online: 25 July 2017
© The Author(s) 2017. This article is an open access publication

Abstract Wave action during storm surge is a common cause of building damage and
therefore a critical consideration when estimating structural vulnerability and mapping
flood risk. Traditional depth-damage curves, however, relate building vulnerability solely
to inundation depth and therefore neglect an important damage mechanism. Similarly,
flood mapping studies typically emphasize expected inundation rather than wave condi-
tions. In this study, we consider the impact of wave effects on vulnerability estimation and
flood mapping using a pair of hydrodynamic models (ADCIRC + SWAN and BOUSS1D)
to simulate inland storm surge flooding. The models are used to simulate flooding in a
heavily impacted coastal community (Ortley Beach, New Jersey) during Hurricane Sandy
(2012) and to estimate inland hazard parameters characterizing inundation, wave and
velocity effects. To quantify structural vulnerability, fragility curves are developed by
statistically relating the simulated hazard parameters to surveyed building damage. The
results indicate that dynamic hazard characteristics such as significant wave height are the
dominant predictors of severe structural damage. The flood simulation is also used to map
the variation of surge and wave effects in the community. Comparing this analysis to flood
zones delineated by the Federal Emergency Management Agency in the community’s
Flood Insurance Rate Map reveals severe wave action and building damage in a significant
portion of the community deemed least exposed to flood impact. It is suspected that this
misrepresentation of risk resulted from overconfidence in the performance of the com-
munity’s frontal dune under severe surge and wave actions.

Keywords Storm surge - Structural vulnerability - Flood mapping - Waves - FEMA -
FIRM

< Adam Hatzikyriakou
ah7 @princeton.edu

Ning Lin
nlin@princeton.edu

Department of Civil and Environmental Engineering, Princeton University, Engineering Quad,
Princeton, NJ 08540, USA

@ Springer


http://orcid.org/0000-0001-5256-2548
http://crossmark.crossref.org/dialog/?doi=10.1007/s11069-017-3001-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11069-017-3001-5&amp;domain=pdf

940 Nat Hazards (2017) 89:939-962

1 Introduction

More than 6.6 million homes in the USA, valued at nearly $1.5 trillion, are at risk of storm
surge damage (Botts et al. 2015). This significant exposure to losses is compounded by
expected increases in surge flooding due to sea level rise and climate change. In places like
New York City, these combined effects are expected to change a 400-year flood event like
Hurricane Sandy to a 20-130-year event by the end of the century (Lin et al. 2016). Given
this widespread and increasing risk, accurately assessing storm surge impact is essential.
Two important steps for doing so are estimating structural vulnerability and mapping flood
hazards.

1.1 Structural vulnerability estimation

Estimating structural vulnerability consists of relating a building’s performance during
storm surge to its exposure to flooding. This has traditionally been treated using depth-
damage curves which give the expected loss in a building’s economic value as a function
of flood inundation depth (Davis et al. 1988). The most common approach for constructing
such curves is by empirically relating post-event surveys of damaged structures to their
estimated inundation depth using observed highwater marks (Davis and Skaggs 1992).
Frequently used depth-damage curves include those developed by Federal Insurance
Administration (FIA), which are the basis of the popular flood loss model HAZUS (Davis
and Skaggs 1992; Scawthorn et al. 2006). Depth-damage curves have been pivotal for
estimating structural vulnerability and are essential for quantitative storm surge risk
assessment. Recent applications include predicting future flood losses due to climate
change in major coastal cities (Hallegatte et al. 2013) and performing cost—benefit analyses
of flood mitigation strategies (Aerts et al. 2014).

Quantifying structural vulnerability using depth-damage curves, however, can be
problematic in several respects. First, highwater marks used as proxies for the maximum
water level at a structure are invariably sparse and can introduce large uncertainties into
vulnerability estimation. Second, interpreting this maximum water level is frequently
ambiguous. Whereas for slow-rise flooding (e.g., riverine and pluvial floods) highwater
marks are typically characteristic of stillwater inundation, highwater marks during storm
surge include the variable contribution of waves and flood velocity. Since wave and
hydrodynamic loads on coastal structures are often orders of magnitude greater than
hydrostatic loads (FEMA 2011), two structures with the same inundation depth can have
considerably different damage responses depending on the relative magnitude of these
dynamic effects. As a result, ignoring wave action and flood velocity may significantly
misrepresent a structure’s performance during storm surge, particularly if the primary
concern is estimating structural damage losses as opposed to content losses.

To overcome these challenges, studies of recent surge events have used hindcast sim-
ulations of inland flooding as the basis for vulnerability estimation. One of the first such
studies was an analysis of building damage on the Bolivar Peninsula during Hurricane Ike
(2008), which confirmed that wave height and the associated slamming load were
important predictors of building collapse (Tomiczek et al. 2014). Additional studies of
Hurricane Sandy using a high-resolution inundation model determined that the depth-
averaged velocity was also a significant damage predictor (Tomiczek et al. 2017). These
results parallel similar studies of tsunamis, which have used numerical models to construct
fragility curves based on flow velocity and hydrodynamic loads (Suppasri et al. 2011).
Despite this progress, however, a formal framework for simulating flooding locally at a
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structure and extracting relevant hazard predictors when estimating structural vulnerability
remains to be proposed.

1.2 Flood hazard mapping

In addition to estimating structural vulnerability, accurately modeling inland storm surge
flooding is also a fundamental step in flood hazard mapping. As the primary tool for
communicating flood exposure, flood maps quantify the spatial variation of flood effects.
Combining such maps with the estimated vulnerability of buildings to damage can be used
to determine the risk storm surge poses to the built environment. In the USA, flood
mapping dictating insurance premiums which ideally reflect this risk is governed by the
Federal Emergency Management Agency (FEMA) through its National Flood Insurance
Program (NFIP) (Crowell et al. 2007). Flood Insurance Rate Maps (FIRMs) delineate flood
risk by defining flood zones based on the estimated 100-year base flood elevation (BFE).
Since the NFIP’s inception, FIRMs have served as an important mechanism for motivating
flood mitigation in the over 20,000 communities participating the program (Wetmore et al.
2016).

With the NFIP running a deficit of $23 billion in 2015, however, the inability of FIRMs
to consistently reflect flood risk is apparent (Government Accountability Office 2015).
Since wave action is a common cause of building damage, these mapping errors may be
partly attributable to the treatment of waves in FIRMs. First, inland wave conditions in
FIRMs are estimated using FEMA’s Wave Height Analysis for Flood Insurance Studies
(WHAFIS) model which has yet to be sufficiently validated (National Research Council
2009). One source of uncertainty is that wave conditions in WHAFIS are not treated
probabilistically but rather assumed to occur during the 100-year surge event (Divoky et al.
2005). This decoupling of surge and wave may lead to either an overestimation or
underestimation of inland flood elevations (National Research Council 2009). How these
surge and wave effects are communicated in FIRMs is likewise problematic, with base
flood elevations and especially wave conditions specified in low spatial resolutions. In the
case of the highest risk VE flood zone, for example, the only wave guidance provided is to
expect wave heights greater than 3 feet (Hatheway et al. 2005). Finally, the impact of
waves on coastal defenses such as dunes has yet to be satisfactorily resolved. FEMA
currently deems dunes as ineffective barriers only if their cross-sectional area above the
100-year stillwater elevation and seaward of the dune crest is less than 540 square feet
(FEMA 2002).

Accurately modeling and communicating the spatial variation of inland waves using
advances in hydrodynamic modeling is an essential step toward more robust flood hazard
mapping. An important application of this modeling is mapping inland flooding from a
historical event at a particular coastal community. Comparing such a hindcast simulation to
the flood zones from the community’s FIRM provides an important opportunity to evaluate
the performance of FEMA’s flood mapping procedure. Although historical events may not
correspond with the 100-year base flood event reflected in FIRMs, this comparison nev-
ertheless can be used to assess the relative performance of flood zones in reflecting flood
risk. Previous comparisons of FEMA flood zones to assessed building damage have
revealed cases of considerable mismatch between mapped and actual flood risk. A recent
example and focus of this study includes an analysis for Ortley Beach, New Jersey, which
was heavily impacted by storm surge during Hurricane Sandy. Following a survey of the
community, Xian et al. (2015) noted a majority building damage in Ortley Beach was
concentrated in a low-risk flood zone deemed by FEMA as the least susceptible to flooding.

@ Springer



942 Nat Hazards (2017) 89:939-962

Given such discrepancies, investigating potential inadequacies in FEMA’s flood mapping
procedures and better resolving inland flooding using hydrodynamic simulations is criti-
cally needed.

1.3 Objectives

In this study, we consider the impact of wave action on structural vulnerability estimation
and flood hazard mapping by using a detailed study of building damage in Ortley Beach,
New Jersey, during Hurricane Sandy (described in Sect. 2). To do so, a pair of hydrody-
namic models is proposed and validated for efficiently simulating inland flooding (Sect. 3).
The first is the coupled ADvanced CIRCulation and Simulating WAves Nearshore model
(ADCIRC + SWAN), which is used to simulate the large-scale evolution of surge and
waves as a storm approaches the coast (Sect. 3.1.1). The second is a one-dimensional
Boussinesq wave model (BOUSS1D), which is used to simulate nearshore and inland wave
propagation (Sect. 3.1.2). The modeling framework is used to hindcast flood conditions in
Ortley Beach during Sandy from which variables characterizing inland hydrostatic, wave
and hydrodynamic effects are extracted (Sect. 4). In order to quantify structural vulnera-
bility, fragility curves are developed by statistically relating these hazard parameters to
surveyed building damage (Sect. 5). Finally, the hindcast simulation is used to map the
spatial variation of inundation and wave action in Ortley Beach. This mapping is compared
to the flood zones from the community’s FIRM to evaluate the performance of FEMA’s
flood mapping procedure (Sect. 6).

2 Study event and location
2.1 Hurricane Sandy

Hurricane Sandy was a late-season tropical cyclone which significantly impacted coastal
communities across the eastern USA with devastating storm surge. Although making its
final landfall near Brigantine, New Jersey, on October 29, 2012, as a relatively weak post-
tropical cyclone, several factors contributed to Sandy’s unprecedented surge levels. In the
days prior to landfall, Sandy grew dramatically in size as it underwent extratropical
transition while drawing baroclinic energy from the temperature difference between its
warm core and cold air from a mid-latitude trough (Halverson and Rabenhorst 2013). This
increase in size coincided with an unusual westward track caused by an area of high
pressure over Greenland blocking eastern movement (Mattingly et al. 2014). These unique
meteorological phenomena, compounded with landfall during an unusually high astro-
nomical tide, contributed record water levels across New Jersey and New York. At The
Battery in New York City, for example, a record high storm tide elevation of 3.43 m above
NAVDS8 (North American Vertical Datum of 1988) was measured (McCallum et al.
2013). (NAVDSS8 is the predominant vertical datum used in the USA for referencing
elevation data.) Sandy’s track and storm tide measurements collected by the US Geological
Survey (USGS) are shown in Fig. 1 (McCallum et al. 2013). In contrast to extensive
flooding, maximum sustained wind speeds of only 80 mph (130 km/h) or less were
measured at landfall. As a result, Sandy was not a design wind event and minimal wind-
related damage to structures was observed (FEMA 2013).
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Fig. 1 Storm tide measurements from Hurricane Sandy (combined storm surge and astronomical tide above
NAVDS88) collected by the US Geological Survey using a temporarily deployed sensor network, permanent
tide gauges and highwater mark observations. The star marker indicates the location of Ortley Beach, New
Jersey. The triangle marker indicates the location (40.70 N 74.01 W) of the NOAA gauge station used to
evaluate ADCIRC + SWAN

2.2 Ortley Beach

The impact of coastal flooding due to Sandy’s storm surge was devastating and responsible
for a majority of the 650,000 structures damaged or destroyed during the cyclone (Blake
et al. 2013). One of the hardest-hit areas was Ortley Beach, New Jersey, a residential
community comprised of single- and two-story light-frame wood structures with an
average construction date around 1965. Located on a low-lying barrier peninsula (Fig. 1
inset), Ortley Beach experienced significant inundation during Sandy with a USGS high-
water mark measurement in the community recording a storm tide of 2.65 m above
NAVDS88 (McCallum et al. 2013). This substantial flooding was primarily a consequence
of the near-total erosion of the community’s coastal dune (FEMA 2013). Erosion was so
severe that in certain locations the dune’s peak elevation decreased by as much as 3 m, or
50% of its original height (Hatzikyriakou et al. 2015). The resulting surge overtopping and
inland flooding caused significant damage to structures in the community, with only the
foundation footprint remaining for many buildings. Out of 2772 applicants for FEMA
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assistance in Ortley Beach, 284 (10%) experienced losses greater than $30,000 (O’Dea
2013).

Following Hurricane Sandy, a team of students and faculty from Princeton University
and the University of Notre Dame surveyed buildings in the most impacted portion of the
community (Hatzikyriakou et al. 2015). Using photographs of each surveyed structure,
Xian et al. (2015) assessed physical damage to critical building components such as
foundations, exterior walls, exterior siding, windows and doors. Combining these damage
assessments with the replacement cost of each component estimated using the RS Means
(2013) online database, Xian et al. (2015) computed a loss ratio giving the percent loss in a
structure’s overall economic value. Figure 2 shows a plan view of Ortley Beach with each
polygon representing the footprint of a surveyed building shaded according to its assessed
loss ratio. The direction of the surge is illustrated by the blue arrow. As illustrated in the
figure, structures near the coast were the most impacted by flooding, with buildings further
inland experiencing lower losses. The following two sections present a framework for
hindcasting coastal flooding during Sandy (Sect. 3) and characterizing the inland flood
conditions experienced by structures (Sect. 4).

3 Storm surge simulation

Storm surge is a multi-scale phenomenon which spans cyclone development all the way to
inundation locally at a structure. To capture this complicated evolution, the hydrodynamic
modeling used in this study is divided into two levels. The first level consists of the
coupled ADvanced CIRCulation and Simulating WAves Nearshore models
(ADCIRC + SWAN; Dietrich et al. 2011) for simulating Sandy’s surge/wave evolution
beginning 6 days prior to landfall. Outputs from this coupled model are in turn used to
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simulate coastal run-up and inland flood inundation using a one-dimensional phase-re-
solving Boussinesq surf zone model (BOUSS1D; Demirbilek et al. 2009).

3.1 Hydrodynamic models
3.1.1 ADCIRC + SWAN

The ADCIRC + SWAN model uses the moving wind and pressure field of a tropical
cyclone as forcing to simulate the associated time-varying surge/wave conditions (Dietrich
etal. 2011). ADCIRC computes water levels and currents by solving the shallow water and
momentum equations on an unstructured finite element grid (Luettich et al. 1992). Wave
propagation is modeled at each time step using SWAN by solving the wave action balance
equation (Booij et al. 1999). Since resolving the phases of individual waves over very large
domains is computationally infeasible, waves in SWAN are phase-averaged so that wave
statistics rather than the actual sea surface are determined at each time step. The coupled
ADCIRC + SWAN model has been extensively validated with historical cyclones
including Gulf Coast events such as Hurricanes Katrina (2005) and Ike (2008) (Dietrich
et al. 2012). The model has likewise become the basis for flood risk mapping by FEMA
(2014b).

3.1.2 BOUSSID

Estimating the flood exposure of structures within a community requires modeling wave
run-up (i.e., uprush of water on a slope following wave breaking), wave overtopping (i.e.,
the rate of run-up over the crest of a beach) and inland inundation. Since both ADCIRC
and SWAN are large-scale hydrodynamic models used to simulate storm surge evolution
along the coast, resolving meter-length coastal features such as dune profiles is compu-
tationally infeasible. Furthermore, the phase-averaging of waves in the coupled
ADCIRC + SWAN model can underestimate inundation since individual wave crests
within a wave group can penetrate significantly further inland (Kennedy et al. 2012). Due
to these limitations, the National Research Council (2009) in its review of storm surge
modeling in the USA has recommended greater use of two-dimensional phase-resolving
models for inland flood simulations. Boussinesq-type models capable of handling complex
topographies and capturing individual wave crests offer an attractive means of doing so. A
recent application of a two-dimensional Boussinesq model includes a hindcast study of
flooding in Ortley Beach during Hurricane Sandy used to estimate building vulnerability
(Tomiczek et al. 2017).

Although two-dimensional Boussinesq models provide detailed information on inland
flooding, their high computational cost makes simulating flooding for a large number of
events or over a large study area infeasible. Furthermore, for communities like Ortley
Beach which are nearly uniform in the longshore direction, two-dimensional models
provide limited additional insight compared to one-dimensional models. As a result, a
simplified and computationally efficient one-dimensional Boussinesq phase-resolving
model (BOUSS1D; Demirbilek et al. 2009) is used and evaluated in this study. The model
has previously been used to simulate surge inundation from tropical cyclones in the
Hawaiian Islands of Oahu and Kauai (Kennedy et al. 2012). Due to its computational
efficiency, it is likewise used by Taflanidis et al. (2013) to pre-simulate inundation for a
large parameter space of hurricane characteristics in order to develop surrogate surge
models for rapid surge prediction during an event.
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3.2 Model implementation and evaluation

A hindcast of Sandy’s surge was simulated with ADCIRC + SWAN using a computa-
tional mesh and bathymetric data developed by the Region II office of FEMA (FEMA
2014b). The mesh has a ~ 100-m resolution near the coast and ~ 50-km resolution over the
deep ocean. The modeling was driven by surface wind, sea level pressure and tidal forcing
following an approach similar to Yin et al. (2016). Tidal forcing was applied at the open
boundary by eight tidal constituents (K1, K2, M2, N2, O1, P1, Q1 and S2). A parametric
approach was used to simulate Sandy’s wind and pressure at each grid point based on
storm characteristics (center location, maximum wind speed, minimum central pressure
and radius of maximum wind) obtained from the Extended Best Track database (Demuth
et al. 2006; updated). Specifically, sea level pressure was estimated from a simple para-
metric model (Holland 1980) and surface wind was estimated by fitting the wind velocity
to a symmetrical hurricane wind profile (Chavas et al. 2015) and adding a fraction (0.55 at
20° cyclonically) of the storm translation velocity to account for the asymmetry of the
wind field induced by the surface background wind (Lin and Chavas 2012).

The ADCIRC + SWAN simulation is evaluated by comparing simulated storm tide
above mean sea level to observed water level measurements from NOAA gauge station
#8518750 located at The Battery in New York City (Fig. 3). The time histories show good
agreement, with a Nash—Sutcliffe efficiency (the ratio of the mean square error to the
variance of the observed data subtracted from unity) of 0.72. The slight discrepancy in the
tidal peaks before and after the maximum storm tide level on October 30, 2012, is likely a
result of the simple parametric analysis of Sandy’s wind profile which did not treat the
extratropical and hybrid characteristics of the storm. The simulation, however, agrees well
with the observed maximum storm tide of 3.5 m above mean sea level, which is likely to
be the controlling factor of inland flooding.

BOUSSI1D is implemented using one-dimensional cross-shore transects of Ortley Beach
originating a kilometer offshore. The ground elevation along transects is extracted at a 2-m
grid spacing from a Light Detection and Ranging (LiDAR) survey of the New Jersey coast
conducted by the USGS immediately following Hurricane Sandy (Wright et al. 2014). The
post-Sandy elevation is used in order to consider the impact of dune erosion on inland
flooding. Since accounting for the effect of buildings in the large study area is not
numerically possible given existing methods, a bare-earth topography with buildings
removed is used. Although this simplification does not capture the potential dampening of

Fig. 3 Comparison of 4
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storm tide above mean sea level ——NOAA Gauge
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Nash-Sutcliffe efficiency (NSE)
is also indicated

w

- N

Storm tide above MSL (m)
o

'
-

28-Oct 29-Oct 30-Oct 31-Oct
Time

@ Springer



Nat Hazards (2017) 89:939-962 947

waves due to flood obstructions, it nevertheless provides an informative and computa-
tionally feasible means of simulating inland flooding. Hydrodynamic forcing for each
transect is specified at its origin using an irregular wave generation based on the parametric
Joint North Sea Wave Project JONSWAP) wave spectrum (Hasselmann et al. 1973). The
wave spectrum is defined using the peak surge level, significant wave height and maximum
wave period at the transect origin estimated from the ADCIRC 4+ SWAN simulation. The
model is run during the half hour of maximum surge, with a computational run time of
approximately 2 min for each simulation using a desktop computer. At the end of the
simulation, time histories of inundation and additional surge parameters are extracted at
points of interest along each transect.

The BOUSS1D model is evaluated by comparing observed highwater marks in the
community with simulated inundation. Highwater marks are debris lines or water stains on
stationary objects indicating the maximum water elevation during a flood. Highwater mark
heights (also known as trace heights) in Ortley Beach were collected using a mobile
LiDAR survey of the community following Sandy (Hatzikyriakou et al. 2015). Mobile
LiDAR systems comprise cameras and laser-emitting sensors mounted on a vehicle, which
are capable of collecting highly accurate spatial point clouds. The locations of collected
highwater marks are shown as colored circles in Fig. 2. Highwater marks tended to be
observed in areas with low structural damage since it was difficult to distinguish debris
lines or water stains on heavily damaged or totally destroyed structures. A comparison of
highwater mark heights above ground level and the maximum simulated water elevation
above ground level at their respective locations is shown in Fig. 4. The comparison shows
relatively good agreement considering the complexity of inland storm surge flooding, with
an R? of 0.4. Further research, however, validating BOUSS1D in areas with more empirical
data on flood conditions would be valuable.

In order to quantify structural vulnerability, the ADCIRC + SWAN and BOUSS1D
modeling framework is first used to simulate flooding at each of the surveyed structures in
Ortley Beach. To do so, cross-shore transects are first generated every 20 m along the
shore. The centroid of each structure’s footprint is next projected onto the nearest transect,
representing the location at which storm surge parameters are extracted. In order to map
the spatial variation of flood effects in the community, storm surge parameters are also
extracted at 5-m intervals along a single transect shown as a dashed line in Fig. 2. The
following section details the storm surge parameters extracted from the simulations.

Fig. 4 Comparison of surveyed 25
highwater mark elevation above
the ground and BOUSS1D
simulated inundation. Note that
the color of the data points
corresponds to the color of
markers in Fig. 2. Two
watermarks, colored pink and
black, are located beyond the
extent of Fig. 2

R?=0.4

High Watermarks (m)
e

1 1.5 2 2.5
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4 Storm surge parameters
4.1 Fundamental parameters

Storm surge impact on coastal structures can be categorized into three principle effects—
(1) hydrostatic effects due to standing water against a structure, (2) wave action due to
wave breaking and (3) hydrodynamic effects due to surge rapidly flowing around a
structure (FEMA 2011). These effects can, respectively, be characterized by the inundation
depth, wave height and surge flow velocity locally at a structure. From the hindcast
simulation of Hurricane Sandy, a time history of inundation depth (i.e., the water level
above the ground, d(1)), is first extracted at each point of interest. A zero down-crossing
analysis of the inundation time series is used to determine wave heights over the simulation
time (Forristall 1978). Finally, time histories of the depth-averaged velocity, denoted as
u(t), are obtained. (Overland flooding consists mainly of shallow water conditions with
velocity nearly constant with depth.)

4.2 Derived variables

Given the above fundamental surge parameters, several descriptive variables are derived as
building damage predictors. The variables dmax, d75%, dmean, d25% and dpyin are, respec-
tively, defined as the maximum, 75th percentile, mean, 25th percentile and minimum
inundation level above the ground over the half-hour simulation. To consider the effect of
building elevation on damage, the relative inundation, dy.j, which is the difference between
the maximum water level at a structure and its front door elevation is also determined. (The
front door elevation for each structure was measured during the damage survey of Ortley
Beach.) From the results of the zero-crossing analysis, maximum wave height (Hpx), the
average of the highest third of waves (known as the significant wave height, H;,), mean
wave height (Hpean), the average of the highest tenth of waves (H}/10) and minimum wave
height (Hy,in) are extracted. Finally, the variables u,ax, U750, Umeans U259 and up;, are,
respectively, defined as the maximum, 75th percentile, mean, 25th percentile and minimum
depth-averaged velocity at a structure.

Figure 5 shows the pre-/post-Sandy ground elevation (Fig. 5a) and the variation of these
three surge effects (Fig. Sb—d) along the cross-shore transect of Ortley Beach shown as a
dashed line in Fig. 2. As noted earlier and illustrated in Fig. 5a, the significant inundation
in Ortley Beach was largely due to the erosion of the community’s frontal dune. Peculiarly,
however, although the damage in the community is greatest near the coast and decreases
further inland (see Fig. 2), maximum inundation (red line in Fig. 5b) only slightly
decreases over this region. Furthermore, other measures of inundation such as dpean
counterintuitively increase with distance inland. In contrast, wave action (Fig. 5¢) and
depth-averaged flood velocity (Fig. 5d) noticeably decay along the transect due to the
dissipative effects of overland flooding. The spatial variability of these dynamic effects is
more consistent with observed damage in Ortley Beach (Fig. 2), suggesting that wave
action and hydrodynamic effects were the primary damage mechanisms.

Ortley Beach’s topography (which decreases in elevation with distance from the coast;
Fig. 5a) and the cross-shore decrease in waves help explain the unexpected inundations
depths simulated in the community. The contribution of waves in nearshore locations and
lower ground elevation further inland cancel to produce only a gradual decay of maximum
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Fig. 5 a Ground elevation above NAVDS88 before and after Hurricane Sandy, b surge inundation above
ground level, ¢ wave statistics and d depth-averaged velocity along the dashed transect shown in Fig. 2

inundation. In comparison, metrics of inundation such as dye,n Which are less affected by
wave action increase with distance inland as the ground elevation decreases.

4.3 Structural loads

In addition to describing storm surge parameters, it is also useful to directly estimate the
flood loads on structures. Since wave action is typically the most destructive flood char-
acteristic (FEMA 2011), in this section we discuss wave loads on closed foundations (the
dominate construction type in Ortley Beach). Computing the total lateral load on a
structure requires integrating distributed flood loads over the area of its seaward facing
wall. To avoid the complexity of considering varying building geometries, we focus here
on wave loads per linear width of a structure’s seaward wall.

Wave load calculation using FEMA’s Coastal Construction Manual is based on the
depth-limited breaking wave height at a structure, taken as 0.78 times the stillwater flood
depth (FEMA 2011). Based on this underlying assumption, FEMA’s suggested equation
for computing wave loads is given by

Fwave,FEMA = llcpywdz + 24ywd52 (1)

where y,, is the specific weight of seawater, C, is a dynamic pressure coefficient chosen
based on the risk category of the structure (taken as 2.8 for residential buildings; see FEMA
2011; Walton et al. 1989), and d; is the stillwater flood depth, which can be taken as the
mean inundation d.,,. This load equation counterintuitively suggests the far-shore
structures with higher stillwater depths (due to the gradually decreasing elevation of Ortley
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Beach with distance from the coast) experienced larger wave loads than structures near the
coast. This result is not supported by the simulated wave behavior or the surveyed damage
in the community. As an alternative approach, Allsop et al. (1996) provide an equation for
calculating impact wave loads as a function of significant wave height, H,, based on an
experimental study of vertical breakwaters. The wave load equation is given by

H. 3.134
Fwave.Allsop = 15( ;g) pgdz (2)

where p is the mass density of seawater (1029 kg/m3), g is the gravitational acceleration
constant (9.81 m/s?), and d is the water depth (taken as the mean inundation dyca,). The
load equation is valid for values of Hg,/d less than 0.6. This threshold was satisfied for a
majority of structures with the exception of several nearshore buildings which experienced
significant wave action and which were therefore excluded from the analysis.

5 Quantitative vulnerability analysis

The preceding hindcast of flood conditions experienced by structures is next related to their
surveyed loss ratios in order to empirically estimate structural vulnerability. This vulner-
ability estimation is approached from two perspectives. The first approach is to discretize a
structure’s loss ratio and then to determine the probability of a given damage state as a
function of hazard predictors. For binary and ordinal damage states, this analysis,
respectively, yields vulnerability and fragility curves. A second approach is to estimate the
expected loss ratio of a structure as a function of hazard predictors. This analysis yields
curves analogous to familiar depth-damage curves. Following a short presentation of both
approaches, we fit the models and discuss the significance of various hazard parameters.
We note functions for implementing each method in R, a common statistical software (R
Development Core Team 2015).

5.1 Methods

To begin consider a random damage response, Y, and a vector of p explanatory variables,
X. To be consistent with traditional approaches for estimating structural vulnerability, it is
assumed that damage to nearby structures is not correlated due to interaction mechanisms
such as waterborne debris. Hatzikyriakou and Lin (2016) discussed extensions of the
subsequent methods for considering the correlation in damage responses, which would lead
to higher statistical uncertainties (larger confidence intervals) for vulnerability estimates.

5.1.1 Probability approach
Consider Y as a discrete damage state. For a binary state coded 1 for failure and O for

survival, the probability of observing failure, which is equivalent to the expectation of Y,
can be related to X in a logistic regression
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eot+X/,B
g =PIy =1X] = E[Y|\X] = -5 (3)
where o is a regression intercept and f = (ﬁl,...,ﬁp), is a vector of regression

coefficients.
This probability of failure can be transformed into a linear predictor using a link
function logit(-)
8
l—g

logit(g) = log —a+Xp (4)

In order to dichotomize loss ratios into a binary response, failure (survival) is defined
according to whether a structure’s loss ratio is greater (less) than 50%. This criterion is
chosen since FEMA requires that structures with ‘substantial damage’ following an event
(defined as greater than 50% in market value) comply with current design standards
(FEMA 2010). Given a sample of observed damaged states (yi,...,y,) and explanatory
variables (xy,...,x,) for the n structures in the community, the regression parameters
0= (o, ﬁ')' can be estimated using maximum likelihood. To do so, a likelihood function

£(0) = (e (1 - g0)"™ (5)
k=1
can be constructed as the product of the Bernoulli-distributed likelihood of each obser-
vation. The likelihood function can be numerically maximized to obtain parameter esti-
mates using the function glm in R. Confidence intervals for the failure probability can be
calculated using estimates of the variance and covariance of the fitted coefficients.

The performance of a structure, Y, can also be characterized by multiple discrete
damage states. For the purpose of this study, loss ratios are converted into five ordinal
damage states based on cutoff values of 0.2, 0.4, 0.6 and 0.8. To preserve the ordered
nature of the damage scale, the cumulative probability of a damage state P[Y <d] can be
related to covariates using a cumulative logit model, which is given by

%t X'B
P[Y§d|X] =

1 + etatX'B (6)
In this model, the effects of covariates on the damage response are assumed to be the
same across all damage states, whereas the intercept {o,} is allowed to differ (Agresti

2010). As with logistic regression, the regression parameters @ = ({oy}, ')’ can be esti-
mated using maximum likelihood (using vglm or polr in R).

5.1.2 Expectation approach

Consider Y as a loss ratio. Correctly estimating the expected loss of a structure for a given
set of covariates, E[Y|X], can face several challenges due to the bounded nature of loss
ratios (i.e., Y € [0, 1]). First, the convenient use of linear models for E[Y|X] is not
appropriate since they do not guarantee predictions in the unit interval. Furthermore, the
clustering of data points at zero and one frequently creates problems of heteroscedasticity
as the variance of responses is not constant across all values of covariates. One approach to
dealing with fractional data is to first use a nonlinear transform to linearize the data and
then to implement ordinary least squares (OLS) (Warton and Hui 2011). However, since
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transformations are typically only asymptotically bounded within the unit interval, ad hoc
adjustments of zero and one data are first needed, introducing bias into parameter esti-
mation. Furthermore, additional steps are then needed to retransform OLS estimates into
the original scale for interpretation (Ramalho et al. 2011). A more complicated alternative
is to apply an inflated model which uses separate distributions for continuous data in the
open (0, 1) interval and the discrete zero and one data (Ospina and Ferrari 2008).

For this study, we use an easily implementable fractional logit model proposed by
Papke and Wooldridge (1996). Unlike logistic regression which assumes that the response
variable follows a Bernoulli distribution, the fractional logit model specifies only the
conditional expectation of responses, E[Y|X]. In order to respect the boundedness of
responses in the unit interval, the conditional expectation is chosen as a logistic function

'
eot+X p

h=EYX] = (7)
where o is a regression intercept and f§ = (ﬁ, yee s [3[))’ is a vector of regression coeffi-
cients. Given a sample of observed loss ratios (yi,...,y,) and explanatory variables

(x1,...,x,), the regression parameters 0 = («, p’) can be estimated by maximizing

n

£(0) = [T ()" (1 —h)' ™" (3)

k=1

Although Eq. 8 is not a likelihood function, it can be shown that this quasi-likelihood
approach yields consistent parameter estimates and robust standard errors (Papke and
Wooldridge 1996). The statistical uncertainty in the estimated conditional expectation can
be quantified using confidence intervals analogous to those from logistic regression. The
model’s goodness of fit can be specified by a coefficient of determination, R?, which is
computed as the square of the correlation between the actual and fitted loss ratio responses
(Ramalho et al. 2010).

5.2 Vulnerability curves

The fractional logit model is used to empirically develop damage curves quantifying
structural vulnerability. These include a conventional depth-damage curve (Fig. 6a), a
wave-damage curve (Fig. 6b) and a velocity-damage curve (Fig. 6¢), which, respectively,
relate maximum relative inundation, significant wave height and maximum depth-averaged
velocity to a structure’s expected loss ratio. The R? value for each fitted model is likewise
shown in each plot.

Since there was little to no building elevation requirement for structures in Ortley Beach
(see Sect. 6.2), a majority of structures in the community were elevated to around half a
meter above the ground. With maximum inundation gradually decaying across the com-
munity, the water level relative to the lowest horizontal member of structures tended to
only slightly decrease with distance from the coast. As a result, the depth-damage curve
(Fig. 6a) shows a weak positive trend between relative inundation and loss ratio. This is
quantified by a small R? value of 0.14. In contrast, both the wave-damage and velocity-
damage curves show considerably better predictive power. In the case of the wave-damage
curve, a relatively small increase in significant wave height from 0.2 to 0.4 doubles the
expected loss ratio of a structure, highlighting the importance of considering wave action
when designing structures.
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Fig. 6 Estimated a depth-damage, b wave-damage and ¢ velocity-damage curves. Solid lines and shaded
regions, respectively, represent the estimated expected loss ratio and the associated 95% confidence interval,
with points representing the initial raw data

Wave effects are further explored by using the fractional logit model to relate estimated
wave loads to surveyed building loss ratios. Wave loads are calculated using the methods
presented by FEMA (Eq. 1; Fig. 7a) and by Allsop et al. (1996) (Eq. 2; Fig. 7b). A
comparison of the two load-damage curves shows opposite trends, with building losses
actually decreasing as a function of wave loads according to the FEMA approach. As noted
earlier, this trend results from the assumption of depth-limited waves in the FEMA for-
mulation. Wave loads computed using this approach are likewise significantly larger in
magnitude, potentially due to the C,, coefficient acting as a safety factor. In contrast, the
damage curve based on Allsop et al. (1996) is consistent with the expected relationship
between wave loads and building damage. Furthermore, in comparison with the significant
wave height damage curve shown in Fig. 6b, treating wave loads directly increases the
predictive power R? of the damage curve from 0.34 to 0.47.
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Fig. 7 Estimated load-damage curves based on the a FEMA and b Allsop et al. (1996) methods for
computing wave loads. The solid line and shaded region, respectively, represent the estimated expected loss
ratio and associated 95% confidence interval, with points representing the raw data
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Fig. 8 a Vulnerability curve relating significant wave height to the probability of loss failure. The solid line
and shaded region, respectively, represent the estimated probability of failure and associated 95%
confidence interval, with points representing raw data. b Fragility curves relating significant wave height to
the probability of equaling or exceeding a loss ratio of 0.2 (blue), 0.4 (green), 0.6 (orange) and 0.8 (red)

In addition to estimating the expected loss ratio of a structure, Fig. 8 illustrates the
probability associated with particular damage states. First, the vulnerability curve in
Fig. 8a shows the probability of experiencing loss failure (defined as a structure losing
greater than 50% of its value) as a function of significant wave height. Consistent with the
wave-damage curve, an increase in significant wave height from 0.2 to 0.4 m increases the
probability of loss failure from 0.1 to 0.3. A similar trend is likewise found in the fragility
curves shown in Fig. 8b, which relate significant wave height to the probability of
exceeding a given loss ratio. For an increase in significant wave height from 0.2 to 0.4 m,
the probability of equaling or exceeding a loss ratio 0.2 increases from 0.25 to 0.58.

6 Flood hazard mapping

In this section, the hindcast simulation of Sandy’s flooding in Ortley Beach shown in Fig. 5
and discussed in Sect. 4 is used to evaluate the performance of FEMA’s flood map in the
community. As the primary tool for communicating flood exposure in the USA, flood
mapping by the Federal Emergency Management Agency (FEMA) plays a fundamental
role in many aspects of storm surge risk management (Merz et al. 2007).

6.1 Flood mapping in the USA

Flood hazard maps dictating insurance premiums and building design in the USA are
governed by FEMA through its National Flood Insurance Program (NFIP). In order to
communicate flood exposure, FEMA develops Flood Insurance Rate Maps (FIRMs) which
classify coastal areas into flood zones based on two principal criteria. The first is the area’s
base flood elevation (BFE) representing the elevation of the estimated 100-year (i.e., 1%
annual chance) flood event. The second criterion is the expected wave conditions asso-
ciated with this event, specified as a range (e.g., ‘greater than 3 feet’). One approach to
evaluating FEMA'’s flood hazard mapping for a location is to compare it with simulated
inland flooding from a historical event. Although it is estimated that Sandy’s surge was on
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the order of a 400-year event (Lin et al. 2016), comparing simulated flooding in Ortley
Beach to the community’s FIRM provides a unique opportunity to assess the relative
performance of flood zones in accurately reflecting flood exposure. In one of the few such
studies along these lines, an analysis of surge impact from Hurricane Iniki (1992) in Kauai,
Hawaii, found considerable inconsistency between observed overwash and the 100-year
flood extent determined by FEMA (Fletcher et al. 1995).

6.2 Evaluation of flood mapping in Ortley Beach

The first FIRM in Ortley Beach was released in 1979 and updated in 1983. The current
effective FIRM was released in September 2006; however, it is based on the coastal
analysis dating from the 1983 map (FEMA 2014a). A revised preliminary FIRM was
released in January 2015 and is expected to be approved soon. Flood risk in the effective
and preliminary Ortley Beach FIRMs is categorized into four flood zones typical of most
communities (FEMA 2011; Hatheway et al. 2005). Design requirements in these zones
apply to all newly constructed structures and to rebuilt structures where the cost of
improving a building exceeds 50% of its market value.

e VE Zone subject to inundation by the 100-year flood event with wave heights equal to
or greater than 3 feet. All structures must have an open pile foundation elevated to or
above the specified BFE.

e AFE Zone subject to inundation by the 100-year flood event with wave heights less than
3 feet. Structures can have either open foundations or closed foundations (with
openings) elevated to or above the specified BFE.

e AO Zone subject to inundation by the 100-year shallow flooding event (i.e., flooding
due to a lack of channels allowing for drainage) where average depths are between 1
and 3 feet. The average flood depth rather than a BFE is specified in the FIRM. The
lowest horizontal member of structures must be elevated to at least the average flood
depth.

e Shaded X Zone subject to inundation by the 500-year flood event. No BFE specified and
there are no minimum elevation requirements for structures.

Figure 9 shows the comparison of the hindcast simulation of storm surge to flood zones
from Ortley Beach’s effective FIRM along the dashed transect shown in Fig. 2. Specifi-
cally, Fig. 9a shows the comparison of flood zone BFE elevations to simulated inundation
metrics above NAVDS88 analogous to those discussed in Sect. 4.2. Similarly, Fig. 9b
shows the comparison of flood zone wave requirements to simulated wave characteristics.
Although these comparisons are based on a single transect, flood zones in both the effective
and preliminary flood maps (Fig. 10) are nearly constant in the longshore direction.

As illustrated in Fig. 9a, flood risk in the effective FIRM for Ortley Beach is classified
into three categories—two high-risk VE Zones seaward of the coastal dune, a moderate-
risk X Zone in the area 100 m inland of the dune and a high-risk AE Zone covering the rest
of the community. Maximum inundation along the transect significantly exceeded FEMA’s
100-year flood levels, particularly for the X Zone where no BFE is specified and in the AE
Zone where the BFE is close to the ground level. More significantly, the unexpected
placement of the lower-risk X Zone between the high-risk VE and AE zones implies a
strong discontinuity in flood risk, which is not seen in the inundation hindcast. This is
especially true in the comparison of flood zone wave requirements to simulated wave
effects shown in Fig. 9b. Although expected wave conditions in the VE Zones (i.e., greater
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Fig. 9 Comparison of the hindcast simulation along the dashed transect shown in Fig. 2 to the effective
FIRM in Ortley Beach. a Comparison of simulated inundation metrics to flood zone BFEs shown as
horizontal black lines. The shaded brown area represents the transect’s post-Sandy ground elevation.
b Comparison of simulated wave statistics to flood zone wave conditions

than 3 feet) and AE Zone (i.e., less than 3 feet) reflect wave effects during Sandy, sig-
nificant wave action is not represented by the X Zone, which has no wave requirement.

The building stock in Ortley Beach closely reflected design requirements specified in
the community’s FIRM. With the X Zone having no building elevation requirement and the
BFE in the AE Zone at ground level, nearly all structures in the two zones had closed
foundations with an average lowest horizontal member elevation above the ground of only
0.54 m. These inadequate design standards resulted in buildings particularly vulnerable to
flood damage. Structures in the X Zone determined by FEMA as only having a moderate
flood risk were in fact hardest hit during Sandy due to significant wave action in the area.
The average loss ratio of the 64 structures in the X Zone was 0.74. Structures in the high-
risk AE Zone further inland experienced significantly less damage, with an average loss
ratio of 0.17 in the flood zone. A detailed analysis of flood zones and surveyed building
damage in Ortley Beach is given by Xian et al. (2015).

Following the same plotting conventions as in Fig. 9, Fig. 10a, b shows the comparison
of the hindcast simulation of surge inundation and wave characteristics to flood zones from
the community’s preliminary FIRM along the same transect. In the new map, the original
X Zone has been narrowed and replaced with an AO Zone, which is subject to inundation
by the 100-year shallow flooding event but no wave effects. Likewise, BFEs in the VE and
AE Zones have been increased. Although these changes are improvements over the
community’s previous FIRM, the BFE for the AE Zone is still near or at the ground level.
Furthermore, the lower-risk AO Zone still covers a portion of vulnerable buildings in the
community.
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Fig. 10 Comparison of the hindcast simulation along the dashed transect shown in Fig. 2 to the preliminary
effective FIRM in Ortley Beach. a Comparison of simulated inundation metrics to flood zone BFEs shown
as horizontal black lines. The shaded brown area represents the transect’s post-Sandy ground elevation.
b Comparison of simulated wave statistics to flood zone wave conditions

Although details from the surge analyses used to develop the effective and preliminary
FIRMs are not available, it is suspected that two considerations were important to FEMA’s
mapping procedure. The first consideration was the potential for back-bay flooding.
Located on a narrow barrier peninsula, tidal and surge flooding in Ortley Beach from
Barnegat Bay is a constant threat and was a prominent flooding source for bayside
structures during Hurricane Sandy (Richard Stockton College of New Jersey 2012). As a
result of this flood exposure, the effective FIRM contains an AE Zone with a 6-feet BFE
extending from the bayside a kilometer inland into the study area (Fig. 9a). Since ground
elevation is gradually increasing, however, this high-risk AE Zone does not extend com-
pletely to the community’s dune. This intermediate area located on slightly higher ground
elevation is designated in the effective FIRM as a moderate-risk X Zone outside the
100-year floodplain.

The unexpected placement of an X Zone in the area nearest to the coast and presumably
most exposed to direct surge flooding implies that significant dune erosion was not con-
sidered as probable during FEMA’s flood mapping. To assess Sandy’s impact in the case
no storm-induced erosion had occurred, the transect simulation is repeated using its pre-
Sandy elevation. Results (not shown) indicate that in this scenario only slight surge
overtopping of the dune and minimal wave action in the community would have occurred,
closely reflecting expected flood conditions in an X Zone. However, with Ortley Beach’s
frontal dune eroding by nearly 3 m during Sandy, it is clear that dune reliability was not
adequately considered in the community’s FIRM, leading to a significant underestimation
of flood risk.
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FEMA currently assesses dune performance using the so-called 540 square foot rule
which deems a dune as effective if its cross-sectional area above the 100-year stillwater
elevation and seaward of the dune crest is greater than 540 square feet (FEMA 2002). This
simple geometric method is based on a study of 38 storms which related their estimated
stillwater return levels to the eroded area of dunes (Hallermeier and Rhodes 1988). This
strictly empirical approach, however, fails to account for important physical considerations
such as beach morphology, sediment characteristics and storm duration among many
others (MacArthur et al. 2005). As a result, the method has been shown to inconsistently
predict dune erosion. In a study of dune vulnerability in North Carolina during Hurricane
Fran (1996), for example, the Hallermeier and Rhodes method successfully predicted 97%
of survived dunes but only 46% of failed dunes (Judge et al. 2003).

The results of the Ortley Beach analysis illustrate the importance of better under-
standing dune performance under surge and wave action and correctly distinguishing
between flooding sources when developing flood hazard maps. The lack of redundancy in
linear defenses such as dunes means that storm-induced erosion often leads to catastrophic
inland flooding. Indeed, nearly all the communities in New Jersey significantly impacted
by Sandy’s surge also experienced some degree of dune erosion. In the case of Man-
toloking, located 9 km north of Ortley Beach, erosion was so severe that storm surge
breached the barrier peninsula altogether. Correctly estimating dune performance and
accounting for changing reliability due to long-term erosion therefore is a critical objec-
tive. The impacts of direct coastal flooding, however, should also be correctly distin-
guished from secondary flood effects such as back-bay flooding. Understanding the relative
exposure of a community to different flood sources is an important step toward developing
flood maps which consistently reflect the community’s true flood risk.

7 Conclusion

Accurately estimating structural vulnerability and reliably mapping flood hazards are both
dependent on accurately modeling inland storm surge flooding. In this study, a pair of
hydrodynamic models (ADCIRC + SWAN and BOUSSI1D) is proposed as an effective
framework for doing so. The models are applied to a case study of Hurricane Sandy and the
heavily impacted community of Ortley Beach, New Jersey. Both models, respectively,
show good agreement with observed storm tide gauge measurements and surveyed high-
water marks in the community.

The proposed models are used to hindcast storm surge flooding in the community. Due
to a topographical feature of the community where ground elevation slightly decreases
with distance inland, maximum surge inundation across the community was roughly
constant. In contrast, wave and velocity effects strongly dissipate with distance from the
coast and are more consistent with surveyed building damage. The hindcast simulation is
used to develop damage and fragility curves relating a building’s expected and probable
loss ratio to several surge hazard predictors. Although inundation depth is a fundamental
damage predictor, it is clear that wave and hydrodynamic effects are critical damage
mechanisms and thus must be considered when estimating vulnerability. This is especially
true if the goal is to estimate losses due to structural damage as opposed to building content
losses.

These findings provide important insight when considering structural vulnerability for
other storm surge events or coastal locations. While traditional depth-damage curves are
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widely available and serve as the basis for a majority of flood vulnerability studies, special
care should be taken when applying them to predict building damage. Among the most
important considerations is ensuring the wave environment implicitly quantified in
empirical depth-damage curves is consistent with the assumptions of a particular study. To
overcome this ambiguity, greater effort should be placed on estimating and applying wave
and velocity-damage curves like those recommended in this study. Important potential
extensions include considering various construction types and additional hazard parameters
such flood duration. Furthermore, greater numerical and experimental research into surge—
structure interaction is needed in order to better characterize flood loads on structures.

The hindcast simulation is also compared with the flood risk zones from both the
community’s effective FIRM during Sandy and its soon-to-be adopted FIRM. The effective
FIRM is found to have significantly misrepresented the community’s flood risk by placing
a moderate-risk X Zone near the coast between two high-risk zones. This strong discon-
tinuity in flood risk was not apparent in the hindcast of inundation and wave effects. It is
suspected this unexpected placement resulted from considering Barnegat Bay as the
community’s primary flood source and from overestimating the reliability of the com-
munity’s coastal dune using FEMA’s simplistic ‘540 square foot rule.” In the future,
greater emphasis should be placed on assessing the reliability of coastal defenses.

Although in this study we focus on mapping inland flooding from a single historical
event, the ADCIRC + SWAN and BOUSSI1D framework can also be coupled with recent
techniques in cyclone modeling to map inland flood with various return periods. In the
absence of extensive historical storm records, recent studies have used physics-based
approaches to predict the occurrence of synthetic but physically possible hurricane events
in both the current and future climates (Emanuel et al. 2008; Lin et al. 2012). This
technique can be used to simulate high impact extreme events which have yet to be
observed due to their low probability (Lin and Emanuel 2015). Coupling the
ADCIRC + SWAN and BOUSS1D models with such a database of synthetic hurricane
events can be used to comprehensively study extreme inland flooding. In particular, the
approach can be used to systematically communicate flood exposure by mapping return
periods of surge, wave and hydrodynamic effects. These flood effects can be mapped for
various return periods rather than the typical practice of mapping solely for the 100- or
500-year event. Finally, flood maps can also be developed based on projections of the
future climate to quantify the impact of climate change and sea level rise (Kopp et al. 2014;
Lin et al. 2016) on inland flooding.
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