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Abstract: This paper evaluates the contribution of waves to the total predicted storm surges in a
Hurricane Irma hindcast, using ADCIRC+SWAN and ADCIRC models. The contribution of waves
is quantified by subtracting the water levels hindcasted by ADCIRC from those hindcasted by AD-
CIRC+SWAN, using OWI meteorological forcing in both models. Databases of water level time series,
wave characteristic time series, and high-water marks are used to validate the model performance.
Based on the application of our methodology to the coastline around Florida, a peninsula with unique
geomorphic characteristics, we find that wave runup has the largest contribution to the total water
levels on the south and northeast coasts. Waves increase the surge on the south and northeast coasts,
due to large fetch and wave runups. On the west coast, the wave effect is not significant, due to
limited fetch. However, significant wave heights become greater as the waves propagate into the
deep inner gulf. The continental shelf on Florida’s west coast plays a critical role in decreasing
the significant wave height and sheltering the coastal areas from large wave effects. Both models
underpredict the high-water marks, but ADCIRC+SWAN reduces the underprediction and improves
the parity with the observed data, although the scatter is slightly higher than that of ADCIRC.

Keywords: storm surge; waves; SWAN+ADCIRC; Hurricane Irma

1. Introduction

The increase in the total water level along the coast during a hurricane is mainly
caused by a combination of tides, storm surges and waves [1]. The water level rise due
to tides is predictable, due to the gravitational pull of the moon and sun. During a storm,
the storm surge causes the water level to rise over and above the predicted astronomical
tide. To simulate storm surges for operational forecasting, several hydrodynamic models,
such as Sea, Lake, and Overland Surges from Hurricanes (SLOSH) [2], Advanced Circu-
lation (ADCIRC) [3], etc., have been successfully used to simulate storm surges due to
tropical cyclones.

The water levels at the coast are further elevated by wave transformations through
wave runup and wave setup. Waves contribute to the total water level by wave setup
through radiation stress [4], and researchers have indicated that wave setup levels are
typically around 20% of the offshore significant wave height, so are commonly in the
range of 0.5 to 1.5 m on exposed open-coast beaches during storms on the New South
Wales coast [5]. The contribution due to wave setup is proportional to the breaking wave
height [6], and its magnitude increases substantially at the shoreline, which can be very
large in regions with deep water close to the shore. At coasts of deep ocean islands, the
wave radiation stress and wave runup tend to be higher due to the lack of a broad shelf to
dissipate the wave energy [7]. Joyce et al. [8] analyzed the response of Hurricane Irma’s
and Hurricane Maria’s water levels, with respect to tides, winds, atmospheric pressures,
waves, and wave radiation stress-induced setups, using SWAN+ADCIRC for deep ocean
and reef-fringed islands in the Caribbean. The study observed that the water level response
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was dominated by the pressure deficit of the hurricanes. It was also observed that wind-
driven surge is important over the shallow shelf on the east coast of Puerto Rico, while
wave-induced setup was significant at locations near the coastline.

The storm surge and wave processes of Hurricane Rita (2005) and Hurricane Ike
(2008) were analyzed on mildly sloping and broad continental shelves in the Gulf of
Mexico [9,10]. Studies have indicated that storm surge is largely driven by wind effects in
such regions, due to the presence of a broad and shallow continental shelf. Kerr et al. [10]
found that waves are minor contributors to water levels in most areas of Louisiana and
Texas, but are more significant in steep-sloped regions. The wave processes of Hurricane Ike
were analyzed using SWAN+ADCIRC, and it was observed that this hurricane produced
large significant wave heights, exceeding 15 m, in the deep gulf [9]. These wave heights
radiated from the storm’s center and transformed upon reaching the continental shelf. The
study further observed a lag in the arrival of the peak wave heights to the shelf, due to
artificial retardation of the swell on the continental shelf, which is heavily dependent on
bottom friction.

The size of waves depends on the wind speed and wind duration, and is directionally
dependent on the area over which the wind is blowing [11–14]. From earlier studies, such
as [11,12], the relationship between waves and fetch is well understood. The larger the fetch
over which the wind blows, the longer the average waves will be [11]. The study [12] found
that wave height is proportional to the square root of the fetch. In a study that analyzed the
effect of fetch on wave-generated shear stresses, it was found that wave height depends
on the wind direction for a given fetch distance [13]. Bolanõs et al. [14] studied the effects
of nearshore wave features on wave generation and found that storms corresponding
to fetch-limited direction had smaller wave spectra widths. Understanding these wave
characteristics is fundamental in assessing a storm’s coastal impact.

This study focuses on coastal areas around the Florida Peninsula, which is bordered
by the North Atlantic Ocean on the east, the Gulf of Mexico on the west, and Florida Bay to
the south. In addition to these areas, Florida also has an abundance of bays and estuaries
associated with the state’s river systems, which add many miles to the coastline [15]. These
coastal geomorphic characteristics present unique storm surge and wave processes. A wave
energy classification around Florida’s coasts indicated that the east coast is categorized
as a high wave energy zone, as it is directly open to the sea [16]. Because the winds over
the North Atlantic Ocean have many hundreds of miles to build into swells, these swells
increase as they approach the shallow inshore areas and finally break, resulting in large
significant wave heights of 3–12 ft [15]. On other the hand, the west coast is considered a
low wave energy zone, as it is sheltered from large wave action and has short wind fetch
distances [16]. The height and frequency of waves along most of this coast are much smaller
when compared to the Atlantic side.

The goal of this study is to quantify the contribution of waves to water elevation
during the 2017 Hurricane Irma around the Florida Peninsula, to better understand the
drivers of storm surge and coastal flooding. To achieve this, total water levels, including
wave contributions, are simulated using the ADCIRC+SWAN model, while the ADCIRC
model is utilized to simulate the same, excluding wave contributions. The contribution
from waves is then quantified by subtracting the water levels hindcasted by ADCIRC from
those hindcasted by ADCIRC+SWAN, using OWI meteorological forcing.

2. Methodology
2.1. ADCIRC

Advanced Circulation (ADCIRC) uses the continuous Galerkin finite element method
to solve shallow-water equations to model hurricane storm surges on unstructured
meshes [17,18]. The two-dimensional (2D) depth-integrated version, often referred to
as ADCIRC-2DDI, is used in this study to simulate the tide component of total water levels
during Hurricane Irma around Florida Peninsula.
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2.2. ADCIRC+SWAN

Advanced Circulation and Simulating Waves Nearshore (ADCIRC+SWAN) is a tightly
coupled model of the ADCIRC and SWAN models that is used to simulate waves and
storms by sharing the same unstructured fine element mesh [19]. The ADCIRC model
first interpolates the input wind spatially and temporally onto the computational vertices
and runs to calculate water levels and currents. The wind field, water level, and currents
are then passed to the SWAN model, which solves the wave action balance equation and
obtains wave parameters, such as significant wave height and wave period, by integrating
a 2D wave energy spectrum into the frequency and direction domain. The spectra balance
equation can be expressed in spherical coordinates as follows:

∂N
∂t

+
∂cλN

∂λ
+ cos−1 ϕ

∂cϕcosϕN
∂ϕ

+
∂cσ N

∂σ
+

∂cθ N
∂θ

=
Stot

σ
(1)

where σ is the relative radian or circular frequency; θ is the wave propagation direction;
cλ and cϕ denote the speed of wave energy propagation in longitudinal and latitudinal
directions, respectively; cσ and cθ are the wave energy propagation velocities in spectral
space; Stot is the source term that represents all physical processes that generate, dissipate,
or redistribute wave energy; N is the wave action density. The wave action density is equal
to the energy density (E) divided by the relative frequency, and can be expressed as follows:

N(λ, ϕ, σ, θ) =
E(λ, ϕ, σ, θ)

σ
(2)

The right-hand side of Equation (1) is the source S expressed in terms of energy density.
In deep water, three components are more relevant, corresponding to the atmospheric input,
nonlinear quadruplet interactions, and white capping dissipation. In intermediate and
shallow water, some additional terms, corresponding to the finite depth effects, including
bottom friction, depth-induced wave breaking, or triad nonlinear wave–wave interactions,
may become significant.

3. Model Setup
3.1. Model Domain

This study uses the Hurricane Surge On-Demand Forecasting System (HSOFS) mesh [20],
which covers the US east coast and Gulf of Mexico (Figure 1). The unstructured mesh has
3,564,104 nodes and 1,813,443 triangular elements. The mesh has an average resolution of
500 m along the coast, with some areas decreasing to a resolution of 150 m. The HSOFS is a
reasonably acceptable mesh for a storm surge and wave study around Florida. Figure 1a
shows the unstructured mesh, and the area of study is marked with a red box. Figure 1b
shows the locations and bathymetry of tidal gauges and wave buoys, and the track of
Hurricane Irma. The bathymetry of wave buoys shows that their locations are in the deep
ocean compared to tidal gauges. Table 1 presents the details of the locations and bathymetry
of the tidal gauges and wave buoys.

Table 1. Geo-locations and bathymetry of tidal gauges and wave buoys used in the study.

Tidal Gauges Wave Buoys

Name Lon Lat Bathymetry (m) Name Lon Lat Bathymetry (m)

Mayport −81.430 30.397 −8.313 St. Augustine −81.080 30.000 −22.093
Lake Worth Pier −80.033 26.612 −6.437 Fernandina Beach −81.292 30.709 −15.216

Virginia Key −80.162 25.731 −3.686 Pulley Ridge −83.650 25.701 −82.006
Key West −81.808 24.556 −1.388 Cape Canaveral −80.533 28.400 −11.018
Vaca Key −81.113 24.712 −1.512
Naples −81.808 26.132 −0.323

Fort Myers −81.873 26.648 −2.067
Port Manatee −82.563 27.638 0.235
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Figure 1. Model domain: (a) unstructured mesh, and the area of study marked with a red box;
(b) locations of tidal gauges and wave buoys, and the track of Hurricane Irma within the area
of study.

3.2. Surface Wind and Pressure Forcing

The Interactive Objective Kinematic Analysis (IOKA) by Ocean Weather Inc. (OWI,
Stamford, CT, USA), a data-assimilated wind model for meteorological forcing, is used in
the present study. The OWI wind field for Hurricane Irma was generated by blending the
TC96 (short for Thompson and Cardone, 1996) mesoscale model [21], an inner core wind
field transformed to 30 min, averaged at the 10 m reference level, sustained winds using
the IOKA system. In this model, wind and surface pressure fields are generated based
on observations from anemometers, airborne- and land-based Doppler radar, microwave
radiometers, buoys, ships, aircraft, coastal stations, and satellite measurements [22,23].
The OWI data have been validated by several studies, such as [10,24,25], and are found to
reasonably represent the surface wind and pressure of hurricanes.
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3.3. Model Parameters

The ADCIRC-2DD1 model is used for the simulation of tides and surges. The model
uses the continuous Galerkin finite element method to solve shallow-water equations to
model hurricane storm surges on unstructured meshes [11,26]. The wind drag formulation
of Powell, with a cap of 0.0028, is adopted for the calculation of wind stress. The spatially
varying Manning’s n bottom friction is based on the Coastal Change Analysis Program
(CCAP) regional land cover data. The timestep for ADCIRC is set to 4 s to maintain
computation stability.

The SWAN model shares the same HSOFS mesh and meteorological forcing with
ADCIRC. The Komen formulation is used for white capping; dissipation by death-induced
breaking and bottom friction are activated, and three wave–wave interactions (triads) are
activated [27]. The Jonswap formulation is used for the bottom formulation. The friction
coefficient of 0.067 m2/s3 is used for both wind waves and swells. The spectral space is
discretized using 36 directional bins with a directional resolution of 10◦ and 30 frequency
bins with a logarithmic resolution over the range of 0.03 to 0.55 Hz. The timestep for SWAN
is set to 600 s.

ADCIRC+SWAN uses the same coupling interval as the time step for SWAN. The
ADCIRC model passes wind forcing, water levels, and currents to the SWAN model every
600 s, while the SWAN model passes radiation stress to the ADCIRC model to update
the circulation calculations. The model simulation is cold-started from 0000 UTC 16 July,
with a 50.5-day tide-only period that allows the tides to reach dynamic equilibrium. This
is followed by a 7.5-day Irma simulation from 1200 UTC 04 September to 0000 UTC
12 September.

The following two simulations are run in this study: (1) the ADCIRC model simulation
for the total water level, excluding waves; (2) ADCIRC+SWAN to consider the effect of
waves on the total water level.

3.4. Model Validation

To validate the model performance, databases of water level time series [28], wave
characteristic time series [29], and high-water marks [30] are collected by filtering sta-
tions from a wide variety of sources, for both the ADCIRC and ADCIRC+SWAN models.
Model validation is achieved by comparing the simulated results of the ADCIRC and AD-
CIRC+SWAN models against the observed data at eight tidal gauges and four wave buoys,
respectively, as shown in Table 1. In addition, 47 high-water marks (HWM) distributed
around the Florida Peninsula are compared to the simulated results using three statistical
performance indicators, i.e., coefficient of determination (R2), mean normalized bias (BMN),
and root mean square error (ERMS).

The coefficient of determination (R2) describes how well a regression line fits a set of
data, and has an ideal value of one. The mean normalized bias (BMN) indicates the model’s
magnitude of overprediction or underprediction, normalized to the observed value, with
an ideal value of zero, and is expressed as follows:

BMN =
1
N ∑N

i=1 Ei
1
N ∑N

i |Oi|
(3)

The root mean square error (ERMS) is an indication of the magnitude of error, with an
ideal value of zero, and can be expressed as follows:

ERMS =
1
N

N

∑
i=1

Ei
2 (4)

where O is the observed value, E is the error, in terms of simulated minus observed, and N
is the number of data points.



Atmosphere 2022, 13, 404 6 of 12

The above statistics are used to validate the model performance by only utilizing the
points that were wetted by the model.

4. Results
4.1. Evolution of Surges and Waves

To quantify the contribution of waves to the simulated total water levels in Figure 2,
we first compare the simulated maximum water elevation from the two models using
OWI wind fields. Figure 2a shows a contour plot of the maximum water elevation due
to all forcings, excluding waves (i.e., results from the ADCIRC model), and Figure 2b
displays a similar contour plot of all forcings, including waves (i.e., results from the
coupled ADCIRC+SWAN model). It can be observed that the surge effects of Hurricane
Irma were more dominant on the south and northeast coasts of Florida, with a maximum
water elevation of more than 1.5 m. By comparing the contour plots in Figure 2a,b, waves
do not seem to have a significant effect on storm size and the extent of flooding.
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To quantify the actual effect of waves on the total water levels, the maximum water
elevation, simulated by ADCIRC, is subtracted from that simulated by ADCIRC+SWAN,
as presented in Figure 2c. It can be observed that the effect of waves is more dominant on
the northeast and south coasts of Florida, while waves have little effect on the west coast of
Florida. The possible reason for this is that on the south and northeast coasts, storms have
much longer fetch distances, which allow high wave runup that breaks into large water
elevation and significant wave heights when approaching the coast [15,16]. However, due
to the limited wind fetch distances on the west coast, the wave effects are much smaller [16].
As shown by the black contour line in Figure 2c, the wave contribution in the surge can
reach more than 0.25 m on the south and northeast coasts of Florida.

Figure 3 shows snapshots of the wave fields for Hurricane Irma at select times, with
respect to its landfall. The significant wave height (SWH) and average wave period (AWP),
simulated by the ADCIRC+SWAN model, are displayed in column 1 and column 2 of
Figure 3, respectively. As shown in column 1, with the exception of Florida’s west coast, the
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SWH exceeded 3 m around most of the Florida Peninsula. Six hours before landfall, a large
SWH is observed to dominate most of the south coast of Florida. At landfall and 6 h after
landfall, the SWH becomes more dominant on the east coast. In the nearshore areas of the
west coast, the SWH is negligible, which can be attributed to the limited fetch distance, as
indicated by previous studies, such as [14]. However, the SWH becomes greater as waves
propagate into the inner gulf, due to the wave energy being dissipated over a deeper and
wider area. This phenomenon indicates that the shelf on the west coast of Florida plays a
critical role in decreasing the significant wave height and sheltering the coastal areas from
large wave actions.
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As shown in column 2, an AWP of more than 9 s is dominant on the south coast, 6 h
before landfall. At landfall and 6 h after landfall, the AWP is increased on the east coast. In
the nearshore areas of the west coast, the AWP is negligible, but increases in the offshore
areas of the inner gulf.

4.2. Validation of Water Levels

The storm surge hindcasts simulated by the ADCIRC and ADCIRC+SWAN models are
compared with the observed water levels recorded during Hurricane Irma, at eight NOAA
tidal gauge stations, as shown in Table 1. Figure 4 shows water level time series comparisons
at eight gauge stations. First, the model results from ADCIRC and ADCIRC+SWAN are
compared with the observed water levels. The simulated water levels at stations located
on the east coast of Florida (Mayport, Virginia Key, and Lake Worth Pier) agree with the
observed data, in terms of both magnitude and phase. However, the water levels simulated
by both ADCIRC and ADCIRC+SWAN at stations on the south and west coasts of Florida
underpredicted the surge levels. The highest degree of underprediction is observed at the
Florida Keys, Key West and Vaca Key stations. An insufficient mesh resolution, outdated
bathymetry, inaccurate wind field, etc., are possible reasons for this mismatch.
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stations using ACIRC and ADCIRC+SWAN: (a) Mayport, (b) Lake Worth Pier, (c)Virginia Key,
(d) Key West, (e) Vaca Key, (f) Naples, (g) Fort Myers, and (h) Port Manatee.

We then compared the results from ADCIRC and ADCIRC+SWAN at eight tidal
gauge stations. Generally, the water levels simulated by ADCIRC+SWAN are consistently
higher than those simulated by ADCIRC at all eight gauge stations, indicating a potential
contribution of waves to the total water levels through wave runups. At the west coast
stations (Naples, Fort Myers, and Port Manatee), the contribution of waves is barely
noticeable, probably due to the short fetch length on the west coast, as discussed earlier.
However, larger differences in water elevation are observed at the stations on the east or
northeast coasts (Mayport and Lake Worth Pier), and on the south coast (Virginia Key, Key
West, and Vaca Key). This reemphasizes the fact that the impact of waves around Florida is
more dominant on the east, northeast and south coasts than on the west coast.

4.3. Validation of Waves

The simulated waves are compared with buoy data observed at four stations, as
presented in Table 1. Figure 5 shows comparisons of the significant wave height (SWH)
and average wave period (AWP). The results indicate that the ADCIRC+SWAN model
is able to reasonably reproduce the wave growth. The time series for SWH agree with
the observed data at all four buoy stations. The disagreement between the observed and
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modelled maximum SWH lies between 0 and 0.75 m. The deeper the buoy station is, the
greater the maximum SWH is, indicating that significant wave heights are sensitive to
local bathymetry. The highest maximum SWH, of more than 7.2 m, is observed at Pulley
Ridge, which is a deep ocean station. Large SWHs are also observed at St. Augustine and
Fernandina Beach stations along the Georgia and South Carolina coasts. The lowest SWHs
are observed at Cape Canaveral station on the east coast of Florida.
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The modelled average wave period has quite good agreement with the observed
data, but shows some overprediction. The average wave periods are much smaller near
the beginning of the simulation, and then become reasonably close to the observed data.
However, near and after the storm peak, the model overpredicts the AWP by between
1 and 3 s. A possible reason for this is because the finite simulation length of the hurricane
does not allow wave heights and periods to develop earlier in the simulation, before it
reaches the station locations [7]. Interestingly, at the station deep in the Gulf of Mexico,
the AWPs have a single peak that coincides with the SWH peak time. On the other hand,
stations on the east coast of Florida, and those on the Georgia and South Carolina coasts,
experience dual peaks—one around 8 September, well before the hurricane reached there,
and another one coinciding with the SWH peak time.

4.4. High-Water Marks

A total of 47 National Ocean Service-observed high-water marks (HWMs) are used to
evaluate the performance of each modeled water level against the observed HWMs. Most of
the high-valued HWM stations are on the east coast, and the low-valued HWM stations are
on the southwest coast of Florida. Figure 6 shows scatter plots of the observed and predicted
water levels by ADCIRC and ADCIRC+SWAN. Red points indicate overprediction by the
model; blue points indicate underprediction; green points indicate a match within 0.5 m.
The black line represents the best line of fit. All the models underpredict Hurricane Irma’s
water level, with negative values of mean normalized bias (BMN) of −0.183 and −0.158
for ADCIRC and ADCIRC+SWAN, respectively. Overall, as indicated by the BMN values,
ADCIRC+SWAN reduces the underprediction due to wave contributions. ADCIRC’s
degree of determination (R2) value is 0.718, and it has a root mean square error (ERMS) of
0.154, while ADCIRC+SWAN’s degree of determination (R2) value is 0.694, and its root
mean square error (ERMS) is 0.173. These values indicate that the HWM scatter is higher for
ADCIRC+SWAN in comparison to that of ADCIRC. In terms of the wetting of HWM points,
ADCIRC+SWAN only has 2 dry points, while ADCIRC has 4 dry points of the 47 points.
Wave contributions in the ADCIRC+SWAN model slightly increase the water levels, thus
wetting two additional points, mainly in marshy and forested areas in the southwest. Our
findings are similar to those of Kerr et al. [10], who found that waves contributed to a
slight increase (about 0.5 m) in the water levels of Hurricane Ike and Hurricane Rita in the
marshes and back bays along the Gulf coast. Both scatter plots have near zero intercepts,
but the ADCIRC+SWAN plot shows a slope closer to one—indicating slightly better parity
with the observed data.
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5. Conclusions

We present a numerical experimentation to evaluate the contribution of waves to the
total water levels during Hurricane Irma, which impacted the Florida Peninsula in Septem-
ber 2017. The effect of waves is quantified by the subtracting water levels simulated by the
ADCIRC model from the values simulated by ADCIRC+SWAN, a fully coupled model,
using OWI meteorological forcing. Databases of water level time series, wave characteristic
time series, and high-water marks are used to validate the model performance. In general,
the simulation results matched well with the observed data. Due to wave contributions,
ADCIRC+SWAN consistently predicted higher water elevation than ADCIRC, although
the amount depends on the geographical location around the Florida Peninsula. Our study
reveals that the continental shelf of Florida plays a critical role in sheltering the west coastal
areas from large wave effects.

Waves increase the surge by 0.25 m on the south and northeast coasts. The large
expanse of the North Atlantic Ocean plays an important role in increasing the magnitude of
water elevation on the south and northeast coasts, due to the fetch length and wave runup.
On the west coast, wave runup has no significant contribution to the water elevation, due
to the limited fetch distance.

Significant wave heights become high as waves propagate into the inner gulf and
Georgia Carolina coastal regions, indicating that depth plays a critical role in the magnitude
of water elevation due to waves. The average wave period on the west coast peaked at the
same time as SWH. On the east and northeast coasts, dual AWP peaks are observed.

In terms of a high-water mark comparison, ADCIRC+SWAN reduces underprediction,
with a lower absolute value of BMN, in comparison to that of ADCIRC. ADCIRC+SWAN
also has better parity with the observed data, and wets more points, due to the effect of
waves that slightly increase the water levels, especially in marshy and forested areas in
the southwest. However, ADCIRC+SWAN with a higher R2 value and smaller root mean
square error displays more HWM scatter than that of ADCIRC.
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