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Abstract: Landfalling tropical cyclones (TC) generate extreme waves, introducing significant property,
personal, and financial risks and damage. Accurate simulations of the sea state during these storms
are used to support risk and damage assessments and the design of coastal structures. However, the
TCs generate a complex surface gravity wave field as a result of the inherently strong temporal and
spatial gradients of the wind forcing. This complexity is a significant challenge to model. To advance
our understanding of the performance of these models on the eastern seaboard of the United States,
we conduct an assessment of four hindcast products, three based on WAVEWATCH-III and the other
using the Wave Modeling project, for six major landfall TCs between 2011-2019. Unique to our
assessment was a comprehensive analysis of these hindcast products against an array of fixed wave
buoys that generate high quality data. The analysis reveals a general tendency for the wave models
to underestimate significant wave height (Hs) around the peak of the TC. However, when viewed on
an individual TC basis, distinct Hs error patterns are evident. Case studies of hurricanes Sandy and
Florence illustrate complex Hs bias patterns, likely resulting from various mechanisms including
insufficient resolution, improper wind input and source term parameterization (e.g., drag coefficient),
and omission of wave—current interactions. Despite the added challenges of simulating complex
wave fields in shallow coastal waters, the higher resolution Wave Information Study and National
Centers for Environmental Prediction (ST4 parameterization only) hindcasts perform relatively well.
Results from this study illustrate the challenge of simulating the spatial and temporal variability
of TC generated wave fields and demonstrate the value of in-situ validation data such as the north
Atlantic buoy array.

Keywords: tropical cyclones; hurricanes; extreme waves; wave model hindcasts; observational
networks; wave buoys

1. Introduction

The North Atlantic hurricane season generally extends from July through October
generating storms that induce multiple hazards to the U.S. East Coast including extreme
storm surges, winds, waves, and precipitation. Hurricanes, also known as typhoons (West-
ern Pacific Basin) or more generally as tropical cyclones (TC) are the single largest source
of property damage from natural hazards in the United States with losses estimated at $290
billion for the decade ending in 2012 [1-4]. It is generally accepted that inundation from
large storms will increase over the next century along the U.S. Atlantic coast [5] with some
Atlantic basin models predicting a doubling of the frequency of intense hurricanes [6].
Although there remains significant uncertainty about coastal impacts of future extreme
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events, growing evidence for the connection between TC activity and rising ocean tem-
peratures [7] coupled with the potential sea level rise motivate further studies that will
require accurate numerical models and in situ observations within the footprint of these
extreme events.

TCs are localized, compact low-pressure systems that form over tropical oceans with
winds that spiral into the center. In the storm frame of reference, the wind speeds are
asymmetric: stronger in the direction of storm propagation and weaker in the opposing
direction. The surface wave field reflects the asymmetry of the winds, with additional
asymmetry due to the dynamic fetch phenomena-waves traveling with the storm receive
increased duration of high winds. Satellite altimeter observations of TCs have confirmed
wind and wave fields are asymmetric, with stronger winds/larger waves located on the
right side of a hurricane’s center of circulation in the extended fetch region [8-10]. This
region is located to the right of the TC eye and consists of waves that evolve under a running
fetch condition where waves are influenced by strong winds for a longer duration due to
similar wave propagation and TC track direction. Far from the center of the TC, the wave
field is composed of locally generated wind seas (aligned with the local wind direction)
and remotely generated waves (“swell”) that arise in the most intense wind regions of the
storm, e.g., [9,11]. Closer to the center of a storm, there have been observations of both
spectra with multiple peaks [12-17] and spectra that conform to unimodal fetch-limited
forms [18-22]. The multi-modal spectra are due to the superposition and interaction of the
swell in other regions of strong wave generation. As swell waves move away from the
TC center, they typically propagate faster than the local wind speed or perpendicular to
the local wind direction, namely they are not actively forced by the local wind. However,
the swell waves and wind sea sometimes do not show up as separate peaks in the wave
spectrum. Further work is needed to resolve this complex region and detail the source
term balance of the hurricane wave field near the eye.

A comprehensive understanding of the extreme wave climate is essential not only
operationally for predicting hazardous sea states (i.e., ship navigation), coastal hazard
design/mitigation, but also scientifically for understanding wind-wave-ocean interaction
physics [23-26]. Numerical simulations of TC generated wave fields have been studied
for decades, e.g., [27-30], with significant improvements coinciding with the increased
power and efficiency of computational resources, e.g., [31,32]. While surface wave models
have proven reliable, their performance under extreme conditions remains limited and
poorly understood [33,34]. The situation is exacerbated by a relatively small observational
database of wave conditions under TC forcing due to the lack of quality in situ wind and
wave data. Many model validation studies that have comparative wave height observa-
tions (e.g., satellite altimeter, buoy) show a tendency to underestimate the largest wave
heights, and in particular the peaks, with increasing differences typical in heavy storm
conditions [35]. The underlying physics of these episodic, extreme events are not well
represented in wave models because model parameters are typically tuned to the bulk
of the data. Additionally, model performance under TC conditions needs to consider the
spectral domain due to quickly varying wave spectra in space and time. Modeling is further
complicated nearshore by complex local bathymetry and coastal orientations that often
require a nested approach to achieve high enough model resolutions to simulate shallow
water physics. In these shallow coastal regions, prior to depth-limited wave breaking,
spectral wave energy and radiation stresses are critical boundary conditions for modeling
nearshore circulation, wave run-up, and sediment transport [36].

The general theme of the wave modeling literature is that in-situ observations are
essential for advancement of wave models in extreme conditions. However, buoy obser-
vations are typically sparse within the TC footprint, limiting availability of observational
data sets for model validation, e.g., [15,37,38]. In addition, the relatively small geographic
size of TCs requires a dense network of observations for model validation efforts [18,33].
To address wave model limitations under extreme conditions, [33] states the case for a new
observational network in the Southern Ocean that would provide comparative observations
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for model assessments of wave evolution, extreme fetches, and swell dynamics/forecasting,
with specific attention to arrival time. Alternatively, there is a growing body of literature
that utilizes historical observations from the relatively dense National Data Buoy Center
(NDBC) buoy array in the Northern Atlantic Ocean (including the Gulf of Mexico) to assess
wave models during extreme conditions generated by seasonal hurricanes, e.g., [39-41]. In
this study, we build on these efforts by utilizing the unique set of data from existing histori-
cal buoy observations for model assessments in extreme conditions. We use observations
from the U.S. East Coast buoy array, consisting of National Data Buoy Center (NDBC) and
the Coastal Data Information Program (CDIP) buoys (Figure 1a), to assess the peak wave
performance of several operational hindcast model products during six major hurricanes
that impacted the U.S. East Coast over the last decade (Figure 1a).
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Figure 1. (a) Map of the Northern Atlantic Ocean showing CDIP and NDBC locations used in the study and (b) buoy
location map overlaid with hurricane tracks assessed in this study.

2. Materials and Methods

Hurricane track data were downloaded from the Atlantic hurricane database known
as HURDAT? (https:/ /www.nhc.noaa.gov/data/ (accessed on 20 October 2020)). Track
data from individual storms were parsed from the comma-delimited text format publicly
available through the National Hurricane Center. The temporal resolution of the track data
is six hours and includes location, maximum winds, pressure, and size associated with
each storm. The maximum winds at each point were used to classify storm intensity using
the Saffir-Simpson Hurricane Wind Scale.

Throughout this study, results are often presented in a storm-centered reference frame
where geographic coordinates are transformed to a storm-centered reference frame using
the orientation of the storm and the radius of maximum winds (Rm). We follow the
work of [13], who proposed 3 azimuthal spatial divisions relative to the direction of the
storm’s forward translation at 0°, a left sector (240-20°), a right sector (20-150°), and a
back sector (50-240°). The authors separated the three sectors according to their typical
wave-directional characteristics: Left: unimodal spectra with peak long-wavelength waves
(~300-350 m) moving outward relative to the wind by 60-90°; Right: bimodal or trimodal
spectra shifting to longer wavelengths (~200-300 m), outward relative to dominant waves
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moving outward by up to 45°, relative to the wind direction; Back: unimodal, short-
wavelength (~150-200 m) waves moving with the wind. Distances from the storm center
are normalized by Rm.

2.1. Buoy Arrays (CDIP/NDBC)

The CDIP at Scripps Institution of Oceanography operates a network of wave moni-
toring buoys that are composed of moored Datawell WaveriderTM directional wave buoys,
positioned along the U.S. East Coast in water depths ranging from 10-30 m. CDIPs fleet of
Datawell WaveriderTM buoys are fitted with the HIPPY-40 accelerometer/magnetometer
system that measures the displacement path. Averaging intervals of 30 min are used to
compute statistical wave parameters, wave energy spectra, and the first four coefficients
of the directional spectrum. In-house quality control checks reject observational outliers
caused by non-orbital applied accelerations, primarily breaking waves.

The NDBC operates the most extensive wave buoy network in the world with coverage
offshore and along most of the U.S. coastline, including Alaska, Hawaii, and the Great
Lakes [42]. For this work, we utilize the Atlantic Ocean network providing coverage for
North American hurricanes. The NDBC buoy data typically includes hourly measurements
of Hs, the 1D energy density spectrum and the cross-spectral moments al, bl, a2, and
b2. Observational buoy networks, such as the NDBC and the CDIP network, have been
used for numerous studies, including the historical characterization of deep water and
nearshore wave climates [43-45], observations within TCs [9,11,16], and prediction of rogue
waves [46].

2.2. Numerical Models

Numerically simulating ocean waves during tropical events captures the physical
processes of generation, propagation, and dissipation. Modern 3rd generation phase-
average wave models (e.g., WAM, WW3, or SWAN) are based on the wave-action equation
that balances sources and sinks of wave energy against numerical propagation. The source
terms account for how waves grow on the ocean surface, based on surface wind field
input (Sin), how energy is transferred from higher wind-wave frequencies to lower swell
frequencies through weakly nonlinear wave-wave interactions (Snl), and how wave energy
dissipates based on external forces (e.g., bottom friction (Sbot), whitecapping (Swc), depth
limited breaking (Sb)). Wave propagation is based on the linear dispersion equation. Each
model has its own numerical schemes and source terms to calculate wind-wave interactions
and dissipations, but generally each uses the discrete interaction approximation (DIA) to
compute wave-wave interaction terms. Each model can be set up with different options
that can affect the estimates of wave height from TCs. Additionally, the method used to
estimate the input wind speeds for the models can have O(1) effects on the wave estimates.
To this end, we have collected four commonly used numerical models and meteorology
setups (Table 1) to assess the accuracies and limitations in the prediction of wave energy
during TCs. None of the models consider ocean currents.

Table 1. Formation/dissipation dates, maximum winds and minimum pressures of the six hurricanes
assessed in this study.

Hurricane Formation Dissipation Maximum Minimum
Date Date Winds (kts) Pressure (mb)

Irene 22 August 2011 28 August 2011 105 942
Sandy 24 October 2012 29 October 2012 100 940
Matthew 29 September 2012 9 October 2012 145 934
Irma 31 August 2017 11 September 2017 155 914
Florence 4 September 2018 15 September 2018 130 937
Dorian 28 August 2019 7 September 2019 160 910
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2.3. WW3 NCEP

The National Oceanic and Atmospheric Administration (NOAA) National Centers
for Environmental Prediction (NCEP) WAVEWATCH III (WW3) production hindcast uses
two different source term setups. From 2005 to 2015, the model uses the Tolman and
Chalikov [47] (ST2) source term package, while from 2015 to 2019 the model uses the ST4
source term package [48]. ST2 and ST4 represent different physical parameterizations
of the wind input and whitecapping. The model is set up with rectangular grids using
nesting from global 30 arcmin resolution to 4 arcmin resolution at the U.S. East Coast
with data outputted at 3-h intervals. The model uses meteorological forcing from the
NOAA NCEP Global Forecast System (GFS), which has a native resolution of 30 arcmin
and does not include wave-current interactions. Directional wave spectra are outputted at
specific buoy locations and were retrieved as monthly ascii spectral bulletins from a pub-
lic FTP server (https://data.nodc.noaa.gov/thredds/catalog/ncep/nww3/catalog.html
(accessed on 25 February 2020)). This hindcast is currently available from Feb 2005 to May
2019. Due to the lag in posting of hindcast results, the operational version of the NCEP
WW3 Production Multigrid nowcast model was used for analysis after 2019 August.

2.4. ECMWEF ERA5

The European Center for Medium-Range Weather Forecasts (ECMWF) ERA5 hindcast
differs from the other models tested because it is a fully coupled climate hindcast [49].
The system passes information from atmospheric models to wave models and gets data
back as it marches forward in time. The atmospheric model is also coupled to a data
assimilation scheme to improve estimates based on in-situ and remote observations. The
wave model used in the ERA5 system is an ECMWEF improved version of the WAM model.
More specifically, the wave model has updates to the whitecapping, swell dissipation, and
wind-wave growth terms based on [50]. The wave model runs on a global 0.36 degree
resolution grid. However, access to the directional wave spectra was limited to 0.5 degree
output. Gridded bulk wave parameters and spectra were accessed as GRIB files from the
Copernicus Climate Data website product: ERA5 hourly data on single levels from 1979 to
present [51]. Model parameter values were interpolated at discrete buoy locations from the
geographic field grid using a weighted average of nearest output points.

2.5. WW3 IFREMER

The French Research Institute for the Exploitation of the Sea (IFREMER) runs a global
hindcast from 1990 to 2019 using WW3 with the ST4 source term. The model uses a
nested 10 arcmin grid along the U.S. East Coast within a global 30 arcmin global grid.
Meteorological forcing for the model is provided by the ERA5 hindcast product from
ECMWE. The wave model is temporally optimized to account for the non-stationarity
in the estimation of wind speeds from atmospheric models. We use the 10 arcmin point
spectral output product with a 3-h temporal resolution. Data at individual buoy locations
were accessed as monthly NetCDF files via the IFREMER FTP server (ftp:/ /ftp.ifremer.fr/
ifremer/ww3/HINDCAST/ (accessed on 25 February 2020)).

2.6. USACE WIS

The U.S. Army Corps of Engineers (USACE) Engineer Research and Development
Centers (ERDC) Coastal and Hydraulics Laboratory (CHL) produces the Wave Information
Study (WIS) hindcast. WIS has been ongoing since the 1970s, providing crucial wave
climate information along all the U.S. coast, Great Lakes, and island territories. The WIS
East Coast wave hindcast uses the WW3 model with ST4 source term. The model has nested
grids from a 0.5-degree grid covering the full Atlantic Ocean down to 5 arcmin for the
U.S. East Coast with wind fields produced by Oceanweather Inc (OWI). The background
NCEP/NCAR reanalysis [52] wind fields are improved using a combination of statistical
downscaling, assimilation of in situ and satellite observations, and dedicated analysis of
select tropical and extratropical systems.
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A summary of the wave model setups is provided in Table 2. The NCEP, IFREMER,
and ECMWF models had a temporal resolution of 3 h. The 0.5 h resolution Hs buoy
observations and the 1 h WIS Hs outputs were interpolated to match the 3 h resolution
of the other wave models. If wave model point outputs at discrete buoy locations were
unavailable, a weighted average of the nearest outputs from the modeled 2D geographic
grid was used.

Table 2. Summary of numerical wave model setups used for this study.

Grid/Hindcast Model Spatial Resolution Wind Source  Time Output Wind Assimilation
NCEP
Global North WW3 (ST2 + ST4) 30 arcmin GFS 3h No
Atlantic Basin WW3 (ST2 + ST4) 10 arcmin
U.S. East Coast WW3 (ST2 + ST4) 4 arcmin
IFREMER
Global North Atlantic WW3 (ST4) 30 arcmin ERAS 3h Yes
Basin WW3 (S5T4) 10 arcmin
ECMWF
30 arcmin (spectral) 21 ERAS 3h Yes
ERAS Reanalysis HRES-WAM .
arcmin (bulk)
WIS
North Atlantic Basin WW3 (ST4) 30 arcmin OWI lh Yes
U.S. East Region WW3 (ST4) 15 arcmin
U.S. East Coast WW3 (ST4) 5 arcmin

3. Buoy-Model Comparisons
As part of the hindcast performance assessments, significant wave heights (Hs) were
computed from the zero-order moment of the one-dimensional (1D) wave energy spec-
trum (E(f)),
Hs = 4/m,, 1
03

where m, = [ s E(f)df and f is frequency. Model and buoy Hs was used to compute Hs
bias (i.e., mean percent error):

o, n
Hs Bias (%) = 100% ) H
L =

s (model)-Hs (buoy)

Hs (buoy) ’ @

where 7 is the total number of model output—buoy observation pairs. In addition, stan-
dard error statistics of root-mean-square-error (rmse) and correlation coefficient (cc) were
computed. For this assessment, we defined a hurricane signature as a substantial deviation
from ambient wave conditions with a minimum Hs criterion of 3 m.

3.1. Buoy-Model Hs Bias

A comparison of all hurricane signatures from the six hurricanes assessed in this
study to co-located model outputs showed a consistent negative model bias (i.e., Hs
underestimation) across the array of operational buoys. Buoy-model Hs scatter plots
indicated the bulk of the model outputs compared well to observations, but as wave
heights increase, so did model differences as evident by the larger spread around the 1:1
line, with an overall negative bias of —7.1%, —6.7%, —2.7%, and —2.3% for the NCEP,
IFREMER, ECMWEF, and WIS models, respectively (Figure 2).
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Figure 2. Buoy-model Hs comparison plots for (a) NCEP, (b) IFREMER, (c) ECMWF and (d) WIS
wave models for all six hurricanes at all buoy locations. (a—c) Wave models have a 3-h temporal
resolution; (d) 1-h temporal resolution. Error statistics for each model is provided in each figure.

3.2. Buoy-Model Wind Comparisons

More accurate representations of the surface wind field have been a key element in
the improvement of model wave results. However, the common assumption that wind
field inaccuracies are the primary source of wave modeling errors during TCs is being
disproved due to recent advancements in meteorological modeling, driven by increased
computing power and a growing database of satellite data [35]. NDBC buoy-model wind
comparisons were used to determine if systematic trends persist that may explain the
general pattern of model Hs underestimation evident in Figure 2. The minimum wind
velocity for classification of a gale force wind of 14 m/s, as defined by the Beaufort scale,
was used as a minimum threshold for the comparisons. The results showed modeled winds
tended to overestimate observed NDBC winds during the six hurricanes (Figure 3), except
for the ECMWF ERAS5 wind field. NCEP, IFREMER, and WIS comparisons had overall
positive biases of 5.4%, 3.9%, and 6.3% respectively. The results suggested wind input was
not the primary source of model Hs underestimation errors, in agreement with previous
studies [35].
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Figure 3. Buoy (Uj(p)-model (Ujgy) wind comparison plots for (a) NCEP, (b) IFREMER, (c) ECMWEF
and (d) WIS wave models for all six hurricanes. Error statistics for each model is provided in
each figure.

3.3. Hs Bias Depth Dependency

The observed dominant periods of the storms assessed in this study ranged from
around 13-16 s (s), corresponding to an approximate wavelength range of 264400 m.
Linear wave theory estimates the longest period waves (16 s) will begin to feel the bottom
at a depth approximately one-half the wavelength (~200 m), resulting in swell that was
impacted by intermediate water physics (e.g., bottom friction, refraction, shoaling) across
the continental shelf of the U.S. East Coast (Figure 1a). The transition from an intermediate
wave region over the shelf to a shallow water wave region occurs at approximately 1/20 of
the wavelength or 20 m for a 16 s swell.

Buoy-model wave comparisons are expected to degrade towards the coast where to-
pographic effects and shallow water physics become increasingly important. Additionally,
modeled bathymetry is often too coarse to resolve features that influence wave transfor-
mation. As a result, these regions are more difficult to simulate or in some cases are not
represented in the model (e.g., diffraction) [53]. To assess the bias variability in extreme
wave heights (Hs > 3 m) as a function of depth, cumulative buoy error statistics were
computed for binned depth ranges beginning at the shallowest buoy depth and extending
to a depth of 50 m (Figure 4). The results showed a generally decreasing performance of
models with shallowing depth, with substantial degradation of correlation near 20 m depth
where the largest swell transitions to shallow water waves. The wave models have a cc
around 0.9 at the 23.5 m depth bin that degrades to a range of 0.3-0.57 at the shallowest bin.
Therefore, we used the 20 m depth as a demarcation of “shallow” and “deep” buoys. This
threshold provided approximately 60 (shallow) and 150 (deep) total comparison buoys for
the six hurricanes assessed in this study (Figure 4d).
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Figure 4. Buoy-model (a) percent bias, (b) rmse, and (c) cc error statistics for observed Hs > 3 m for
all six hurricanes computed at 5 m depth increments using all buoy-model comparisons within each
bin. (d) Histogram of buoy depths. The dotted red line denotes demarcation between “shallow” and
“deep” buoy depths chosen for this study.

Scatter plots of Hs bias at deep locations showed a relatively well-behaved relationship
around the 1:1 line that increased in variability for larger wave heights, with a tendency for
model Hs to slightly underestimate observed Hs. Conversely, substantial variability was
evident between comparisons at shallow buoy locations that resulted in larger Hs differ-
ences. These large error discrepancies between deep and shallow model performance are
illustrated for the NCEP comparisons (Figure 5a,b). The buoy to NCEP model comparisons
revealed a few times when the NCEP model failed to simulate the hurricane energy at
shallower depths. This was evident during periods when simulated Hs remained small
and relatively constant compared to increasing Hs observations that resulted in outliers
extending from the 1:1 line (Figure 5b).
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Figure 5. Comparison plots of buoy significant wave height (Hsp,) to NCEP simulated significant
wave heights (Hsy) for (a) buoy depths greater than 20 m and (b) less than 20 m. Error metrics were
provided for each plot for Hs > 3 m.
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The initial bias comparisons for all six hurricanes indicated wave models generally
underestimated hurricane generated waves. Increased discrepancies in shallow water
were evident where shoaling, refraction and dissipation become important mechanisms
in wave transformation across the shelf. In deeper waters, buoy-model Hs comparisons
yielded similar overall statistics for the NCEP, IFREMER, ECMWFE, and WIS hindcasts, with
underestimation in simulated Hs typically in the —5% to —9% range. However, substantial
variability in the error statistics was apparent across all models for shallow buoys locations
(Table 3). The NCEP and WIS models had the highest coastal grid resolutions of 4 arcmin
and 5 arcmin respectively of the four models. Yet, the NCEP model performance was worse
than the other models while the WIS model performed well, with lower rmse and higher
cc than the other wave models. The 10 arcmin IFREMER product performed slightly better
than NCEP with improved rmse, cc, and a bias of —16.1% compared to the NCEP bias of
—20%. The lowest coastal resolution (21 arcmin) ECMWEF product exhibited the lowest cc
(0.49) suggesting insufficient model resolution to properly simulate the coastal wave field
during TCs. Additionally, the temporal resolution of the wind fields (3 h) may not have
captured the local temporal variability in coastal regions.

Table 3. Summary of error statistics for deep (>20 m) and shallow (<20m) buoy locations for four
hindcast wave models. Statistics were computed from all observed extreme wave events (Hs > 3 m)
generated from the six hurricanes.

Buoy Depth > 20 m Buoy Depth <20 m
bias (%) rmse (m) cc bias (%) rmse (m) cc
NCEP —4.8 0.84 0.86 —20.0 1.19 0.54
IFREMER —6.8 0.78 0.89 -16.1 1.18 0.57
ECMWF —8.2 0.91 0.85 —8.7 1.02 0.49
WIS —5.3 0.88 0.87 —124 0.83 0.77

4. Case Studies

Cumulative statistics for the six hurricanes assessed in this study showed wave models
generally underestimated extreme waves generated by TCs with larger errors observed
at shallower depths (Table 3). However, aggregating data masks error patterns unique to
each model and storm suggesting analysis on a per storm basis is the preferred approach
for a limited number of TCs. Therefore, detailed buoy-model assessments were made for
Sandy and Florence, two storms that had notable differences in size, intensity, storm track,
and speed.

While translating northeast (NE) along the U.S. East Coast, Hurricane Sandy became
the largest Atlantic hurricane on record (spatially). At its maximum size, its tropical-storm-
force winds spanned approximately 1850 km with Rm over 200 km. As a result, the TC
impacted the entire U.S. East Coast buoy array with observed waves approaching 12 m at
several NDBC buoy locations (Figure 6a). Conversely, Florence was a powerful, compact
TC, with a unique east to west approach to the U.S. East Coast (Figure 6b). Sandy rapidly
intensified to a category 4 near buoy 41049 with a small, but intense Rm around 30 km.
The storm sustained its energy until passing buoy 41048 where it began to slowly weaken
as it approached land. The NDBC/CDIP buoy array was well positioned to assess hindcast
wave model performance during these two distinct extreme events.
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Figure 6. Map of NCEP 30 arcmin global wind product for Hurricanes (a) Sandy at 20:30 UTC on 2012 October 28 and
(b) Florence at 09:00 UTC on 2018 September 12. Each figure was overlaid with the modeled wind vectors (black arrows)
for each storm. The blue-white color scale represents the intensity of the wind. The color scale provided at each buoy
location denotes the maximum observed Hs during the storm at that buoy location. TC track bubbles contain storm category
(Saffir-Simpson scale) at that location.

4.1. Case Study: Hurricane Sandy

The large Rm during Sandy resulted in extreme waves across most of the U.S. East
Coast buoy array that allowed bias patterns to be assessed in the TCs wave field
(Figures 6a and 7). A limitation of previous comparisons was the lack of spatial and
temporal information about model biases with respect to a TCs position. To assess spatial
variability in model error, buoy and model geographic coordinates were transformed to a
storm-centric frame of reference separated into three sectors, left, right, and back. Similar
to previous studies [18,19], wave assessments for this work were primarily limited to the
region less than eight times the radius of maximum winds (Rm) (Figure 7, dotted circle),
where wave development is typically fetch-limited and the spectra typically unimodal.
A summary of all hurricane Hs observations from this study relative to storm position
showed the expected trend of increasing Hs nearer the hurricane eye. The largest waves
occurred in the right sector where waves were forced under extended fetch conditions.
(see Supplementary Figure S1).

The most prominent pattern from these assessments was evident for the NCEP and
WIS models that consistently overestimated Hs in the right sector and underestimated Hs in
the left and back sectors (Figure 7a,b). NCEP comparisons exhibited larger underestimation
in the left sector while more prominent overestimates were observed for WIS comparisons
in the right sector. Specifically, the NCEP model had biases of —16.8%/4% (left/right
sectors), compared to —3.8%/6.2% for the WIS model. The IFREMER results were similar,
but the model overestimates in the right sector were confined to the upper right region of
the storm (Figure S2). In comparison to the variability in Hs biases found in WW3 models,
the WAM ECMWF model exhibited consistent underestimation of Hs in all sectors.
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Figure 7. Hs bias at all buoy locations during Hurricane Sandy for (a) NCEP and (b) WIS in a
storm-centric frame of reference with distance from the eye normalized by the radius of maximum
winds (Rm). (c) Difference between dominant wave direction and wind direction (8,;,). Observations
were binned into 1 Rm x 1 Rm bins. The inner circle denotes 1 Rm and outer dotted circle denotes 8
Rm. Direction of storm motion is up the page.

The pattern seen in NCEP and WIS, underestimates/overestimates on the left/right
side of hurricane Sandy, contrasted what was found during Hurricane Ivan [15]. The
authors found WW3 models tended to overestimate the wave energy on the left side of the
storm where winds were generally oblique with respect to the wave propagation direction.
To look for correlation between Hs bias patterns and wind-wave alignment, we defined the
angle between wind direction 6, and the peak wave direction 0, as A8y, = min(!f)u —0p | )
Following [14,15,54], we separated observed wave conditions as wind sea or following
swell (WS/FS) when A8, < 45°, cross swell (CS) when 45° < Af,,,, < 135° and opposing
swell (OS) when A6y, > 135°. In the near-field (near 1 Rm) waves were typically dominated
by cross-swell (CS) in the left sector, following-swell (FS) in the right sector, and opposing-
swell (OS) in the back sector. Plotting 6,,, in a storm-centric frame of reference revealed
the expected near-field patterns extended away from the center of the storm in both the
left and right sectors, possibly due to Hurricane Sandy’s size (Figure 7c). WS/FS or wind-
wave directions approaching WS/FS were primarily observed on the right side of the
storm where overestimates in modeled wave energy occurred for the NCEP and WIS
outputs. CS conditions were prevalent on the left side of the storm. The observations
from the shallower NDBC buoys 41012 and 41013 (Figure 6a) exhibited the largest wind-
wave direction differences due to waves refracting to angles approximately parallel to
bathymetry contours. WIS compared relatively well in this region with a slight negative
bias in contrast to the substantial underestimates that were evident for NCEP, IFREMER,
and ECMWF comparisons (Figure 7a,b and Supplementary Figure S2).

Observations from three NDBC buoys (41046, 41047, 41048) accounted for all deep-
water Hs bias comparisons in the right sector of Hurricane Sandy. Buoys 41046 and 41048
were used to assess NCEP /WIS overestimation errors on the right side of the storm with
respect to the TCs characteristics (e.g., size, Rm, location, storm track).

Buoy 41046 was located approximately 700 km to the northeast of the storm track
when Sandy transitioned to a northwesterly (NW) direction on 25 October 2012 with a
small Rm around 35 km. Along this track, the Rm grew to 110 km on 27 October prior
to another shift in direction to the NE (parallel to the coast). The building seas during
this period were well captured by the WIS wave model yet missed by the NCEP and
ECMWEF outputs (Figures 8a and 9a). The differences appeared to result largely from
overestimated wind input during a period that would have otherwise caused little wave
growth to be simulated at 41046 (Figure 8b). The growing Rm and the storm’s interaction
with land during this timeframe suggest topographic effects likely influenced NCEP and
ECMWEF simulations. The resulting buoy—-model (NCEP/WIS) Hs bias spatial patterns
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were illustrated in Figure 10a,b. NCEP winds during this time showed similar tendencies
as Hs, with large overestimates in comparison to observed winds at 41046 (Figure 8b). As
the storm track changed to the NE, the initial sea state generated by the previous NW track
waned and was overestimated by both the NCEP and WIS models (Figure 8a), resulting in
regions of large positive biases directly east of the hurricanes center at a distance around
7 to 8 Rm (Figure 10a,b). As the storm propagated up the coast, the Rm expanded to a
peak size of ~ 220 km on 29 October before shifting again to the NW for its final landward
approach. The increasing size of the hurricane resulted in observations at buoy 41046 that
remained within 8 Rm even though the buoy was over 1000 km away from the storms
center. The change in direction and subsequent move parallel to the coast over the course
of around 2 days resulted in a secondary hurricane signature at 41046 (primarily located
in the back sector) that was well captured by the WIS model except for underestimation
of the observed dual Hs peaks (Figure 8a). The NCEP underestimated the second wave
field, similar to IFREMER and ECMWF comparisons (Figure 8a). None of the four models
replicated the low frequency bi-modal wave spectra observed at t2 (Figure 9b).
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Figure 8. Buoy-model time-series comparisons of (a,c,e) Hs and (b,d,f) model wind input for buoys
(a,b) 41046, (c,d) 41048, (e,f) 41001 during Hurricane Sandy. Red dotted vertical lines denote the
times used to assess the 1D wave spectra in Figure 9 (t1, t2).
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Figure 9. Buoy-model 1D wave spectra comparisons at (a,c,e) t1 and (b,d,f) t2 (see Figure 8) for
buoys (a,b) 41046, (c,d) 41048, (e,f) 41001 during Hurricane Sandy.
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Figure 10. (a,c,e) NCEP and (b,d,f) WIS Hs biases at buoys (a,b) 41046, (c,d) 41048, (e f) 41001
during Hurricane Sandy. Plots are in a storm-centric frame of reference with distance from the eye
normalized by the radius of maximum winds (Rm). Observations were binned into 1 Rm x 1 Rm
bins. The inner circle denotes 1 Rm and outer dotted circle denotes 8 Rm. Direction of storm motion
is up the page.
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During the time between the two hurricane signatures at 41046, wave energy decreased
due to a storm track shift to the NW. Large Hs overestimates in NCEP (Figure 8a) were
evident during this period, but do not correlate with biases in wind inputs from buoys
along the hurricane track (e.g., 41010). Similarly, a large NCEP Hs bias at 41001, after the
hurricane track shifted to its final landward trajectory, did not appear to be caused by
inadequate wind forcing. The model underestimation of the second Hs peak (Figure 8e)
was larger for the NCEP model than the other wave models despite having similar winds
(Figure 8f), thus suggesting a different source of error.

The Rm of Hurricane Sandy as it approached NDBC buoy 41048 was 220 km, ap-
proximately the same distance of the buoy to the TCs center at its closest. The exposure
to extended fetch and maximum winds in its right front quadrant location resulted in
the largest Hs (~12 m) observed across the buoy array (Figures 6a and 8c). Buoy-model
winds at 41048 compared relatively well, with overestimates observed near the Hs peak for
NCEP, IFREMER, and WIS hindcasts (Figure 8d). The wave field at 41048 began to build
after Sandy’s track shifted to the NE at a distance of ~8 Rm (Figure 10c). NCEP showed
patterns of increasing overestimation in Hs as the storm approached the buoy, transitioning
to underestimation at the observed Hs peak. The underestimation persisted as the storm
shifted to its final NW trajectory. The WIS comparisons showed more overestimates in the
right sector (i.e., preceding and during peak Hs) before better performance was evident
in the back sector as the TC approached the coast (Figure 10d). The evolving 1D spectra
at 41048 was highly variable. This resulted in irregular buoy-model differences as the
storm approached. At t1, A8,;, was approximately 70°, resulting in a bi-modal 1D spectra
that was not simulated well by the wave models (Figure 9c). The observed peak period
of 14 s was underestimated by NCEP simulations (~12 s). Starting around six hours after
t1, models consistently overestimated Hs prior to peak Hs values. The higher resolution
WIS outputs consistently overestimated energy in the low frequency region prior to the
spectral peak (Figure 9c¢,d), contributing to consistent overestimation of Hs in the right
sector of Hurricane Sandy (Figures 8c and 10d). The IFREMER Hs bias pattern was similar
to the NCEP model. Conversely, ECMWEF Hs compared well in the right sector with larger
underestimation evident in the back sector (Figure 8c and Supplementary Figure S2).

Comparisons at 41046 and 41048 provided examples of model Hs overestimation
errors in the right sector of Hurricane Sandy. The NDBC buoy 41001 was used to provide
a contrasting example of typical underestimation patterns observed at buoys located on
the left side of the TC. It was a similar distance from the eye of Hurricane Sandy as
41048, but on the weaker left side of the storm (Figure 6a). WIS Hs outputs at 41001
compared well to observed wave heights (Figures 8e and 10f). Conversely, NCEP outputs
revealed a tendency of Hs underestimation, with a large underestimation of the wave
energy after the storm track changed to its final NW direction generating a second Hs peak
(Figure 8e, Figure 9f and Figure 10e). The NCEP Hs underestimation pattern observed
in the left sector for 41001 was in contrast to an overestimation pattern evident at 41048,
located in the right sector of the storm. Both IFREMER and ECMWF models also tended to
underestimate both Hs peaks (Figure S3).

4.2. Case Study: Hurricane Florence

In addition to a unique perpendicular shoreline approach, Hurricane Florence had
the smallest Rm of the storms assessed in this study, generating a compact, spatially and
temporally variable wave field. The small size of the storm resulted in a limited spatial
distribution of observations from buoys along Florence’s storm track (Figure 11). A pattern
of Hs overestimation on the left side and underestimation on the right side of the storm
was observed across the four wave models with substantial model underestimates near
the eye from direct or near-direct hits on the shallower buoys as Florence made landfall
(Figure 11a,b). The overestimation pattern in the CS region (left side) and underestimation
in the WS/FS region (Figure 11c) of the storm was in contrast to the results found for
Hurricane Sandy. An exception to this pattern was buoy 41025 located on the right side
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of the storm that showed a consistent positive Hs bias as the storm passed (Figure 11a,b).
While the general Hs bias patterns for each wave model was similar, the high spatial
and temporal variability of the compact storm resulted in varying responses between the
different models.
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Figure 11. Hs bias at all buoy locations during Hurricane Florence for (a) NCEP and (b) WIS in a
storm-centric frame of reference with distance from the eye normalized by the radius of maximum
winds (Rm). (c) Difference between dominant wave direction and wind direction (6,,,)). Observations
were binned into 1 Rm x 1 Rm bins. The inner circle denotes 1 Rm and outer dotted circle denotes 8
Rm. Direction of storm motion is up the page.

To further assess wave model performance during Hurricane Florence, Hs, wind
speed, and 1D spectra comparisons were made to several buoy observations located
on either side of the storm track (left: 41049, 41048, 41025; right: 41047, 41002, 41013)
(Figure 6b). Hurricane Florence underwent rapid intensification (RI) to a Category 4 storm
as it approached buoy 41049, reaching its peak intensity around 1800 UTC 11 September,
approximately 9 h after transiting past the buoy. At its closest, the TC was 170 km from the
buoy with a small Rm of 27 km that resulted in a large gradient in wind speeds from the
eye to the buoy that was not well captured by the wind inputs for the NCEP, IFREMER, and
ECMWEF wave models (Figure 12a). Regardless of overestimated winds, only the NCEP
wave field showed consistent overestimation in Hs while WIS (best wind comparison)
underestimated Hs as the storm passed (Figure 14a). The TC next passed nearly equidistant
between buoys 41047 (left) and 41048 (right), where large modeled Hs overestimation and
underestimation was evident, respectively. The modeled winds at 41047 compared well
to the observed smaller winds, but a large underestimation of peak winds was evident at
41048 (Figure 12c). Hs comparisons at these two locations resulted in the largest differences
in bias out of six buoys assessed. Hs overestimates were evident of ~20% to 30% (except
for ECMWF) at 41047 and underestimates of 3 to 4 m (~27% to 36%) for all models at 41048
(Figure 14b,c). The underestimation of Hs at 41048 began prior to the underestimation of
wind, suggesting wind alone was not the primary mechanism affecting model performance.
Conversely, improper wind input was a primary mechanism for large buoy-model Hs
errors at 41002. The buoys distance to the storm (~2.5 Rm) subjected it to the higher
gradient winds nearer the center of the TC that were not well represented in the hindcast
models, likely contributing to the large buoy-model Hs errors (Figures 12d and 14d).
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41049 41047
NE NE 1 02rbf ]
> >
2 2
z 2 10°
L L
0.1 02 03 04 0.1 02 03 04
41048 41002
— c. —~ L=
g 102} g -
> >
2 o
2 10° 2
L L
0.1 02 03 04 0.1 02 03 04
41013
“«—
E
>
2
(0]
=
L
0.1 02 03 04 0.1 02 03 04
Frequency (Hz) Frequency (Hz)
Obs NCEP IFREMER ECMWF wIS I

I

Figure 13. Buoy-model 1D wave spectra comparisons at red-dotted lines (see Figures 12 and 14) for
buoys (a) 41049, (b) 41047, (c) 41048, (d) 41002, (e) 41025 and (f) 41013 during Hurricane Florence.
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Figure 14. Buoy-model time-series comparisons of Hs for buoys (a) 41049, (b) 41047, (c) 41048,
(d) 41002, (e) 41025 and (f) 41013 during Hurricane Florence. The red dotted vertical line denotes the
time used to assess the 1D wave spectra in Figure 13.

Two additional buoys impacted by the TC were 41025/41013, located on the right/left
side of the TC, and at depths of 60 m and 33 m respectively. At both locations, model
wind inputs were overestimated with increasing differences near the peak, except for the
ECMWEF winds at 41025 (Figure 12e,f). While buoy-model Hs compared relatively well at
41025, more variability was observed between the models at 41013. The Hs comparisons
were unique due to an easterly shift in storm track and a decrease of the TCs translation
velocity to ~2.5 m/s as it approached the coast, as evident by the extended time span
of high waves (Figure 14f). The initial wave field was overestimated by NCEP and WIS
models while IFREMER performed better. The ECMWEF model lagged the observed peak
and also overestimated peak Hs. The subsequent wave field generated after the change
in track direction and slowing of the storm was well captured by the IFREMER model,
with Hs overestimates and underestimates evident around the Hs peak for the ECMWF
and NCEP models, respectively. The WIS model underestimated the wave energy at this
location as the storm approached the coast (Figure 14f).

Separating buoy-model comparisons by location based on Hurricane Florence’s storm
track (i.e., left/right) revealed several general patterns. Comparisons showed model resolu-
tions were not able to replicate the higher frequency fluctuations in the Hs observations. As
the buoy approached the coast, three distinct Hs peaks were evident (each with decreasing
peak period) in each of the buoy wave records located on the right side of the storm,
(Figure 14a,c,e). At 41048, the peak period decreased from 15.4 s for the first peak to 13.8 s,
and 12.1 s for the two subsequent peaks, with peak directions increasing from 134°, to
149°, and 159° respectively. Peak 1 in the Hs wave record were the fastest waves (15.4 s),
followed around 6 h later by a wave field with peak periods of 13.8 s, followed around
3 h later by the slower 12.1 s waves, all coming from increasingly larger angles. This was
consistent with the dispersion of different swell waves generated along the right side of
the storm toward buoy 41048 as the hurricane passed [9,11]. These complex variabilities in
the wave fields were not resolved by the 3-h temporal resolution of the NCEP, IFREMER,
and ECMWF models. The higher resolution WIS (1-h) model also did not resolve these
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features (Figure 14a,c,e), suggesting there were other processes modulating the Hs time
series, e.g., water-level and wave—current interaction.

The 1D wave spectra comparisons (red dotted lines in Figure 14) illustrated common
mismatches in the wave energy-frequency space for wave fields generated by Hurricane
Florence. In the RI region observed at 41049, the NCEP and IFREMER wave energy
outputs missed the frequency of the observed peak resulting in overestimates in wave
energy at low frequencies (Figure 13a). A higher peak frequency at 41049 (0.09 Hz) was
evident in comparison to an observed peak frequency of 0.07 Hz at 41048, consistent
with a region undergoing RI that continues to strengthen into the wave fields observed at
41048. The 1D wave spectra comparisons suggest the NCEP and IFREMER models were
not accurately simulating the wave growth at 41049 (Figure 13a). Similar low frequency
errors were evident in the 1D wave spectra comparisons at 41002 (Figure 13d). where
temporal differences exist between observed and modeled Hs peaks (Figure 14d). At 41048,
the peak wave energy at low frequencies was missed by each wave model, while on the
opposite side of the storm at 41047, the low frequency peak energy was substantially less
and overestimated by all models except the ECMWF (Figure 13b). The two shallower
buoys (41025 and 41013) observed wave fields generated while the TC was weakening and
slowing down. The 1D spectra at 41025 showed higher frequency (i.e., lower swell period)
swell energy (Figure 13e) than what was observed at 41048 (Figure 13c). In addition to
the strength and speed of the storm, the energy at 41025 was also likely being dissipated
as it increasingly felt the bottom across the continental shelf. The models consistently
had peak swell energy at lower frequencies than observed, resulting in Hs overestimates.
The high frequency tail of the spectra at 41025 was also generally overestimated by the
models and could have contributed to the observed Hs overestimation (Figure 13e). The
final wave spectra example taken at the Hs peak prior to Florence’s direction change and
slow, landward approach, illustrated a bi-modal spectra that was overestimated at low
frequencies and underestimated at the higher wind wave frequency (Figure 13f). The
ECMWF model performed worst, likely due to its lower resolution in comparison to other
wave models assessed in this study. In the CS region of the hurricane, bi-modal peaks
were common during building seas (i.e., preceding Hs peak region) and exhibited similar
patterns with models typically missing the secondary wind peak.

4.3. Mechanisms of Buoy-Model Differences

Our analysis of all six hurricanes showed an overall Hs underestimation pattern
that was exacerbated by shallow water. However, this broad-stroke approach masks error
patterns unique to each storm as shown for two case studies, hurricanes Sandy and Florence.
The results suggested there were likely multiple sources of wave model errors that vary
dependent on model used and hurricane attributes (e.g., size, speed, intensity, geographic
location). The complex confluence of multiple error sources, especially in shallow water,
made it difficult to tell a simple story about why models were in error. However, we can
highlight common errors observed and speculate on possible causes based on our results
and previous literature.

A major difference between NCEP and the other hindcast models for Hurricane
Sandy was NCEP used the ST2 source term package instead of ST4 used by the other
models. A review of the literature showed varying performance results for ST2 under
strong storm conditions. Studies by [55,56] showed that the ST2 physics was the best
option during TCs over other source term packages in the Indian Seas and in shallower
waters (<100 m) around Zhoushan Islands in the South China Sea. Conversely, [15] found
ST2 parameterization to be the least accurate (in comparison to ST3, ST4, and ST6) with
a systematic underestimation of waves larger than 6 m during Hurricane Ivan. They
concluded that the ST2 cap of the drag coefficient (Cq) that becomes active well below
hurricane wind forcing likely explained underestimation of high waves. Our results
show larger underestimates of Hs along the left side of Sandy (when compared to other
WW3 models) with more occurrences of Hs overestimates in the right sector as discussed
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previously (Figure 7a). If indeed the upper limit cutoff of C4 was contributing to NCEP
Hs underestimations, the examples of overestimation hint at additional issues during the
wind-wave growth phase after a TC makes a substantial course change. However, the
TC climatological study by [57] compared IFREMER hindcasts (1990-2016) to altimeter
observations and found overestimation on the right side of TCs. This suggests the WW3 Hs
overestimation observed on the right side of Hurricane Sandy could be a more systematic
wave-growth issue instead of outliers due to Sandy’s course changes.

The discrete interactive approximation (DIA) approach used by operational wave
models to compute the nonlinear four-wave interactions have known issues under TC
conditions. [32] found large Hs overestimates (up to ~20%) in all sectors of an idealized
hurricane with Rm of 50 km. Yet, a trend of Hs overestimate/underestimate in the left/right
side of the hurricane was evident for default DIA-WW3 runs, opposite of that seen for
Hurricane Sandy [58]. Another limitation of the DIA method is that it is known to produce
an overly broad frequency spectra [15,59] that would smooth bi-modal features observed
in our assessment (e.g., Figures 9e and 13f).

Another limitation of operational wave models is that they do not include wave-
current interactions. It is well established that large horizontal gradients of ocean currents
may significantly affect the surface wave properties [47,60]. Since TC forcing results in
strong surface currents with large horizontal gradients, wave—current interactions can be
important processes during TCs. Following currents can lead to lengthening of surface
waves while opposing currents steepen waves, enhance breaking, and increase dissipation.
Ref. [60] used a coupled wind-current-wave model under idealized TC conditions to assess
the effects of TC generated currents on the wave field. They found the wave field was
significantly affected by the wind-wave current interactions in the region where currents
were roughly aligned with the wave propagation direction (e.g., right front sector). The
advection effects of currents can introduce Hs overestimates of around 20% and also shift
peak frequency to a higher frequency. Similarly, [61] found substantial differences in the
Hs wave field dependent on TC translation speeds and the inclusion of wave—current
interactions. Therefore, the lack of wave—current interactions could partly explain the
overestimation Hs bias pattern seen for NCEP, IFREMER, and WIS results. In particular,
IFREMER showed an Hs overestimation pattern that was limited to the upper right sector
of Hurricane Sandy (Supplementary Figure S2). However, a more recent study by [62]
suggested the modulation of the TC wave field is dominated by background currents in
the far-field, not TC induced surface currents. This is particularly true if the TC generated
wave-field interacts with strong current regimes such as the Gulf Stream [63,64]. It is likely
both TC induced, and background surface currents are important mechanisms modulating
the wave field. We see evidence of the former as Hurricane Sandy approached the coastline
on the 29 October 2012 generating observed coastal surface currents over 2 m/s offshore
of New Jersey to North Carolina [65]. The absence of wave—current interactions likely
contributed to some of the largest Hs bias observed during this study at CDIP buoys 147
and 430 with underestimates in Hs ranging from 33% to 45% for all wave models.

Model resolution was also a likely problem area, particularly for the high gradient
regions generated by Hurricane Florence. For example, the wave models did not properly
reproduce the wave spectra during periods of RI, with consistent overestimates of the low
frequency portion of the spectra for NCEP and IFREMER models and underestimates of
the spectral peak by ECMWEF and WIS models (Figure 13a). The variability in error across
the models show properly simulating wave growth during RI remains a challenge. In
addition, the tendency of the models to underestimate/overestimate wave regimes on the
right/left sides of Florence was similar to error patterns discussed by [32] generated from
DIA parameterization errors. However, given the location of 41047 in the CS and near OS
region of the hurricane (left, back sectors), another potential source of Hs model error was
the wind-induced swell decay (negative wind input), which has been found to be too weak
resulting in overestimation errors as discussed by [15]. Ref. [15] showed that enhancing
the negative wind input properly can effectively improve model skill in these cases. The
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low frequency energy in the 1D wave spectra at 41047 contains less energy and looked flat
compared to other buoys, consistent with the occurrence of higher swell decay that was
not be simulated by the wave models (Figure 13b).

Model Hs errors evident at 41048 and 41002 hints at another issue in simulating
small TCs. The companion paper to this work [57] used 26 years of IFREMER output
and altimeter data to build composite maps of Hs bias around TCs. The study found
that wave model hindcasts consistently underestimated the eye region of TCs, and this
underestimation increased in magnitude with small TCs. For some storms, the Rm was
smaller than the grid resolution, and errors were clearly related to not capturing the spatial
gradients. Similarly, during Florence, the Rm was ~30 km when the hurricane passed 41048
and 41002. Thus, a 30 arcmin model grid resolution (approximately 55.5 km x 55.5 km)
would not adequately capture the strong storm gradients. At 41048, the peak winds were
not simulated well by the wave models (Figure 12c) contributing to the observed large Hs
underestimation up to 3 m at the peak (Figure 14c).

Another interesting error pattern was observed at buoy 41025 that was located in the
Outer Banks region in the vicinity of the Gulf Stream (Figure 6a). The models compared
better than comparisons at 41048, possibly due to the TCs slowing translation speed
and weakening from a category 4 to a category 2 hurricane as it approached the coast.
However, the better comparisons could also in part result from the omission of wave-
current interactions in operational hindcast wave models. [66] found that the current-
induced wave refraction due to strong current shear from the Gulf Stream could induce
considerable variation in wave heights. At 41025, peak wave directions varied from 140° to
170°, interacting at an angle with the NW propagating Gulf Stream that would elongate
the waves and reduce observed wave heights, thus causing better model comparisons at
41025 than 41048. In addition, a shift to a higher frequency peak (~0.09 Hz) was evident
(compared to 0.07 Hz at 41048), also suggesting that wave—current interactions affected the
spectral shape of the wave field [60].

As hurricane-induced waves propagate into progressively shallower water, the wave
fields become more complex as waves refract, shoal, and dissipate due to coastal topogra-
phy and bathymetry. Compared to our deep-water assessments, accuracy of wave hindcast
models diminish in shallow waters. Wave model assessments for all six hurricanes re-
vealed more variability and decreasing performance in the 20-30-m depth range (Figure 3).
Ref. [67] found that longer wavelength, hurricane-induced waves largely dissipate through
shoaling-related breaking in this region they termed the “shelf shoulder.” Therefore, it was
unsurprising that wave models performed poorer in shallow waters given the additional
processes that become important and were not well captured by hindcast setups. Yet, a
surprising result of our study was the relatively good performance of the WIS model in
simulating Hs in shallow water under TC conditions. With a bias of 12.4%, a rmse of
0.83 m, and a cc of 0.77, the WIS model hindcasts substantially outperforms the other
wave models in shallow waters. It was evident from our analysis that the lower coastal
resolutions of 10 arcmin and 21 arcmin for IFREMER and ECMWEF models, respectively,
are not ideal for extreme coastal wave assessments. The NCEP model has a slightly higher
coastal resolution (4 arcmin) than WIS (5 arcmin) yet performed poorly in shallow waters
in comparison to all other wave models. However, a large portion of the error was from
hurricanes Irene (2011) and Sandy (2014) when available NCEP hindcasts used the ST2
parameterization. There was notable improvement in the error metrics for the four storms
after the ST4 implementation with a bias of —13.3%, rmse of 0.84 m, and cc of 0.68. These
results are more comparable to the WIS performance and suggest both models could be
used for TC coastal studies dependent on accuracy requirements.

5. Conclusions

The spatiotemporal variability of intense wind fields from TCs generate complex wave
fields that remain difficult to simulate (forecast/hindcast). We find this to be true of the
operational hindcast products analyzed here. We compared hurricane signatures (time
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series at a single location), as observed in the Hs historical records, across the North Atlantic
NDBC/CDIP buoy array for six recent hurricanes (2011-2019). These storms were chosen
because they were landfalling TCs that impacted the U.S. East Coast. Like previous studies,
the numerical hindcast wave models used in this assessment showed a general tendency to
underestimate peak significant wave heights, but generally performed well in deep waters.
However, a composite analysis of relatively few TCs masks complex Hs bias patterns
unique to each storm. Two hurricanes, Sandy and Florence, with notable differences in size,
intensity, and track were used to illustrate error patterns distinct to each storm in a storm-
centric frame of reference. Contrasting Hs bias patterns were observed between Sandy and
Florence with WW3 models exhibiting a tendency to underestimate/overestimate Hs on
the left/right side of Sandy in comparison to overestimate/underestimate patterns on the
left/right side of Hurricane Florence. The error patterns were likely caused by various
mechanisms, including insufficient resolution, wind input, improper source term parame-
terization (e.g., drag coefficient), and omission of wave—current interactions. In shallow
waters, the wave field becomes more complex as evident in increased Hs bias errors for all
wave models. We found the higher spatial and temporal resolution WIS (5 arcmin coastal
grid) model performed best in the shallow water environment, with similar performance
by the NCEP model (4 arcmin coastal grid) when the ST4 parameterization was used (i.e.,
TCs after 2014).

A recent study by [68] did not find a single source term configuration that performed
best for simulating 17 TCs over the northwest shelf region of Australia. The challenge of
consistently simulating complex variability between TCs is generally why previous studies
often focus on a limited number of events, and in many cases only one, e.g., [14,28,41,64,65].
We build on previous efforts by showing that there is typically not one systematic source
of error in operational wave hindcast models during TCs, but instead multiple sources
that may be distinct to each storm. The long-term, continuous observations from the
NDBC/CDIP buoy array provides a unique opportunity to assess these model deficiencies
in historical and future extreme events that will be essential for improvements in the
performance of numerical wave models under TC conditions. The data sets will also be key
to long-term climatological studies similar to [57], to assess consistent error trends based
on individual storm characteristics (e.g., size, speed, storm track).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jmse9070690/s1, Figure S1: Summary of all TC generated Hs observations (greater than 3 m)
in a storm-centric frame of reference with X and Y distances normalized by the radius of maximum
winds (Rm). Color scale indicates average wave height observed in 1 Rm x 1 Rm bins. The dashed
circle is Rm = 8 with the small inner circle Rm = 1. The up arrow denotes the direction of the TCs
forward translation, Figure S2: Hs bias at all buoy locations during Hurricane Sandy for (a) IFREMER
and (b) ECMWEF in a storm-centric frame of reference with distance from the eye normalized by
the radius of maximum winds (Rm). Observations are binned into 1 Rm x 1 Rm bins. The inner
circle denotes 1 Rm and outer dotted circle denotes 8 Rm. Direction of storm motion is up the page,
Figure S3: (a, ¢, e) NCEP and (b, d, f) WIS Hs biases at buoys (a, b) 41046, (c, d) 41048, (e, f) 41002
during Hurricane Sandy. Plots are in a storm-centric frame of reference with distance from the eye
normalized by the radius of maximum winds (Rm). Observations are binned into 1 Rm x 1 Rm bins.
The inner circle denotes 1 Rm and outer dotted circle denotes 8 Rm. Direction of storm motion is up
the page.
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