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Abstract. Wave extreme values, such as significant wave height, peak period, and crest height, are central to
design and operation practices for offshore wind structures. However, the most suitable methods for deriving
these extremes, both statistically and from numerical models, are not straightforward. This is especially acute in
mixed-type climates, as on the Atlantic coast of the US, where tropical cyclones (hurricanes) and extratropical
cyclones (winter storms) occur at the same locations with varying frequency and intensity. Limited guidance
is provided in major offshore wind energy standards for the minimum requirements of these ocean models and
methods used for determining accurate design and operational metocean conditions for regions with tropical
cyclones and mixed-type environments. This study investigates the representation of extreme significant wave
heights on the US Atlantic coast generated by mixed storm types, as represented in numerical simulations and
univariate extreme value analysis. Notable differences between N-year design values are found, as projected by
the two different modeled conditions with both block maxima and peaks-over-threshold methods. Attributing
factors include hindcast duration, proximity of design location to storm track centers, and single analysis of
mixed-type distributions. This paper is the first of its kind to propose a methodology for defining extreme sig-
nificant wave heights due to tropical cyclones for offshore wind design and operation in mid-Atlantic and North
Atlantic waters. Recommendations for achieving accurate and representative extreme values for offshore design

on the US Atlantic coast are provided.

1 Introduction

As offshore wind development expands to locations with
mixed storm types, such as a combination of tropical and ex-
tratropical cyclones, new meteorological and oceanographic
features influence infrastructure planning, design, and opera-
tion. The successful design and operation of offshore projects
require long-term metocean data, traditionally in the form
of a locally validated, high-fidelity, multi-decade hindcast
of coupled winds, waves, currents, and water levels. These
models are typically forced with or derive boundary condi-
tions from global or downscaled reanalysis datasets, such as
the Climate Forecast System Reanalysis (CFSR) or European
Centre for Medium-Range Weather Forecasts Reanalysis v5
(ERAS) (e.g., Groll and Weisse, 2017). Data from these mod-

els form the basis for extreme value analysis (EVA), the sta-
tistical determination of an N-year parameter. The results of
these methods can be sensitive to method choice, parameteri-
zation, or data fit (see, for example, Haselsteiner and Thoben,
2020).

The representation of coastal extreme events by numeri-
cal models is also sensitive to parameterization choices and
model design decisions. Investigations in the literature have
quantified tropical cyclone features and their influence on
offshore wind design on turbine-scale dynamics. Kim and
Manuel (2019) simulated the local wind, waves, and hydro-
dynamic features of Hurricane Sandy at a number of off-
shore wind development areas on the Atlantic coast with
the Miami Coupled Model. They recommend coupled wind—
ocean modeling for the best representation of the features and
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evolution of tropical cyclones as a prerequisite to intensity
assessment and wind-wave probability distribution. Gomez
et al. (2023) quantified the convective momentum transfer
of Category 1, 2, and 3 tropical cyclones, developed from a
catalog of synthetic events on the US East Coast, and found
that the resulting turbulence and gust characteristics of these
scenarios at times exceeded current IEC standards.

Fewer studies have focused on tropical-cyclone-generated
waves and wave growth and how they are represented in
offshore wind engineering decisions. Additionally, limited
guidance is provided in major offshore standards (American
Petroleum Institute, 2021; DNV, 2021; International Elec-
trochemical Commission, 2019) for the minimum require-
ments of ocean models and methods for capturing tropical-
cyclone-generated N-year wave heights and periods. As a re-
sult, many different approaches have been taken to model and
quantify these ocean design values. Few studies have investi-
gated how current methods treat mixed climates with annual
tropical and extratropical cyclone events.

In the absence of abundant buoy observations in the path
of a tropical cyclone at the points of interest, the region-
ally validated GROW-Fine East Coast model is referenced in
this work as the best representation of these events to assess
whether typical metocean method choices of models and sta-
tistical options deliver suitable ocean design parameters for
the region.

In this study, the selection of proper design values de-
pends on accuracy in three tiers: statistical methodology,
model capacity, and model design. Statistical characteriza-
tion of the meteorological and oceanographic extremes on
the US Atlantic coast with general extreme value and gen-
eralized Pareto methods is frequently selected in the liter-
ature for similar applications, for example in Jonathan and
Ewans (2013), Haselsteiner and Thoben (2020), Northrop
et al. (2017), Barthelmie et al. (2021), and Bhaskaran et al.
(2023). In contrast, Wada et al. (2022) propose the STM-E
(space—time maximum and exposure) method for determin-
ing wave extremes from synthetic tropical cyclone data. In a
broader study, Kresning et al. (2024) investigate load assess-
ment uncertainty for offshore wind on the US Atlantic coast
resulting from a variety of univariate and bivariate extreme
value methods; they find differences of up to 6 % between
return values with different methods based on the same data.
Similarly, Neary et al. (2020) found that discrepancies be-
tween univariate and bivariate methods based on the same
data were random and indicated “reasonable agreement on
average”.

The capacity of spectral wave models to resolve tropi-
cal storm features has been investigated by MacAfee and
Wong (2007), O’Grady et al. (2022), and Padilla-Herndndez
et al. (2007) and establish that Simulating Waves Nearshore
(SWAN) (Booij et al., 1996) and the Wave Modeling Project
(WAM) (Group, 1988), the basis of the GROW-Fine East
Coast wave model, are capable of capturing peak wave val-
ues and trapped-fetch swell generated by tropical cyclones.
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Additionally, similar wave growth and propagation behav-
ior is found by Fonseca et al. (2016) between the SWAN
and MIKE21 (Johnson and Kofoed-Hansen, 2000) models in
coastal Portugal, where large wave heights can be challeng-
ing to sufficiently represent in numerical models.

In addition to tool capacity, modeling choices such as
boundary condition quality must be investigated for suffi-
cient ability to resolve tropical cyclone features. As in Cam-
pos et al. (2022) and Gandoin and Garza (2024), metocean
models frequently employ the ERAS reanalysis dataset for
direct analysis or as a boundary condition to high-resolution
modeling. In these investigations, Campos and Gandoin both
found that ERAS5 underrepresented peak winds during storm
events, while Caires and Sterl (2005) and Stephens and
Gorman (2006) found that ERA-based wave models under-
captured significant wave heights (H;). Similarly, Neary et al.
(2020) found a “systematic underbias for extreme significant
wave height derived from model hindcasts as compared to
those derived from buoy measurements” for 50-year signifi-
cant wave heights at locations on the US Atlantic coast. Each
author suggests additional calibration for improved perfor-
mance.

This paper investigates the performance of two metocean
models forced by global ocean reanalysis datasets (here-
after referred to as “high-resolution” for their high-resolution
wave component) to (1) represent significant wave height due
to tropical and extratropical events and (2) quantify differ-
ences in return period values between these high-resolution
models and datasets generated from direct modeling of trop-
ical and extratropical storm events. Two locations on the US
East Coast are considered, which experience tropical and ex-
tratropical events with varying frequencies and magnitudes,
the North Atlantic (“NA”, New England Wind) and the Mid-
Atlantic Bight (“MAB”, Kitty Hawk Wind), to assess the
sensitivity of the analysis to different mixed-type climates
(see map, Fig. 1). A schematic of the study method is pro-
vided in Fig. 2. Wind and ocean parameterizations of all three
models are documented in Tables 1 and 2, respectively. Fi-
nally, to ensure that the statistical findings from this study
are not significantly sensitive to the selected extreme value
method employed, a subset of model data are additionally
analyzed with an alternative extreme value method.

2 Methods

Two calibrated and validated high-resolution coupled models
of wind, waves, and hydrodynamics simulate a multi-decade
hindcast of hourly conditions around the two wind project
areas. Post-calibrated model results are compared to buoy
observations and the reconstructed tropical and extratropical
storm models (collectively referred to as the “GROW-Fine
East Coast” model). Results are presented as a collection of
absolute and normalized values to protect intellectual prop-
erty of the GROW-Fine data, where necessary.
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Figure 1. Location of study data: buoy observations and associated
turbine analysis locations in the North Atlantic (top insert) and in
the Mid-Atlantic Bight (bottom insert).

Return period estimates from all four models (high-
resolution models in the North Atlantic and in the
Mid-Atlantic Bight, the GROW-Fine tropical-cyclone-only
model, and the GROW-Fine -extratropical-cyclone-only
model) are calculated by the block maxima (BM) method
with a Gumbel distribution, using the Wave Analysis for Fa-
tigue and Oceanography (“WAFO”) toolbox (see Brodtkorb
et al. (2000)).

To ensure that the results were not significantly influ-
enced by the chosen statistical method, a sensitivity analy-
sis of a subset of model results was carried out with peaks
over threshold (POT). A sample of results from this analy-
sis is available in Appendix A. To enable long hindcast pe-
riods for the tropical and extratropical GROW-Fine models,
only storm events are represented in these model datasets,
with modeled periods of up to 1 week surrounding a peak
event. Such a limited dataset poses challenges in establish-
ing the correct threshold and clustering time for analysis
by the peaks-over-threshold method. Following results of a
Kolmogorov—Smirnov one-sample test (see Sect. 2.2.1), the
annual maxima method was considered adequate at all sites
for analysis.

2.1 Model descriptions

Different spectral wave and hydrodynamic coupled models
were chosen for the two investigated sites (Fig. 1) in this
study. These combinations, described in Tables 1 and 2, were
chosen as representative modeling choices that quantify the
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wind, waves, and hydrodynamics of the coastal United States
and of traditional metocean models for offshore wind design.
The domains and extents are shown in Fig. 3.

A list of significant storms during the hindcast period,
available observations, and storm events used for model cal-
ibration is provided in Appendix C, beginning with the first
available buoy-based observations.

2.1.1 North Atlantic high-resolution model

The North Atlantic model comprises 42 years of CFSR
winds forcing a MIKE21 spectral wave and MIKE21 hy-
drodynamics hindcast, with one-way coupling from hydro-
dynamics to waves. The CFSR dataset is reanalyzed from
the National Centers for Environmental Prediction (NCEP)
Climate Forecast System model. In this study, 2 h averaged
winds are interpolated to the hydrodynamic and wave do-
main resolutions, with a wind—wave coupling time step of
1 h. The MIKE21 wave model is based on the wave action
conservation formulation and is run in fully spectral mode
for this study. Depth-induced wave breaking (breaking pa-
rameter y = (0.8 and time step factor o = 1), spatially vary-
ing whitecapping (coefficient of surface drag Cyqs = 0.021 to
0.026 from the Charnock formulation), and nonlinear growth
(coefficient = 1.35) are modeled. Wave calibration is based
on a mixed-type set of 16 storms at four buoys and is applied
uniformly throughout the domain. Tides are modeled by the
DTUI10 Global Tide Model to capture any tidally induced
hydrodynamic or wave effects.

This study investigates extremes at the NA model loca-
tion at 40.75° N, 70.74° W, which has a depth of 62 m and is
45 km from buoy 44 097 (measured depth: 49.4 m), the clos-
est observation to the turbine location of interest. GROW-
Fine East Coast (“GF-EC”) model results are presented for
40.8°N, 70.7° W, which has a depth of 59 m.

2.1.2 Mid-Atlantic model

The mid-Atlantic model comprises 30 years of Weather Re-
search and Forecasting (WRF) winds forcing a SWAN spec-
tral wave and Delft3D hydrodynamics hindcast (Lesser et al.,
2004), with two-way coupling between the hydrodynamic
and wave models. The WRF model is a mesoscale atmo-
spheric model developed by the National Center for Atmo-
spheric Research (NCAR) and partners. In this study, hor-
izontally nested domains with real lateral boundary con-
ditions (CFSR) are applied. The planetary boundary layer
is modeled with the YSU (“Yonsei University”) scheme.
Depth-induced wave breaking, whitecapping (Westhuysen
formulation, van der Westhuysen et al., 2007), and nonlinear
growth are similarly modeled as for the North Atlantic case.
Tides are modeled by the Oregon State University TPXO
dataset to capture any tidally induced hydrodynamic or wave
effects. Wave calibration is based on observations of the 2020
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Figure 2. Study overview: model parameters are calibrated based on a subset of measurements prior to model validation and extreme value
analysis. Additional datasets are post-processed from the high-resolution models into time series of normal and single-type events. This
process is applied in the North Atlantic and the Mid-Atlantic Bight analysis locations. Boundary conditions (BCs) and model parameterization

are provided in Tables 1 and 2.

Table 1. Wind parameterization for the three investigated models in the North Atlantic, in the Mid-Atlantic Bight, and along the US Atlantic

coast (GROW-Fine East Coast).

Model Source Resolution Boundary conditions Duration

NA high-resolution CFSR 22km spatial (2D),2h  CFSR 1979-2021

MAB high-resolution WRF 9 km spatial (3D), 1 h CFSR 1989-2019

GROW-Fine East Coast ~ Tropical Boundary 5.5 km spatial (3D) Wind: satellite Trop: 1924-2021
Layer Model 15 min reconstruction Extratrop: 1954-2021

Pressure: far-field
tropical reconstruction

“Hurricane Isaias” at 36.41° N, 75.23° W and is applied uni-
formly throughout the domain.

This study investigates extremes at MAB model location
36.38°N, 75.00° W, which has a depth of 38 m and is 53 km
from buoy 44014 (measured depth: 49.1 m), the closest ob-
servation to the turbine location of interest. GROW-Fine EC
model results are presented for 36.2° N, 75.0° W, which has
a depth of 40 m.

2.1.3 GROW-Fine East Coast model

The GROW-Fine East Coast tropical and extratropical mod-
els reconstruct storm winds and pressure fields based on mul-
tiple types of historical observations, including from satel-
lites, aircraft flights, and SF microwave radiometetry. Waves
are modeled by OWI3G, the Oceanweather third-generation
wave model based on WAM. This model does not require a
prescribed wave spectrum for initialization, and results are
further assimilated with ocean observations. The GF-EC do-
main spans from southern Florida through the Bay of Fundy.

To reconstruct 100 years of tropical storms and 75 years of
extratropical storms, normal sea states are omitted from the
dataset, and only major storm events are represented. The du-
ration (associated data of storm development and decay) of
individual events therefore varies for each storm throughout
the dataset. The trajectory of tropical storms in the GF-EC
tropical model is based on International Best Track Archive
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for Climate Stewardship (IBTRaCS) records. While valida-
tion of individual events is difficult prior to the deployment
of large-scale observing systems like the National Data Buoy
Center (NOAA), select events with limited observations from
the early to mid-20th century are recreated from the verified
model, balancing model fidelity with overall dataset dura-
tion.

To assess the influence of time (number of storms) on
the statistical assessment of extremes, extreme value analysis
(EVA) is conducted for both the full duration of the GF-EC
records and the shorter duration of the high-resolution mod-
els: 1979-2020 (42 years) for the North Atlantic and 1989-
2019 (30 years) for the Mid-Atlantic Bight.

Model validation with NOAA buoy observations spanning
the Atlantic coast from 1979, the beginning of data availabil-
ity, has been carried out by Oceanweather. For more details
on the storm wind reconstruction method, see Powell et al.
(2010).

2.1.4 Model skill

The GROW-Fine East Coast winds and waves are validated
against 20 buoy measurements, spanning from NDBC 41009
in coastal Florida to NDBC 44027 in the northern Gulf of
Maine, in addition to satellite altimetry. A selection of vali-
dation statistics is provided in Table 3.

https://doi.org/10.5194/wes-10-1529-2025
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Table 2. Wave and hydrodynamic parameterization for the three investigated models in the North Atlantic, in the Mid-Atlantic Bight,
and along the US Atlantic coast (GROW-Fine East Coast). All model bathymetries are derived from GEBCO. The NA and MAB model
bathymetries are supplemented with 1 m geophysical survey measurements within the project area.

Model Tool Resolution Boundary conditions Coupling Spectral pa-
rameterization
NA high-resolution MIKE21 600 m wave (2D) DHI East Coast waves 1-way, 36 directions
600 m hydro (2D) (waves) hydro to waves 32 freq. bins
1h DHI East Coast 0.033 Hz min
(hydro) 0.667 Hz max
MAB high-resolution SWAN+DELFT3D 400 m wave (2D) ERAS 2-way, 36 directions
400 m hydro (3D) (waves) waves and hydro 24 freq. bins
1h HYCOM 0.05 Hz min
(hydro) 0.448 Hz max
GROW-Fine East Coast OWI3G+ADCIRC 5.5km wave (2D) GROW2012 No dynamic 48 directions
5.5km hydro (2D) (waves) coupling; 26 freq. bins
15 min Prevost 08 reanalysis of each ~ 0.029 Hz min
(hydro) modeled storm 0.322 Hz max
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Figure 3. Analysis locations are indicated by circles and validation locations are indicated by triangles. (a) The structured-grid GF-EC
domain spans from 25 to 45.85° N and 82 to 64.3° W. (b) The unstructured-grid NA “high-resolution” domain spans from 39 to 41.5° N and
73 to 68° W. The wave boundary conditions are taken from a regional spectral wave model that spans 28 to 46° N and 82 to 58° W, covering
16 directions and 25 frequencies from 1 to 33 s. (¢) The structured-grid MAB “high-resolution” domain spans from 35.83 to 37° N and 75.58
to 74.83°W.
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Table 3. Validation statistics throughout the North Atlantic model domain against continuous measurements, 2010-2020.

H [m] |

Tog [s] | Tp [s]

Scatter Bias
index [m]

Location and Correlation coefficient
duration [%]

Correlation coefficient

SI Bias | Correlation coefficient SI Bias
[%] [m] [%] [m]

NDBC44097 91
40.97°N,

71.12°W

2009-2020

0.25 0.03

82 0.13 -0.52 73 023 -0.01

NDBC44008 93 0.24
40.50°N,
69.25°W

1982-2020

—0.03

82 0.12 -0.39 75  0.17 0.06

NDBC44017 92
40.69°N,

72.05°W

2002-2020

0.25 0.10

83 0.11 —-0.38 77 0.20 0.13

NDBC44020 81
41.50°N,

70.28°W

2009-2020

0.35 0.10

61 0.07 —0.65 44 011 -0.15

Lidar buoy 91 0.26 0.08
41.07°N,
70.48°W

2018-2020

84 0.11 —-0.21 71 0.22 0.09

Table 4. Selected validation statistics for the GROW-Fine East Coast model overall and in the North Atlantic and mid-Atlantic regions

(recreated from the GROW-Fine project description).

Hg [m] ‘ Tp [s]

Location Correlation coefficient SI  Bias | Correlation coefficient SI Bias

[%] [m] [%] [m]
Combined 093 024 0.13 0.59 0.28 —-0.07
20 buoys
NDBC44008 090 0.21 0.04 047 032 —-0.95
40.50°N, 69.25° W
NDBC41025 090 0.23 0.20 059 024 —-0.27
35.01°N, 75.45°W

The North Atlantic model calibration was determined
from a range of cap to friction velocity values and nonlin-
ear growth coefficients for overall performance during (1) a
mixed set of storms and (2) the entire year of 2012. After this
calibration, validation was conducted over a 10-year period
at five observation locations throughout the model domain.
Validation statistics are provided in Table 4.

Very few measurement data are available within the
project area: in the case of the North Atlantic model, no
tropical cyclones were captured during the 2-year deploy-
ment of the lidar buoy, and in the case of the mid-Atlantic
model, there is only a 3-month overlap between observa-
tions and the hindcast period. The performance of the cali-
brated model during multiple tropical cyclone events is there-
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fore assessed at a farther location: in the North Atlantic,
the closest observation to the project area is 29 km away,
at NDBC buoy 44097. Nine significant tropical and 20 sig-
nificant extratropical events occurred during this 10-year pe-
riod. For all significant wave heights modeled during this pe-
riod, the high-resolution root mean square error (RMSE) is
0.338 m. When only considering tropical-cyclone-generated
waves, the RMSE at this location increases to 0.474 m, sug-
gesting poorer performance during these events. In the mid-
Atlantic region, the closest observation to the project area is
again 29 km away, at NDBC buoy 44014. A total of 27 signif-
icant tropical and 35 significant extratropical events occurred
during this overlapping 30-year period. Similar to the North
Atlantic high-resolution model, when only tropical cyclone

https://doi.org/10.5194/wes-10-1529-2025
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events are considered, the significant wave height RMSE re-
mains elevated at 0.468 m.

2.2 Univariate extreme value methods

Return values are determined according to the general linear
model,

Y =—Bx+e, 1

which associates covariates x with the return values Y in
terms of regression coefficient 8’ and error €. The return val-
ues are calculated based on the log-likelihood of the den-
sity function, described here as either block maxima (fit with
a Gumbel distribution) or as probability-based peaks over
threshold (fit with a generalized Pareto distribution). Two
methods were chosen to assess the sensitivity of results to
method choice.

2.2.1 Block maxima

The generalized extreme value distribution describes a set of
data in terms of shape &, location u, and scale 0. When & =
0, this distribution is equivalent to the two-parameter Gumbel
cumulative distribution function used in this study,

F(x):exp( —exp(—%)),for —o0o<x <00, (2)

from Coles (2001). The location and scale variables were de-
termined by maximum likelihood estimation (tabulated pa-
rameter values can be found in Appendix B). The associated
return value, x,, for annual exceedance probability p is cal-
culated as

xp =p+0o(=In(—In(1 - p))),for —oo < x, < 0. 3)

The statistical basis for the distribution fit is composed of the
largest annual significant wave heights of the model dataset
(fitted distributions of model data are provided in Fig. 4).
A one-sample K-S test was conducted to ensure that the
data follow a Gumbel cumulative distribution function. The
null hypothesis Hy, the data follow a Gumbel distribution,
was not rejected, indicating that at a 95 % confidence level
this distribution adequately fits the data. Figures of the fit-
ted and empirical Gumbel CDF of the data are provided in
Appendix A.

Based on an assessment of the Atlantic hurricane season
between 1991 and 2020, an average of 14 named storms
(depressions, storms, and hurricanes) and 7 hurricanes oc-
cur each year (see “Tropical Cyclone Climatology”, NOAA
(2025), for an overview of this assessment), a small annual
value that poses a challenge for sufficient representation in
sample sets. The GF-EC MAB site data include 81 tropical
cyclone events (storm samples). The GF-EC NA site data in-
clude 80 tropical cyclone events. In the event that a tropical
cyclone did not pass near the analysis location during the

https://doi.org/10.5194/wes-10-1529-2025
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season, no maxima are recorded for that year in the GF-EC
dataset. In the “tropical cyclone only, high-resolution” NA
and MAB datasets, if there is no tropical cyclone activity, a
smaller, non-extratropical cyclone is selected as the annual
maxima. Annual maxima analysis for the “high-resolution”
model datasets account for 42 storms (tropical or extratrop-
ical cyclones) at the NA location and 30 storms (tropical
or extratropical cyclones) at the MAB location. The “high-
resolution” hindcast duration, and therefore storm sample
size, is set by the available duration of reanalysis data ap-
plied to the model boundaries.

2.2.2 Separating storm types

The high-resolution hindcasts comprise all normal and
mixed-type storm periods in one dataset. In order to calcu-
late extreme return values according to storm type, as es-
tablished by Gomes and Vickery (1978), the high-resolution
model results were post-processed for their entire hindcast
period into two datasets: one with tropical storm events re-
moved and another with extratropical storm events removed,
aligned with storms represented in the overlapping period
with the GROW-Fine datasets.

Extreme value theory assumes that extreme values are in-
dependent variables (Mackay and Johanning, 2018). How-
ever, multiple peaks may be attributed to the same event dur-
ing storm growth and dissipation. To preserve the indepen-
dence criterion in this study, only the peak significant wave
height is retained in a period of 98 h during an identified
storm. For simplicity, the same storm duration is assumed for
both tropical and extratropical events; however, in a number
of instances, the storm duration is shorter than this period. In
general, tropical cyclone forward speed is highly dependent
on local climatic conditions, which influences storm duration
in a given location. For storm removal from a dataset, values
49 h prior to and 49 h after the peak significant wave height
are removed.

3 Results and discussion

As return periods extend to 50 years and beyond, tropical cy-
clones become the dominating storm type for extremes both
in the North Atlantic and for all return periods in the mid-
Atlantic (green dash-dotted line, Fig. 5). While extratropi-
cal cyclones are a more frequent occurrence at the North
Atlantic site (there are 48 significant extratropical cyclone
events recorded during the 42-year hindcast period, whereas
there are 15 significant tropical cyclone events), tropical cy-
clones were able to reach greater intensities in the studied
record.

The return values calculated from the GF-EC tropical
model show diverging values in trend and magnitude from
the high-resolution hindcast for both the North Atlantic
(Fig. 5a) and the mid-Atlantic (Fig. 5b) scenarios, despite dif-
ferent calibrations, boundary conditions, and latitudes. The
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influence of statistical and modeling choices on these diverg-
ing trends for tropical cyclone events, as representing storm
frequency and intensity, is investigated further in the follow-
ing sections.

In contrast, there is good agreement between the GF-EC
extratropical model and the high-resolution model data in
both its original and post-processed (normal + extratropical
events) datasets (for the North Atlantic, see Fig. 5a, dash-
dotted yellow line, and for the Mid-Atlantic Bight, see
Fig. 5b, dash-dotted yellow line). The similarity of return
values between models suggests that both the storm type and
sample set of extratropical events at these latitudes are suffi-
ciently represented by the high-resolution models in the 30—
42-year periods investigated.

Wind Energ. Sci., 10, 1529-1550, 2025

3.1 Influence of model characteristics
3.1.1  Overall model performance

Representative model performance is presented here for
similar-intensity storms: the January 2015 extratropical
storm, a Class 3 storm on the Dolan—Davis scale, and “Hur-
ricane Dorian”, a Category 2 storm on the Saffir—Simpson
scale. (For more information on these scaling systems, see
Dolan and Davis, 1992, and Simpson, 1974.) The time and
duration of the extratropical wave height successive peaks
(Fig. 6a) agree between models and measurements, with
the GF-EC extratropical model representing a slightly larger
peak from measurements (45 km distance). Importantly for
wave growth, the evolution of total wave period was captured
well for the extratropical event by all three sources (Fig. 6b).

While there is overall agreement between models and
measurements on peak timing and storm duration during
“Hurricane Dorian”, the proper significant wave height is

https://doi.org/10.5194/wes-10-1529-2025
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more difficult to assess, as observations are 45km farther
from the storm eye than the investigated location. The range
of peak periods throughout the event is also captured by both
models compared to observations. Finally, a notable differ-
ence in significant wave height is observed between the mod-
els for “Hurricane Bob” (Fig. 6e), when the analysis point
is within the storm fetch and 100 km from the storm eye.
In a region prone to occasional high-intensity events (or the
propagation of large waves from these events) this single dis-
crepancy likely influences the long-term statistics for the re-
gion, notwithstanding more frequent and less intense winter
storms.

Throughout the 42-year period, the North Atlantic model
represents all significant tropical and extratropical events on
record, including in a number of cases larger significant wave
heights than in the GF-EC tropical dataset. However, the
combined effect of the “Hurricane Bob” wave height differ-
ence between models, the low number of hurricanes in the
high-resolution model period (15 in 42 years), and the overall
magnitude of the storm within the regional extremes history
(a significant wave height on the order of “Hurricane Gloria”
in 1985 and the “Storm of the Century” blizzard of 1993,
the two largest at the site) has consequential implications for
extreme value estimations within the region.

Similarly, throughout the 30-year period of the MAB high-
resolution hindcast, all identified tropical and extratropical
events are represented. There is a notable trend of underrep-
resentation of the largest storm peaks, suggesting that cali-
bration based on a single tropical cyclone observation was
insufficient in terms of numerical modeling. However, cal-
ibration is not the only (or largest) influence on the return
values calculated in this study, as discussed in Sect. 3.2.

https://doi.org/10.5194/wes-10-1529-2025

3.1.2 Tropical cyclone sea state representation

Model performance is first assessed for the representation of
wind-sea and swell waves generated during storm evolution;
the two-dimensional wave spectrum is partitioned by the wa-
tershed algorithm. (For brevity, only the North Atlantic case
is presented here.) For both the high-resolution and GF-EC
datasets, the wave components are similarly captured during
“Hurricane Bob” and during “Hurricane Dorian”. Both mod-
els capture the physical progression of a tropical cyclone as
signaled by the evolution of wave peak period: elevated swell
frequencies (approximately 10s, Bob, Fig. 7; up to 16 s, Do-
rian, Fig. 7) precede maximum winds. In the case of “Hurri-
cane Bob”, where the analysis point is within the storm fetch,
peak significant wave height (solid vertical line) corresponds
to the wind-sea and overall storm maximum peak periods
(approximately 15s), suggesting coherent representation of
the storm physics. Both swell and wind-sea frequencies are
characterized similarly by both the high-resolution and GF-
EC tropical models.

In the case of “Hurricane Dorian”, where the analysis point
is outside of the storm fetch, the swell maximum peak period
(16s) and wind-sea maximum peak period in both models
arrive prior to the time of peak significant wave height (verti-
cal solid line), representing a slightly different wave growth
environment than during “Hurricane Bob”. During and af-
ter this time, both models represent “Hurricane Dorian” with
similar magnitudes of wind-sea and swell, but there is a no-
table difference in swell frequencies prior to the storm peak
between the two models. Section 3.1.4 investigates this dis-
crepancy further.

Wind Energ. Sci., 10, 1529-1550, 2025
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3.1.3 Wave systems during storm passage

The representation of the storms in Fig. 6 is also investigated
with respect to storm type and forward speed. In the case of
“Hurricane Dorian”, the models show global similarities in
mean wave direction, but the direction of the largest waves
in the NA high-resolution model (36 directional sectors and
32 frequency bins) is less concentrated than for the GF-EC
model (48 directional sectors and 26 frequency bins), sug-
gesting the emergence of a separate wave system (Fig. 8c). In
Fig. 8a, waves appear to be represented by the GF-EC model
in bulk from the south-southeast from the path of the storm
(see Fig. 11).

In the case of “Hurricane Bob”, both models represent a
concentrated range of waves similarly for the average and
largest waves (Fig. 9), while the magnitude of the wave
height differs. This narrower range is a studied feature of hur-

https://doi.org/10.5194/wes-10-1529-2025

ricanes (Forristall and Ewans, 1998), especially approaching
the eye of the storm. 1 min sustained storm surface winds
(90 knots, or 46ms~!, at a 10m height) were recorded in
this location, and the storm eye passed over the site in 1 h.
Given the temporal resolution of the models (the time step
of the GF-EC model is 15 min, and the time step of the NA
high-resolution model is 1 h), it is likely that the modeled in-
teraction of wind-sea and swell waves over this time is influ-
enced by temporal resolution for this fast, significant event.
In contrast, a large spread of wave directions is observed in
both models during the 2015 blizzard (Fig. 10), a feature For-
ristall and Ewans (1998) attribute to extratropical cyclones.
While ocean response to tropical cyclones may result in a va-
riety of wind-sea and swell wave system interactions, there
is a generally narrower range of directional spreading within
the storm fetch for tropical cyclones than for extratropical cy-

Wind Energ. Sci., 10, 1529-1550, 2025
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clones. Particular attention to the radial propagation of waves 19 August 1991 as a Category 2 storm. The eye of “Hurricane
from wind forcing, with respect to storm type, is important to Dorian” also came within 60 km of the mid-Atlantic analy-
ensure the proper ocean physics are represented during these sis point as a Category 2 storm and persisted as Category 2
events. within 260 km of the North Atlantic analysis point.

Following Hwang and Walsh (2018), who studied tropical
cyclone development from satellite observations of multiple

3.1.4 Proximity to tropical cyclone eye
Y P Y Y events and found similar wave growth features between trop-

The physical evolution of tropical cyclones varies from to ical cyclones and other conditions, differences in wave devel-
storm to storm. The radius of a tropical cyclone can span opment between models are considered here to be primarily
from 20 to over 250 km, while the radius of an extratropical a function of fetch or duration representation and not model
cyclone can span on the order of 100 to 2000 km. The repre- performance. To further quantify the influence of storm fetch
sentation of waves and wave growth due to a tropical cyclone on peak significant wave heights, the momentum flux be-
in design values is therefore sensitive to storm track, fetch, tween the atmosphere and the ocean surface is investigated
and the location of derived site conditions. The two tropical in terms of wind stress (from Jones, 2011):

cyclone events investigated in detail here represent a close

proximity to the storm path: from IBTRaCS records, the eye 7, = pCpU 120,,”» “)

of “Hurricane Bob” reached its peak low pressure (950 mb,
Category 3) 60 km from the mid-Atlantic analysis point and where p is air density and Cp is the coefficient of drag.
came within 100 km of the North Atlantic analysis point on Setting aside constants, effective stress is a function of the

Wind Energ. Sci., 10, 1529-1550, 2025 https://doi.org/10.5194/wes-10-1529-2025
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square of the wind speed, normalized here to the largest mag-
nitude recorded from either the GF-EC tropical or NA high-
resolution models during the event. These quantities are pro-
vided for “Hurricane Bob”, which is analyzed inside of the
storm radius in Fig. 12a, and for “Hurricane Dorian”, which
is analyzed outside of the storm radius in Fig. 12b. The sen-
sitivity to distance is clear, despite both storms persisting as
Category 2 at the time and location of analysis: as the stress
on the ocean surface is a function of the square of wind ve-
locity (Eq. 4), the height of non-fully developed wind waves
generated by tropical cyclones is sensitive to the square of the
error in peak modeled wind speed. Underrepresentations of
these values, as noted in Campos et al. (2022) and Caires and

https://doi.org/10.5194/wes-10-1529-2025

Sterl (2005), in conjunction with characterization of points
solely outside of the storm fetch can lead to the underrep-
resentation of modeled wave growth and significant wave
heights.

Coupling quality (the momentum transfer between winds
and waves) and the fidelity of storm representation are also
pertinent to accurately model ocean stress. While in the NA
high-resolution case, wave height is proportional to wind
speed (a 25 % lower wind stress results in a 25 % lower
significant wave height during “Hurricane Bob” compared
to the GF-EC model), assimilated wave fields of the GF-
EC model during “Hurricane Dorian” are only 10 % lower
than from the NA high-resolution model, despite a theoreti-

Wind Energ. Sci., 10, 1529-1550, 2025
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cal wind stress that is 48 % lower. This presents an interesting
area of further investigation for sufficient coupling strategies
for capturing the features of these storms; a coupled wind
and ocean model may not be sufficient on its own for ade-
quate representation of hurricane-generated sea states. Ad-
ditionally, reliance on calibration to correct underrepresenta-
tion is not sufficient without careful selection of observations
from within and from outside of the tropical cyclone fetch for
calibration.

3.2 Influence of statistical choices

In the North Atlantic, where extratropical cyclones are an
annual event, the 10-year return value for the high-resolution
model shows a characteristic of mixed species analysis: the
influence of these events lifts the overall return value over
the tropical-cyclone-only values (see the intersection of the
“CFSR+MIKE21” and “GF-EC Trop. Full” trend lines after
the 10-year mark, Fig. 13a). However, the opposite is ob-
served at longer return periods: the influence of the less in-
tense storm type appears to reduce the overall return value,
leading to increasing divergence between the GF-EC tropical
model and the NA high-resolution (“CFSR+MIKE21”) trend
lines.

When assessing return value sensitivity to dataset length
or the number of extreme events represented in the data, the
GF-EC tropical and extratropical datasets are shortened to
42 years (for the North Atlantic) and 30 years (for the Mid-
Atlantic Bight). The 10- to 10 000-year return values are re-
duced slightly in the North Atlantic case (Fig. 13a) and in-
creased slightly in the mid-Atlantic case (Fig. 14a). In nei-
ther scenario does this shortened dataset explain the trend
and magnitude differences between the two sets of results.
On the contrary, the increase in return values observed in the

Wind Energ. Sci., 10, 1529-1550, 2025

mid-Atlantic case is influenced by higher-than-average trop-
ical cyclone activity in the 1990s and 2000s and misses the
lower-than-average period of Atlantic hurricane activity in
the 1970s and 1980s.

Similarly, analysis of the post-processed high-resolution
data into a single storm type dataset did not mitigate dif-
ferences between the GF-EC-tropical- and high-resolution-
derived return values in Figs. 13a and 14a; in fact, these val-
ues are observed in Fig. 5 to be further reduced (red dashed
line) from the original high-resolution dataset (blue solid
line). In both locations, these lower values suggest that the
periods of 1989-2019 (mid-Atlantic) and 1979-2020 (North
Atlantic) do not present a sufficient basis for fully character-
izing extremes due to tropical cyclones. As previously men-
tioned, the underrepresentation in the high-resolution model
of one of the largest peaks in the dataset, “Hurricane Bob”,
also likely contributes to the lower projected return values
in the North Atlantic case. To mitigate this effect due to lim-
ited dataset duration of the high-resolution models, grid point
“pooling” proposed by Heideman and Mitchell (2009) may
be appropriate.

This trend is significantly reduced in both locations for ex-
treme values due to extratropical cyclones (Fig. 13b, North
Atlantic, and Fig. 14b, mid-Atlantic). The numerical and sta-
tistical representation of extratropical extremes by the high-
resolution model duration, configuration, and boundary con-
ditions appears to be more adequate in both the North At-
lantic and mid-Atlantic cases.

Conducting a single analysis of the multi-species storm
dataset (combining the GF-EC tropical and GF-EC extrat-
ropical datasets into a single storm distribution) notably de-
flates return value estimates to similar levels as those de-
rived from the high-resolution datasets (see Fig. 13a, GF-EC

https://doi.org/10.5194/wes-10-1529-2025
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“combined” 42-year line with triangle, and Fig. 14a, GF-EC
“combined” 30-year line with triangle). The cumulative ef-
fect of a reduced storm sample (shortening the GF-EC trop-
ical data from 100 to 42 and 30 years) and single statisti-
cal analysis of the mixed species shows a clear influence of
storm type and storm sample on wave fields for both regions
investigated. From Fig. 5a and b, extreme values calculated
from this “combined” dataset are up to 15.9 % lower than
the tropical-only case in the North Atlantic and up to 13.2 %
lower than the tropical-only case in the mid-Atlantic. These
differences occur similarly in both locations, despite differ-
ences in tropical storm frequency and peak storm intensities

https://doi.org/10.5194/wes-10-1529-2025

observed in the historical record. Subsequently, the recom-
mendations of IEC 61400-1, Annex J, which specify sepa-
rated analysis of winds by storm type, should be extended to
wave fields for ocean engineering applications.

4 Conclusions

In this study, the factors influencing extreme significant wave
height estimations for design due to tropical cyclones were
assessed for the relative influence of model and statistical
choices at two locations on the US Atlantic coast. The per-
formances of two high-resolution models with differing cal-

Wind Energ. Sci., 10, 1529-1550, 2025
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ibration methods were assessed alongside reanalyzed ocean
wave values, forced by reconstructed storm winds, during a
period spanning from 30 to 100 years. Choices leading to the
statistical distribution of extreme events with the block max-
ima method were also investigated.

Overall, return values associated with extratropical events
are shown in this study to be well-resolved by estab-
lished methods of metocean modeling with CFSR- or WRF-
generated winds and ERAS wave boundary conditions com-
pared to observations and as evidenced by similar return val-
ues generated from all models investigated. However, the dif-
ferences in extreme values estimated in this study when only
considering tropical cyclones suggest that underrepresenta-
tion of peak wave parameters by the high-resolution models
cannot be mitigated by calibration alone, due in part to the
model temporal resolution of wind-generated waves, model
treatment of the momentum flux transfer between coupled
wind and waves, and the limited treatment by calibration fac-
tors of spatially dependent features within and outside of the
fetch of a tropical cyclone. While both high-resolution mod-
els, with different wind forcing, model design, boundary con-
ditions, and calibration techniques, captured tropical cyclone
peak significant wave heights within 7 % on average for both
the NA and MAB high-resolution time series, larger differ-
ences were observed for the largest storm waves.

In addition to numerical representation, statistical choices
are a major contributing factor to significant wave height re-
turn values. Regardless of the storm type driving the largest
two to three storms in a dataset, analysis of decades of storms
as a combined set of types resulted in an overall reduction
of derived return values for periods 10 years and greater in
both the North Atlantic and mid-Atlantic locations. Adequate
sample size is also necessary (but insufficient alone) to char-
acterize extreme wave heights on the US Atlantic coast due
to these storms. The combination of sufficient sample size
and analysis by single storm type leads to the notable dif-
ferences in estimated return values between the datasets pre-
sented in this study. One implication of these findings can
be investigated for the proper sizing of offshore substation
deck height, which is based on the maximum wave crest
height: using the North Atlantic “high-resolution” data, the
deck is 20 % shorter than that from the GF-EC dataset if fol-
lowing API guidance (based on a 1000-year maximum crest
height) and 26 % shorter if following standard DNV-ST-0145
(10 000-year maximum crest height).

For more representative estimation of return values for off-
shore infrastructure design in areas with tropical cyclone ac-
tivity, the following is recommended.

— Analysis of a range of points within and outside of char-
acteristic storm radius at the site.

— Storm type has a nontrivial effect on estimated signif-
icant wave height return values. Extreme value analy-
sis of significant wave height should be carried out on
single-storm-type datasets, extending the guidance of
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IEC 61400-1 Annex J, which is concerned with sepa-
rated analysis of synthetic storm wind fields.

— A 30- to 40-year hindcast period is sufficient to charac-
terize extratropical extremes in the North Atlantic and
mid-Atlantic locations investigated.

— A 30- to 40-year hindcast period is not sufficient in the
investigated areas to characterize tropical cyclone ex-
tremes, even with model calibration to a number of trop-
ical cyclone events. If a longer data period is not avail-
able, grid point pooling should be considered.

Appendix A: Comparing return values by method

The sensitivity of return values to the chosen distribution, pa-
rameters, and extreme value method employed in this study
was investigated for a number of distributions and methods.
Return values by block maxima were assessed with both gen-
eralized extreme value and Gumbel distributions.

While the generalized extreme value distribution is the
most comprehensive distribution for the block maxima
method, the Gumbel distribution was chosen for its treat-
ment of the tail of the data, the small or negligent values
of shape factor parameter over all investigated datasets, and
the goodness of fit as assessed by the Kolmogorov—Smirnov
one-sample test (Fig. Al).

The influence of the chosen method was also investigated.
Return values are displayed in Fig. A2 for both the NA and
MAB high-resolution data with peaks over threshold, fit with
a generalized Pareto distribution.

While there are differences between absolute return val-
ues between extreme value analysis by POT and by BM (BM
Gumbel returned values 3—4 m higher than for POT-GP of
the same data at both sites), similar layered trends by dataset
are observed, which is the focus of this study. At the 1000-
year period (Fig. A2), an interesting and opposite trend is
observed between the two sites: in the North Atlantic, val-
ues trend lower in a nonlinear fashion, whereas in the mid-
Atlantic, they trend higher nonlinearly. Given that there is no
significant bias between the two locations toward one method
or the other, the block maxima method is considered suitable
for this investigation.
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Appendix B: Tabulated extreme values

Table B1. Selected return period extreme significant wave heights [m] and associated fit parameters for block maxima (BM) analysis at
the North Atlantic (NA) and at the Mid-Atlantic Bight (MAB) locations. Fit parameters of the data with the generalized extreme value
distribution are also provided, showing a shape factor, k, near 0.

Model 50 100 1000 10,000 n o k
NA high-resolution 95 % confidence 9.35-11.85 9.89-12.72  11.67-15.59 13.44-18.46

intervals

NA high-resolution (BM Gumb) 10.60 11.30 13.63 1595 6.66 1.01 0
NA high-resolution (BM GEV) 6.56 0.92 0.192
NA GF-EC trop. 95 % confidence 10.58-14.30  11.79-16.01  15.79-21.64  19.78-27.26

intervals

NA GF-EC trop. (BM Gumb) 12.44 13.90 18.71 2352 430 2.09 0
NA GF-EC trop. (BM GEV) 4.39 2,12 —0.0498
NA GF-EC extratrop. 95 % confidence 9.32-12.72 10.03-13.89  12.37-17.72 14.71-21.55

intervals

NA GF-EC extratrop. (BM Gumb) 10.11 10.88 13.41 1594 5.79 1.34 0
NA GF-EC extratrop. (BM GEV) 1.72  1.036 0.22
MAB high-resolution 95 % confidence 7.87-10.35 8.30-11.11 9.71-13.60  11.11-16.09

intervals

MAB high-resolution (BM Gumb) 10.75 11.68 14.77 17.87 5.82 0.85 0
MAB HiRes (BM GEV) 5.76  0.799 0.135
MAB GF-EC trop. 95 % confidence 10.53-14.17 11.71-15.84  15.62-21.35  19.52-26.85

intervals

MAB GF-EC trop. (BM Gumb) 12.35 13.77 18.48 23.18 4.38 2.04 0
MAB GF-EC trop. (BM GEV) 4.62 2.53 —0.22
MAB GF-EC extratrop. 95 % 7.91-10.93 8.54-11.95 10.62-15.35 12.69-18.74

confidence intervals

MAB GF-EC extratrop. (BM Gumb) 9.42 10.25 12.99 15.72 479 1.19 0
MAB GF-EC extratrop. (BM GEV) 1.83 0.95 0.04
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Appendix C: Calibration and tropical cyclone events
during the hindcast period

All tropical cyclone events that occurred during the high-
resolution forecast and buoy-based observations of these
events are provided in Table C3. The largest 16 storms in the
2009-2020 period were used for calibration, four of which
were tropical cyclones; there were six tropical cyclones in
the North Atlantic during this time period.

The mid-Atlantic model was calibrated against lidar buoy
observations of “Hurricane Isaias” in July 2020. The fric-
tion coefficient, whitecapping parameterization (Westhuysen
or Komen), time step, and wave boundary conditions were
adjusted during the calibration process. The boundary con-
dition calibration (ERAS wave forcing on three boundaries
or ERAS waves on the eastern boundary with open condition
on the remaining boundaries) resulted in notable differences
in the mean wave direction compared to observations during
hurricane passage. This is attributed to improved treatment of
wind-driven waves during this event, and ERAS wave forc-
ing only on the eastern boundary was chosen for the final
configuration. Significant wave heights were similar to ob-
servations for both boundary condition configurations. The
final calibration values are provided in Table C1. Validation
statistics are provided in Table C2.

Table C1. Calibration values for the MAB “high-resolution” model.

1547

Whitecapping Time step Chezy Jonswap coefficient
Calibration range ~ Westhuysen or Komen =~ 2-0.2 min 65-85 0.25-0.85
Selected Westhuysen Variable, reduced from 65 0.67

2 min during certain events

Table C2. Validation statistics for the MAB “high-resolution” model.

Location RMSE
Lidar buoy 0.26 m
06/2020-07/2020
NDBC44099 0.25m
2009-2019

Mean absolute Index of
error agreement
0.20m 0.66
0.18m -
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Wind Energ. Sci., 10, 1529-1550, 2025




1548 S. McElman et al.: Quantifying tropical-cyclone-generated waves

Table C3. Available observations of hurricane events in the modeled time period.

Storm (approx. day of peak) North Atlantic Mid-Atlantic Bight ~ In GF-EC NA model? In GF-EC MAB model?

observations observations
19 August 1991 NDBC 44014 X X
30 October 1991 NDBC 44014 X X
1 September 1993 NDBC 44014 X
18 November 1994 NDBC 44014 X
NDBC 44019
17 August 1995 NDBC 44014 X
13 July 1996 NDBC 44014 X X
6 September 1996 NDBC 44014 X
8 October 1996 NDBC 44014 X
28 August 1998 NDBC 44014 X
1 September 1999 NDBC 44014 X
16 September 1999 NDBC 44014 X
18 October 1999 NDBC 44014 X
10 September 2002 NDBC 44014 X
28 September 2003 NDBC 44014 X
3 August 2004 NDBC 44014 X
25 October 2005 NDBC 44014 X
3 November 2007 NDBC 44014 X X
NDBC 44056
6 September 2008 NDBC 44014 X
NDBC 44056
NDBC 44100
3 September 2010 NDBC 44097 NDBC 44014 X X
NDBC 44056
NDBC 44100
27 August 2011 NDBC 44097 NDBC 44014 X X
NDBC 44056
NDBC 44100
29 October 2012 NDBC 44097 NDBC 44014 X X
NDBC 44056
NDBC 44100
4 July 2014 NDBC 44097 NDBC 44014 X
NDBC 44056
NDBC 44100
9 October 2016 NDBC 44097 NDBC 44014 X X
NDBC 44056
NDBC 44100
19 September 2017 NDBC 44097 NDBC 44014 X X
NDBC 44056
NDBC 44100
13 September 2018 NDBC 44097 NDBC 44014 X X
NDBC 44056
NDBC 44100
NDBC44086
12 October 2018 NDBC 44097 NDBC 44014 X
NDBC 44056
NDBC 44100
NDBC44086
6 September 2019 NDBC 44097 NDBC 44014 X X
NDBC 44056
NDBC 44100
NDBC44086

Wind Energ. Sci., 10, 1529-1550, 2025 https://doi.org/10.5194/wes-10-1529-2025
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