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Abstract: The Outer Continental Shelf along the U.S. east coast exhibits abundant wind resources
and is now a geographic focus for offshore wind deployments. This analysis derives and presents
expected extreme wind and wave conditions for the sixteen lease areas that are currently being
developed. Using the homogeneous ERA5 reanalysis dataset it is shown that the fifty-year return
period wind speed (U50) at 100 m a.s.l. in the lease areas ranges from 29.2 to 39.7 ms−1. After applying
corrections to account for spectral smoothing and averaging period, the associated pseudo-point U50

estimates are 34 to 46 ms−1. The derived uncertainty in U50 estimates due to different distributional
fitting is smaller than the uncertainty associated with under-sampling of the interannual variability
in annual maximum wind speeds. It is shown that, in the northern lease areas, annual maximum
wind speeds are generally associated with intense extratropical cyclones rather than cyclones of
tropical origin. Extreme wave statistics are also presented and indicate that the 50-year return period
maximum wave height may substantially exceed 15 m. From this analysis, there is evidence that
annual maximum wind speeds and waves frequently derive from the same cyclone source and often
occur within a 6 h time interval.

Keywords: extreme; waves; wind; wind turbines; offshore; wind energy

1. Introduction
1.1. Background and Motivation

As of the end of 2019, over 5000 wind turbines with a total rated capacity of 22 GW
are installed in the offshore areas of 12 European countries. Thus, over 10% of European
installed wind capacity is now located offshore [1]. Trends in the industry incorporate
upscaling of turbines and wind farms and decreases in the levelized cost of energy such
that offshore wind is now cost competitive in mature markets without subsidies [2,3]. The
mean rated power of wind turbines installed offshore in Europe during 2019 is 7.8 MW
and the average size of offshore wind farms in construction is 621 MW [4]. There is also a
transition to deployment at increasing water depth (average 33 m) and distance to shore
which increased from a mean of about 35 km in 2018 to nearly 60 km for installations in
2019 [4].

The U.S. gross potential offshore wind resource is estimated at 10,000 GW, or just
over 2600 GW (~7000 TWh/year) when technical constraints such as water depth are
considered [5]. For comparison, the current electricity generation of the US is just over
4000 TWh/year [6]. Progress to harness this resource has been slower than the European
experience [7]. As of September 2019, the U.S. had one 30 MW offshore wind farm at
Block Island, Rhode Island, and two research turbines in Virginia [8]. However, the total
U.S. offshore wind pipeline is over 26 GW and spans 10 states [9]. In the U.S. the coastal
jurisdiction of individual states extend 3 nautical miles (nm) offshore from the mean
low lower water line (9 nm for Texas and Florida) [10]. The Bureau of Ocean Energy
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Management (BOEM) is responsible for mineral and energy rights in the Outer Continental
Shelf (OCS) extending from that state boundary out to the US Exclusive Economic Zone
(EEZ) (i.e., to 200 nm from the mean low water line) [10]. BOEM issues competitive leases
for offshore wind energy by auction. Once a lease is acquired, the developer must submit
site assessment plans and, if approved, move to construction and operations plans which
must also be approved. The developer is also responsible for decommissioning [11].

Much of the planned deployment is focused on the eastern U.S. coastal areas. The
twelve eastern states shown in Table 1 and Figure 1, have approximately 25% of the total
U.S. gross offshore potential [5], but currently exhibit only modest penetration of electricity
generation from onshore and offshore wind turbines. Only Maine has above the 7.1%
national average contribution to electricity generation from onshore wind energy (Table 1).
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Figure 1. Map of the U.S. eastern seaboard showing bathymetry, states with potential for offshore wind (labelled using 
the two letter abbreviations given in Table 1 and colored according to the offshore wind energy potential expressed as 
installed capacity in GW) and locations of the 16 active LA (August 2020). States filled in magenta (CT, DE, NH, PA) have 
<10 GW offshore wind energy potential, states filled in red (RI, VA) have gross potential of 10–100 GW, states filled in blue 
(MD, ME, NJ, NY) 100–300 GW and states filled in green (MA, NC) > 300 GW [5]. ME which is north of NH is not shown 
on the map. 

Assessment of offshore wind resources and operating conditions is challenging, par-
ticularly because of the lack of on-site measurements across the rotor plane [15,16]. Nev-
ertheless, there is consensus that the wind resource along the U.S. eastern seaboard is con-
siderable. A composite of seasonally-corrected mean wind speeds at a nominal height of 
10 m based on 500 Synthetic Aperture Radar scenes from 1998–2018 indicate good agree-
ment with data from buoys, sharp spatial gradients, and mean wind speeds at 10 m height 
from 6 ms−1 at the coast to over 9 ms−1 in the far offshore [17]. A five year simulation with 
the Weather Research and Forecasting model applied at 5 km grid resolution suggested 
wind power density at 90 m in excess of 600 Wm−2 in the coastal zone (with water depths 
< 200 m) extending from North Carolina up to Maine [18]. A three-year (2013–2015) ar-
chive of hourly output from the NOAA High-Resolution Rapid Refresh model applied 
with 3 km grid resolution found mean wind speeds at 80 m height ranges from 6.5 ms−1 in 
sheltered bays (Chesapeake, Delaware, and Long Island Sound, New York) to over 8.25 
ms−1 in more exposed portions of Cape Cod, with spatial gradients of 1.2 to 1.4 ms−1 per 
100 km south of Cape Cod (over LA 1–7) [19]. Knowledge gaps remain regarding longer-
term wind resources and the conditions under which wind turbines located in the east-
coast OCS will operate.  

Figure 1. Map of the U.S. eastern seaboard showing bathymetry, states with potential for offshore
wind (labelled using the two letter abbreviations given in Table 1 and colored according to the
offshore wind energy potential expressed as installed capacity in GW) and locations of the 16 active
LA (August 2020). States filled in magenta (CT, DE, NH, PA) have <10 GW offshore wind energy
potential, states filled in red (RI, VA) have gross potential of 10–100 GW, states filled in blue (MD,
ME, NJ, NY) 100–300 GW and states filled in green (MA, NC) > 300 GW [5]. ME which is north of
NH is not shown on the map.
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Table 1. Offshore wind energy potential of U.S. east coast states that have offshore wind lease areas (LA); Connecticut,
Delaware, Massachusetts, Maryland, Maine, New Hampshire, New Jersey, New York, North Carolina, Pennsylvania, Rhode
Island and Virginia.

State Abbreviation

Offshore
Wind
Gross

Potential
(GW) [5]

Offshore
Wind

Electricity
Generation

Potential
(TWh/y) [5]

2018
Electricity

Generation
from Wind
GWh/year

[12]

2018 Total
Electricity

Generation
TWh/year

[12]

Current
Electricity

from Onshore
Wind [6] (%

of Total
Generation)

Potential
Contribution
to Electricity

from Offshore
Wind (% of

Current
Generation)

Connecticut CT 4.6 17 12.2 39.4 0.0 43.1
Delaware DE 9.1 37.9 5.2 6.2 0.1 611.3

Maine ME 127.5 645.9 2284.3 11.3 20.2 5715.9
Maryland MD 130.8 603.2 570 43.8 1.3 1377.2

Massachusetts MA 545.8 2858.1 221 27.2 0.8 10507.7
New

Hampshire NH 2.1 9.4 0.4 17.1 0.0 55.0

New Jersey NJ 165.5 796.2 22.5 75 0.0 1061.6
New York NY 165.6 786.1 3998.3 132.5 3.0 593.3

North
Carolina NC 807.4 3661.3 549.8 134.3 0.4 2726.2

Pennsylvania PA 5.7 24.3 3566.9 215.4 1.7 11.3
Rhode Island RI 21.3 103.1 158.6 8.4 1.9 1227.4

Virginia VI 93.3 404.5 172.8 95.5 0.2 423.6

Sum of all
12 states 2078.7 9947.0 11,562.0 806.1 1.4 1234.0

US Total 10,799.9 44,378.2 272,667.0 4178.0 7.1 1062.2

Overall, the offshore wind energy potential is over 12 times the current electricity
generation of these 12 U.S. states. There is substantial state-to-state offshore wind poten-
tial but even in states with limited coastlines, offshore wind energy could substantially
contribute to state electricity consumption, and others have very large offshore wind
potential that exceeds current total generation by orders of magnitude. For example, Mas-
sachusetts has an estimated electricity generation potential (2858 TWh/yr) that is more
than 100 times current total electricity generation. An analysis based on the market value
of offshore wind from 2007 to 2016 varied substantially along the eastern seaboard (from
$40/MWh to > $110/MWh), with the highest value off the coast of New York, Connecticut,
Rhode Island, and Massachusetts [13]. Accordingly, BOEM has 16 active leases along
the northeast/Atlantic coastal states (Table 2 and Figure 1 [14]. All analysis presented
herein are performed for each of the 16 LA (Figure 1, Table 2) but results are clustered
into three groups. The most northerly is LA 1–7, mid is 8–13, and south is 14–16 (Figure 1
and Table 2).
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Table 2. Offshore LA for wind developments off the U.S. east coast. Data from https://www.boem.gov/renewable-energy/lease-and-grant-information and https://maps.ngdc.noaa.
gov/viewers/bathymetry/ and https://oceancolor.gsfc.nasa.gov/docs/distfromcoast/. Centre latitudes and longitudes are estimated from shapefiles available from BOEM [14]. * in
second column denote LA that fall within the same ERA5 grid cell for wind speeds (LA 3 and 4). †, ‡, # and ˆ in second column denote LA that fall within the same ERA5 grid cell for
waves (LA 1 and 3, 6 and 7, 11–13 and 14 and 15, respectively). The final column shows the mean annual mean wind speed computed from the ERA5 hourly output at 100 m height.

Group LA # Lessee State Area (km2) Identifier Year
Issued

Center
Latitude (N)

Center
Longitude (W)

Water
Depth (m)

Distance to
Coast (km)

Mean Annual
Mean Wind

Speed (ms−1)

North

1 † Vineyard Wind MA 675.7 OCS-A 0501 2015 40.967 70.581 50 35 9.16

2 Bay State Wind MA 759.2 OCS-A 0500 2015 40.978 70.842 51 30 9.12

3 *,† Equinor MA 521.5 OCS-A 0520 2018 40.839 70.522 56 53 9.17

4 * Mayflower Wind MA 515.7 OCS-A 0521 2018 40.75 70.426 51 61 9.17

5 Vineyard Wind MA 535.9 OCS-A 0522 2018 40.696 70.196 46 65 9.17

6 ‡ Deepwater Wind New
England RI/MA 272.3 OCS-A 0487 2013 41.119 71.075 37 26 9.02

7 ‡ Deepwater Wind New
England RI/MA 394.7 OCS-A 0486 2013 41.006 71.136 47 31 9.01

Mid

8 Equinor NY 321.3 OCS-A 0512 2017 40.274 73.315 38 45 8.55

9 Atlantic Shores
Offshore Wind NJ 742.3 OCS-A 0499 2016 39.321 74.046 24 31 8.55

10 Ocean Wind NJ 649.7 OCS-A 0498 2016 39.106 74.279 24 32 8.54

11 # Garden State Offshore
Energy I DE 283.8 OCS-A 0482 2012 38.658 74.704 27 31 8.02

12 # Skipjack DE 106.6 OCS-A 0519 2018 38.561 74.671 33 38 8.11

13 # US Wind MD 322.7 OCS-A 0490 2014 38.337 74.750 29 28 8.24

South

14 ˆ Virginia Electric and
Power Company VA 456.7 OCS-A 0483 2013 36.907 75.361 26 52 8.30

15 ˆ Virginia, Dept Mines,
Min. Energy (Research) VA 8.6 OCS-A 0497 2015 36.911 75.495 25 42 8.15

16 Avangrid Renewables NC 495.6 OCS-A 0508 2017 36.342 75.108 37 58 8.34

https://www.boem.gov/renewable-energy/lease-and-grant-information
https://maps.ngdc.noaa.gov/viewers/bathymetry/
https://maps.ngdc.noaa.gov/viewers/bathymetry/
https://oceancolor.gsfc.nasa.gov/docs/distfromcoast/


Energies 2021, 14, 1053 5 of 25

Assessment of offshore wind resources and operating conditions is challenging, par-
ticularly because of the lack of on-site measurements across the rotor plane [15,16]. Nev-
ertheless, there is consensus that the wind resource along the U.S. eastern seaboard is
considerable. A composite of seasonally-corrected mean wind speeds at a nominal height
of 10 m based on 500 Synthetic Aperture Radar scenes from 1998–2018 indicate good agree-
ment with data from buoys, sharp spatial gradients, and mean wind speeds at 10 m height
from 6 ms−1 at the coast to over 9 ms−1 in the far offshore [17]. A five year simulation
with the Weather Research and Forecasting model applied at 5 km grid resolution sug-
gested wind power density at 90 m in excess of 600 Wm−2 in the coastal zone (with water
depths < 200 m) extending from North Carolina up to Maine [18]. A three-year (2013–2015)
archive of hourly output from the NOAA High-Resolution Rapid Refresh model applied
with 3 km grid resolution found mean wind speeds at 80 m height ranges from 6.5 ms−1

in sheltered bays (Chesapeake, Delaware, and Long Island Sound, New York) to over
8.25 ms−1 in more exposed portions of Cape Cod, with spatial gradients of 1.2 to 1.4 ms−1

per 100 km south of Cape Cod (over LA 1–7) [19]. Knowledge gaps remain regarding
longer-term wind resources and the conditions under which wind turbines located in the
east-coast OCS will operate.

Wind turbines are generally not bespoke but rather are designed within specific classes
based on prevailing loading conditions, with selection of hub-heights and rotor diameters
dictated by estimates of the wind profile and turbulence conditions. The wind turbine
classes are described by International Electrotechnical Commission standards [20] (referred
to herein as IEC) (Table 2). The full list of wind condition requirements in the standards is
extensive, including details of the wind speed probability density function, wind speed
standard deviation from the ambient turbulence, extreme ambient wind speed standard
deviation, flow inclination, wind shear and air density. One key environmental (external)
condition included in wind turbine design is the 50-year return period wind speed at
hub-height, U50. This wind speed has a probability of exceedance in any year of 2%. A
hub-height reference wind speed (Uref) is specified in the standards for wind turbine classes
I, II, and III as 50, 42.5, and 37.5 ms−1. The concept is that U50 should not exceed this value,
and thus the estimate of U50 provides input to the selection of a given wind turbine class.
For areas prone to tropical cyclones, a new wind turbine class, T, has been introduced that
is suitable for deployment in environments with maximum sustained 50-year return period
wind speed of 57 ms−1 [21,22]. Wind turbine design for offshore deployment requires
determination of a suite of additional sea state parameters and consideration of their
long-term variability [21]. For offshore turbines specifically, section 6.3 of IEC 614000-3
states that the turbine support should be designed using site-specific wind conditions
and rotor-nacelle assembly can be designed using either site specific conditions or the
models from IEC 614000-1 or using the special class S may be appropriate for external
conditions not fully covered. Additional consideration is given to an extensive set of
parameters relating to external conditions such as wave height and period during both
normal and extreme states (including spectral periods of waves, joint probabilities of wind
and waves) sea currents, water levels, surges and sea ice, drifting ice, and the implications
for hydrodynamic loading on support structures [21,23]. The IEC standards [21] use the
following variables to define extreme wave state; significant wave height (Hs) with return
periods of 50 years and 1 year (assuming a 3 h sampling period for wave information),
extreme individual wave height with return periods of 50 years and 1 year (and associated
wave periods), and extreme crest height. There is no fixed method for determining these
variables and it is important to note that they are impacted by water depth and that wave
breaking and ‘slamming’ may occur in shallower water depths [24].

1.2. Research Objectives

The primary objective of this research is to derive robust estimates of U50 close to
proposed wind turbine hub-heights (100 m a.s.l.) for the offshore areas of the U.S. east
coast that are likely to be developed for offshore wind energy, and to ascribe uncertainty to



Energies 2021, 14, 1053 6 of 25

those estimates. Statistical uncertainty associated with extrapolating wave heights or wind
speeds to long return periods to inform decisions regarding design of offshore structures
derives from (1) the choice of the sample used to represent the population (e.g., the data
source and associated accuracy and presence/absence of inhomogeneities, plus the data
set duration) and (2) the probability distribution used to represent the parent and extreme
value populations and the estimation of the distribution parameters. Here we seek to
minimize uncertainty that derives from (1) via use of a consistent, long-duration reanalysis
product, and instead focus on the second source of uncertainty.

Offshore wind turbines in the LA along with the U.S. east coast will be at risk from
extreme wind and wave conditions including those associated with Atlantic hurricanes (and
other tropical cyclones) [25]. However, considerable uncertainty surrounds the hurricane
catastrophic risk to offshore wind power off the U.S. east coast [26–28]. Analyses using the
HURDAT Hurricane reanalysis database [29] for the period 1899–2004 were used to infer
50-year return period wind speed of 59 ms−1 for coastal areas along the U.S. east coast,
although only four years during the 106 year record had intensity estimates anywhere in
the region of the 16 LA with wind speeds in excess of this level [30]. Annual maximum
wind speeds can also result from extratropical (frontal) cyclones. Simulation of significant
Nor’easters along the U.S. east coast (i.e., a northward track consistent with Miller type
A, [31]) follow a mean track that traverses the north LA 1–7 and the south LA 14–16 while
the central LA 8–13 are within one standard deviation of the mean track in the current
day climate [32]. Atmospheric analyses suggest the northern LA may be subject to a high
frequency of cyclone passages (cyclone track density of >20 tracks per month per 106 km2

in winter) [33]. However, the entire eastern seaboard is an active area for cyclogenesis with
high baroclinicity due to the sea surface temperature gradients from the warm Gulf Stream
which can also intensify cyclones [33]. There is also some evidence that under climate
change, the number of extratropical cyclones may decrease in number but the number
of intense cyclones may increase to possibly take more eastward (offshore) tracks [34].
Thus, a secondary objective is to examine the dynamical sources of the annual maximum
wind speeds at each of the LA and determine the origin and storm tracks associated with
production of annual maximum wind speeds.

The final objective is to characterize the 50-year return period maximum wave height,
Hmax, and significant wave height, Hs. Although we primarily focus on univariate prob-
ability distributions fitted independently to each wind and wave parameter given the
importance of joint wind-wave loading to structural response we also examine the degree
to which annual maximum values of wind and waves co-occur in the reanalysis dataset at
each LA.

2. Methods
2.1. ERA5

The ERA5 dataset is a global reanalysis product with output for 1979–2018 at a spatial
grid resolution of 0.28125 by 0.28125◦ for wind speed components and other meteorological
data [35]. The spatial resolution is almost double that of MERRA as is the number of
vertical levels [36]. Wind speeds are provided at 100 m which is relevant for the wind
industry [37]. ERA5 assimilates an unprecedented range of in situ and remote sensing
observations and generates a wide array of output fields [38]. Specific to the variables
considered herein, the ERA5 data assimilation system ingests a range of satellite altimetry
data on wave height and multiple sources of ocean wind speeds including those from
scatterometers and microwave scanning radiometers.

Data from the ERA5 grid cells enclosing the geographic center of each LA (Figure 1
and Table 2) are used in this analysis. Spectral smoothing (i.e., field smoothing) and vari-
ance underestimation is a well-known characteristic of output from numerical models and
naturally is present in the ERA5 output for winds and waves. Spectral smoothing in numer-
ical models applied with 25 km grid resolution was estimated to result in underestimation
of extreme wind speeds over seas in northern Europe by about 11% relative to anemometer
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measurements on a meteorological masts [39]. The time step of the model is ~12–20 min
and the wind speeds are available hourly which may give maximum wind speeds 2–3%
lower than those relative to a 10-min averaging period employed in the IEC standard [40].

Wind speeds from ERA5 have been subject to extensive evaluation and are generally
seen as exhibiting fidelity relative to independent observations [41–45]. ERA5 output have
been used to estimate wind resources in the U.S. [44], global extreme wind speeds [22], the
Spanish near-shore [46] and over the Indian shelf seas [47]. ERA5 wind speeds have ap-
proximately 20% lower errors than MERRA compared with aggregated wind generation in
five countries [41]. Evaluation of mean wind speeds and gusts indicate ERA5 wind speeds
give a better representation than ERA-Interim, except in complex terrain [40]. ERA5 under-
estimation of wind speeds in complex terrain due to excess orographic drag [48] is also a
concern in the western US [44]. However, this is not of concern for this offshore analysis.

The ERA5 wave model uses wave spectra with 24 directions and 30 frequencies and
wave data are produced and archived on a different grid to that of the atmospheric model,
namely a reduced latitude/longitude grid with a resolution of 0.36◦ and at three hourly
time resolution [35,38] The two output variables analyzed herein are significant wave
height Hs defined in ERA5 documentation as “the average height of the highest third of
surface ocean/sea waves generated by wind and swell” and maximum wave height Hmax
defined as “an estimate of the height of the expected highest individual wave within a
20-minute time window. It can be used as a guide to the likelihood of extreme or freak
waves”. Fewer publications report evaluation of the ERA5 wave products, but again they
generally show reasonable agreement with independent buoy data though a degree of
smoothing of extreme values is to be expected in a gridded data set, with greatest errors in
swell dominated regimes [48,49]. ERA5 wave products have been used to derive estimates
of wave resources for Indian Shelf Seas [50].

2.2. Annual Maximum and Extreme Wind Speeds

The 50-year return period reference wind speed (averaged over a 10-min period) Uref
is computed for each LA as defined in the IEC standards 61400-1 as five times the annual
mean wind speed at hub-height Uave (Table 2). Annual maximum wind speed in each
year (Umax) and each LA are used in the estimation of the 50-year return period wind
speeds and are also presented in terms of the wind speed and direction of those annual
maxima and the co-occurrence of annual maximum wind and waves. In the analysis of the
co-occurrence of annual maximum Hmax and Umax is defined using three different criteria;
(i) the percentage of the 40 years in each LA wherein the maximum absolute wave height
occurred within 1.5 days of the maximum wind speed and thus is likely associated with
the same genesis source (cyclone), (ii) the percentage of the 40 years in each LA wherein
the maximum absolute wave height occurred within a ±3 h time window of the maximum
wind speed, and (iii) the percentage of the top 3 events in each year co-occurring within a
time window of ±1.5 days of the maximum wind speed. Wind roses are generated for all
hourly wind speeds and directions in each LA and are compared with the wind direction
of the annual maximum wind speeds. In this analysis the 40-year records of wind speed
and direction are concatenated for each of the three groups of LA (north, mid, south).

Two classes of approaches are typically employed to derive long-return period esti-
mates of geophysical variables (Table 3). The first employs a generalized Pareto distribution
(GPD) to describe exceedances of a fixed threshold, while the second uses Generalized
Extreme Value (GEV) distributions typically fitted to annual maximum values. The GEV
cumulative density distribution of property x, with location parameter µ, scale parameter
β, and shape parameter κ is given by [51]:

F(Ux) = exp

(
−
(

1 +
κ(x− µ)

β

)− 1
κ

)
(1)
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Table 3. Method employed here to compute extreme wind speeds.

Method Description Description References

Uref Ure f = 5 ∗Uave (5)
Method used in IEC standards to derive a
reference 50-year return period wind speed at
hub-height

[20]

Gumbel-graphical
(GG)

yGumbel =

−ln
(
−ln

[
m−0.44
N+0.12

])
(6)

ˆUmax = βyGumbel + µ (7)

Samples of annual maximum wind speed (Umax)
are ranked and plotted against the reduced
variate yGumbel (where m is the rank order
position and N is the total sample size) and are
subject to linear fitting using the least squares
method to derive the slope and intercept (β and
µ). In the absence of a mixed climate for extreme
wind speeds [52,53], this relationship is linear.

[54]

Gumbel-Weibull
(GW)

F(U) = 1− exp
[
−
(

U
c

)k
]

(8)

β = 1/
[

k
c

(
(ln(nind))

1− 1
k

)]
(9)

µ = c(ln(nind))
1/k (10)

nind = n′
(

1−r1
1+r1

)
(11)

Wind speed (U) time series typically fit the
two-parameter Weibull distribution [55,56] with
scale parameter c and shape parameter k
(Equation (8)) derived here using maximum
likelihood methods. The resulting Weibull
distribution parameters are linked to the Gumbel
parameters using Equations (9) and (10). Note:
nind is the number of independent observations
(i.e., effective sample size approximated here
using the lag-1 autocorrelation (r1) as where n’ is
the sample size). While this method does not
require multiple decades of data to obtain a good
fit to the Weibull distribution, the fitting of the
tail of the distribution is vulnerable to
under-sampling of intense wind speeds.

[56]

Gumbel Method of Moments
(GMM)

β =
√

6
π σ (12)

µ = U − γβ (13)
γ = Euler’s constant (0.577216)

The mean (U) and standard deviation (σ) of the
samples of annual maximum wind speed (Umax)
are used to derive the Gumbel distribution
parameters (µ and β) following Equations (12)
and (13). This method is fully analytical and
uncertainty for the values of UT calculated using
this method can be found using the addition of
the third and fourth moments.

[57]

Gumbel Maximum Likelihood
(GML)

Approach is implemented
using fitdist in Matlab.

Maximum likelihood estimation methods (with
iteration) are used to derive µ and β from the
samples of annual maximum wind speed (Umax).
This is a more computationally demanding but is
a non-parametric approach.

[58]

Three parameter GEV with
ML

Approach is implemented
using fitdist in Matlab.

Maximum likelihood estimation methods (with
iteration) are used to derive the 3 parameters in
Equation (1) from samples of Umax.

[51]

As κ→0 the population conforms to a Gumbel distribution wherein the cumulative
distribution function F(x) is described by a double exponential form:

F(x) = exp[−exp
[
− (x− µ)

β

]
] (2)

Evaluation of these functions for a cumulative probability of 0.98 provides an estima-
tion of the 50-year return period. The wind speed with any return period (T, i.e., UT) can
be derived for the two-parameter Gumbel distribution from:

UT = µ− β ln[ −ln
[

1− 1
T

]
] (3)
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And for the three-parameter GEV from:

UT = µ +
β

κ

{
1−

[
−ln

(
1− 1

T

)]κ}
(4)

Methods for deriving the distribution parameters of Equations (1) and (2) employed
herein are summarized in Table 3. A primary challenge in deriving estimate value estimates
is selection of an appropriate probability distribution to describe the extremes. The GEV
distribution (Equation (1)) includes three family types. When κ~0, the GEV is a Gumbel
distribution (type I) with an exponentially decreasing tail that is described by a two
parameter GEV. However, for a distribution which is heavily tailed (polynomial decrease),
κ > 0, and the GEV is known as the Frechet distribution (type II). For a finite or bounded
tail κ < 0 and the GEV corresponds to Weibull distribution (type III) [59]. The most
widely applied GEV for low probability (e.g., annual maximum) wind speeds is the two-
parameter Gumbel distribution. However, here we also employ the three parameter GEV
(Equation (1)) and evaluate whether the confidence intervals on κ in the fit include zero
which implies a two-parameter GEV is sufficient to describe the data sample. A second
challenge in deriving stable extreme value estimates is the availability of a sufficient sample
to represent the underlying population. In a practical sense, this is usually operationalized
as requiring a representative sample based on more than 20 years of data from which
the annual maxima are derived [22]. Thus, here we use a 40-year record of wind and
wave properties to derive the long-return period values. A third challenge is the selection
of the method to derive stable estimates of the distribution parameters. Thus, here we
employ a range of approaches (Table 3). A fourth major challenge to fitting the distribution
parameters from any of these methods is that both extreme wave and wind states can
derive from multiple forcing mechanisms and thus the annual maxima may comprise a
mixed sample with different underlying distributions. For example, in some locations
both extratropical and tropical cyclones may generate annual maxima [60,61], then two
populations will be evident (mixed climate) with tropical cyclones typically presenting
fewer maxima with higher values that deviate from the linear fit to a larger population
of lower annual maximum and hence the uncertainties are larger. In the absence of a
mixed climate for extreme wind speeds [52,53], this relationship is linear. To assess the
sensitivity of the U50 estimates to the precise data record used, 95% uncertainty intervals
are determined using bootstrapping with 1000 iterations for the GG, GMM, and GML
methods [51].

2.3. Annual Maximum and Extreme Wave Heights

Methods for assessing extreme wave heights are similar to those used for wind
speed [62] in that a marginal distribution can be fitted to the whole data set and linked
to the parameters of an extreme distribution [63] or a sub-set of low probability events
can be subject to the peak over threshold method or to a GEV distribution [59,64]. For
comparability, here the same techniques as utilized for wind speed are applied. Note that
the standard ISO 19901–1 (ISO, 2005) provides guidance to not use return periods more
than a factor of four beyond the length of the dataset when deriving return values for
design of offshore oil and gas structures [65]. Forty years of ERA5 reanalysis data therefore
provides a sound basis for deriving wave characteristics at 50-year return periods.

The IEC standards [21] for offshore wind turbines require detailed assessment of more
than 20 marine variables which include waves, currents, and tides in different sea states,
and sea ice where appropriate. Here we confine our analyses to return period maximum
wave height, Hmax, and significant wave height, Hs. Note because of the lower resolution of
the wave output the results for multiple LA fall within the same grid cell for wave output
(Table 2).
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2.4. Cyclone Genesis and Tracking

A cyclone genesis and tracking algorithm [66] is applied to the entire 40-year record of
700 hPa relative vorticity (RV) global fields and the closest cyclones to each LA centroid at
the time of the annual maximum wind speeds are identified. The locations of the cyclones
at three hourly intervals are identified using the local maxima anomalies spectrally filtered
fields of relative vorticity (see full details in [67]). The resulting cyclones are described
as; Tropical Cyclones (TC) if the track originates south of 30◦N, Alberta Clippers (AC) if
the track crosses the 100◦ W meridian north of 40◦ N and Colorado Lows (CL) if the track
crosses the 100◦ W from 30 to 40◦ N. The number of LA annual wind annual maxima in
each month is counted for each cyclone type (determined by the associated storm track) to
determine the monthly frequency of annual wind maxima.

3. Results
3.1. Wind Speeds
Annual Maximum Wind Speeds

U40 is defined as the maximum of the annual maximum wind speeds at 100 m height
for each LA derived from the 40-year record of ERA5 data. U40 from ERA5 at all LA over
1979–2018 are in the range 21.8–38.1 ms−1 (Figure 2). Only a few LA or years exceed the
Turbine class III 50-year return period wind speed of 37.5 ms−1. Recall the record here is
40 years long and also that maximum values are likely to be higher for individual locations
than they are over ≈31 × 31 km grid cells due to spectral smoothing. The highest wind
speed at 100 m height is 38.1 ms−1 for LA 3 and 4 (which use the same ERA grid cell) and
LA 5. These are the most northerly and easterly of the LA grid cells, but all LA in the north
group and LA 8 (off NY state) have a 40-year maximum wind speed close to or above
35 ms−1. The central group of LA 9–13 (off the coast of NJ, DE and MD) have slightly lower
Umax between 29.8–34.3 ms−1 while the 40-year maximum wind speed further south off the
coast of NC and VA in LA 13–16 increases to above 35 ms−1. This is reflected in the mean
maximum wind speed of above 28 ms−1 for the northern LA and from 25.9–27.8 ms−1 for
the central and southern group of LA (Figure 2).
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Figure 2. Time series of annual maximum wind speeds for the LA shown in Figure 1. (a) northern
group of LA (1–7) off the coast of MA/RI, (b) mid LA 8–13 off the coasts of NY, NJ, DE and MD and
(c) south LA 14–16 off the coast of VA and NC. The color coding for the LA is shown in Figure 1.
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Of the 16 LA, LA 14 and 15 off the coast of North Carolina have the highest frequency
of wind speeds at 100 m a.s.l. in excess of 33 ms−1 in the ERA5 reanalysis dataset. These
LA were also identified as exhibiting the greatest probability (of 0.3/year) of wind speeds
of 33 ms−1 or greater (at 10 m height and 1 min averaging time) based on a catalogue of
simulated hurricanes while the coast of DE had the lowest probability of exceeding this
threshold of 0.17/year [28].

ERA5 hourly wind output at 100 m a.s.l. from the 16 LA exhibit clear spatial variabil-
ity in the prevailing wind climates (Figure 3, Table 2). The northern LA to the south of
Massachusetts have a long over sea fetch to the southwest (Figure 1) and the wind rose is
dominated by flow from the southwest, particularly in the power producing wind speeds
(Figure 3). Winds from the west and southwest also exhibit the greatest frequency of the
highest wind speeds (>16 ms−1), but the annual maximum winds are more frequently
associated with southerly and/or north/northeasterly with relatively few Umax from the
west (Figure 3). The LA in the mid-group exhibit a strongly bi-directional wind rose with
southwesterly and northwesterly wind directions being most prevalent, while the southerly
LA group exhibit a dominance of southwesterly flow and a relatively low frequency of
westerly and northwesterly flow (Figure 3). However, there is a much greater prevalence
of southeasterly flow associated with Umax (Figure 3). For the mid LA from NY to MD, the
dominant wind direction is south/southwest, with a secondary peak from the northwest
direction. Annual maximum wind speeds are lower than those from the northern LA
(Figures 2 and 3) and again exhibit a relatively high frequency of southerly and southeast-
erly directions particularly for the largest Umax values. There are a higher number of Umax
from east than for the north LA. For the three LA in the south of the domain there is distinct
bidirectionality with south/southwest and north/northeast components to the wind rose
(Figure 3), and a much higher frequency of southeasterly directions in Umax with relatively
few annual maxima from westerly and southwesterly directions.
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Figure 3. Mean wind roses for hourly output (1979–2018) at 100 m height from ERA5 for the three groups of LA (see Table 2;
NORTH shows LA 1–7, MID shows LA 8–13 and SOUTH shows LA 14–16). The colored areas show the frequency by
direction (in 10◦ bins) of wind speeds in the classes shown in the legend (in ms−1). The frequency (in %) is given below the
radial axis (from 0–5%). The magenta symbols show the annual maximum wind speeds (Umax) where the wind speed value
is given (in ms−1) above the radial axis (from 20–40 ms−1).

3.2. Sources of Intense and Extreme Wind Speeds

High wind speeds in the northeastern US typically derive from the progression of
mid-latitude or tropical cyclones [67]. Dominate cyclone genesis and cyclone tracks are;
Alberta Clippers (AC) that form in the lee of the Canadian Rockies and track east, Colorado
Lows (CL) that form in the lee of the Rocky Mountains near the U.S. state of Colorado and
track northeast, moving northwest, and Tropical Cyclones (TC) that form in the tropical
Atlantic and track north up the U.S. east coast. These cyclones can re-intensify as they
move offshore and/or retrograde (move west) onshore in the form of Nor’Easters [67].
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Typically, TC produce the highest wind speeds and are described as hurricanes if wind
speeds at 10 m a.s.l. exceed 33 ms−1 and major hurricanes if wind speeds exceed 49 ms−1.
Hurricanes have return periods for passing within 58 miles of the coast ranging from
13–20 years for most of the North Atlantic coast north of NC, increasing to 30 years north
of MA but decreasing to 5–7 years off NC (https://www.nhc.noaa.gov/climo/#returns.
Date of access: 20 November 2020). Return periods for major hurricanes are 44–76 years
for the coast north of NC decreasing to 16–25 years along the NC coast. Dates of some
annual maximum wind speeds manifest in ERA5 are clearly linked to historical wind
storms primarily, but not exclusively, of tropical origin. For example, the year 1985 stands
out in the ERA5 records as producing the highest or second highest maximum wind speeds
in the time series of maximum wind speeds for all LA (Figure 2). These extreme wind
speeds are associated with Hurricane Gloria (16 September–2 October 1985) which tracked
along the Atlantic coast [68]. High wind speeds in the northeast in 1991 are linked to
Hurricane Bob (18–19 August 1991) which hit the Carolinas, skirted the Atlantic coast, and
made landfall in Rhode Island (16–29 August 1991) and with an intense Nor’-easter on
31 October 1991 [69]. The highest wind speeds in the central LA cluster occurred in 2012
linked to Hurricane Sandy (October 22–November 2 2012) [70]. The southern LA off VA
and NC have eight occurrences of annual maximum wind speeds over 33 ms−1 and three
over 35 ms−1 in 1985 (as above), in 1993 associated with a March ‘superstorm’ and 2003
Hurricane Isabel (6–20 September 2003) which made landfall in North Carolina [67].

Analyses of the cyclone genesis and tracking based on the ERA5 output confirm
expectations based on previous research and indications from the analysis of the time series
of annual maximum wind speeds and indicate marked differences in the frequency of TC
passages over the different LA. The LA in the north (LA 1–7) are seldom impacted by TC
and experience their annual maximum wind speed mainly in the winter months arising
from both AC and CL (Figure 4). The mid LA group (LA 8–13) also tend to experience
highest wind speeds (and thus Umax) during the winter months that are more frequently
associated with passages of CL, but AC are an important contributor to Umax. In the
mid group TC are also responsible for a fraction of the Umax values and most frequently
occur in the months from July to October. The south group (LA 14–16) have a much
higher frequency of annual wind maxima from TC in July through November, while also
experiencing annual wind maxima in January and February from AC and CL. This explains
to some degree the finding that mean wind speeds in general are lower in the south LA
(Table 2), but the annual maxima can be as high as those in the north LA. Thus, although
past research has tended to focus on the hurricane threat to the offshore LA along the U.S.
east coast the highest wind speeds in the northern LA tend not to be associated with TC.
Indeed, the likelihood of impact from a TC is relatively small and the TC that do impact
these LA are not associated with atypically intense wind speeds (Figure 4).

https://www.nhc.noaa.gov/climo/#returns
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Colorado Lows (CL) (yellow) and ‘other’ (grey). Storm tracks that traversed the northern (b), mid (d) and southern (f) LA
and resulted in all of the annual maximum wind speeds are shown in the right-hand panels and the shade of grey used
encodes the value of the maximum wind speed in the LA (darkest denoting wind speeds in excess of 33 ms−1). The cyclone
origins are designated according to the geographic location in which the cyclone is first identified. The area from which AC
originate is defined as 85 to 115◦ W, 30 to 40◦ N and is shown in red, the area from which CL originate is defined as 85 to
115◦ W, 40 to 75◦ N and is shown in yellow, TC are identified as being any storm that originate south of 30◦ N. All other
cyclones are classed as ‘other’. LA centroids in each group are shown by red dots.
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3.3. Results from the Different Methods of Estimating U50

Uref is not a prediction of U50 per se but a conservative value to be used within the
wind turbine standards. As such it fulfils that role, exceeding U50 estimates from the other
methods and the maximum wind speed observed during the 40-year record (U40) values
by over 2 ms−1 in ERA5 output from every LA and up to 10 ms−1 at most LA (Table S1).
The gap between Uref and U50 tends to narrow moving from the northern LA southwards
consistent with the decrease in annual mean wind speeds (Table 2), while U40 values in the
southern LA exceed those in the mid LA and are comparable to those in the northern LA
(Figure 5, Table S2).
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Figure 5. Comparison of U50 for each LA from the different methods (the colored symbols). The
open symbol shows the 40-year maximum wind speed U40 from the ERA5 data (Table S1). The error
bars show the maximum and minimum wind speed from the 95th confidence interval estimated
using boot-strapping for GML and GG/GMM (the latter are offset in the horizontal to aid clarity).

U50 at 100 m a.s.l. across the 16 LA as derived using ERA5 range from 30 to 40 ms−1

(Figure 5, Table S2). Spectral smoothing in numerical models applied with 25 km grid
resolution was estimated to result in underestimation of extreme wind speeds over seas in
northern Europe by about 11% relative to anemometer measurements on meteorological
masts [39]. The longer temporal averaging inherent in the ERA5 model time step will
likely yield a smaller reduction of 2–3% in the maximum wind speed relative to a 10-min
averaging period employed in the IEC standard [40]. Assuming these corrections are
additive and are applicable to the ERA5 output the implied pseudo-point U50 estimates
range from 34 to 46 ms−1. For comparison U50 estimates derived from measurements at
two offshore/coastal locations in Europe; Høvsøre in Denmark, and the FINO offshore
platforms in the North Sea are 42.8 ms−1 and 35.3 to 39.3 ms−1, respectively. Thus, based
on this assessment for many of the offshore LA in the mid and northern LA groups the
expectation is that extreme wind speeds will be comparable to those experienced near
major offshore wind turbine arrays in northern Europe.

The spatial variability in U50 across the 16 LA are generally consistent across the
different distribution fitting approaches (Figure 5, Table S2). Sampled across the 16 LA, all
U50 estimates lie within a range of 7.6 ms−1 and excluding the two most southerly LA, all
U50 values lie within 3.6 ms−1 of each other (Figure 5). For comparison, the bootstrapped
95% confidence intervals on U50 from the GML method at the 16 LA are 2.5 to 8.6 ms−1.
Equivalent bootstrapped 95% confidence intervals on U50 from GG and GMM are 3.3 to
11.4 ms−1 and 3.9 to 12 ms−1, respectively. In all cases the southern LA exhibit the widest
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confidence intervals. Since the data of the boot-strapped samples exhibits larger confidence
intervals than the difference in U50 from the statistical methods, this may imply that the
selection of data periods used to derive U50 is a larger source of uncertainty than the
parameter fitting method. For LA 15 and 16 this is not the case as the GW method gives
low estimates of U50 that lie outside of the confidence interval generated by bootstrapping.

The GG, GMM and GML methods use fits to the maximum annual wind speed to
determine U50 while GW use fits to the whole wind speed distribution. GG and GMM
give very similar values for U50 at all LA. U50 determined from GW give consistently the
lowest values. The Weibull fit is intended to fit the bulk of the whole distribution and is not
tailored for the tail of the distribution. Hence GW tends to give predictions which are low
compared to the other estimates, although they lie within the bootstrapped 95% confidence
intervals of the GML method for all LA except LA 15 and 16. GML estimations are higher
than GW estimates but lower than estimates from GG/GML. For the GG method, the
coefficient of determination (r2) of the linear fit between rank-ordered annual maxima and
the reduced variate generally exceeds 0.97 for the northern LA indicating a high degree
of linearity in the relationship (Figure 6). The lowest values (r2 < 0.94) are evident in data
from the southernmost LA (11–13). Thus, there is some evidence of mixed wind climates in
the linear fits in individual LA [71] with Umax deviating markedly from the fitted straight
line, particularly for the mid area LA (10, 11, 12) which are more coastal. LA 1–5, 8 and
14–16 may be subject to occasional extreme winds from the paths of tropical cyclones
(Section 3.2). LA 6,7 and 9–13 have a minimum distance (of the central location) to the
coast to the west/southwest of around 30 km (Table 2) which may also have an impact
on the wind speeds in terms of their adjustment to the lower roughness and temperature
of the sea surface [72]. The minimum distance for LA 1,2 is to the coastline to the north
(a less favored direction in terms of frequency). The remaining LA are 42–65 km east of
the coastline.
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reduced Gumbel variate y (see Equations (7)–(9)) for the 16 LA (shown in the upper right on each
panel). The color coding is as in Figures 1 and 2. The north LA are shown in the top row, the mid LA
in the central row and the south LA in the bottom row. The LA numbers are indicated in the top right
of each panel. The coefficient of determination r2 is given for each site at the bottom of each panel.
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The marginal probability density function of once hourly wind speeds in LA are
generally well described by the two-parameter Weibull distribution (Figure 7, Table S1).
The LA all show similar Weibull shape parameters (k) of 2.07–2.21, which are typical for
offshore conditions [73] with slightly less peaked distributions (lower k) in the southern
LA. The scale factors are highest in the northern LA and lower by about 0.7 ms−1 in
the southern LA. The scale factors for the mid LA vary the most from 9.06 to 9.66 ms−1.
Despite the relatively good fit of the hourly data to a two-parameter Weibull distribution
U50 estimates derived by extrapolation of the Gumbel distribution parameters from the
Weibull parameters tend to be negatively biased relative to those from the other methods
(Figure 5).
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evidence of being bimodal (Figure 8), indicating a mixed wind climate and that the Umax 
values derive from two distinct sources (e.g., TC and CL in the southern LA, Figure 4). 
The 3-parameter GEV is visually a superior fit to the annual maxima (Figure 8), however, 
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exceptions are for LA 11–13 which have negative shape parameters which means they are 
type 3 Fisher–Tippett distributions. LA 7&8 are also type 3 Fisher–Tippett distributions, 
but the confidence intervals cross zero. The remaining LA all have positive shape param-
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that a 3-paramater GEV is a better representation of the sample of annual maximum wind 
speeds at most LA, as shown in Figure 5 the 50-year RP wind speed estimates from the 
two parameter GEV (Gumbel) and three parameter GEV fits do not differ greatly.  

Figure 7. Histograms of the hourly wind speed data for each LA. The color coding is as in
Figures 1 and 2. The north LA are shown in the top row, the mid LA in the central row and the south
LA in the bottom row. The LA numbers are indicated in the top right of each panel. The numbers at
the bottom of each panel are the Weibull scale parameter (above) and the Weibull shape parameter
(below). The red line is the two parameter Weibull fit to the distributions.

Visualization of the two-parameter GEV (Gumbel) fits to annual maximum wind
speeds where the parameters are derived using MLE methods indicates the fits are insuffi-
ciently peaked (Figure 8). This may be partly because some LA (notably 8,9,14–16) show
evidence of being bimodal (Figure 8), indicating a mixed wind climate and that the Umax
values derive from two distinct sources (e.g., TC and CL in the southern LA, Figure 4).
The 3-parameter GEV is visually a superior fit to the annual maxima (Figure 8), however,
the 95% confidence interval on the shape parameter in most of the fits includes zero. The
exceptions are for LA 11–13 which have negative shape parameters which means they are
type 3 Fisher–Tippett distributions. LA 7&8 are also type 3 Fisher–Tippett distributions, but
the confidence intervals cross zero. The remaining LA all have positive shape parameters
(Type I) with confidence intervals that cross zero. Although Figure 8 offers evidence that
a 3-paramater GEV is a better representation of the sample of annual maximum wind
speeds at most LA, as shown in Figure 5 the 50-year RP wind speed estimates from the two
parameter GEV (Gumbel) and three parameter GEV fits do not differ greatly.
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Figure 8. Histograms of the annual maximum wind speed data for each LA. The color coding is as
in Figures 1 and 2. The north LA are shown in the top row, the mid LA in the central row and the
south LA in the bottom row. The LA numbers are indicated in the top right of each panel. The red
line indicates the fit to the Gumbel distribution from the maximum likelihood method. The black
line shows the 3 parameter GEV fit (Equation (1)).

The three parameter GEV method estimates the highest values for U50 at the majority
of LA, with similar values to U50 from GG and GML except for LA 11–13. For the north
LA and LA 9–10 the range of estimates for U50 are within the 95% confidence intervals
from GML. U40 from the ERA dataset is slightly higher than most estimates for LA 1–10
(excluding LA 6). For LA 11–16 U40 is lower than the estimates of U50 (excluding LA 14).
Estimates for LA 11–13 have a smaller range of confidence intervals and have the lowest
values of U40 and the lowest values of U50 estimated from all methods. Note that the
nearest land areas to these LA have the lowest return period (5–7 years) for hurricane
wind speeds (33 ms−1) (https://www.nhc.noaa.gov/climo/#returns. Date of access 20
November 2020). This is consistent with the description of extreme winds over the LA
described in the paper, namely that the south LA experience Umax that are typically lower
than the other LA but can be impacted by TC bringing hurricane wind speeds.

3.4. Wave Heights

As with Umax, there is substantial year to year variability and a marked north to south
gradient in annual maximum Hmax with maximum values of almost 19 m in the northern
LA while in the south LA the maximum values are generally below 15 m, and in LA 15 no
annual maximum Hmax exceeds 10 m (Figure 9). There is more spatial variability in Hmax
than in the annual maximum values for wind speed, particularly in the mid-LA groups. For
example, LA 8 exhibits substantially higher Hmax values in most years than the other LA in
that group. Annual maximum Hs (not shown) exhibit similar spatial variability but lower
absolute values (annual maxima range from 2–11 m). There is substantial co-occurrence in
time of maximum annual wind speeds and Hmax at all of the LA (Table 4) which implies that
in many years cyclones that are responsible for intense wind speeds are also responsible for
generating the largest waves. In most LA approximately half of years exhibit the highest
values of both Umax and Hmax occur within a 6 h time window (Table 4).

https://www.nhc.noaa.gov/climo/#returns
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tion is necessary to describe wave data [75]. Past research has employed a two-parameter 

Figure 9. Time series of annual maximum wave heights Hmax from ERA5 for the LA shown in
Figure 1. The top panel shows results for the northern group of LA (1–7) off the coast of MA/RI,
the center panel shows the mid LA 8–13 off the coasts of NY, NJ, DE and MD and the lower panel
the south LA 14–16 off the coast of VA and NC. The color coding for the individual LA is shown in
Figure 1b. Because the ERA5 grid for wave data is at a lower resolution, some of the LA are in the
same ERA5 grid (1&3, 6&7, 11,12 & 13, 14&15) hence these data points overlie each other.

Table 4. One-year return periods for Hmax and Hs (m) for the different LA determined by three different methods. LA that
are within a common ERA5 grid cell for wave output are clustered in the same row. Also shown is the co-occurrence of
annual maximum Hmax and Umax sampled in three different ways; in the first analysis co-occurrence was specified as the
percentage of the 40 years wherein the maximum absolute wave height occurred within 1.5 days of the maximum wind
speed (headed; ±1.5 day), or a ±3 h time window of the maximum wind speed (headed; ±3 h), and the percentage of
the top 3 events in each year co-occurring within a time window of ±1.5 days of the maximum wind speed (headed; Top
3 ± 1.5 day). Note because of the higher resolution of the wind output the results for two LA may derive a common wave
grid cell but different wind grid cells. Hence multiple results are reported for those LA.

LA Hs Hmax Co-Occurrence of Maximum Hmax and Umax
Method⇒ GG GMM GML GG GMM GML ±1.5 day ±3 h Top 3 ± 1.5 day

1&3 6.26 5.75 7.04 11.55 10.88 12.78 58,58 53,53 54,55
2 6.15 5.61 6.95 11.44 10.78 12.85 65 58 56
4 6.85 6.58 7.92 12.99 12.55 14.94 48 45 53
5 6.96 7.32 7.97 13.16 12.85 14.97 40 38 48

6&7 6.14 6.21 6.95 11.44 10.71 12.86 65,65 60,60 54,55
8 5.90 5.59 7.00 11.15 10.71 13.10 40 38 44
9 4.25 4.07 4.79 7.26 7.04 8.06 48 48 48
10 5.01 4.80 5.64 9.05 8.04 9.92 38 33 43

11,12,13 5.39 5.27 6.21 9.89 8.89 11.23 40,48,53 33,40,45 43,44,49
14&15 4.30 4.13 4.77 7.57 7.43 8.20 50,50 50,48 52,54

16 5.92 5.68 6.83 10.87 10.66 12.27 63 55 56

A range of marginal distributions has been applied to Hs including log-normal and
Weibull distribution [74], and there is evidence that a three-parameter Weibull distribution
is necessary to describe wave data [75]. Past research has employed a two-parameter
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Gumbel distribution for extreme Hs [76], and in analysis of the ERA5 wave data it appears
to generate very similar values to those from the three-parameter GEV (Figure 10). Fifty-
year return period significant wave height and maximum wave height (Hs50 and Hmax50,
respectively) from the different distribution fits are generally consistent (Figure 10). The lack
of agreement with estimates derived using the extrapolation from a two-parameter Weibull
fit may reflect a relatively poor fit of the 3-hourly wave data to this parent distribution. The
r2 values for the GG fits to the samples of annual maximum Hmax and Hs are greater than
0.93 at every site. All Hs50 values expect from those using GW lie within the bootstrapped
95% confidence intervals on the GG, GML and GMM estimates (Figure 10). In all LA the
confidence intervals on one or more of Hs50 estimates include the maximum Hs reported
in the 40 years of ERA5 reanalysis output (Figure 10). Excluding the GW method, as with
the extreme wind speeds, the bootstrapped 95% confidence intervals on the 50-year return
period wave properties are wider than the range between estimates from the different GEV
and/or parameter fitting methods. This indicates that resampling with replacement the
40-year record to generate many simulated samples yields larger variability in derived
Hs50 and Hmax50 than arise from application of the different distributional forms.
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Estimated values of Hs50 are consistent with a study based on hindcast data for the 
period 1978–2008 for most of the US Atlantic east coast that indicated values of 5 m in the 
coastal zone increasing to 10 m in deeper water [77]. The values for 50-year return period 
value of Hs are highest in the north LA where they range between 9 and 11 m. These values 
are higher those derived in an analysis of five buoys in the Gulf of Maine (to the north of 
the current LA) that indicated extreme Hs with a 50-year return period of 4.7 to 9.8 m [64]. 
The Hs50 estimates for the northern LA are also above those reported around the coast of 
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Figure 10. The 50-year return period estimates of (a) Hs and (b) Hmax over the 16 LA from the different distribution fitting
approaches. Figure (a) also shows water depth at the central location of each LA and Figure (b) shows the GG U50 wind
speed for each LA.

The lowest Hs50 are just below 6 m at LA 9 and LA 14,15 (same grid cell) derived using
the GML method with slightly higher values estimated by GG or GMM. The 3 parameter
GEV estimates give the highest estimates. However, as is the case for U50, the confidence
intervals on the shape parameter for Hs50 cross zero for all LA except LA 9 and 10 which are
negative. Most LA have slightly negative shape factors for Hs50 that are indistinguishable
from zero. Only LA 5 and LA 11–13 have positive shape factors (with confidence intervals
that include zero). The values of both Hs50 and Hmax50 are strongly associated with water
depth and also to U50. The coefficient of determinations for Hs50 and Hmax50 (from GG)
with linear fits of water depth are both 0.66.

Estimated values of Hs50 are consistent with a study based on hindcast data for the
period 1978–2008 for most of the US Atlantic east coast that indicated values of 5 m in the
coastal zone increasing to 10 m in deeper water [77]. The values for 50-year return period
value of Hs are highest in the north LA where they range between 9 and 11 m. These values
are higher those derived in an analysis of five buoys in the Gulf of Maine (to the north of
the current LA) that indicated extreme Hs with a 50-year return period of 4.7 to 9.8 m [64].
The Hs50 estimates for the northern LA are also above those reported around the coast of
Spain that ranged from 4.5 to 8.2 m [78] and for most of Danish waters that have offshore
wind farms [79]. Model results indicate Hs50 > 9 m in the more open waters of the North
Sea west of Denmark, where U50 at 100 m height are modelled to exceed 40 ms−1.
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The spatial variability in Hmax50 across LA is similar to Hs50 (Figure 10). The largest
values are just over 20 m from the GG method and the 3 parameter GEV for LA 4 and
above 9.8 m for every LA using that method. To contextualize the extreme wave height
estimates it is worthy of note that the IEA 15 MW offshore reference wind turbine indicates
a height of 15 m above mean sea level for the transition piece [80]. Application of the
GG method yields linear fits have an r2 value above 0.95 for all LA except 10–13 where
r2 = 0.84 for LA 10 and 0.87 for LA 11–13. Although the Weibull fits are slightly less peaked
for Hmax50 than they are for Hs50, the two-parameter Weibull distribution is generally a
poor fit to the Hmax time series data, and thus extrapolation of the Gumbel distribution
parameters yields Hmax50 that are substantially negatively biased relative to those from
the other methods (Figure 10). The GML two parameter plot is a good fit to the more
peaked distributions of Hmax50 for LA 9–15 and less so for the northern LA. Consistent with
analyses of wave data from Ireland [59], the shape parameter in the three-parameter GEV
fits to samples of annual maximum Hmax vary around zero. The shape parameter from the
3 parameter GEV distribution is mostly positive (for LA 1–4, 6–8 and 16) except LA 5,9 and
14,15 although for all of those LA, the 95% confidence intervals on the shape parameter
include zero. For LA 10–13 the shape factor is negative and the confidence intervals do not
cross zero implying the three-parameter GEV fit to annual maximum Hmax is superior to
the two parameter Gumbel.

One year return period values for Hmax and Hs are also used in the design process and
so were computed (Table 4 and Figure 11). The IEC standards note that expected ratios
of the extreme wave height Hmax with a given return period (50-years or one year) are
1.9–2.0 times the significant wave height Hs with the same return period in deep water.
Data from the ERA5 reanalysis indicate that for all 16 LA that ratio for the 50-year return
periods are 1.5–1.9. For the one-year return period, the ratios range from 1.7–1.9 for all
methods used (Table 4).
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4. Discussion

The ERA5 dataset provides a nearly homogeneous data record for analyzing extreme
wind speeds and waves in offshore areas where in situ data are sparse. In addition to
the relatively high spatial and temporal resolution, ERA5 includes wind speeds for 100 m
height which is representative of the hub-height of wind turbines currently being deployed
offshore. Hence, ERA5 output is used here to develop first estimates of extreme wind
speeds and wave conditions in the 16 lease areas (LA) selected by the Bureau of Ocean
Energy Management for the development of offshore wind energy along the U.S. east coast.
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The annual maxima wind speeds at 100 m a.s.l. tend to be higher in the northern LA
(south of the U.S. states of Massachusetts and Rhode Island) than those off the coast of New
York, New Jersey, Delaware, and Maryland (the mid-LA), possibly because these are closer
to the coastline (Table 2). The southern LA off the coast of Virginia and North Carolina have
lower mean annual maximum wind speeds but also experience occasional very high annual
maxima that are associated with tropical cyclones. The highest annual maximum wind
speed at 100 m a.s.l. over the 40-year time period from any ERA5 grid cell that contains
an offshore LA is 38.1 ms−1, and it impacted the northern LA. Using approximations to
account for spectral truncation of the ERA5 model and temporal averaging of ~12–20 min
versus 10 min in the IEC standards this equates to a wind speed of 43.4 ms−1. Tropical
cyclones are observed to impact the LA during July to November, and are more frequently
the cause of annual wind maxima in the southern LA than either Alberta Clippers or
Colorado Lows. Extratropical cyclones associated with AC and CL are more frequently
associated with annual wind maxima at the northern and mid LA and are more frequently
experienced in the cold season.

A number of different methods are available to estimate extreme wind speeds. While
most rely on fitting distributions (two- or three-parameter GEV) to the annual maxima with
estimation of the distribution parameters from a graphical approach, method-of-moments
or maximum likelihood estimation, it is also possible to derive the Gumbel parameters
from Weibull distribution parameters derived by fitting the parent distribution of hourly
wind speeds. Although this Gumbel-Weibull method gives the lowest estimates for U50
it may be expedient where the time series of wind speeds that are available for analysis
are highly fractured and/or of insufficient duration to generate a robust sample of annual
maxima. For most LA, U50 values estimated by the different methods lie within the 95%
confidence intervals generated on the Gumbel Method of Moments, Gumbel Maximum
Likelihood and/or Gumbel-graphical methods. All of the U50 estimates are at least 2 ms−1

below the Uref wind speeds derived as specified in the IEC standard as five times the mean
annual wind speed, and at most of the LA this difference exceeds 5 ms−1, indicating Uref is
highly conservative of U50.

It is important to note that we have computed and present independent exceedance
values of wind and waves at offshore LA in that univariate probability distributions are
fitted independently to each parameter. We have focused our analyses on understanding
the causes of the intense wind speeds spatial variability in extreme values and uncertainties
on the long return period estimates that arise due to the precise data period used (via the
bootstrapping) and the method used to fit the GEV distributions. Naturally, all structural
reliability assessments require joint distributions [81]. In that context it is worthy of note
that analyses presented herein suggest a relatively high frequency of co-occurrence (within
a 6 h time window) of low frequency, high magnitude values of wind and wave parameters.

5. Concluding Remarks

U50 values derived from ERA5 output at heights characteristics of wind turbine hub-
heights range from 30 to 40 ms−1. Lease area 16 has the highest estimated U50 value of
39.7 ms−1 which derives from the 3-parameter GEV. Extreme wind speeds in the southern
LA that are impacted by tropical cyclones are more difficult to characterize and Uref is
much less likely to be conservative [22]. After applying a correction factor to account for
missing variance of 1.14, the U50 values for many of the LA appear to indicate that wind
turbine class II (with a reference wind speed of 42.5 ms−1) may be adequate. However, it
is possible that corrections for spectral smoothing from Europe may not be appropriate
to the flow conditions along the U.S. east coast and/or that the ERA5 reanalysis exhibit
stronger spectral smoothing than the numerical modelling on which these approximations
were derived.

For wave height characterization, the maximum wave height and significant wave
height show similar behavior. Consistent with the higher wind speeds in the northern
LA both tend to be slightly higher in the northern LA. The highest annual maximum
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wave height in the ERA5 dataset is over 19 m while the highest Hmax50 estimate is over 20
m. Hs50 lies between 9–11 m for most of the northern LA. For both these metrics, wave
characteristics at LA 8 and 16 are similar to the northern LA. The lowest values for Hs50
are in LA 9, 14, and 15 where Hmax50 is around 10 m and Hs50 is around 6 m. As with
extreme winds, any of the methods used give estimates which lie within the 95% confidence
intervals, except the Weibull method which does not appear to be suitable for extreme
wave characteristics.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-107
3/14/4/1053/s1, Table S1: Mean maximum wind speed, Weibull shape and scale parameter, mean
wind speed and standard deviation for each LA, Table S2: Maximum estimated U50 and 40 year
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