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A B S T R A C T

Sustainable aquaculture in nearshore waters faces challenges such as stakeholder conflicts, environmental
pollution, and spatial constraints. Offshore aquaculture offers a promising solution but requires robust engi-
neering design to withstand extreme weather conditions. This study develops the environmental conditions
essential for engineering the design of a continuous mussel dropper system in New England offshore waters. A
potential farm location was identified using criteria including water depth, federal boundaries, seafloor suit-
ability, farm size, and proximity to ports, based on bathymetric and sedimentary maps. Historical data from five
wave monitoring stations and two current velocity stations were analyzed to model extreme environmental
conditions, as waves and currents pose primary threats. The extreme wave and current conditions are modeled
using the Weibull distribution, on the annual maximum hourly significant wave height data and the largest 0.3 %
of current speeds. A newly proposed method combining Spalding’s wall function with a fourth-order polynomial
is used to enhance the current profile analysis. Additionally, a joint probability density function was developed
for wave height and current velocity at a specific depth, providing insights into wave height, period, and
wavelength for various return periods such as 10, 25, 50, and 100 years. The results suggest a 10-yr wave of 8 m
significant wave height and a current speed of 1.68 m/s, while a 50-yr values are 9.4 m and 1.96 m/s respec-
tively. These findings offer critical data on extreme wave and current conditions in New England’s offshore
waters, providing practical guidance for the engineering design of offshore mussel farms. This research advances
offshore mussel farming and benefits the development of all types of offshore aquaculture systems.

1. Introduction

The offshore environment, characterized by its vastness and dynamic
nature, has emerged as a critical arena for engineering innovation,
particularly in the context of offshore aquaculture. This growing field,
driven by the ever-increasing global demand for seafood, seeks to
harness the potential of the open ocean for sustainable food production.
In contrast to traditional coastal aquaculture, which grapples with
spatial constraints and environmental challenges, offshore aquaculture
endeavors to utilize the expansive and pristine waters of the open ocean

to its advantage (Troell et al., 2014).
However, the offshore frontier poses a unique set of challenges,

primarily rooted in the extreme environmental conditions that govern
its waters. Unlike land-based aquaculture systems, the offshore envi-
ronment is characterized by perpetual variability and extreme weather
conditions. Among the myriad environmental variables, waves and
ocean currents stand out as dominant forces that exert substantial loads
on aquaculture structures. Consequently, the precise quantification of
these waves and current dynamics, particularly during extreme events,
becomes paramount for the safe, efficient, and sustainable design,
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construction, and operation of offshore aquaculture systems.
While traditional mussel farming predominantly occurs in inshore

locations due to lower financial and technical requirements (Landmann
et al., 2019), the limitations of inshore farming, including nutrient de-
ficiencies, accumulation of mussel pseudofaeces, marine litter concerns
(Lloyd, 2003), and navigational issues for marine vessels (Cole, 2002),
have prompted a shift toward offshore aquaculture. Offshore farming
offers financial benefits through increased productivity facilitated by
high-quality water conditions and enhanced nutrition for mussels.
However, the transition from nearshore to offshore aquaculture in-
troduces significant environmental constraints, primarily in the form of
high-energy waves and currents, necessitating a systematic engineering
effort (Hall et al., 2018).

In this regard, the quantification of wave conditions is a critical
endeavor. This involves a multifaceted approach encompassing wave
measurement systems, statistical analyses, and numerical modeling
techniques. Instruments such as buoys equipped with accelerometers

and pressure sensors provide real-time wave data for offshore locations.
Statistical tools, including probability distributions and Fourier trans-
form analysis, extract vital wave characteristics such as significant wave
height and period (Sobey, 1992). Spectral analysis techniques, exem-
plified by the Pierson-Moskowitz spectrum, help delineate the distri-
bution of wave energy across different frequency components (Tayfun,
1980). Wave hindcasting and forecasting, supported by numerical wave
models like SWAN and WAM, enable the representation of long-term
wave climate statistics and short-term predictions (Hsu et al., 2005).
Notably, the assessment of extreme wave statistics, as thoroughly
explored by Goodman and Breslin (1976), is integral for designing
offshore structures capable of withstanding a range of wave conditions.

Similarly, ocean currents, characterized by the directed flow of
seawater, play a pivotal role in offshore aquaculture engineering. Cur-
rents influence structural stability, sediment transport, and nutrient
dispersion, necessitating their precise quantification. Acoustic Doppler
Current Profilers (ADCPs) are prominent instruments for measuring

Fig. 1. Geographical region of interest and federal water zone of New England waters. Federal waters is shown in darker blue color. The domain defined by the
latitudes, 42∘ and 44∘, and longitudes − 71. 3∘ and − 69. 7∘.
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water velocity profiles at various depths (Flagg and Kim, 1998). These
devices emit acoustic signals, which bounce off particles in the water,
allowing for the determination of current speed and direction. Numer-
ical modeling, exemplified by the Regional Ocean Modeling System
(ROMS) and the Princeton Ocean Model (POM), simulates ocean cur-
rents based on physical principles (Haidvogel et al., 2000; Blumberg and
Mellor, 1987). Tidal analysis provides insights into tidal currents,
crucial in coastal regions for navigation and infrastructure design
(Cartwright and Edden, 1973). Moreover, analyzing current shear,
which assesses variations in current speed with depth, is essential for
understanding turbulence and its impact on submerged components.
While tidal currents assume less significance in offshore regions, sedi-
ment transport analysis remains relevant for aquaculture projects, aid-
ing in site selection and infrastructure design (Lynett, 2006).
Additionally, data assimilation techniques enhance current predictions
by integrating observational data into numerical models (Oke et al.,
2015).

This paper, as part of a comprehensive two-part study, addresses the
vital task of quantifying extreme environmental conditions in the
offshore waters of New England. This endeavor lays the groundwork for
a rigorous numerical modeling approach in Part II - work under review,
which aims to assess the performance of a continuous mussel dropper
system designed for New England’s offshore waters. In the context of
this study, “offshore” refers to areas located beyond the 3 nautical mile
state waters boundary for the Atlantic Ocean, situated within U.S.
Federal waters.

The research commences by identifying a potential farm location
within New England’s offshore waters, guided by specific criteria
including water depth, federal water jurisdiction, seafloor suitability for
screw anchor piles (also known as helical anchors), a farm area of
1000 acres, and proximity to New England coastal ports. Bathymetric
and sedimentary maps serve as valuable tools for selecting example lo-
cations from an engineering perspective.

Subsequently, the study delves into the modeling of extreme envi-
ronmental conditions at the chosen farm location. Rather than directly
approaching the farm location, the research first establishes a broad
statistical model encompassing the entire New England offshore region.
This broader statistical framework forms the basis for estimating

extreme conditions at the specific farm location through interpolation
techniques. Historical wave data from five strategically located moni-
toring stations in the New England region, along with current speed data
from two stations, contribute to the statistical model. The emphasis on
wave and current modeling is justified by their significant impact on the
structural stability of offshore mussel farms.

Extreme wave conditions are modeled using the Weibull distribution
and annual maximum data, while extreme current conditions are simi-
larly modeled using the Weibull distribution and the largest 0.3 % data
subset. The statistical model, in conjunction with the dispersion equa-
tion, allows for the characterization of key wave parameters, including
wave height, wave period, and wavelength, for representative waves
corresponding to 10, 25, 50, and 100-year return periods. A similar
approach is employed for current speed modeling. However, due to
limitations in historical data, additional hourly averaged data from two
stations collected over a 45-day period in 2023 are incorporated for
enhanced interpolation. The research introduces a novel analytical
approach that combines Spalding’s wall function with a fourth-order
polynomial framework to achieve a more accurate analysis of current
profiles. This refined current profile data serves as crucial input for the
simulations in Part II.

The ultimate selection of wave and current conditions as input for
numerical simulations is based on compliance with the Ultimate Limit
State (ULS) criteria recommended by Norwegian aquaculture standards,
ensuring the structural integrity of mussel farm components (Wieling,
2023).

To facilitate the risk assessment and design optimization of mussel
farm components, a joint probability density function is developed,
integrating two key variables: wave height and current speed at a spe-
cific depth, with an assumption of independence. This joint probability
density function is slated for utilization in Part II paper to estimate the
probability of failure for various mussel farm components.

In conclusion, this work quantifies extreme weather conditions in the
Northeast region in the context of offshore aquaculture engineering. By
examining the extreme wave and current conditions in New England
offshore waters using analytical and numerical modeling approaches,
this research provides useful information to future researchers to navi-
gate the basic challenges of the offshore aquaculture industry in the New
England region contributing to the sustainable growth of this vital
industry.

2. Mussel farm location

A commercially successful offshore mussel farm design from New
Zealand was adopted as a standard case for this research. For identifying
potential locations in New England waters, the following constraints
were used within the domain defined by the latitudes, 42∘ and 44∘, and
longitudes − 71. 3∘ and − 69. 7∘.

• Water depth within 25 and 60 m.
• New England federal waters.
• Seafloor sediment type suitable for screw anchor piles.
• 1000 acre approximate farm area.
• Within 10 NM distance from coast and near the ports of Portland,

ME, Portsmouth, NH, and Boston, MA.

Fig. 1 shows the geographic region of interest with the federal water
region shown in darker blue color obtained from the Bathymetric Data
Viewer by NOAA’s National Centers for Environmental Information. The
bathymetry map of this region obtained from the same source after
processing using QGIS (Kurt Menke et al., 2016) software and is shown
in Fig. 2.

The federal water and bathymetry maps were then georeferenced for
input to Google Earth software (Gorelick et al., 2017) to find the loca-
tions that satisfy the depth constraints as shown in Fig. 3. The surface
geology map developed by Grizzle et al. (2009) shown in Fig. 4 is

Fig. 2. Bathymetry map of the region of interest in New England water ob-
tained from the Bathymetric Data Viewer by NOAA’s National Centers for
Environmental Information. The domain defined by the latitudes, 42∘ and 44∘,
and longitudes − 71. 3∘ and − 69. 7∘.
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Fig. 3. Overlapped map of federal waters and bathymetry map of desired depth range 25–60 m. The lettered red markers show the locations of the five buoy stations:
A (station 44007), B (station 44013), C (station 44029), D (station 44030), and E (station 44098). The domain is defined by the latitudes, 42∘ and 44∘, and longitudes
− 71. 3∘ and − 69. 7∘. Zones satisfying constraints are shown in red color.
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Fig. 4. The surface geology map developed by the University of New Hampshire used for determining potential locations for the mussel farm. The regions with the
diagonal stripes mean unverified.
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Fig. 5. Map showing the potential locations for the mussel farm that satisfies the federal water, water depth, and sea-surface geology constraints (in red). The yellow-
colored zone represents sand and the green-colored zone, gravel. The red markers are the locations of buoy stations: C (station 44029), and E (station 44098).

Fig. 6. Selected location and design of a 1009 acre mussel farm with plot outlines, average wave, and current directions. Each plot (red rectangles) has a dimension
of 360 m x 1100 m. 1000 ft navigation is provided between plots. Mussel lines (Yellow) are 190 ft apart and 6 plots of 100 Acres with 6 x 20 (120) mussel lines. The
orange arrow represents the mean current direction, and the white arrow represents the mean wave direction.
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provided as an overlay with the federal water and bathymetry map to
obtain the potential location for the mussel farm as shown in Fig. 5. With
this information, a set of potential sites were identified (Fig. 6) with the
yellow-colored zone chosen for the mussel farm with the outline of the
farm design. The major specifications of the mussel farm site are the
following.

• 1009 Acre Farm Area (Green).
• Federal Waters.
• Sediment Type - Sand/muddy sand.
• Distance from the coast is 4.5 NM.
• 6 plots of 100 Acre with 6 × 20 (120) Mussel Lines.
• Each plot (red rectangles) has a dimension of 360 x 1100 m.
• Mussel longline length 1200 ft (360 m).
• Lines are 190 ft apart.
• 1000 ft navigation between plots.
• Nearest Weather Buoy Station IOSN3 - Isle of Shoals, NH.

3. Statistical modeling of environmental conditions

Extreme weather conditions pose a major threat to offshore aqua-
culture gear. Hence, the modeling of extreme weather events helps us to
design for the probable critical events during the desired operational
period. In this engineering design study, historical wave and current
data from five NOAA buoys were obtained and return period statistics

were developed. The historical dataset was collected by the National
Data Buoy Center (NDBC) and it is published on their website. The
location of the five selected buoys across the New England waters is
shown in Fig. 3. Table 1 provides the location, water depth, and
approximate distance to the coast of the selected buoys.

3.1. Extreme wave conditions

Station 44007 and 44013 have the longest historical data starting
from 1983 and 1987, respectively. The instruments from station 44029
began collecting data in 2002, with those at station 44030 in 2003.
Station 44098 has the least amount of historical data with information
from 2009. The five NDBC buoys are still operating. The samples for
modeling the extreme waves and currents were prepared using the
annual maxima method. All the available data were used including those
from stations with partial data during certain years. Significant wave
height and dominant wave period data with one-hour intervals were
used to model the extreme waves. In the annual maxima sampling
method, the largest significant wave height (Hs) recorded in a calendar
year and the corresponding dominant wave period (Tp) were consid-
ered. The annual maxima method is chosen so that each event is sta-
tistically distinct and it is a standard approach used in modeling extreme
waves (Goda, 2010). In contrast with the total sample approach, the
annual maxima method could have a limited data set. The “peaks over
threshold method” should be avoided if the study is not to be done in a
subjective manner. Statistical independence of data in time is assumed
in modeling. The largest wave height recorded was 11.70 m in 2010 at
station 44007. A significant wave height larger than 8 m is recorded 2, 6,
5, 7, and 5 times for stations 44007, 44013, 44029, 44030, and 44098.
The significant wave height sampled data is shown in Fig. 7. For this
study, the collected data is modeled using the Weibull distribution even
though others can be applied based on “goodness of fit” criteria. The
conditional form of Weibull distribution is

F(Hs ≤ Ĥs) = 1 − e
−

(
Ĥs − B

A

)k

, (1)

Table 1
Locations of the five selected NOAA buoy stations in New England waters.
Historical data from these stations are used for the statistical modeling of
extreme weather conditions.

Station Latitude Longitude Depth (m) Coast (mi)

44013 42.346 N 70.651 W 64.6 10.0
44029 42.523 N 70.566 W 65.0 6.2
44098 42.800 N 70.171 W 80.0 23.8
44030 43.179 N 70.426 W 62.0 8.1
44007 43.525 N 70.140 W 49.0 4.2

Fig. 7. Annual maxima historical significant wave height data from the five NOAA buoy stations. The location and other details about the stations are given in
the Table 1.
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where A, B, and k are the scale, location, and shape parameters,
respectively. The parameter k is non-dimensional, but the parameters A
and B have the same units as the random variable, i.e., the meter for the
wave height. For k=1, the Weibull distribution would represent the
exponential distribution and the distribution becomes broader as K gets
smaller. For k =2, the Weibull distribution performs similarly to the
lognormal distribution. The unbiased plotting position formula for
Weibull distribution is

F̂m = 1 −

m −

(

0.20 + 0.27̅̅
k

√

)

NT +

(

0.20 + 0.23̅̅
k

√

), (2)

where m = 1, 2, …, N, k is the shape parameter, and NT is the sample
size. The reduced variate ym for the mth ordered data is calculated as

ym = [ − ln(1 − F̂m)]
1
k (3)

where F̂m is the nonexceedence probability. The parameters of the dis-
tribution, A and B in (4),

xm = B+ Aym (4)

are then estimated using the least square fit method where xm is the
order statistics of extreme data in descending order. Since Weibull

distributions have three parameters, the least-square fit is tested for four
values of k; 0.75, 1.0, 1.4, and 2.0. The k value with the least error is
chosen. Fig. 8 shows the reduced variate and the least square fit for the
five NOAA station datasets. The correlation coefficients of the reduced
variate fit are given in Table 2. It can be seen that the correlation is
greater than 95 % as a “goodness of fit” for all five stations.

Fig. 9 shows the Weibull distributions for the significant wave height
at the selected five NOAA stations obtained by substituting the param-
eter values for A, B, and k in (1). After finding the most probable Weibull
distribution parameters for the observed data, the expected value for a
given return period is estimated as

x̂R = B+ AyR (5)

where the reduced variate yR is a function of the return period R and the
mean rate λ given by

yR = [ln(λR) ]1∕k (6)

The mean rate λ has a value of one when the annual maxima method is
used. The extreme wave data has a large variability and it is likely that
the estimated return values using the best-fitting Weibull distribution
vary considerably around the true population. Techniques are provided
by Goda (2010) to estimate the band for a given confidence interval(CI).
For a 90 % CI, the true value is estimated using (7).

xR = x̂R ± 1.645σ(x̂R) (7)

where σ(x̂R) is given by

σ(x̂R) = σz.σx, (8)

σz is the standard deviation of the reduced variate defined as

σz =
[1.0 + a(yR − c+ αlnν)2

]
1∕2

̅̅̅̅
N

√ , (9)

in which a is a constant, estimated as

Fig. 8. Weibull distribution’s reduced variate and least square fit for the extreme wave heights at the five NOAA buoy stations. The correlation between the reduced
variate and the significant wave height is a measure of “goodness of fit”, and all five stations have a correlation of 95 % or higher. The location and other details about
the stations are given in the Table 1.

Table 2
Distribution Parameters of the best fit and the correlations of the fit.

Station A B k r

44007 1.954 4.5171 1.4 0.9509
44013 2.9787 3.7554 2.0 0.9880
44029 3.4337 4.5503 2.0 0.9657
44030 2.8576 4.8497 2.0 0.9788
44098 2.2416 5.5817 1.4 0.9846
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a = a1e(a2N− 1.3+κ(− lnν)2), (10)

In (10), ν is defined as the ratio of the number of data points to the
number of extreme events, ν = N

NT
, where NT is the number of extreme

events. The coefficients appearing in (9) and (10) have been estimated
by (Goda, 2010) based on the Monte Carlo simulation studies and are
provided in Table 3. The significant wave heights and corresponding
return periods with the corresponding band with 90 % CI for the five
NOAA stations are given in Fig. 10. The results are summarized in
Table 4. According to this analysis, the 10-year expected return signif-
icant wave heights of the five stations range from 8.1 to 9.8 m with the
largest one at station 44029 and the smallest at 44007. For the 50-year
return period, the significant wave heights of the five stations range
from 9.6 to 11.5 m, with the largest at station 44098 and the smallest at
44013, and for the 100-year return period, the significant wave heights
of the five stations range from 10.1 to 12.3 m with the largest and
smallest being recorded by the same as the 50-year return period. An
analysis was conducted based on the depth and the significant wave
heights for 10, 25, 50, and 100-year return significant wave heights
showing a correlation. Fig. 11 shows this correlation with a linear least
square fit with a 90 % confidence interval (CI). A positive correlation
between the depth and significant wave heights is evident. The corre-
lation is expected as the increase in depth typically means an increase in
sea state roughness and the selected stations are expected to be impacted
by the same extreme weather events such as Hurricanes or large-scale

extratropical cyclones in the western North Atlantic Ocean (North-
easter) due to spatial closeness. The 10, 25, 50, and 100-year significant
wave heights for the design depth are estimated based on the plots in
Fig. 11. The most likely values corresponding to the design depth of
45 m are taken from the linear fit. The maximum and minimum values
of the 10, 25, 50, and 100-year significant wave heights for the design
depth are taken as the maximum of two values; 1. Maximum within the
90 % CI estimated from the relation between depth and wave height,
and 2. Maximum significant wave height within the 90 % prediction
interval for a station that is closest in terms of depth. For example, Hs
Max for 10 years is taken as the maximum of 10.117 m (linear depth
relation) and stations 44007’s (depth = 49 m) 8.868 m from Table 4.
Table 5 shows the estimated most likely, minimum, and maximum sig-
nificant wave heights for return periods 10, 25, 50, and 100 years for the
design depth of 45 m along with the correlation of the linear fit between
the depth, and significant wave height in Fig. 11. The input wave heights
for the numerical simulation for a return period TR are finally picked for
the corresponding depth based on Fig. 11. The fourth column in Table 5
gives the final input values for the significant wave height used in the
numerical simulations. These values correspond to the most likely return
values for 10–100-year return periods. The 90 % prediction interval of
the system’s response can be estimated by using Hs Min and Hs Max as
the input loading conditions. The wave periods (Tp) corresponding to the
annual maxima event are selected for finding the probability density
function (PDF) of wave periods and the wave periods corresponding to
the 10, 25, 50, and 100-year events estimated as

Tp = αHβ
s (11)

where α and β are found using the least square fit from the scatter plot of
significant wave heights and peak wave periods (Goda, 2010). In Fig. 12,
the significant wave period (T1∕3 or Ts) is considered as a function of Tp
given by Ts = Tp∕1.1 (Goda, 2010). For the numerical simulations, the fit
for station 44007 is used as it has the closest water depth with a design
depth of 45 m. So, the final significant wave heights and the significant
wave periods corresponding to the 10, 25, 50, and 100 yr waves are

Fig. 9. Weibull probability density functions for the extreme wave heights at the five NOAA buoy stations. The location, depth, and distance from coast information
about the stations are given in the Table 1.

Table 3
Constants for the standard deviation of return value for Weibull distribution
(Goda, 2010).

k a1 a2 κ c α

0.75 1.65 11.4 − 0.63 0 1.15
1.0 1.92 11.4 0 0.3 0.90
1.4 2.05 11.4 0.69 0.4 0.72
2.0 2.24 11.4 1.34 0.5 0.54
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Fig. 10. Significant wave heights return period estimated using the Weibull distribution for the extreme wave heights at the five NOAA buoy stations. The location
and other details about the stations are given in the Table 1.
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provided in the Table 6. For numerical modeling with Hydro FE, the
corresponding wavelengths were used. They were calculated from the
implicit dispersion equation of linear wave theory (Dean and Dalrymple,
1995),

L =
gT2

2π tanh
2πh
L

, (12)

where T is the wave period, L is wavelength, and h is the water depth.
Monochromatic waves, which are waves with the same wavelength are
considered for this study, and the wave and current directions are either
0o, 45o, or 90o with respect to the mooring line direction.

3.2. Extreme current conditions

Ocean current speed data is available from only two stations 44029
and 44030. The data set from station 44029 data includes years
2002–2022, and that from 44030 includes years 2003–2022. The annual
maxima sampling method did not seem appropriate for ocean current
speed modeling from the available data due to the outliers with

magnitudes greater than even 20 times the standard deviation of the
daily highs. The outliers are assumed to be of error and distribution
quantiles were used to eliminate them. As the current speed varies with
depth, to accurately model the environmental loading due to currents, it
is necessary to capture the vertical current speed profile. For this pur-
pose, all available historical data from the two stations at different
depths were collected. Simple histograms with 50 bins of daily highs and
daily average current speeds at three levels 2 m, 10 m, and 50 m from
the water level are shown in Fig. 13.

The daily high current speeds at three depths were divided into
quantiles and their respective mean values were used with piecewise
linear fit as shown in Fig. 14. The standard deviations are provided to the
right of the corresponding quantiles. One quantile that represents the
extreme events in the best way is chosen to model the distribution and
estimate the input values for the numerical model. The last three
quantiles are (99.00th–99.75th), (99.00th–99.90th), (99.00th–100th). They
represent extreme events. The large standard deviation associated with
the quantile (99.00th-100th) denotes the presence of unrealistic outliers
and hence the mean and standard deviation plot suggest the use of
quantile (99.00th–99.90th) for modeling the distribution. The probability
density functions (PDF) using Weibull distributions fitted for the three
quantiles of extreme current speeds (99th to 99.75th), (99.00th–99.90th),
(99.00th–100th) of daily highs are shown in Fig. 15. The PDF results also
suggest the quantile (99.00th–99.90th) as it seems the best fit

Table 4
Estimated significant wave height (meters) return values and return periods with
90 % CI from the historical wave height data at the five selected stations.

Station 44007 44013 44029 44030 44098

10 yr 8.06 8.28 9.76 9.19 9.65
10 yr max 8.87 8.98 10.96 10.17 11.38
10 yr min 7.26 7.57 8.57 8.21 7.92
25 yr 9.02 9.10 10.71 9.98 10.75
25 yr max 10.06 9.95 12.16 11.16 13.00
25 yr min 7.98 8.25 9.27 8.79 8.50
50 yr 9.69 9.65 11.34 10.50 11.52
50 yr max 10.90 10.60 12.96 11.83 14.15
50 yr min 8.48 8.70 9.73 9.18 8.89
100 yr 10.33 10.15 11.92 10.98 12.25
100 yr max 11.71 11.19 13.69 12.44 15.24
100 yr min 8.96 9.10 10.14 9.52 9.27

Fig. 11. Depth vs Significant wave heights for 10, 25, 50, and 100 year return period estimated using the Weibull distribution for the extreme wave heights at the
five NOAA buoy stations. The location and other details about the stations are given in the Table 1.

Table 5
Correlation between depth and return values with 90 % CI from the historical
wave height data at the design depth of 45 m. The return period (Return) is in
years. Correlation is in percentage and the significant wave heights are in
meters.

Return Correlation Hs Min Hs Hs Max

10 70.9 5.937 8.027 10.117
25 73.0 6.684 8.852 11.020
50 73.7 7.147 9.412 11.676

100 73.7 7.527 9.931 12.335
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qualitatively.
Finally, the relationship between the current speeds and the return

periods was estimated using equations (1) to (3), and the results are
shown in Fig. 16 and 17. The statistically predicted value for station
44030 at 50 m depth with 90 % CI seems unrealistic and the reason is
unknown and can be suspected to be a measurement or calibration error
or due to a physical phenomenon, currently not detected in the location
such as internal waves. Because of this unrealistic nature, data from
station 44030 is not used for the numerical simulations.

The decision to consider 99.00–99.75 % percentile data to model
was based on the following analysis. Fig. 18 shows the correlation co-
efficient estimate for ranges starting from 99.00 % to
99.10–99.00–100 %. The intention is to include as much of the extreme
data as possible while ensuring the fitted model accurately represents
the data. The correlation coefficient is maximum for ranges ending at
99.9 % and it reduces largely past that. Hence the quantile (99.0–99.9)
is suggested based on the correlation coefficient.

When the current speed is modeled using the data between the
percentiles 99.0–99.9, the largest 0.1 percentile data is omitted. Even
though the omitted data seems unrealistic it is very likely that they are
larger than the rest 99.9 percentile data. In order to consider these larger
data points, the location and scale parameter is extrapolated with the
assumption that the shape parameter k is the same as that of the best fit
for the quantile (99.0–99.9). The change of shape, scale, and location
parameters for ranges starting from 99.00 % to 99.10–99.00–100 % for

stations 44029 (left) and 44030 (right) are shown in Fig. 19. The esti-
mation of scale and location parameters depends on the shape param-
eter. It can be noted that all three parameters start to vary before
99.20 % and after 99.75 % percentile for station 44029.

The shape parameter values for station 44029 for the quantile
(99.0–99.9) at water depths 2 m, 10 m, and 50 m water depths are 1.4,
2, and 1.4 respectively. For station 44030 the shape parameters values
are 2.0, 1.4, and 1.4 respectively. The variation of the scale and location
parameter, as well as the standard deviation near the (99.0–99.9)
quantile data using the above shape parameter values, are used to
extrapolate the dataset to obtain the omitted largest 0.1 percentile data
as shown in Fig. 20. A second-degree polynomial curve using the least
square fit is used to extrapolate the location parameter, scale parameter,
and standard deviation; its correlation coefficient is shown in Table 7. It
can be seen that all the quadratic fits have a correlation larger than
99.3 % for station 44029, and 97 % for station 44030 except for the
location parameter for station 44030 at 50 m depth which is around
90 %. These results also suggest an anomaly or error with the current
speed observed at station 44030 at 50 m depth. The correlation for the
scale parameter for station 44029 and the correlation for the standard
deviation fit is higher than 99 %. The probability density functions for
the two stations 44029 and 44030 at three water depths of 2 m, 10 m,
and 50 m are shown in Fig. 21 Calculated return values of current speed
using the extrapolated scale parameter, location parameter, and stan-
dard deviation for the two stations 44029 and 44030 at depths of 2 m,
10 m, and 50 m are shown in Fig. 22. Even though the data from station
44030 at 50 m depth seems acceptable from a statistical point of view,
the predicted return values are above the realistic limit. The cause of this
needs future investigations and for this reason, the fitted models for
station 44030 are not used further in this research. The variation of
using the fitted Weibull distribution, the 10, 25, 50, and 100-year cur-
rent speeds at the two selected stations at three water depths are given in
Table 8.

The environmental load conditions for the extreme events corre-
sponding to the 10, 25, 50, and 100 yr return periods using the most
likely scenario are provided in the Table 9

Fig. 12. Models fit from the scatter plot of significant wave heights and peak wave periods based on the equation Tp = αHβ
s . 44007 (black), 44013(yellow), 44029

(pink), 44030 (green), 44098 (brown).

Table 6
Final significant wave heights, the significant wave periods, and the wave-
lengths corresponding to the 10, 25, 50, and 100 yr waves for the selected
location with the design depth of 45 m.

Return Period Hs(m) Ts(s) L(m)

10 yr 8.027 11.87 180.41
25 yr 8.852 12.21 188.55
50 yr 9.412 12.45 194.25
100 yr 9.931 12.63 198.52
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3.2.1. Current speed profile
An estimate of extreme loading conditions requires the vertical

current speed profile. For this purpose, a model is to be fit using the
estimated current speeds at the three points. The simplest model is the
piecewise linear model which interpolates between the points of known
current speeds. However, a piecewise linear model is continuous but not
differentiable or smooth at nodes. Therefore a cubic polynomial fit is
applied and it is differentiable or smooth everywhere. The four param-
eters of the curve can be solved using the three estimated current speeds
and by the no-slip boundary condition at the sea floor. It should be noted
that as a fitted dataset, the cubic polynomial does not represent a
physical process The study of wall-bounded turbulent flow shows that in
the viscous (laminar) sublayer, which is attached to the boundary sur-
face, the mean velocity is expressed as

U+ =
U
U∗

=
U
̅̅̅̅̅̅̅̅̅̅
τw∕ρ

√ = y+ =
yU∗

ν (13)

where U is the free stream velocity, U* is the friction velocity, U+ is the
dimensionless velocity, y+ is the dimensionless wall coordinate, τw is the
wall shear stress, ρ is the fluid density, and ν is the kinematic viscosity of
the fluid (Kadivar et al., 2021). This is applicable for y+ < 5. The next
region is called the log-layer and has the natural logarithmic velocity,
referred usually as the law of the wall which is given by

U+ =
1
κ

ln(y+) + C, (14)

where κ is known as the von Karman constant which is approximately
0.41 and C is the roughness constant. This is valid for the region y+> 30.
Spalding et al. (1961) proposed an approach that considers the viscous,

buffer, log law, and defect layers of wall-bounded flow and has been
validated with experimental data for a wide range of 0≤y+≤2000. The
Spalding law-of-the-wall is given by

y+ = U+ + e− κC
(

eκU+

− 1 − κU+ −
(κU+)

2

2
−
(κU+)

3

6

)

. (15)

An investigation was then conducted to determine the best curve fit
representation for the current speed profile (piecewise linear, cubic,
Spalding’s wall function). For this purpose, hourly current speed data for
the 45 days at station 44029 was analyzed. Unlike the historical current
speed data, which was available only at the three depths, this data
consists of current speeds at 14 depths. Fig. 23 shows the average profile
and statistics of the 45 days of data, while Fig. 28(Appendix A) shows the
piecewise linearly fit quantile mean current profiles of 45 days of hourly
averaged data at station 44029. Three sets of the current speed quantile
profiles to represent the 45 days of data were created using the piecewise
linear, cubic, and Spalding’s wall functions and the data at the three
depths which are available for the historical data; i.e. 2, 10, and 50 m. A
new function named Spalding-Poly is proposed that combines Spalding’s
wall function and a fourth-order polynomial. This function has the same
profile as that of Spalding’s wall function for the largest 25 % of depth or
near the wall. A fourth-order polynomial with five parameters defines
the current speed profile starting from the surface to 75 % of water
depth. At the transition point from Spalding’s wall function to the
polynomial function, three characteristics of the functions are matched;
value, slope, and curvature. The polynomial function also matches the
measured data value at the two locations near the surface. Thus a fourth
set of profiles is created using the proposed function. The four sets of
current speed quantile profiles are shown in Fig. 26(Appendix A). It can

Fig. 13. Histograms of ocean current speeds at three depths (2 m, 10 m, and 50 m) of two stations 440029 (blue) and 440030 (yellow). For both locations, for both
the average and the maximum when depth increases from 2 to 10–50 m, the distributions are getting more skewed and have lesser variance or more peaky while the
maximum location shifts to the left, showing lower current speed with increasing depth. Station 44029 has a higher median current speed than 44030 at all depths for
average and maximum cases. The average and maximum distribution at all three depths of both stations is very similar in shape, suggesting a good correlation. The
daily maximum of both stations at all depths has a higher variance than the daily average cases and the peak locations shifted to the right as expected indicating
higher median cuurent speed.
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be seen that the cubic and piecewise linear functions have unrealistic
profiles close to the seafloor and Spalding’s wall function has poor
performance near the surface. The newly proposed function seems to
perform well. To quantify the performance, error plots were created by
comparing the four sets of created profiles to the data at the 14 depths.
This is shown in Fig. 27 (Appendix A). Quantitative error analysis shows
that Spalding’s wall function and the proposed function have the least
error in the range of 45–65 m. Between depths 10–44 m, Spalding’s wall
function has the maximum error, followed by cubic and the proposed
function. Piecewise linear function has the least error in this range.
While considering the entire depth, the error is the least for the proposed
function; Splading-Poly. Thus, it is used to model the extreme current
speed profile for the design location.

From (15) and (13), it can be seen that the unknowns for creating a
profile using Spalding’s wall function S(y) are U* and C. C is the
roughness coefficient and can be assumed to be constant for a location.
Thus for creating the profiles for the 45 days of data from station 44029,
C and U* are solved numerically using the mean data from the 58 and
50 m water depths shown in Fig. 23. The value of C was found to be
− 35.756 and the shear stress to be 1.01 Pa. Now, since the function is
implicit in U, numerical solutions via iterations are obtained for each
depth level and thus the profile is obtained.

The proposed function, Spalding-Poly P(y) has the same profile as
Spalding’s wall function for the largest 25 % of depth or near the wall
which gives P(y)0− 0.25 = S(y). The five parameters are solved using the
following known values; P(y = y0.25), P(y = 10), P(y = 2), Ṕ (y = y0.25),
and P″(y = y0.25).

Final Current Speed Profiles for extreme current events: Final
current profiles for extreme current events at the design depth are ob-
tained by linear scaling along depth without change in the current speed
magnitude using the newly proposed function. Results are shown in
Fig. 24. Current profiles are created for return periods 10, 25, 50, and
100 years for the most likely, minimum, and maximum cases within the
90 % CI. The most likely profiles (the second column B in Fig. 24) are

used as input to the numerical model. Minimum and Maximum value
(columns A and C in Fig. 24) profiles can be used as loading inputs to the
numerical model for estimating the system’s responses within a 90 %
prediction interval.

3.3. Joint probability density function for waves and currents

We suggest an approach to quantify the risk of structural failure of
different components of the mussel farm so that the appropriate safety
factors can be used by the farmers and suggested by the regulatory
agencies.

A multivariate probability density function or a joint probability
density function(PDF) based on the individual PDFs for the significant
wave heights and the ocean current speed is used for this. The statio-
narity and independence of the variables are assumed for this basic
analysis. The estimation of the probability of failure of the components
is presented in part II which is under review. Joint PDF is a non-negative
function fXY: R2 → R, such that, for any set A ∈ R2, we have

P[((X,Y) ∈ A ] =

∫∫

A
fXY(x, y)dxdy, (16)

where X and Y are the two random variables, P is the probability, and A
is domain area. This means that for small positive δ with the indepen-
dence assumption, we have

P(x −
δx

2
< X ≤ x+

δx

2
, y −

δy

2
< Y ≤ y+

δy

2
) ≈ P(X)P(Y)δxδy. (17)

Fig. 25, shows the estimated joint PDF combining the historical
significant wave height and current speed data from station 44029.

4. Conclusion

This study provides a comprehensive analysis of extreme environ-
mental conditions in New England’s offshore waters, which is a critical

Fig. 14. Daily high current speeds at three depths divided into quantiles and the piecewise linear fit using their respective mean values. Columns A and B belong to
station 44029, and C and D belong to station 44030. Columns B and D represent the quantiles of the standard deviation.
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Fig. 15. Weibull probability density functions (PDF) for the three quantiles of extreme current speeds 1. 99th to 99.75th, 2. 99.00th-99.90th, 3. 99.00th-100th of daily
highs for the past 20 years (01/01/2001–12/31/2022) at the two NOAA buoy stations, A. 44029 and B. 44030 at three water depths.
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Fig. 16. Current speed vs return period estimated using the Weibull distribution for the three quantiles of extreme current speeds 99th to 99.75th (left column),
99.00th-99.90th (center column), 99.00th-100th (right column) of daily highs for the past 20 years at station 44029. Colors represent the depth: 2 m (gray), 10 m
(yellow), 50 m (pink). The historical data are shown as points and fitted models as lines. The location and other details about the stations are given in the Table 1.

Fig. 17. Current speed vs return period estimated using the Weibull distribution for the three quantiles of extreme current speeds 99th to 99.75th (left column),
99.00th-99.90th (center column), 99.00th-100th (right column) of daily highs for the past 20 years at station 44030. Colors represent the depth: 2 m (gray), 10 m
(yellow), 50 m (pink). The historical data are shown as points and fitted models as lines. The location and other details about the stations are given in the Table 1.
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Fig. 18. Correlation coefficient estimate for ranges starting from 99.00 % to 99.10–99.00–100 % quantiles for stations 44029 (left) and 44030 (right) for the Weibull
distribution model. The location and other details about the stations are given in the Table 1. It can be seen that the correlation coefficients are above 90 % from 99.3
percentile and increasing to about 98 % before drastically dropping for the (99.0–99.9) to (99.0–100) percentile data suggesting an improved model in this region.

Fig. 19. The change of shape, scale, and location parameters for the Weibull distribution for ranges starting from 99.00 % to 99.10–99.00–100 % quantiles of current
speeds for stations 44029 (left) and 44030 (right).
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step in designing a continuous mussel dropper system for operation in U.
S. Federal waters. We began by identifying a potential farm location
based on specific criteria, including water depth, federal water bound-
aries, seafloor suitability for anchor piles, farm size, and proximity to
coastal ports, using bathymetric and sedimentary maps. Note that while
surficial geology maps are a good start in the marine spatial planning
process, more site-specific, geotechnical data are needed for proper
engineering analysis of anchors. The research then focused on modeling
extreme environmental conditions at the chosen farm site. We devel-
oped a statistical model using historical annual maximum data from five
wave monitoring stations and two current velocity stations in the New
England region as waves and currents pose the primary threats to
offshore mussel farming. We used the Weibull distribution to model
extreme wave conditions and the largest 0.3 % data for extreme cur-
rents. This analysis provided insights into wave height, period, and
wavelength for various return periods.

We also introduced an innovative method to analyze current profiles,
improving precision. This new approach combines Spalding’s wall
function with a fourth-order polynomial framework. The resulting data
served as crucial input for numerical simulations presented in the
companion paper part II, guided by the Ultimate Limit State (ULS)
criteria to ensure the structural integrity of mussel farm components.

Fig. 20. The variation of scale and location parameters along with the standard deviation near the quantile (99. 0th to 99.90th) to extrapolate curve the distribution
parameters using a least squared error quadratic for the quantile (99. 0th to 100th). Plots in the left column correspond to station 44029 and that in the right column,
station 44030.

Table 7
Correlation of the second-degree polynomial curve used to extrapolate the
location parameter (Clo), scale parameter (Csc), and standard deviation (Csd) for
two stations 44029 and 44030 at the three depths given in percentage. The depth
is in meters.

Station Depth Csc Clo Csd

44029 2 99.71 99.41 99.79
44029 10 99.80 99.49 99.65
44029 50 99.86 99.36 99.87
44030 2 99.71 98.03 99.68
44030 10 99.64 97.14 99.76
44030 50 99.52 90.13 99.67

Fig. 21. The probability density functions for the two stations 44029 and
44030 at three water depths of 2 m, 10 m, and 50 m. Fitted models utilize 99.
0th to 99. 9th percentile data to model the return values. It uses extrapolated
distribution parameters to account for the omitted data between the 99. 9th

100th percentile.
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Finally, we developed a joint probability density function, consid-
ering wave height and current velocity at a specific depth, assuming
statistical independence. This model will be used in the companion

paper, where we will estimate failure probabilities for mussel farm
components. This research quantifying the extreme wave and current
conditions in the offshore waters of New England contributes not only to
advancing offshore mussel farming but also to all types of offshore
aquaculture systems.

While this study aimed to conduct a comprehensive analysis of the
extreme environmental conditions in New England’s offshore waters,
several limitations should be acknowledged. First, the potential farm
location was defined based on bathymetric and surficial geology maps.
Although these maps are useful for initial spatial planning, they are
insufficient for detailed site selection. Site-specific geotechnical data
analyses and considerations of navigational routes, protected zones for
endangered species, and other regulatory constraints are necessary.
Detailed geotechnical investigations are essential for proper engineering
analysis of anchors, as they provide critical information about seafloor
properties that cannot be inferred from surface maps alone. Second, the
statistical modeling of extreme environmental conditions relied on his-
torical annual maximum data from a limited number of wave and cur-
rent monitoring stations. This approach may not fully capture the spatial
variability and localized extreme events in the region, potentially
affecting the accuracy of the extreme value analysis. The statistical
models come with assumptions; for instance, they assume time inde-
pendence, which may not effectively account for real physical phe-
nomena such as climate change. While the Weibull distribution was used
in this study, other distributions like the Gumbel distribution could also
be applied and might yield different estimates of extreme loading con-
ditions. Furthermore, the assumption of statistical independence in
developing the joint probability density function for wave height and
current velocity may oversimplify the complex interactions between
these environmental factors, potentially leading to variations in the
system response. In this study, a 50-year wave event is characterized by
only two parameters: the significant wave height of the peak hour of the
event and the corresponding wave period. However, different wave
environments can have the same Hs (significant wave height) and Tp
(peak period) values but create different responses in the system.
Therefore, options such as loading the system with random waves based

Fig. 22. Estimated return values for the current speeds for two stations 44029 and 44030 at depths of 2 m, 10 m, and 50 m. Fitted models utilize 99. 0th to 99. 9th

percentile data to model the return values. It uses extrapolated distribution parameters to account for the omitted data between the 99. 9th and 100th percentile.

Table 8
Final return periods and return values for current speeds (m/s) at three different
depths with 90 % CI for station 44029 estimated for the quantile (99.00th −

100th) representing the extreme events.

Return Period

Depth Metric 10 Yr 25 Yr 50 Yr 100 Yr
(m) (m/s) (m/s) (m/s) (m/s)

Site 44029 2 m Lik 1.6803 1.8407 1.9557 2.0663
2 m Max 1.8242 2.0129 2.1484 2.2789
2 m Min 1.5363 1.6684 1.7629 1.8537
10 m Lik 1.0889 1.1471 1.1871 1.2246
10 m Max 1.1393 1.2045 1.2495 1.2916
10 m Min 1.0385 1.0897 1.1248 1.1576
50 m Lik 0.5914 0.6268 0.6522 0.6766
50 m Max 0.6223 0.6638 0.6936 0.7223
50 m Min 0.5605 0.5898 0.6107 0.6309

Table 9
Environmental load conditions corresponding to the 10, 25, 50, and 100 yr re-
turn periods for the selected location with the most likely scenario and
maximum within the 90 % CI. Here U stands for the current speed and ML stands
for most likely. This study, suggests and uses (Part II) the use of ML values for the
Hs and Max values for U as the U values are based on a single location (spatial
variability) and the omitted outliers fall mostly above the max values.

Return
Period

ML
Hs

(m)

Max Hs

(m)
Ts(s) Max U

1.38 m
(m/s)

Max U
6.92 m
(m/s)

Max U
34.61 m
(m/s)

10 yr 8.03 10.12 11.87 1.824 1.139 0.6223
25 yr 8.85 11.02 12.21 2.013 1.205 0.664
50 yr 9.41 11.68 12.45 2.148 1.250 0.693
100 yr 9.93 12.20 12.63 2.279 1.292 0.722
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on a wave spectrum model fitted for the Northeast region’s extreme
events should be considered in the future. Additionally, the random
waves and currents are not unidirectional and are defined by the
directional spectrum. This might not be crucial while the maximum
stress is the only concern, however this is important for optimizing the
system. Typical environmental conditions also play a crucial role in the
design of offshore farms, as fatigue from cyclical loading is correlated
with the number of cycles. While the newly proposed method of
combining Spalding’s wall function with a fourth-order polynomial
enhances the analysis of current profiles, it requires further validation
through field measurements. Moreover, the directional variation of the
current along the depth was not modeled in this study. The numerical
simulations presented are guided by the Ultimate Limit State (ULS)
criteria, which test combinations of 50-year wave and 10-year current
events. However, the possibility of more extreme events, such as the
simultaneous occurrence of 50-year wave and 50-year current condi-
tions, was not explored. Future research should address these limitations
by incorporating site-specific geotechnical surveys, expanding the sta-
tistical models to include other distributions and dependencies between
variables, considering directional variations of waves and currents, and
validating numerical models with field data. This would enhance the
accuracy of environmental condition assessments and improve the
reliability of offshore mussel farm designs.

Note I: To clarify our buoy station selection and their representa-
tiveness of local hydrological conditions, we have included two figures

in the Appendix (Figs. 29 and 30). Fig. 29 shows all nine NDBC stations
within our defined region of interest, spanning the coastal area from
north of Cape Cod, Boston, to approximately Portland, Maine. Of these,
only six buoys have sufficient historical significant wave height data
suitable for extreme value analysis; specifically, IOSN3 lacks wave
height data, and buoys 44073 and CMLN3 have only five annual maxima
data points each. We selected five buoys with reliable and extensive data
records (20–40 years) for our analysis. Fig. 30 displays additional buoys
outside our study region; incorporating these would require expanding
the study area beyond our scope. For current speed data, only two buoys
(stations 44029 and 44030) within our region have adequate historical
records, and we included both. The only omitted buoy with wave data in
the region of interest, station 44018, is the farthest from the farm site
and less representative of local conditions. While including more
monitoring points could enhance data comprehensiveness, our focus is
on the defined region, and the selected buoys adequately represent the
extreme environmental conditions relevant to the mussel farm site.

Note II: The title and authors of the companion paper (Part II) under
review are given in Sunny et al. (2023).
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Fig. 24. Final current profiles for extreme current events at the design depth
estimated. The current profile is interpolated using the newly proposed function
that combines Spalding’s wall function and fourth-order polynomial function.
This profile represents the most likely velocity profiles for the extreme events at
the selected location.

Fig. 25. This figure presents the joint probability density function (JPDF)
combining the PDFs of annual maxima wave heights and extreme current
speeds. The JPDF illustrates the combined variability between these two
environmental parameters, providing insights into their concurrent distribu-
tion. The elevated peak indicates the most likely combinations of the annual
maximum wave height and current speed, which are crucial for understanding
the coupled dynamics of wave-current interactions and risk assessment for
offshore structures. The single localized peak with rapidly reducing likelihoods
away from the peak suggests extreme events with wave heights larger than
12 m and current speeds more than 3 m/s are very less likely. It can be also
referenced that the likelihood of annual maximum Hs to be less than 4 m and
the annual maxima current speed less than 0.5 m/s is very low.
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Appendix A. Appendix

Fig. 26. Current speed quantile profiles to represent the 45 days of station 44029 data created using the piecewise linear, cubic, Spalding’s wall function, and a
newly proposed function. Profiles are created using data at the three depths which are available for the historical data; i.e. 2, 10, and 50 m. A) Piecewise linear fit, B)
Cubic polynomial C) Spalding’s wall function, D) New proposed function. Dots are the measured data points.

Fig. 27. Errors associated with the current speed profiles created using four functions at 14 depths. A) Piecewise linear fit, B) Cubic polynomial C) Spalding’s wall
function, D) New proposed function.
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Fig. 28. Piecewise linearly fit Quantile mean current profiles of 45 days of hourly averaged data at station 44029.
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Fig. 29. Map of the region of interest showing buoy stations in the New England offshore waters from the NDBC website. The map displays all nine National Data
Buoy Center (NDBC) stations within this region. Buoys with sufficient historical significant wave height data used in our analysis are highlighted. These selected
buoys provide reliable and extensive data records (20–40 years) essential for modeling extreme environmental conditions relevant to the potential mussel farm site.
Buoys without adequate data or those located farther from the farm site are also indicated.

Fig. 30. National Data Buoy Center (NDBC) and Integrated Ocean Observing System (IOOS) stations located inside and outside the defined rectangular region of
interest. The buoys outside the region of interest were not included in the analysis as they are less representative of the local hydrological conditions at the proposed
mussel farm site. Incorporating these stations would help to study the entire northeast offshore region viable for aquaculture, but it requires expanding the study area,
which was beyond the scope of this work.
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