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ABSTRACT 

Offshore resource assessment relies on estimating wind speeds at turbine hub height using 

observations typically made at substantially lower height. The methods used to adjust from 

observed wind speeds to hub height can impact resource estimation. The importance of 

directional sea state is examined, both as seasonal averages and as a function of the diurnal cycle. 

A General Electric 3.6 MW offshore turbine is used as a model for a power production. 

Including sea state increases or decreases seasonally averaged power production by roughly 1%, 

which is found to be an economically significant change. These changes occur because the sea 

state modifies the wind shear (vector wind difference between the buoy height and the moving 

surface) and therefore the extrapolation from the observation to hub height is affected. These 

seemingly small differences in capacity can alter profits by millions of dollars depending upon 

the size of the farm and fluctuations in price per kWh throughout the year.  A 2% change in 

capacity factor can lead to a 10 million dollar difference from total kWh produced from a wind 

farm of 100 3.6MW turbines. These economic impacts can be a deciding factor in determining 

whether a resource is viable for development.  Modification of power output due to sea states are 

shown for seasonal and diurnal time scales. Three regions are examined herein: West Florida, 

East Florida, and Nantucket Sound. The average capacity after sea state is included suggests 

areas around Florida could provide substantial amounts of wind power throughout three-fourths 

of the calendar year. At certain times of day winter average produced capacity factors in West 

Florida can be up to 45% more than in summer when sea state is included.  Nantucket Sound 

capacity factors are calculated for comparison to a region near a planned United States offshore 

wind farm. This study provides evidence to suggest including sea state in offshore wind resource 

assessment causes economically significant differences for offshore wind power siting.  
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INTRODUCTION 

Resource assessment is essential for determining an area’s potential for wind power. 

Economics plays a very large role in establishing a wind farm, and wind farms like the North 

Hoyle wind farm located a few miles off the coast of North Wales can cost millions of dollars. 

The European project’s total cost was 80 million euros (approximately 100 million US dollars in 

2012). For this reason, estimating the potential wind farm’s power production is extremely 

important in a budget analysis. Wind farm siting engineers and companies are able to determine 

how much energy is potentially available from wind by evaluating data from in situ and satellite 

observations and adjusting these observations to the height where the hub of the rotor is located 

or “hub height.” The amount of energy produced at specific wind speeds is dependent upon 

turbine specifications such as height and rotor diameter, as well as energy lost through friction 

and power transmission. Typical turbine hubs for large-scale offshore farms are 30 to 110 meters 

above the ocean’s surface. Consequently, creating a problem because typical in situ and satellite 

measurements are well below the height needed to produce an accurate estimate wind speeds.  

For wind power applications, a common extrapolation method for adjusting wind speed 

observations at a higher elevation is the power law (Peterson et al. 1977). Although a good first 

guess is produced from this method, the power law is an inefficient indicator of how well a wind 

turbine will perform under complex atmospheric conditions such as a low-level jet because the 

extrapolation cannot accurately capture such a wind profile (Rareshide et al. 2009). Technologies 

such as Doppler-lidar-based wind-profile measurements systems observe strong deviations from 

power law calculations (Pichugina et al. 2011).  Accounting for hub height wind speeds 

calculated using varying atmospheric stability and sea state can help wind farm siting engineers 

and companies to prepare for potential economic uncertainty caused by varying conditions 

observed at sea. To accomplish this, boundary layer models are needed to characterize 

atmospheric dynamics and thermodynamics in detail and provide a better prediction of wind 

profiles (Schreck et al. 2009).  

The purpose of this study is to compute the wind speeds at the height of an 85-meter 

turbine and determine the impact of including sea state on power production.  This study will be 

applied to National Buoy Data Center observations and the NOAA Wave Watch III model 

hindcast data in the state of Florida and in neighboring states. The United States has been slow to 
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start when it comes to the offshore wind industry. In 2010 there were a reported 2,000 MW of 

planned offshore projects in the United States (NREL 2010). To date, 0 MW have been installed. 

The uncertainty of wind prediction presents a challenge for future development. It is typically 

assumed that because, over the ocean, roughness is low compared to over land, the prediction of 

the potential wind power is easier by assuming constant roughness (Lange et. al 2004). However, 

roughness actually depends on the interactions between the wind and the waves. The height 

adjustment used herein is dependent on surface roughness, which is dependent on wave 

characteristics (e.g., Smith et al.1992; Taylor and Yelland 1999; Bourassa 2006). The model 

used herein (Bourassa 2006) to extrapolate the winds was not initially intended for researching 

wind power resources, but the study demonstrates how meteorological tools are applicable in the 

efforts to improve wind farm resourcing techniques.  

This type of analysis has not been done previously for sea state in Florida’s coastal 

waters.  Florida has the number one longest coastline (8,436 miles) in the contiguous United 

States. Only one other publicly available study on the importance of sea surface roughness in the 

Danish Baltic agrees that including sea state is necessary to fully model the wind profile needed 

for offshore wind resource assessment (Lange et. al 2004). Despite so many miles of coast, not 

one of the 54 gigawatts (GW) of suggested offshore wind facilities lies in Florida (NREL 2010). 

Although considered to be one of the sites with the least potential for wind power, the shallow 

waters of the West Florida Shelf (WFS) could prove to be favorable for saving costs during 

installation. Florida also experiences diurnal wind patterns such as sea-land breeze. By focusing 

on the offshore wind and wave interactions in Florida’s waters, it can be determined if including 

the sea state increases the average annual wind power production. If combined with the other 

benefits of offshore wind in Florida, then maybe Florida could be considered a favorable area for 

offshore wind. Using a more detailed boundary layer model can help to lessen the gap between 

assumptions and reality, which is important for quantifying the economic impact of sea state on 

offshore wind resourcing.  

The methodology used in this study is described in chapter 2. Problems with the marine 

data are illustrated. Chapter two also describes the turbine specifications and defines wind power 

terminology relevant to this study. The results (chapter 3) indicate including sea state in the 

extrapolation method causes changes in the vertical wind shear through influences of terms 
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found in the modified log-profile. The interactions between the seasonal wind and the waves 

cause these changes in the vertical wind shear. For example, in situations where the wind is 

blowing in the opposite direction of the mean motion of the waves, an increase the vertical wind 

shear occurs. This increase in the vertical wind shear causes the observed wind speed to 

extrapolate to greater wind speeds, which often leads to greater power production (see section 

2.3). Seasonal and diurnal differences are found to result from the difference wind and wave 

interactions caused by seasonal and diurnal weather patterns. Synoptic scale weather phenomena 

cause wind and wave interactions that result in increased average capacity factors in the winter, 

and land-sea breeze circulations can either increase or decrease the average capacity depending 

on the season or time of day. The changes in capacity found from including sea state result in an 

average loss of 1% capacity and therefore do not improve the potential for offshore wind farms 

in Florida.  
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METHODOLOGY 

 Although several methods are in use for extrapolation of surface observed winds to the 

hub height for offshore wind farm siting, there is no agreement in the scientific community on 

the best practices for this extrapolation. This study will examine a method of wind profile 

extrapolation that includes air-sea interaction. A wind profile extrapolation method that does not 

include sea state will be used for comparison. The causes of differences resulting from the two 

methods will be compared using rose plots to conclude what types of wind wave interactions and 

weather patterns are present. Another rose plot will also be used to illustrate the change in shear. 

To determine if the impacts from the different methods are even relevant, a first-guess 

assessment of the revenue resulting from both methods will follow. This economic evaluation 

will not include transmission losses, outages, etc. that would be desirable in a more realistic 

analysis. Section 2.1 describes the wind profile extrapolation methods and data used. That is 

followed with an explanation of how sea state can affect wind profile extrapolation, and a brief 

description will be given of the wind power terminology used within the study.  

2.1 Extrapolation Methods 

 The boundary layer model used in this study to extrapolate winds is the Bourassa (2006) 

momentum flux parameterization (an updated version of the Bourassa-Vincent-Wood (BVW) 

algorithm [Bourassa et al. 1999]). This model implements the following roughness length 

parameterization (1). The roughness length is two-dimensional: i = 1 is parallel to the dominant 

wave’s direction of propagation, and i=2 is the perpendicular direction.  

 (1) 

The β terms are binary weights for the roughness lengths (from left to right) associated with 

contributions to surface roughness from three types of surface features: an aerodynamically 

smooth surface (Nikuradse 1933; Kondo 1975), capillary waves (Bourassa et al. 1999), and 

gravity waves (Charnock 1955; Smith et al. 1988), where ν is the molecular viscosity of air, b is 

a dimensionless constant (Bourassa et al.1999), σ the is surface tension, ρw is density of water, a 

is Charnock’s constant, and g is gravitational acceleration. The β values depend on sea state, but 
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have very little impact for the range of wind speeds strong enough to generate wind power. The 

value of Charnock’s constant (a=0.035) is tuned with the assumption that sea state and currents 

can be accounted for as a change in vertical wind shear through two terms: a near surface 

velocity due to currents (Usfc) and the orbital motion of waves, and the zero-plane displacement 

height (d). The sea state terms modify u* and L (2) and consequently influence the adjustment to 

hub height. 

 

 (2) 

Where,  

 (3)
 

The current ( ) is a well-recognized modifier of wind shear (Chou 1993). The orbital 

velocity ( ) further transforms the velocity frame of reference by a fraction, s, of the orbital 

velocity of the dominant waves (Bourassa 2006).  Orbital speed is found using the following 

equation where  and are significant wave height and primary wave period, respectively. 

  (4) 

The log-wind term in (2) is the neutral stability modified log-wind profile. The modifications 

come from the +1 and the displacement height (d), which is the fraction s (80%) of the 

significant wave height for wind waves (Bourassa 2006). This modification has little impact 

unless the displacement height is a large fraction of the observation height. The stability term in 

(2) parameterizes how atmospheric stability modifies the wind speed at a specified height (z). 

This height is first set to the observation height for purpose of determine the log profile variables 

zo, u*, and L, then z is set to hub height of 85 meters. The log profile variables are then used in the 

extrapolated to hub height of the wind turbine.  

The Bourassa (2006) model allows fluxes to be computed without assuming that wind, 

stress, surface currents, and direction of wave propagation are always parallel to each other. 

Another advantage of using the Bourassa (2006) model is the ability to input the sea state using 

readily available wave characteristics such as significant wave height and primary wave period. 

The importance of directional wave considerations will be evaluated within the study. These 
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features (described in section 2.2) allow the model to be used to extrapolate the wind speeds 

from observational height to hub height and compare the results to a model such as the Smith 

(1988).  

 (5)

 

    (6)

 

Equation (5) is the log law used in Smith (1988).  
 
is treated as zero, and Charnock’s 

constant is fixed at an open ocean average of sea state typical of swell dominated seas; therefore, 

no sea state dependency is included in this version of the log law. The roughness length 

parameterization similar to Bourassa et al. (1999), except that it is a scalar term, does not 

consider capillary waves, and has a value of Charnock’s constant (a = 0.011) tuned to the 

assumption that Usfc = 0 and open ocean conditions. For typical ocean conditions and heights 

between 4 and somewhat over 20 meters, height adjustments based on Smith (1988) are not 

greatly different from those based on Bourassa (2006); however the difference in adjustments at 

heights typical of wind farms is substantial (Fig. 1a-c).  

This study began with in situ atmospheric and sea state observations from thirteen 

instrumented buoys and towers in the National Buoy Data Center database around Florida (Fig. 

2). Heights of the instruments vary from station to station (Table 1). Each station’s atmospheric 

and oceanographic hourly observations are approximated as equal mean hourly values and are 

used to compute the wind speed at desired height. Unfortunately, much of the in situ wave data 

are missing, primarily because of malfunctioning instruments (Table 1). Additionally, sites with 

anemometer heights below 3 meters are not as reliable for extrapolation because the 

extrapolation method used is more likely to have greater errors at these lower heights. 

Consequently, these results are not examined in this study, other than to verify that they are not 

consistent with the results from other buoys. Two of these buoys are located near Tampa, Florida 

and one near Cape Canaveral, Florida (Table 1 and Fig. 2). The time periods used from each 

buoy varies depending on the data available and when the buoy was established (Fig. 3). Ten 

sites were examined in this study. These data issues should serve as another example as to why 

better observational data are needed.  
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When wave data are not available from buoy observations, hindcast data are interpolated 

temporally and spatially from the NOAA WAVEWATCH III–Western North Atlantic (WW3-

WNA) operational wave model (Tolman 2002). In a comparison to the buoy data, the wave 

height reanalysis data in the Gulf of Mexico have a positive bias around 0.1 meters and wind 

speed had a -0.25 ms-1 bias. The RMSE of the wave height and wind speeds were found to be 0.5 

meters and 1.75 ms-1, respectively. The time period of WW3-WNA data used was from 1999 to 

2007. Quality control was also implemented to restrict height adjustments to days in which 

observations or interpolations were available for all variables for each of the twenty-four hours.   

 These situ data and the WW3-WNA hindcast data are also used to determine atmospheric 

stability when buoy data are not available. Benoit’s (1977) parameterization is used when the 

atmosphere is unstable. In the case of a stable boundary layer, the Beljaars and Holtslag (1991) 

parameterization is applied. This parameterization results in much smaller wind speeds at hub 

height than the Businger-Dyer flux-gradient relations originally used in Smith (1988). To keep 

this study focused on wave-related changes, we use the Beljaars and Holtslag (1991) 

parameterization with the Smith (1988) roughness length parameterizations. Previous studies 

have found extrapolation methods that do not include atmospheric stability to be less accurate at 

modeling realistic wind profiles. A study by Capps and Zender (2009) found including 

atmospheric stability in calculations of wind speeds at turbine height decreased global averaged 

ocean wind power by 4%. Pichugina et al. (2011) compared Doppler-lidar-measured wind-

profiles to the power law profiles and found the observed profiles sometimes indicated a low 

level jet not captured in the power law extrapolation. Using a power law extrapolation assumes 

static stability and simplifications of roughness length such as exclusion of sea state 

characteristics that can lead to an erroneous estimate of hub height wind speeds and therefore 

cause spurious economic differences in resource assessment. The magnitude of the sea state 

related changes of the wind profile are discussed in chapter 3. Wind speeds determined from the 

Bourassa (2006) and modified Smith (1988) models are used to calculate capacity factor (a 

measure of output power; Section 2.3) and to determine how sea state modifies the capacity 

factor (section 3).  

 Seasonal and diurnal wind and wave roses are created for each station to determine the 

primary wind and wave patterns causing the influencing the changes in the average capacity 
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factor. The average change in the capacity factor (defined in section 2.3) was determined herein 

by (7): 

Capacity(with_waves)i −Capacity(without _waves)

n
n=1

ni

∑  (7) 

The hourly observations are assumed to be the average hourly values of each variable used in the 

extrapolation. In cases when more than one observation was available, the values closest to 

minute zero was used. These rose plots were created with directional bins of 10 degrees. The 

directions of the waves from the station and hindcast data were converted from oceanographic to 

meteorological conventions by subtracting 180 degrees. The wind direction bounds are indicated 

in Table 3. A shear rose plot was also created to visualize the shear and the difference between 

the wind and the wave directions. If the absolute value of the difference between the wind and 

wave directions is between 0 to 45 and 315 to 360 degrees, they are considered to be roughly 

parallel (in the same direction). Between 135 and 225 degrees they are classified as anti-parallel 

(in the opposite direction). In the case of perpendicular wind and wave, the difference is between 

45 and 135 degrees or between 225 and 315 degrees.  

2.2 Directional Dependence and Stability 

As previously mentioned, including the surface motion, Usfc, and displacement height, d, 

in the wind profile extrapolation can cause changes in the vertical wind shear. Fig. 4 visualizes 

the differences in the wind profile related to ignoring and including sea state in the extrapolation. 

In the profile when sea state is ignored (left), the log profile starts at zero wind speed at the local 

mean ocean surface. When sea state is included (right), the changes in the vertical wind shear are 

parameterized through the surface motion, Usfc, and the displacement height, d. The 

consideration of sea state causes an offset making the wind speeds relative to the surface and 

modifying the vertical difference over which the shear is calculated. If the wind is parallel to 

Usfc, the profile below the observation height moves up and to right, with no change at the 

observation height and increasing magnitude of change closer to the surface, and vertical shear is 

decreased. In a situation where the wind and the waves are anti-parallel, the profile below the 

observation height is shifted up and to the left increasing the wind shear. Wind and waves that 

are perpendicular to each other also results in increases the vertical wind shear relative to the 

parallel case, but have less shear than the anti-parallel cases. Usfc and the revised value of 
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Charnock’s constant have the biggest influence, and d is only important when it is a large 

fraction of the observation height. Visualizing how the sea state impacts the wind profile reveals 

the importance of changes in vertical wind shear. The extrapolated wind profile is also dependent 

on the atmospheric stability. Examples of neutral, unstable, and stable atmospheric conditions 

are depicted in Figs. 1a-c. With neutral and unstable stratification, the extrapolations of the wind 

profile are similar. However, in the stable situation, this and other studies found there is evidence 

of large sensitivity of the wind speed at hub height to these conditions (Fig. 1c) (Lange 2004).  

 These relationships between the wind and wave motion near the ocean’s surface show the 

importance sea state’s influence on vertical wind shear and stability in the extrapolation of wind 

speeds from observation to hub height levels. This study attempts to demonstrate the importance 

of sea state by using this extrapolation method. The following sections will provide brief 

descriptions of the wind power terminology relevant to this study.  

2.3 Capacity Factor 

 The capacity factor is defined as the percent of potential (i.e., maximum) power output 

by the hypothetical wind turbine at a given wind speed (Boccard 2009). The power curve (in 

kilowatthours; kWh) used for this study is the idealized power produced at a specific wind speed 

before transmission (Fig. 5a). Using the power curve specified for a General Electric (GE) 3.6 

MW turbine, we can determine the power produced as a function of a hub height wind speed. 

The wind speed at hub height, V in ms-1, extrapolated from the observed height (considering or 

not considering sea state) is inserted in the following equation:

  

 

(7) 

This equation is found by using a GE 3.6 MW offshore turbine’s power curve (Fig. 5b), and 

replicating it with a 6th degree curve fit using points taken from the figure. The capacity is then 

determined using the following equation: 

  (8) 

kW = −42.70396+ (259.73582*V )

−49.815327*(V −13.0)
2

−0.80139*(V −13.0)
3

+0.5400531*(V −13.0)
4

+0.0002638*(V −13.0)
5

−0.001862*(V −13.0)
6

Capacity =
kW

3600kW
∗100%
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Depending on the turbine height and rotor diameter of a turbine, there is a range of wind speeds 

over which power is produced. For a GE 3.6 MW offshore turbine, the ‘cut in’ speed or wind 

speed where rotors begin to spin and produce power is 3.5 ms-1. This turbine is designed with 

specific rotor diameter and other specifications to reach maximum production at 14.5 ms-1.  The 

‘cut out’ wind speed for this hypothetical wind turbine is 27 ms-1, which would cause the turbine 

to shut down production for safety reasons.  

 The average capacity factor that is deemed “good” for offshore wind varies. It is typically 

around 35% for current technology (USDOE NREL 2010). Small changes in capacity factor can 

make huge impacts economically. A turbine running at 30% average capacity for every hour for 

a year produces 0.3*3600 kWh *24hr per day*365days per year = 9.5 GWh per year. If a utility 

company charges seventeen cents per kilowatt hour, over one year that turbine acrues $1,608,336 

USD in revenue. At 28% mean capacity, the revenue is $1,501,114 USD for one year: 

approximately a $100k reduction for one turbine. For a wind farm of one hundred turbines, that 

is ten million dollars difference in revenue under ideal conditions and assuming no power is lost 

in transmission. Therefore small changes in capacity are extremly important an can cause huge 

economic impacts. Capacity factor is also examined in terms of the diurnal pattern of seasonal 

averages. Some comment on diurnal capacity factors to peak power demands, where relevant, is 

useful in determining where to site wind power production.  

2.4 Power Demand 

 The average residential power demand for Florida and New England in the summer and 

winter are shown in Figs. 6-7 (FPSC 2011). These figures demonstrate how the demand for 

power correlates to temperatures and daylight hours. On average, the least amount of power is 

used during nighttime hours. In a residence during daylight hours, more power is used for things 

such as heating/cooling, lighting and electronics. Depending on the temperature and season, the 

amount of time spent at home also creates differences in demand. For example, there are two 

peaks in power (Fig. 6) on a wintertime Monday when children are in school and parents work: 

one in the morning and the other in the evening when the family is at home. For a Monday in the 

summer time, the demand peaks in the middle of the day since children are out of school and at 

home throughout the day. Areas where peak power demand and the potential for peak power 

output coincide are more favorable for wind power production. 
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Table 1: Directions in degrees of the wind and wave rose plots. 
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Table 2: Stations and their respective anemometer heights. Percentage of data available is for 
when wind and wave data were available at the same time. Stations with percent of available 
data values greater than 10 % were used in this study. Single hourly wind speed observations 
were assumed to equal the average hourly wind speed. 
 

East Florida & 

NE Stations 
Reference 

Height for 

Wind 

Percent of 

Data 

Available 

West Florida 

Stations 
Reference 

Height for 

Wind 

Percent of 

Data 

Available 

41008: 40 nm 

SE Savannah 

GA 

5 m 47 42023: West 

FL Buoy 

3.2 m 19 

41012: 40 nm 

ENE St. 

Augustine FL 

5 m 64 42013: C10  2.8 m 7 

41009: 20 nm 

E Cape 

Canaveral FL 

5 m 3 42021: Pasco 

County  

2.8 m 4 

FWYF1: 

Fowey Rocks 

FL 

43.9 m 32 SGOF1: 

Tyndal AFB 

Tower 

35.1 m 65 

LONF1: Long 

Key FL 

7 m 41 42040: 64 

nm S 

Dauphin 

Island AL 

10 m 47 

SANF1: Sand 

Key FL 

45.4 m 34 42012: 

Orange 

Beach AL 

5 m 57 

Nantucket 

Sound: 44020 

5 m 40    
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Figure 1: Stability dependence of wind profile extrapolation. The x-axis is the mean wind speed, 
U, in ms-1 and the y-axis is the mean height above sea level, z, in m. Red solid line is the wind 
profile extrapolated without sea state. The green, blue and orange dashed lines are the wind 
profile extrapolated with varying wind versus wave directions. (Top left) Stability is neutral. 
(Top right) Stability is unstable. (Bottom) Stability is stable.  

Neutral Profile Unstable Profile 

Stable Profile 
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Figure 2: Locations of NDBC station around Florida. Contours are of the bathymetry around the 
state of Florida in meters.  

meters 
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 Figure 3: Data used within the study. Lines correspond to times when the variables needed for 
extrapolation were available. The x-axis indicates what times were available. The y-axis 
indicates which buoy corresponds to the data available.  
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Figure 4: Left demonstrates a wind profile where sea state is not considered. Right demonstrates 
a wind profile where seastate is considered and wave mean direction of propagation is parallel to 
the mean wind direction. The red arrows indicate the surface motion (Usfc) and displacement 
height (d).  
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Figure 5a-b: (a) The General Electric 3.6 MW turbine power curve used to create the power 
curve in (b). x-axis is wind speed, U85 in ms-1. y-axis is power produced in kW at a specific wind 
speed. (Source: http://www.ceoe.udel.edu/windpower/resources/ge_36_brochure_new.pdf).  
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Figure 6: The daily load shape curves for typical summer and winter days in Florida. In the 
summer, customer demand begins to increase in the morning and peaks in the early evening, a 
pattern that corresponds to the sun heating buildings and the resulting increase in air conditioning 
loads. In contrast, the winter load curve has two peaks, the largest in mid-morning, followed by a 
smaller peak in the late evening. Both peaks correspond to heating loads. Time is UTC (FPSC 
2011) 
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Figure 7: Average power demand for Monday and Sunday of summer and winter as a function of 
the local time (Fender 2011). 
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RESULTS AND DISCUSSION 

This analysis consists of two parts: the difference between including sea state in the 

extrapolation method from not including sea state, and the overall average capacity seen from 

including sea state. The NDBC stations are separated into three geographic regions to determine 

how the region-specific sea states affect the average diurnal capacity and capacity factor 

differences. These regions are West Florida stations, East Florida stations, and Nantucket Sound 

station. The breakdown of the buoy regions is shown in Table 2.  

Section 3.1 will examine the sea state related changes in capacity factor. A comparison of 

the diurnal differences to diurnal power demand will determine if the sea state increases or 

reduces power production at times of the day when demand is highest. In section 3.2, the average 

diurnal capacity factors are determined, to determine which areas still experience “good” 

capacity factor values after sea state is included into the wind speed extrapolation. Seasonal 

averages within each region help to determine what time of the year produces the largest or 

smallest capacity factors.  

3.1 Average Difference in Capacity with Waves minus without Waves 

3.1.1 Regional Variability 

Including sea state in the calculation of the capacity factor, on average, increases the 

power produced in the West Florida region (Fig. 8). The diurnal patterns in this region are quite 

different for each season, which is to be expected since the wind and the wave interactions vary 

seasonally. The smallest increases in capacity from including sea state are found in the summer. 

This is partially because the capacity factors are already smaller due to smaller wind speed 

experienced in the summer. Summer weather in  Florida is strongly influenced by the Bermuda 

High, resulting in lower wind speeds with relatively large variability due to local weather such as 

land/sea breezes. . Since the summer wind speeds are already low to begin with, they are 

unlikely to increase as much as higher wind speeds would increase when extrapolated using the 

modified log-profile equation. Consequently, winter is the season with the largest changes. With 

the Bermuda High is further equatorward, and wind speeds are typically larger because synoptic 

scale systems are now able to bring stronger wind speeds to Florida. The seasonal weather 
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patterns experienced in Florida drive the seasonal differences in average capacity through the 

magnitude of the wind speeds and also through the combinations of wind and wave directions.  

The diurnal changes in capacity factors from including sea state in the wind speed 

extrapolation method cause a seasonally averaged change in capacity factor ranging from 0.2 

percent reduction to 1 percent increase. Differences for individual calculations can be more than 

an order of magnitude larger. Depending upon the season, the diurnal impact from including sea 

state can vary significantly (Fig. 8). A comparison of the wind and wave directions offers 

explanation for the diurnal changes in capacity factor. The wave direction at 4Z and 20Z is 

primarily from the southwest (Figs. 9a and 9c). At both hours, the wind direction is primarily 

from the northwest, which is anti-parallel to the wave directions. The shear rose plots examine 

the hourly difference in the wind and wave directions more closely (Figs. 10a –b). When 

computed hourly and plotted on a rose diagram, the primary difference in wind and wave 

direction is either 0o or 180o, which indicate parallel and anti-parallel relationships.  The smaller 

average increase of capacity factor at 20Z (Fig. 8) is explained in the negative change in shear 

caused by the parallel wind and wave interaction also indicated by the blue colors on the plot. 

The percentage of bins with these cool colors at 20Z is larger than at 4Z. Although both hours 

experience similar increases in shear, the average at hour 20Z is decreased because slightly more 

negative changes in shear are present compared to 4Z. Therefore causing the lower increases in 

capacity factor at 20Z. These diurnal changes are possibly a result of the land and sea breeze 

circulations experienced along the Florida coastlines. These results indicate that this circulation 

can impact the diurnal wind and wave interactions that modify the wind shear to cause either 

increases or decreases in the wind profile extrapolation. It should be noted that the large diurnal 

variability should be examined with caution because of the limited data available in this West 

Florida region.  

In the East Florida region, the diurnal changes are not as variable as the changes in West 

Florida. The average change in capacity factor is mostly affected seasonally. This could be 

attributed to the locations of the stations in the East Florida region. Three of the five East Florida 

station are located near the Florida Keys and the diurnal variations of the sea state are small 

because the tropical climate. A tropical climate is typically associated with air and sea 

temperature that do not vary as significantly as a temperatures in a temperate climates. Fall and 
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winter in this region experience increases in the diurnally average capacity factor after including 

sea state in the extrapolation of wind speeds (Fig. 11). These increases in the diurnal capacity 

result from a dominance of increases in the vertical wind shear when sea state is included in the 

extrapolation (Figs. 14c-d). The wind and wave roses for the East Florida station of SANF1 

demonstrate the wind and wave interactions occurring in each season (Figs. 12a-d and Figs. 13a-

d). In the fall and winter for this East Florida station, increases in vertical wind shear result from 

anti-parallel and perpendicular directions of Usfc and winds at the observation height. The typical 

surface motion in this season is from the south-southeast, and the winds are primarily from the 

northeast (Figs. 13a-d). As previously stated, the wind patterns in Florida are primarily driven by 

the location of the Bermuda High. In Fall and Winter, synoptic fronts bring higher wind speeds 

and wind-wave interactions that result in mostly increases in average capacity. In the summer 

and spring, East Florida experiences reductions in capacity when sea state is included. These 

reductions are consistent with the theory that the vertical wind shear is reduced when the wind 

and wave interactions are predominantly parallel and in the same direction (Figs. 14a-b). The 

seasonal differentiations in this East Florida station’s average capacity are confirmed to be 

primarily influenced by the seasonal wind and wave interactions.  

The East Florida station, 41008, is located further north than the previously analyzed 

station and has hourly wind shear patterns that indicate average changes in capacity similar to the 

West Florida regional averages (Fig. 8). Unlike what the average East Florida changes in 

capacity (Fig. 11), every season indicates an increase in average capacity due to wind and wave 

interactions. The changes in shear are predominantly increases (Figs. 17c-d). The increase for 

roughly parallel wind and waves is due to the change in Charnock’s constant, which also 

contributes to the increase for other combinations of wind and wave directions. At this station, 

the lower wind speeds experienced in the summer and spring result from the same weather 

phenomena as in the West Florida region causing smaller increases in the average capacity factor 

(Figs. 15a-d). The shear increases are smaller in magnitude than the decreases experienced by 

other stations in East Florida and therefore averaged out in the regional average.  

The resulting change in average hourly capacity from including sea state in the 

extrapolation method indicates both reductions and increases in power production from the 

Nantucket Sound data (Fig. 18). In fall and winter seasons, including sea state causes an increase 
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in capacity. The shear changes confirm that the wind and wave interactions are typically 

antiparallel or perpendicular (Figs. 21c-d). Large-scale synoptic patterns are present in both of 

these seasons and are indicated by the large magnitude of the wind speeds (Figs. 20b and 20d). 

The summer differences indicate a reduction in capacity from including sea state from midnight 

to the afternoon, and the capacity increases from the afternoon to midnight. It has been found 

that the summer circulations in the Nantucket Sound are linked to the tides and diurnal air-sea 

temperature difference (Wilkin 2006). Therefore the large diurnal variation could also be linked 

to tidal changes. The diurnal pattern seen in the Nantucket summer is similar to that of the West 

Florida diurnal summer pattern. Both regions experience the land-sea breeze circulations 

therefore it would seem reasonable to conclude this to be the one of the main drivers in the 

diurnal pattern. However, the changes in Nantucket are much larger than West Florida (Figs. 8 

and 18). This difference is because, as seen before, the capacity factors are typically larger in 

Nantucket than in Florida because higher latitudes experience higher wind speeds on average 

from stronger synoptic scale systems. Spring experiences consistent reductions in capacity from 

including sea state. The changes in shear resulting from wind and wave interactions are not 

consistent with this result (Fig. 21b). The decreases in shear do not result in decreases in capacity 

for this station, which indicates that the change in Charnock’s constant is the dominant 

consideration in this case. This station was only able to contribute one year of data for these 

results, which could explain much of the variability in the average diurnal cycles. A larger and 

finer dataset would be preferable for a more comprehensive study of this area and others like it.  

3.1.2 Summary of Differences 

Understanding why these differences occur is important to determine when and where 

they are of significance. For example, in Florida where so many areas are on the lower end of 

“good” production, including sea state could make or break the final decision of whether or not 

an area is a approved for offshore wind farms. Including sea state decreases hourly capacity by 

1% on average; however there are regional, seasonal, and diurnal differences. Without sea state, 

the average potential power is being overestimated. These differences are a result of different 

wind and wave interactions experienced diurnally and seasonally, as well as a change in the 

value of Charnock’s constant consistent with accounting for waves and currents. It must be noted 

that these results should be considered preliminary and should be validated with higher quality 
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data. The average diurnal changes in capacity in the winter and fall of Nantucket suggest 

including sea state increases power production in the hours of increased power demand, which 

could be a benefit in considering capacity in wind power extrapolation. Including sea state may 

cause small changes in capacity, but these changes can mean large impacts economically. 

Additional cases can be viewed in Appendix A. 

3.2 Average Capacity 

After sea state is included in power assessment, the Nantucket sound’s average capacity 

(Fig. 22) is much larger than for both Florida regions. The East Florida region (Fig. 23) 

experiences higher average capacity factors than the West Florida region (Fig. 24). The larger 

amount of wind power on eastern coasts is common in other global wind power studies (Capps 

and Zender 2009). In Nantucket sound, the average diurnal capacity factors are suitable enough 

to be deemed an area with good viability for wind power production.  East Florida capacity 

factors are above or right at thirty percent for winter, fall and spring, but including summer 

causes the annual average to become much lower than “good” production. The average values in 

the West Florida region for winter are greater than thirty percent for most of the day and drop 

below in the evening hours. The diurnal patterns for fall and spring are close to “good” 

production values from hours 1-13 and fall away from hours 14-23. Like East Florida, including 

summer values decreases the annual capacity to diurnal values much lower than thirty percent in 

the West Florida region. Average diurnal capacity factors for each region can change drastically 

according to season.  

Observation heights of wind speeds are also found to be important for the calculated 

capacity factors. Table 3 lists the stations, their respective anemometer heights and over all 

average capacity. Three of the stations with the largest capacity factors are also three of the four 

buoys with observations higher than 30 meters. This suggests that observations made at lower 

buoy heights are causing an underestimation of the wind speeds at hub height; therefore, tall 

(over 30 meters) observation towers are a more effective data source for wind farm siting. 

Presumably, the lower observation heights are much less able to capture offshore low-level jets. 

However, without the availability of multi-level observations, this is difficult to prove. If the 

observations were made at higher heights to capture the low level jets, the resulting capacity 

factors could be drastically different. This result suggests observation heights are important for 
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accurate wind resourcing whether of not including sea state, and that the capacity factors 

calculated herein should be treated as lower limits. This finding is further supported by an 

analysis of the Monin-Obukhov scale length (not shown). At times when the boundary layer is 

very shallow, extrapolation via the boundary layer parameterization is not physically valid at hub 

height. Even in the absence of a strong jet, higher observation heights would also be beneficial in 

these cases.  

Power demand follows a diurnal pattern consistent with increases or decrease in the air 

temperature depending on the season. Referring back to the power demand in Florida for 

summer and winter (Fig. 2), the peaks in both seasons do not exactly correspond to the peak in 

power production when sea state is included in the Florida regions. However, in both East and 

West Florida, the diurnal increase is during the day when there is a general increase in power 

demand. Although the amount of production does not suggest a large contribution from wind 

power toward power demand is possible and the patterns are not exactly the same, it is important 

to notice all buoys in Florida indicate, on average, power is produced throughout a diurnal 

period.   

3.2.1 Summary of Average Capacity 

The above comparison of the seasonal diurnal averages reveals notable regional and 

seasonal differences. In the Florida regions, winter is where the largest capacity values are 

produced and summer is where the lowest capacity values are produced. These differences are so 

large, that regions in which three quarters of the year produce “good” capacity factors are less 

favorable for wind farm development because one quarter of the year experiences significantly 

low capacity factors. 
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Table 3: Breakdown of the buoys to their respective regions. 

Region Station numbers 

West Florida 42023, SGOF1, 42012, 42040 

East Florida 41008, 41012, FWYF1, LONF1, SANF1 

Nantucket Sound. 44020 
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Table 4: Stations with annual capacity factor near the viable average (35%) highlighted in 
yellow. Seasons listed for each station by rank of average seasonal capacity factors (highest 
typically winter and lowest summer). Seasons are indicated by the following context: summer 
(June, July, and August; JJA), fall (SON), winter (DJF) and spring (MAM). 

Station Annual 

Average (%) 

Highest 

Season  

Avg 

(%) 

Second 

Highest 

Avg 

(%) 

Third 

Highest 

Avg 

(%) 

Lowest 

Season 

Avg 

(%) 

41008 27 DJF 33 SON 32 MAM 27 JJA 19 

41012 27 DJF 39 SON 29 MAM 27 JJA 14 

42012 25 DJF 43 MAM 25 SON 24 JJA 14 

42023 21 SON 24 DJF 22 N/A N/A JJA 8 

42040 21 DJF 31 SON 23 MAM 20 JJA 9 

44020 46 DJF 56 SON 53 MAM 47 JJA 26 

FWYF1 30 DJF 37 MAM 35 SON 34 JJA 16 

LONF1 21 DJF 27 SON 24 MAM 23 JJA 9 

SANF1 25 DJF 36 SON 31 MAM 26 JJA 11 

SGOF1 32 DJF 44 SON 37 MAM 29 JJA 13 
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Figure 8: 
∆!"#"!$%&(!)

!

!

!!! Average capacity differences in West Florida region. x-axis is local 

time. y-axis is capacity differences from including waves minus no waves in percent.  
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Figure 9a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station SGOF1 hour 4Z during the fall. (b) Top right figure is a wind rose diagram depicting 
SGOF1 hour 4Z fall observed hourly wind speeds and directions. (c) Bottom left is wave rose for 
SGOF1 hour 20Z fall observed hourly wave conditions. (d) Bottom right is wind rose for SGOF1 
hour 20Z summer hourly wind speed and directions. Wave roses depict hourly Uorb speeds and 
directions. Wind roses depict U and direction of the season indicated. Directions are in bins of 10 
degrees where North = 0o, East = 90o, South = 180o, and West = 270o. The concentric dashed 
circles indicate the 5 and 10 percent of data marks lie within the respective bin.  



30 
 

a

b 

04Z Fall SGOF1 Shearrose

 
 

20%10

Bin width − 10
o

−1 − −0.5 m/s
−0.5 − 00 m/s
00 − 0.5 m/s
0.5 − 01 m/s
01+ m/s

20Z Fall SGOF1 Shearrose

 
 

20%10

Bin width − 10
o

−1 − −0.5 m/s
−0.5 − 00 m/s
00 − 0.5 m/s
0.5 − 01 m/s
01+ m/s

Figure 10a-b: (a) Left figure is a rose diagram depicting difference in hourly wave conditions for 
station 41008, hour 4Z during the fall. The concentric dashed circles indicate 10 or 20 percent of 
data that lie within the respective bin. (b) Left figure is a rose diagram depicting difference in 
hourly wave conditions for station 41008, hour 20Z during the fall. The concentric dashed circles 
indicate that the indicated percent of data lies within the respective bin. Rose diagrams depict 
hourly change in shear and difference of wind and wave directions. Differences of directions are 
in bins of 10 degrees and follow the meteorological convention where North = 0o, East = 90o, 
South = 180o, and West = 270o. If the absolute value of the difference between the wind and 
wave directions is between 0 to 45 and 315 to 360 degrees, they are considered to be roughly 
parallel (in the same direction). Between 135 and 225 degrees they are classified as anti-parallel 
(in the opposite direction). In the case of perpendicular wind and wave, the difference is between 
45 and 135 degrees or between 225 and 315 degrees. Warm colors (red) indicate an increase in 
shear and cool (blue) colors indicate a decrease in shear.  
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Figure 11: 
∆!"#"!$%&(!)

!

!

!!!  Average capacity differences in East Florida region. x-axis is local 

time. y-axis is capacity differences from including waves minus no waves in percent. 
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Figure 12a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station SANF1 spring. (b) Top right figure is a wind rose diagram depicting SANF1 spring 
observed hourly wind speeds and directions. (c) Bottom left is wave rose for SANF1 summer 
observed hourly wave conditions. (d) Bottom right is wind rose for SANF1 summer hourly wind 
speed and directions. Same conventions apply as in Figure 9a-d. 
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Figure 13a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station SANF1 fall. (b) Top right figure is a wind rose diagram depicting SANF1 fall observed 
hourly wind speeds and directions. (c) Bottom left is wave rose for SANF1 winter observed 
hourly wave conditions. (d) Bottom right is wind rose for SANF1 winter hourly wind speed and 
directions. Same conventions apply as in Figure 9a-d. 
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Figure 14a-d: (a) Top left figure is a rose diagram depicting hourly change in vertical wind shear 
for SANF1 summer. (b) Top right figure is a rose diagram depicting hourly change in vertical 
wind shear for SANF1 spring. (c) Bottom left figure is a rose diagram depicting hourly change in 
vertical wind shear for SANF1 winter. (d) Bottom right figure is a rose diagram depicting hourly 
change in vertical wind shear for SANF1 fall. Same conventions apply as in Figure 10a-d. 
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Figure 15a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station 41008 spring. (b) Top right figure is a wind rose diagram depicting 41008 spring 
observed hourly wind speeds and directions. (c) Bottom left is wave rose for 41008 summer 
observed hourly wave conditions. (d) Bottom right is wind rose for 41008 summer hourly wind 
speed and directions. Same conventions apply as in Figure 9a-d. 



36 
 

        

    

  

    

Fall 41008 Waverose

 
 

20%10

Bin width − 10
o

00 − 0.1 m/s

0.1 − 0.2 m/s

0.2 − 0.3 m/s

0.3 − 0.4 m/s

0.4+ m/s

Fall 41008 Windrose

 
 

10%5

Bin width − 10
o

00 − 02 m/s

02 − 04 m/s

04 − 06 m/s

06 − 08 m/s

08+ m/s

Winter 41008 Waverose

 
 

20%10

Bin width − 10
o

00 − 0.1 m/s

0.1 − 0.2 m/s

0.2 − 0.3 m/s

0.3 − 0.4 m/s

0.4+ m/s

Winter 41008 Windrose

 
 

10%5

Bin width − 10
o

00 − 02 m/s

02 − 04 m/s

04 − 06 m/s

06 − 08 m/s

08+ m/s

Figure 16a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station 41008 fall. (b) Top right figure is a wind rose diagram depicting 41008 fall observed 
hourly wind speeds and directions. (c) Bottom left is wave rose for 41008 winter observed hourly 
wave conditions. (d) Bottom right is wind rose for 41008 winter hourly wind speed and 
directions. Same conventions apply as in Figure 9a-d. 
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Figure 17a-d: (a) Top left figure is a rose diagram depicting hourly change in vertical wind shear 
for 41008 summer. (b) Top right figure is a rose diagram depicting hourly change in vertical 
wind shear for 41008 spring. (c) Bottom left figure is a rose diagram depicting hourly change in 
vertical wind shear for 41008 winter. (d) Bottom right figure is a rose diagram depicting hourly 
change in vertical wind shear for 41008 fall. Same conventions apply as in Figure 10a-d. 
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Figure 18: 
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!!! Average capacity differences in Nantucket. x-axis is local time. y-

axis is capacity differences from including waves minus no waves in percent. 
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Figure 19a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station 44020 spring. (b) Top right figure is a wind rose diagram depicting 44020 spring 
observed hourly wind speeds and directions. (c) Bottom left is wave rose for 44020 summer 
observed hourly wave conditions. (d) Bottom right is wind rose for 44020 summer hourly wind 
speed and directions. Same conventions apply as in Figure 9a-d. 
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Figure 20a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station 44020 fall. (b) Top right figure is a wind rose diagram depicting 44020 fall observed 
hourly wind speeds and directions. (c) Bottom left is wave rose for 44020 winter observed hourly 
wave conditions. (d) Bottom right is wind rose for 44020 winter hourly wind speed and 
directions. Same conventions apply as in Figure 9a-d. 
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Figure 21a-d: (a) Top left figure is a rose diagram depicting hourly change in vertical wind shear 
for 44020 summer. (b) Top right figure is a rose diagram depicting hourly change in vertical 
wind shear for 44020 spring. (c) Bottom left figure is a rose diagram depicting hourly change in 
vertical wind shear for 44020 winter. (d) Bottom right figure is a rose diagram depicting hourly 
change in vertical wind shear for 44020 fall. Same conventions apply as in Figure 10a-d. 
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Figure 22: Average diurnal capacity factor in percent for Nantucket Sound (Station 44020) 
during winter (red), spring (blue), summer (light blue), and fall (black). x-axis is capacity in 
percent. y-axis is local time. 



43 
 

 

Figure 23: Average diurnal capacity factor in percent for East Florida region during winter (red), 
spring (blue), summer (light blue), and fall (black).  x-axis is capacity in percent. y-axis is local 
time.  
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Figure 24: Average diurnal capacity factor in percent for West Florida region during winter 
(red), spring (blue), summer (light blue), and fall (black).  x-axis is capacity in percent. y-axis is 
local time. 
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CONCLUSIONS 

 The change in hourly wind speed at hub height from including sea state in the 

extrapolation method of the wind profile was compared to an extrapolation method that excludes 

sea state.  A capacity factor was computed using the extrapolated wind speed to determine the 

potential production impacts of including sea state in offshore wind farm resourcing.  Data from 

Wave Watch III-Western North America hindcast along with National Buoy Data Center stations 

around the state of Florida was compared to a station in the Nantucket sound near the planned 

offshore wind farm, Cape Wind Project. This type of study where the seasonal and diurnal 

influences of sea state are included in the wind profile extrapolation has not been previously 

done for the Florida region.   

 A few conclusions can be made about the average capacity factors resulting from the 

analysis of using a method of extrapolating wind profiles that includes sea state. The overall 

average capacity factors resulting from including sea state are largest during the winter and 

smallest during the summer time. The difference between the summer and winter average 

capacity can be large at some locations. In Florida, the winter, fall and spring seasons experience 

average capacity factors above the viable average of 30%. Florida Average summer capacity 

factors are much lower causing the annual average capacity factor to be unrepresentative of 

typical conditions.  This finding indicates that a simple yearly average annual capacity does not 

accurately represent the potential power in offshore areas around Florida. These capacity factors 

do not always follow patterns similar to power demand, but the fact that, on average, there a 

value above zero being produced in the regions of this study is encouraging.  

 This study also shows that including sea state causes seasonally varying reductions and 

increases in the capacity factor. This variability is a result of two factors: (1) changes in the 

observed vertical wind shear that are caused by different seasonal and diurnal interactions 

between the wind and the waves, and (2) a change in Charnock’s constant associated with the 

different wave assumptions. The wind and wave interactions are dependent upon the location of 

the station, season and common weather phenomena experienced. It was found that northern 

Florida and southern Florida appear to have different wind and wave interactions in the same 

season. Common weather patterns experienced in the Florida such as land or sea breeze type is a 

large influence over the diurnal interaction between the wind and the waves. Synoptic weather 

systems play a larger role in causing changes in capacity factors through the wind-wave 
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interactions in the higher latitudes in Northern Florida and the Nantucket Sound in the winter and 

fall. Hopefully future studies will analyze the impacts of sea state using data from an offshore 

wind farm in the United States. Although the changes from including sea state are small on 

average, they can have a large impact economically. Therefore, extrapolating the wind profile 

and taking sea state into considerations is important for wind resource assessment. 
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APPENDIX A 

ADDITIONAL CASE STUDIES 
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Figure 25a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station SGOF1 spring. (b) Top right figure is a wind rose diagram depicting SGOF1 spring 
observed hourly wind speeds and directions. (c) Bottom left is wave rose for SGOF1 summer 
observed hourly wave conditions. (d) Bottom right is wind rose for SGOF1 summer hourly wind 
speed and directions. Same conventions apply as in Figure 9a-d. 
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Figure 26a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station SGOF1 fall. (b) Top right figure is a wind rose diagram depicting SGOF1 fall observed 
hourly wind speeds and directions. (c) Bottom left is wave rose for SGOF1 winter observed 
hourly wave conditions. (d) Bottom right is wind rose for SGOF1 winter hourly wind speed and 
directions. Same conventions apply as in Figure 9a-d. 
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Figure 27a-d: (a) Top left figure is a rose diagram depicting hourly change in vertical wind shear 
for SGOF1 summer. (b) Top right figure is a rose diagram depicting hourly change in vertical 
wind shear for SGOF1 spring. (c) Bottom left figure is a rose diagram depicting hourly change in 
vertical wind shear for SGOF1 winter. (d) Bottom right figure is a rose diagram depicting hourly 
change in vertical wind shear for SGOF1 fall. Same conventions apply as in Figure 10a-d. 
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Figure 28a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station 42012 spring. (b) Top right figure is a wind rose diagram depicting 42012 spring 
observed hourly wind speeds and directions. (c) Bottom left is wave rose for 42012 summer 
observed hourly wave conditions. (d) Bottom right is wind rose for 42012 summer hourly wind 
speed and directions. Same conventions apply as in Figure 9a-d. 
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Figure 29a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station 42012 fall. (b) Top right figure is a wind rose diagram depicting 42012 fall observed 
hourly wind speeds and directions. (c) Bottom left is wave rose for 42012 winter observed hourly 
wave conditions. (d) Bottom right is wind rose for 42012 winter hourly wind speed and 
directions. Same conventions apply as in Figure 9a-d. 
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Figure 30a-d: (a) Top left figure is a rose diagram depicting hourly change in vertical wind shear 
for 42012 summer. (b) Top right figure is a rose diagram depicting hourly change in vertical 
wind shear for 42012 spring. (c) Bottom left figure is a rose diagram depicting hourly change in 
vertical wind shear for 42012 winter. (d) Bottom right figure is a rose diagram depicting hourly 
change in vertical wind shear for 42012 fall. Same conventions apply as in Figure 10a-d. 
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Figure 31a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station 42020 spring. (b) Top right figure is a wind rose diagram depicting 42020 spring 
observed hourly wind speeds and directions. (c) Bottom left is wave rose for 42020 summer 
observed hourly wave conditions. (d) Bottom right is wind rose for 42020 summer hourly wind 
speed and directions. Same conventions apply as in Figure 9a-d. 



54 
 

 

 

           

  

     

Fall 42040 Waverose

 
 

10%5

Bin width − 10
o

00 − 0.1 m/s

0.1 − 0.2 m/s

0.2 − 0.3 m/s

0.3 − 0.4 m/s

0.4+ m/s

Fall 42040 Windrose

 
 

10%5

Bin width − 10
o

00 − 02 m/s

02 − 04 m/s

04 − 06 m/s

06 − 08 m/s

08+ m/s

Winter 42040 Waverose

 
 

10%5

Bin width − 10
o

00 − 0.1 m/s

0.1 − 0.2 m/s

0.2 − 0.3 m/s

0.3 − 0.4 m/s

0.4+ m/s

Winter 42040 Windrose

 
 

10%5

Bin width − 10
o

00 − 02 m/s

02 − 04 m/s

04 − 06 m/s

06 − 08 m/s

08+ m/s

Figure 32a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station 42020 fall. (b) Top right figure is a wind rose diagram depicting 42020 fall observed 
hourly wind speeds and directions. (c) Bottom left is wave rose for 42020 winter observed hourly 
wave conditions. (d) Bottom right is wind rose for 42020 winter hourly wind speed and 
directions. Same conventions apply as in Figure 9a-d. 
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Figure 33a-d: (a) Top left figure is a rose diagram depicting hourly change in vertical wind shear 
for 42020 summer. (b) Top right figure is a rose diagram depicting hourly change in vertical 
wind shear for 42020 spring. (c) Bottom left figure is a rose diagram depicting hourly change in 
vertical wind shear for 42020 winter. (d) Bottom right figure is a rose diagram depicting hourly 
change in vertical wind shear for 42020 fall. Same conventions apply as in Figure 10a-d. 
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Figure 34a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station 41012 spring. (b) Top right figure is a wind rose diagram depicting 41012 spring 
observed hourly wind speeds and directions. (c) Bottom left is wave rose for 41012 summer 
observed hourly wave conditions. (d) Bottom right is wind rose for 41012 summer hourly wind 
speed and directions. Same conventions apply as in Figure 9a-d. 
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Figure 35a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station 41012 fall. (b) Top right figure is a wind rose diagram depicting 41012 fall observed 
hourly wind speeds and directions. (c) Bottom left is wave rose for 41012 winter observed hourly 
wave conditions. (d) Bottom right is wind rose for 41012 winter hourly wind speed and 
directions. Same conventions apply as in Figure 9a-d. 
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Figure 36a-d: (a) Top left figure is a rose diagram depicting hourly change in vertical wind shear 
for 41012 summer. (b) Top right figure is a rose diagram depicting hourly change in vertical 
wind shear for 41012 spring. (c) Bottom left figure is a rose diagram depicting hourly change in 
vertical wind shear for 41012 winter. (d) Bottom right figure is a rose diagram depicting hourly 
change in vertical wind shear for 41012 fall. Same conventions apply as in Figure 10a-d. 
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Figure 37a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station LONF1 spring. (b) Top right figure is a wind rose diagram depicting LONF1 spring 
observed hourly wind speeds and directions. (c) Bottom left is wave rose for LONF1 summer 
observed hourly wave conditions. (d) Bottom right is wind rose for LONF1 summer hourly wind 
speed and directions. Same conventions apply as in Figure 9a-d. 
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Figure 38a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station LONF1 fall. (b) Top right figure is a wind rose diagram depicting LONF1 fall observed 
hourly wind speeds and directions. (c) Bottom left is wave rose for LONF1 winter observed 
hourly wave conditions. (d) Bottom right is wind rose for LONF1 winter hourly wind speed and 
directions. Same conventions apply as in Figure 9a-d. 
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Figure 39a-d: (a) Top left figure is a rose diagram depicting hourly change in vertical wind shear 
for LONF1 summer. (b) Top right figure is a rose diagram depicting hourly change in vertical 
wind shear for LONF1 spring. (c) Bottom left figure is a rose diagram depicting hourly change in 
vertical wind shear for LONF1 winter. (d) Bottom right figure is a rose diagram depicting hourly 
change in vertical wind shear for LONF1 fall. Same conventions apply as in Figure 10a-d. 
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Figure 40a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station FWYF1 spring. (b) Top right figure is a wind rose diagram depicting FWYF1 spring 
observed hourly wind speeds and directions. (c) Bottom left is wave rose for FWYF1 summer 
observed hourly wave conditions. (d) Bottom right is wind rose for FWYF1 summer hourly wind 
speed and directions. Same conventions apply as in Figure 9a-d. 
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Figure 41a-d: (a) Top left figure is a wave rose diagram depicting hourly wave conditions for 
station FWYF1 fall. (b) Top right figure is a wind rose diagram depicting FWYF1 fall observed 
hourly wind speeds and directions. (c) Bottom left is wave rose for FWYF1 winter observed 
hourly wave conditions. (d) Bottom right is wind rose for FWYF1 winter hourly wind speed and 
directions. Same conventions apply as in Figure 9a-d. 
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Figure 42a-d: (a) Top left figure is a rose diagram depicting hourly change in vertical wind shear 
for FWYF1 summer. (b) Top right figure is a rose diagram depicting hourly change in vertical 
wind shear for FWYF1 spring. (c) Bottom left figure is a rose diagram depicting hourly change 
in vertical wind shear for FWYF1 winter. (d) Bottom right figure is a rose diagram depicting 
hourly change in vertical wind shear for FWYF1 fall. Same conventions apply as in Figure 10a-
d. 
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