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Abstract 

Buoy observation platforms require energy. Modern advances in equipment power efficiency 
and advances such as the Self-Contained Ocean Observation Payload systems collecting real 
time data at sea means lower operating power demand. Currently the primary battery 
charging system is based on solar energy. At high latitudes during the winter months no 
charging occurs. The application of renewable micro energy resources could possibly extend 
buoy deployments at high latitudes, charging batteries through low light levels in winter 
where solar harvesting is not possible. The aim of this paper is to look at the hydrokinetic 
energy of the wind driven drift current availability during the winter months at high latitudes. 
By combining the Stokes drift and Ekman surface current a value was calculated for the drift 
current speed within the top 3 m of the water column and converted to power density. Using 
the European Medium Range Weather Forecast latest model dataset ERA-5 the annual power 
density can be plotted at any potential buoy deployment location. The ERA-5 data was 
validated through comparing it to the locally measured wind speed data recorded by high 
latitude buoys above 55 degrees North in both the Atlantic and Pacific Oceans. The R2 values 
of the comparative data sets are in the range 0.35 to 0.40. This validation also shows that 
lower wind speeds have a closer correlation, but as wind speed increases the divergence 
between the observed and the modelled data sets increases. ERA-5 data at two locations at 
75oN in the Atlantic basin and 80oN on the Pacific side of the Arctic Ocean was then modelled 
to provide power density curves at 1 m depth. The results show an increased power density 
available during the winter months through increased wind speeds more than 5-8 m/s 
compared with summer months. The increased availability of this wind driven hydrokinetic 
energy resource during winter months coupled with the ongoing reduction in power demands 
by oceanic and meteorological data buoys make further research into the development of 
micro turbines attached to buoys promising. 
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1. Introduction 

Buoy observation platforms and their associated equipment are deployed globally 

throughout the oceans for purposes such as navigation, hazard marking, and atmospheric and 

oceanographic data collection that provide vital information for weather forecasting and 

documenting long-term climate variability. Being positioned typically in remote offshore 

locations, the equipment on these buoys uses batteries to power their operations and collect 

and transmit data. Oceanic buoys use a combination of a primary rechargeable battery 

systems through a solar array and a non-rechargeable modular lithium battery (Venkatesan, 

et al., 2018). At lower latitudes solar charging all year round provides sufficient and persistent 

energy for operation of the buoys. However, at higher latitudes, available solar harvesting is 

limited by the solar angle of incidence and the efficiencies of the solar panels 

(Hatzianastassiou, et al., 2005) and during winter months there is insufficient sunlight for 

solar harvesting. For example, at 66o latitude during midwinter daylight can be as little as 

three hours per day, which is insufficient to power a buoy long term. At 69o, daylight does not 

occur for 47 days, while at 70o and 80o there is no daylight for approximately 57 days and 120 

days, respectively (Burn, 1996; Australian Antartic Program, 2021).  

 

The use of wind turbines mounted for power generation on buoys is not a practical 

consideration, where the turbines would be susceptible to damage from the waves and 

freezing temperatures that would impact the blades/turbines through potentially icing over, 

hence the norm is to use solar panels. Therefore, during winter months at latitudes >66o, 

these non-rechargeable secondary power system batteries become depleted. This limits the 

duration of deployment for buoys to be typically one-to-two-year deployments by the non-

rechargeable battery availability which is over one winter only (EIVA Marine Energy Solutions, 

2016).  

 

In the absence of sufficient solar energy in high-latitude regions, surface ocean currents could 

be exploited as an energy source for buoys. However, tidal flows in high latitudes in deep 

water regions are typically small 0.02-0.05m/s (Jenkins & Ekanayake, 2017) and therefore not 

practical to exploit for their energy (Lewis, et al., 2015, Neill & Hashemi, 2018). But there is a 

considerable wind energy resource at high latitudes that generates wind-driven surface 
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currents, as detailed below, that could be exploited for this purpose using surface-mounted 

tidal-stream turbines. This study, therefore, investigates the feasibility of using wind-driven 

surface currents as an alternative energy resource for ocean buoys at high latitudes. 

 
There is an estimated 60 TW of downward energy flux through the atmosphere to ocean 

interface and entering the oceans globally, much of which provides energy for turbulent 

mixing, baroclinic instabilities of ocean-scale currents such as the Gulfstream, shear stress on 

the seabed and waves breaking on the shoreline (Thorpe, 2007). Wind stress and its 

mechanical energy input through the ocean surface is an important component of this energy 

flux, with an estimated input totalling 3 TW that drives Ekman surface currents, shear surface 

currents, wave energy and stokes drift (Wantanabe & Hibiya, 2003; Alford, 2003; Wang & 

Huang, 2004). 

 
The top three meters of the water column has the same heat capacity as the whole of the 

atmosphere above it (Gill, 1982) and 50% of solar radiation which penetrates the ocean is 

absorbed within the surface 0.5 m, along with 50% of the kinetic energy from breaking waves 

being dissipated within 20% of the wave height below the surface (Soloveiv & Lucas, 2013), 

although orbital motions from the waves continue to a depth of approximately half the wave 

length of the surface wave (The Open University, 2002). For a surface wave with a 50 m 

wavelength and 5 m wave height, for example, the size of the surface wave orbital will be 5 

m which will decay exponentially to a depth of 25 m at which point the motion will be 

negligible. Considering this, it is important to understand the energy exchange through this 

interface. Therefore, the potential availability of wind-driven surface energy is investigated in 

this study. 

 

A particular challenge is to estimate the input of kinetic energy from the wind to the surface 

of the ocean through both the surface drag producing a surface current element and wave 

energy since these processes are in a constant change of flux. To simplify the problem, we 

can assume an idealised sea state in which there is a constant wind speed and in which waves 

have become fully developed so that the sea surface roughness in which the energy transfer 

from wind to water could be defined. In effect when white capping occurs which balances out 

the energy input from the wind. Wave growth will not increase past this point, this energy 
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dissipated through white capping provides momentum to the ocean surface increasing the 

surface current speed. Although due to the fetch and wind speed the sea may not be fully 

developed (Brown, et al., 2002). Combining the surface drag current element and the wave 

driven stokes drift component together provides the total wind driven surface current.  

Once the wind stops these waves travel as long-distance swell waves losing very little energy 

(Folley, 2017). 

 

However, the ocean surface elevation is constantly changing through physical processes 

including tides, turbulence, wind energy input through surface drag, wave motions and 

energy dissipation through white capping. The wave energy changes as input from the wind 

or other waves creates a constantly changing wave spectrum as the waves become fully 

developed. Hasselmann et al (1973) were able to recreate a similar approximation of the wave 

spectrum, using a fetch limited and constant wind model parameterisation, showing the 

growth and energy loss. The energy transfer for the wind into surface current depends on the 

temperature and salinity of the water and therefore its molecular viscosity which affects the 

wave building and surface drag as the wind blows over the surface creating turbulence 

(Massel, 1999) dictating the energy transfer from wind to surface currents. 

 

In practice, the energy input into the ocean surface through wind stress (𝜏) is usually 

measured as: 

𝜏 = 𝜌!𝐶"!𝑊#$
%      (1) 

Where the wind speed (𝑊#$) is measured at 10 m above mean sea level. The wind stress 𝜏 on 

the ocean surface depends on the magnitude of surface drag coefficient (𝐶"!) and the air 

density (𝜌!), which in a fully developed sea state can be defined, but not in practice due to 

the complexities outlined above.  Komen et al., (1984) produced an estimate of surface wind 

stress based on a simple duration limited wind, which proved a good representation of a fully 

developed sea, for both the wind energy input and included dissipation and nonlinear 

interactions at the ocean surface. 

𝐶#$ =
&∗"

&#$"
= (0.8 + 0.065𝜇#$) × 10'(   (2) 

Where 𝐶#$ is the drag coefficient, 𝜇!" the wind speed at 10m above mean sea level, and 𝜇∗ 

is the friction velocity or shear stress. 
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To include these nonlinear interactions requires parameterisation. Hasselmann et al., (1985) 

provided a parameterisation which is an accurate representation of the nonlinear interactions 

and is used in the European Centre for Medium Weather Forecasting’s Wave Model (WAM), 

which has been used in this project (see Section 2). 

 

Climate scientists have shown that there has been increasing frequency and intensity of mid-

latitude cyclones from the 1950s to the turn of the 20th Century, especially so above 20o 

latitude in both the northern (Graham & Diaz, 2001) and southern Pacific (Hopkins & Holland, 

1997), with increases of up to 40% in the number of strong wind events with wind speeds up 

to 100 km-1. In turn, higher latitudes have experienced an increase energy input from 0.25 TW 

in 1950 by up to 0.4 TW by 2000 (Figure 1), with much of this due to increasing sea surface 

temperatures of 0.11 ± 0.01$𝐶 per decade from 1975 (IPCC, 2013), that have in turn reduced 

sea ice extent (e.g. Arctic ocean sea ice has reduced by 2.0% ± 0.2% per decade since 1980 

(Cosimo, 2011)).  

 

 
 

1.1.  The surface layer of the Ocean 

The wind driven surface current creates a drift current which is generally approximated as 3% 

of the wind speed at 10 m above the sea surface and reduces to 1.5% at the upper Ekman 

Figure 1. Is the time series from (Graham & Diaz, 2001) from 1948 to 2000 The blue plotting below 20o 
latitude with energy input flux remaining steady, while the green plot shows the 40% increase at 
latitudes above 20o. The Black plot is the total flux. The grey line shows the number of pacific storms. 
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layer, which is the layer where there is force balance between the pressure gradient force, 

turbulence and the Coriolis force, leading to the direction of the drag force causing the surface 

current in the northern hemisphere to veer 45o from the wind direction. This surface velocity 

profile can be broken down into three layers. The upper layer extends to a few millimetres’, 

where velocity behaves linearly below the air-sea interface and is dominated by viscosity 

through changes due to entrained air, pressure, and temperature over water turbulence. 

Beneath this the mid-layer is a region where current velocity decreases logarithmically from 

at the surface 3% of the wind speed down to the third layer, the Ekman Layer where the 

current velocity at its top has decreased to 1.5% of the wind speed (Fernandez, et al., 1996). 

The surface current finally decreasing to approximately 4% of its surface flow value at a depth 

of half the wavelength. It is the mid layer below the turbulent surface where the flows will be 

strongest and practically exploitable by in-stream turbines mounted to buoy deployments. 

These near the surface currents are comprised of stoke’s drift, geostrophic currents, tidal 

currents, baroclinic currents including those caused by internal waves and direct wind 

induced currents (Fernandez, et al., 1996). Research by Laxague al., (2018), in the northern 

Gulf of Mexico was carried out to look at the wind driven near surface currents. Using a 

combination of near field bamboo plates with a 1.75cm thickness floated on the surface and 

movement recorded by drone, GPS tracked drifters and acoustic doppler profilers (ADCP) 

created a current velocity profile in a 13.5 m deep water column. Figure 2 shows the collected 

results in  Table 1 of the drifters and the ADCP data. Their results of the current velocity profile 

at depth shown in Figure 2, are of higher wind-driven current speeds towards the ocean 

surface.  
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Table 1 
Comparison of Drift Speeds by Depth Range Averaged by Each Instrument: Drift Speed and 
Direction. Over Layers of Six Different Thicknesses of the Observed Current Velocity Profile  
Segment Thickness of 

layer (m) 
Measured by Speed (m/S) Direction 

(deg) 
A 0.01 Surface tracer 0.57±0.01 242±2 
B 0.10 Polymetric camera, 

drifters 
0.43±0.07 250±14 

C 0.50 Drifters, ADCP 0.35±0.05 245±13 
D 1.00 ADCP 0.30±0.06 231±11 
E 2.00 ADCP 0.22±0.10 219±14 
F 10.00 ADCP 0.16±0.05 162±40 
Note. The error margins given (e.g., 0.57±0.01) represent 1 standard deviation from the 
mean. The mean wind velocity direction was 242o. Adapted from (Laxague, et al., 2018) 

 

The momentum transfer from the wind blowing over the surface of the ocean is through both 

shear stress and wave generation making up the total rate at which wind energy input is 

through the surface. These two components are independent of each other with Stokes drift 

accounting for two thirds of the wind driven surface current and the wind shear stress the 

remaining third (Jenkins, 1987; Wu & Liu, 2008; Ardhuin, et al., 2009).  

 

Figure 2. Red line indicates current profile generated from all observational 
data. the labels A-F marking the coloured layers correspond to the ranges given 
in table 1. (Laxague, et al., 2018) 
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There are three elements currently considered in the wind driven Ekman surface current and 

the subsurface Ekman layer. These three elements along with a direction component of the 

observed current drift are discussed below. The last of these the Ekman depth is not relevant 

to this study.  

 

The Ekman surface current comprises the surface wind stress and direction and the induced 

surface current. Previous laboratory experiments, observations at sea and models have given 

a combined surface current approximation of 3% of the wind speed at 10 m above sea mean 

surface (Pugh, 1987). More recently, the Surface Velocity Programme (SVP) carried out by 

Chang et al., (2012), used observational data over a period from 1999-2009 where they 

analysed 14,323 data points from the surface drifters to determine both near surface current 

drift angles and influence on the surface current at high and low wind speeds. This showed 

less influence by tidal current on the surface current at wind speeds >20 ms-1 but showed a 

range of surface current drift of between 1.9% - 2.2%. There have also been several HF radar 

studies; for example, Essen (1993) using a 25-30 MHz radar showed surface drift of between 

1.5% -2.5% of the windspeed at 10 m (U10) above mean sea surface. Shay et al (2007) used a 

16 MHz radar to measure surface drift with results recoded of 2% - 3% of U10. And finally, Mao 

& Herron (2008) again using a 30 Mhz radar recorded at surface drift current of >2.1% of U10. 

These finding show a range of wind generated surface currents from 1.5% - 3% depending on 

individual studies. 

Graham, et al., (2019) conducted a comparison study between data collected by radiosondes 

released from research vessels which was evaluated against five atmospheric reanalyses   

models. Two research ship cruises between 25/8/17 – 11/9/17 in the Fram Strait twice daily 

launched radiosondes at twelve hour intervals to record data at altitudes between 1000hPa 

to 500hPa recorded atmospheric data, which included wind speed and wind direction. A total 

of 50 radiosonde recorders were released and compared with modelled data sets. The ERA5 

data showing the closest accuracy to the recorded data for wind speed. From the 

radiosonde’s data collected the results for the comparison gave an R value of between 0.88 – 

0.94 for the ERA5 wind speed 
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The Ekman drift surface current (𝑉)) can be calculated assuming a steady windspeed, 

constant eddy viscosity of the water, and a rotating Earth. The momentum equation for the 

surface current is (Stewart, 2008): 

𝑉) =
𝒯

+,%" -.&
      (3) 

Where, 𝒯 is the wind stress, 𝜌/%  water density, eddy viscosity is 𝐴0 and  𝑓 is the coriolis force 

which is defined as 𝑓 = 2𝜔𝑠𝑖𝑛𝜑, where 𝜔	is the rotation of the Earth at 𝜔 = 7 ∙

292 × 10'1𝑟𝑎𝑑	S'# (Mao & Herron, 2008). 

 

Stokes drift (Us) is the momentum balance of a wave affected Ekman layer current or surface 

current that includes wave induced Coriolis – Stokes forcing.  This is because of the interaction 

between Stokes drift and planetary vorticity (Hasselman 1970; Xu & Bowen 1994). While 

Stokes drift is in the wave direction, the Coriolis force affects the path of the water particle, 

tilting it so that at each revolution it generates movement along the wave. Each of the forces 

and movements are indicated in the schematic of Figure 3.   

 
Figure 3. Schematic of the relationship between wind stress, surface wave direction and wave induced Coriolis-

Stokes forcing. In the Northern Hemisphere (f<0) adapted from (Hasselmann, 1970) 

 

For a fully developed sea state to occur both the fetch length and wind duration must be 

sufficient. And a duration of greater than twelve hours wind duration will provide a fully 

developed sea state. A developed  sea state is defined as, one in which waves will not continue 

to grow, even if the fetch or wind duration increases (Mao & Herron, 2008). This would give 

a maximum input for Stokes drift. 
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The Stokes drift (𝑉2) element of the surface current can be given as (Bye 1967; Xu & Bowen, 

1994 Mao & Herron 2008): 

𝑉2 = 𝜔𝑎%𝑘𝑒'%30     (4) 

Where, 𝜔 is the radian frequency, 𝑎 the amplitude, 𝑘 the wave number, and 𝑧 is the water 

depth measured from the surface downwards. 

 

The aim of this paper is to characterise, during the winter months in high latitudes, the 

availability of kinetic energy of the wind drift currents in the upper water column. With a view 

to identifying the power density created by the current. It is hypothesised the hydrokinetic 

energy resource of the meteorologically driven surface currents at these higher latitudes 

make a more persistent and firm renewable energy resource; such a resource could provide 

a micro renewable energy resource for deployed observation platforms. Here, 

meteorologically driven currents are assumed to be the combined surface currents of wind 

induced flow and the wave-induced mean current speed (i.e. Stokes drift), which is 

hypothesised to be a more persistence renewable energy resource - as driven by two physical 

processes - further details given in the introduction. Therefore, the objective of this study is 

to: (a) estimate the combined Stokes drift and direct wind induced surface current values near 

the ocean surface (between 1 -3 m depth in deep water locations) for several years; (b) 

analysis the potential resource of this surface current, annual power, and associated 

variability (including persistence). 
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2. Methodology 

 

2.1 Data collection 

 

For both Stokes drift and the Ekman surface current a vertical logarithmic profile is assumed 

and in this model both the wind shear Ekman surface current and Stokes drift are considered 

as the total effect, making up the wind driven drift current (𝑢H⃗ 𝑑𝑟𝑖𝑓𝑡). (van der Mheen, et al., 

2020).  The ERA5 wind and wave data is calculated in this model using equation 5. 

𝑢H⃗ 𝑑𝑟𝑖𝑓𝑡(𝑧) = 𝑢H⃗ $ −
455⃗ ∗
3
log	 O 0

0$
P     (5) 

Where 𝑢H⃗ $ is the surface current; with 𝑢#⃗ ∗ = & !
→

%&
 the friction current; 𝜏 = 𝜌!𝐶"	𝑢HH⃗ #$

%
 Is the 

wind stress; 𝑢#⃗ !"is the wind at ten meters above the surface; 𝐶" is the drag coefficient on the 

water surface; rw and ra are water and air densities; K =0.41 von Karman’s constant; Z0 the 

roughness length and z the depth, which is a negative from the water’s surface. 

 

The Ekman depth (dE) can be ignored because the study is only looking at the near surface, 

top two meters. From the surface the Stokes drift decays quickly on a scale that is the Stokes 

depth (Ds) =L/4. The depth of wave influence for orbital motion is twice the length of the 

wave. Where at that depth the Stokes, drift is reduced to 4% of its surface value in deep water 

monochromatic waves (Kinsman, 1965). 

 

In this model the 𝑢H⃗ 𝑑𝑟𝑖𝑓𝑡(𝑧) in formula (5) provides the combined value of both the Stokes 

drift and the Ekman surface current. This assumes from the surface of the water column 

changes in the top couple of millimetres in viscosity through both temperature changes and 

entrained air can be ignored, concentrating on the second subsurface layer between this and 

the Ekman layer in which the velocity logarithmically decays with depth (log	 O 0
0$
P), and having 

a velocity from the surface downward initially estimated at 3% of the wind speed at U10. The 

model does not account for any residual velocity in the current but, rather looks at the 

instantaneous value of the wind speed.  
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Four high latitude (above 55o N) buoy locations across the Pacific and Atlantic were selected:  

Wind data for 2020 for the Irminger Sea (59.940N 39.52W) buoy deployed in water depth of 

2800m. Wind data for 2017 for the central Bering Sea (57.016N 177.703W) buoy deployed in 

a water depth of 3687m. Wind data for 2017 the Central Gulf of Alaska (55.883N 142.882W) 

buoy deployed in a water depth of 3694m. And wind data for 2012 Western Gulf of Alaska 

(56.232 N 147.949 W) buoy deployed in a water depth of 4054m. The wind data was 

downloaded from the National Oceanic and Atmospheric administration (NOAA), National 

buoy data centre, from NOAA’s historical quality controlled historical and climatic summaries 

data their locations are shown in Figure 4 (NOAA, 2021). In line with the study the four buoys 

selected for the data comparison and validation are all at a latitude above 55oN and were 

selected as offshore deep-water locations with continuous wind data longer than six months. 

Wind data was recorded at the buoys using on board anemometers, measuring wind speed 

at 5 m above the sea surface which is continuously measured and collected every ten 

minutes. The collected wind speed is for between six and twelve months for different years 

from these four locations. The data collected has been described in terms of magnitude and 

variability and used to compare and validate the ERA5 reanalysis wind data, described below.  

 

 
Figure 4. Validation buoy locations 
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Global coverage wind data was available from ERA5, provided by The European Medium 

Range Weather Forecast (ECMWF). This reanalysis model assimilation interpolates global 

observations and provides amongst other variables: atmospheric precipitation, temperature, 

wind, wave height and wave period. The ERA5 model data output. From ECMWF, can be 

downloaded from the Copernicus portal.  The ERA5 data outputs are every hour, twenty-four 

hours a day for a 137 vertical pressure levels from the surface to 80 km above the sea surface. 

The data grid provided by the ERA5 model is in regular longitude and latitude grids of 0.25o x 

0.25o (approximately 31km x 31km) resolution and (European Centre for Medium Range 

Weather Forecasts, 2019 and Wang, et al., 2019) this available reanalysis data provides global 

analysis of these data sets from 1979 to present day as hourly reanalysis, highlighting the 

changes in the Earth’s climate and how fast it is changing. The wave model used by ERA-5 is 

the Wave Model (WAM), which is coupled to an atmospheric wind model. The WAM model 

in ERA-5 is used in conjunction with the atmospheric component of the integrated Forecasting 

System (IFS).  WAM is a third-generation model and is run as a spherical latitude-longitude 

grid and can run in any ocean. The model integrates the basic transport equation which 

describes a two-dimensional ocean wave spectrum from three input functions, the wind 

energy input, nonlinear energy transfer and a waves dissipation through white capping. WAM 

predicts the directional wave spectra and its properties which includes wave height, 

significant wave height, frequency, and swell wave height. (The WAMDI Group, 1988; British 

Oceanographic Data Centre, 2022). Signficant wave height is an oceanographic term that 

descirbed the top 1/3rd of the, in this case, hourly wave spectra- and therefore described the 

sea-state for a given location. The swell wave variable was developed to describe bi-modal 

wave spectra; when there are two distinct wave climates at a location – e.g. swell waves 

(longer period and lower wave heights due to dispersion relationship) alongside locally 

generated waves (shorter period and steeper). 

 

2.2 Validation 

 

Wind speed data from the four buoy locations for each buoy was downloaded from the 

National Oceanic and Atmospheric Administration’s (NOAA) National Data Buoy Centre data 

bases (NOAA, 2021). The ERA-5 data for the same location and time was downloaded from 

the ECMWF Copernicus data base (The European Medium Range Weather Forecast, 2021).  
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This validation is expected to have small variations and random errors because the buoy data 

is collected by anemometers which are typically five meters above mean sea level (AMSL) on 

this type of buoy when the buoy is vertical in the water, the ERA5 reanalysis data is calculated 

at 10m AMSL. Also, with a tethered buoy as the wind speed increases the buoy is pushed 

downwind and the angle at which the buoy is lying in the water will not be perpendicular to 

the water surface, because as the catenary curve in the anchor cable straightens and the buoy 

leans over causing using the anemometer rotation to come out of horizontal potentially 

causing reading errors while also lowering anemometer height. The windspeed 

measurements between the two heights also creates a small change in the surface friction 

velocity (𝜇∗) with 𝜇1 ≈ 0 ⋅ 94𝜇#$ (Komen, et al., 1984). 

 

2.3. Analysis methods. Conversion to flow and power 

 

The ERA-5 wind data was first converted to a current flow speed at three one-meter intervals 

to a three meter depth below the surface using  

𝑢𝑧𝑊 = 𝑊𝑥0.03 − O𝐵𝐸𝑇𝐴 × log O 0
0$
PP    (6) 

Where the surface z0=0.001, BETA = 0.0027, W = wind speed and z = depth below the surface. 

The ERA-5 significant wave height data was downloaded as part of the data set a enable the 

calculated to give Stokes drift element of the surface current to be calculated using 

equation (7) and then both were added together to provide a surface current value at the 

three depths. 

𝑆𝑡𝑜𝑘𝑒𝑠	𝑑𝑟𝑖𝑓𝑡 = 𝜔 × 𝑘 × ((8'
%
)%) × exp(2 × 𝑘 × −1)     (7) 

Where 𝜔 = %9
:

 , k is the wave number, and 𝐻2 is wave height. 

 

Wind-driven surface flows 

The graph in Figure 5 shows the current speed at depths of 1 -3 meters below the surface 

referenced to the measured wind speed calculated using formula (6). The envisaged micro 

energy turbine attached to the buoy would be at a depth of between one to three meters, 

the higher in the water column the greater the resource. 
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Figure 5. Wind driven current combined Ekman surface current and stokes drift using formula (6) shows 
the current speeds at depths 0 - 3 meters from the surface. 

 

The power density at the three one-meter depths was calculated from the output of (6) and 

(7) using Power / Area equation. 

𝑃/𝐴 = 0.5 × 𝜌 × 𝑈(      (8) 

Where 𝜌 = 1025 kg/m3 and 𝑈 m/s is the surface current driven by wind at 10m and the Stokes 

drift.  

 

2.4 High latitude data point locations 

 

As a final step, the above procedure can be applied to locations without buoys. Two locations 

are selected to plot from the ERA-5 data at high latitudes shown in Figure 6, where no buoys 

are currently. Data set 1 on the Pacific Ocean side at 80oN and data set 2 at 75o on the Atlantic 

Ocean side. The results of the resource availability as individual elements and a total wind 

driven surface current including monthly averaged power density curves for the two locations 

are shown below in Figures 7 – 10. 
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Figure 6. ERA-5 data set locations for plotting the Power density at high latitudes. Data set 1 at 80o N and with 
data set 2 at 70o N latitudes 
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3. Results 

 

3.1. Observational and ERA-5 wind data 

 

Plotting the windspeed data in the Annex Figures 11 -14 shows variability in wind speed in 

both the collected buoy data and the ERA-5 data. Both data sets for each buoy plotted as 

wind speed against time and have similar profiles. 

 

The amplitude of the wind speed data is slightly higher in all ERA-5 data sets than that of the 

buoy collected windspeed data. With both showing a seasonal trend of increased wind speed 

during the important winter months when the resource would be required. The annual Pacific 

Ocean plots in the Bering Sea and the Gulf of Alaska show an overall increase in wind speeds 

of up to 5-6 m/s and higher wind speed events during the winter months, with wind speeds 

increasing from summer highs of typically 15m/s up to 23 - 24 m/s. These four sets of plotted 

data are included in the Annex Figures 11-14. The four sets of plots below show data from 

each of the four locations showing in each panel A the data collected by the buoy and the 

panel B showing the same location and period produced by the ECWMF’s ERA-5 reanalysis 

data. The first plots, in Annex Figure 11 shows a year’s wind speed data collected from a 

weather buoy in the central Bering Sea in panel A while in panel B at the same location and 

period is shown the ERA-5 data. All four wind plots are very similar in pattern displayed at the 

four locations with the other three shown in Annex Figures 12, 13 & 14. Most noticeable in 

both sets of data is that during the winter months the peaks in wind speed are higher than 

during the summer months typically 5 – 6 m/s but with some winter peaks more the 10 m/s 

higher.  

 

Annex Figure 12 shows the wind speed for both data sets from the Western Gulf of Alaska 

with higher wind speeds during the winter months. Annex Figure 13 shows the wind speed  

for a buoy and the reanalasys ERA5 data in the Central Gulf of Alaska and finally. Annex Figure 

14 shows both the buoy and the ERA5 windspeed data in the Irminger sea off Greenland 

spanning the winter months, quarter 4 of 2020 and quarter 1 of 2021.   
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3.2. Validation 

 

The scatter plots in the Annex figures 15 - 18 show the buoy observed wind speed versus the 

ERA5 data. The overall comparison of observed wind speed to ERA5 wind speed at four 

locations, is given in Table 2 as R2 values. The R2 value descirbes the linear regression between 

the observed (x) and the ERA5 predicted (y) throughout the whole record. Differences 

between the observed and modeled (scatter of data in Figures 15, 17-18) are likely due to 

sub-scale and unresolved processes in the model, including natural varibility; whilst the slight 

difference in buoy location and the model output location (latitude/longitude) as well as 

vertically (5m and 10m – however no interpolation was performed as the buoy will be moving 

with tide-surge and waves) will also added to a lower R2 value. There appears to also be a 

trend in the model accuracy with wind speed (x) in Figures 15-18; as the data points at very 

high wind speed values typically appear above the mean trend line – but are likely due to sea 

surface roughness parameterisation in the model (the ERA5 model has a time-varying sea 

surface roughness parameter to account for wave growth impact to wind speed: see 

https://confluence.ecmwf.int/display/CKB/ERA5%3A+data+documentation/). The over-

estimation of the ERA5 wind speed at these higher wind speeds therefore suggests the wave-

induced slowing of the 10m wind speed is not well-acounted for in the ERA5 data; and future 

work could investigate the sea-state driven impact to ERA5 accuracy (including seasonal 

differences), but is not the objective of this thesis.  

 

Table 2. Values of R2 showing proportion of variance between the buoy and ERA-5 values and the difference 
between the quarterly averaged values of the two. The negative values are where the buoy data is less than the 
ERA5. 

Buoy Name / Location R2 value 
Quarterly windspeed difference between the 
buoy and ERA5 data 

Q1 Q2 Q3 Q4 
Central Bering sea 0.4 -0.3 0.2 0.2 1.1 
Western Gulf of Alaska 0.35 -0.7 -0.6 0.6 0.1 
Central Gulf of Alsaka 0.47 0.7 0.3 0.3 -0.1 
Irminger sea in the 
Labrador Basin 0.36 -0.8     -0.2 
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Which with the previously discussed differences in height reference and other collection 

errors can explain some of the variance.  

 

With these large data sets plotted in each of the locations, three of which are annual data 

sets measurement taken hourly and in excess of eight thousand data points per set. The plot 

of the Irminger sea is for the two quarters with measurements take every ten minutes has 

over seventeen thousand data points. Small amounts of variation in these data sets because 

of the number of data points can quickly reduce the R2 value. There is greater variance at the 

higher wind speeds and with the large data sets the larger windspeed difference will reduce 

the correlation coeffient. This is highlightled by the divergance of the orange trend line from 

the black 1-1 reference line, the higher the wind speed the greater the divergance. 

 

3.3.  Power 

 

3.3.1. Power resource for sites 1 and 2 

The time series for the 2020  power resource at both sites 1 and 2 at one meter depth is 

shown in Figure 7. Panel (a) shows the wind speed and power per square meter in the air at 

the two sites which is highly variable and, in our model, is an instantaneious value and has no 

memory (momentum). Panel (b) showing the wave power from Stokes drift, is less variable 

and has wave memory with the large waves are primarily during the winter months. As can 

be seen these do not necessarily fall to a zero value unlike the wind, providing a persistant 

current even with the wind variations. The combined wind and wave current is shown in panel 

(c) because the current is the combined wave power and wind driven surface current, the 

resource is magnified also the intermittency is created by the wind persistence i.e. the 

persistence of the current is a combination of the wind and the waves.      
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Figure 7. Time series of the wind power (a), Stokes drift (b) and wind driven ocean current power (c) at 1 meter 
depth of sites 1 & 2 for 2020. 

 

Figure 8 shows the probability of exceedance giving the availability of each component panels 

a & b, wind driven surface current power; c & d, the wave driven power; and e & f, the 

combined wind driven surface and wave driven current. 

 

As can be seen in Figure 7, the persistence of the current as a resource is higher because it is 

the result of combined wind and wave climates; as such the persistence of currents is higher 

even though there were times of low wind, but a wave resource (or vice versa) and can be 

seen in Figure 8 as divergence of the normalised resource between wind, wave and current. 

The wave resource being largest for more than 60% of the year with the combined current 

the remaining 40% of the year.  
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Figure 8. Probability of exceedance graphs for sites 1 & 2 showing the wind and wave availability and the 
combined availability for the wind driven surface current for 2020. 

 

3.3.2. Averaged monthly power values  

 

Figures 9 and 10 shows the available power density at 1 meter below the surface generated 

by the wind through the Ekman surface current and Stokes drift, averaged per month over 

the year at both locations. At a latitude of 75o North the sun does not rise above the horizon 

approximately 95 days from the 5th of November to 7th of February. This increases to at 80o 

North during which winter darkness lasts for 122 days typically 22nd of October to 20th of 

February (Burn, 1996). Both figures show that the period of increased wind speed and of 

highest average power density is during the winter months. The night-time / twilight periods 

shown in the grey shaded area.  

At these two location points during the periods of winter darkness the average power 

available of the two sites shown in Figures 9 and 10, is that at site one 42.26 W/m2 and at site 

two 29.41 W/m2 at 1 meter below the surface. In figure 7 for the both points 1 and 2 the 

combined surface current is greater during these winter months. 
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Figure 9. Data point 1. Monthly averaged power density graph at 800N along the Anti Meridian. Showing 
periods of darkness during the winter hatched in grey 

Figure 10. Data Point 2. Monthly averaged power density graph at 750N, 200E. Showing periods of darkness 
during the winter hatched in grey. 
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4. Discussion and conclusion 
 
 
4.1 Summary 

 

The proof-of-concept results from this study suggest that: (1) there is potentially a sufficient 

resource of sea surface energy flux at high latitudes for the purpose of exploiting as a 

renewable energy resource for powering buoys, via instream turbines; and (2) the global 

reanalysis data ERA 5 is appropriate for estimating the resource spatially. However, our 

evaluation suggests that resource estimates using ERA 5 data should be performed over 

seasonal timescales. ERA 5 data for multiple decades from 1979 - 2022 is available as hourly 

reanalysis data for any location. The comparison of the collected wind speed data from the 

buoy locations and the ERA 5 reanalysis (annex Figures 9 – 12) showed similar seasonal 

variation but with large differences over smaller timescales (e.g., hours-to-days). Results in 

the regression analysis show an R2 value of between 0.35 – 0.47, the regression lines in the 

annex Figures 13 - 16 show greater alignment at the lower wind speeds, while diverging as 

wind speeds increase. Some of this is certainly due to the differences in data collection with 

the buoy wind speed being collected at 5 m and ERA 5 data at 10 m above sea level. 

 

Maximum power availability occurred during the winter months.  This was shown via the buoy 

wind data and corresponding power density calculations, and by applying the ERA-5 wind 

data/power calculations to two locations on opposite sides of the Arctic Ocean at 750 and 

800N (close to the Prime Meridian and the Antemeridian) (Figures 7 & 8). The average power 

for each the two data point locations is 42.26 W/m2 and 29.41 W/m2. The winter months 

coincide with periods of darkness and low light levels before the start and end of winter, and 

hence when an alternative (to solar) energy source would be needed. Although this pattern 

of increased wind speed and increased power density during the winter is ideal, site-specific 

and technology-specific estimates that cover seasonal and interannual variability are required 

to assess whether the resource is sufficient to supply a micro energy resource.   
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4.2 Assumptions / limitations / uncertainties 

 

There are several uncertainties, limitations and assumptions made in the calculation of the 

power density. The ERA 5 reanalysis data has less data points for references at high latitudes 

as opposed to the more populous and areas with regular shipping routes. Given the cascade 

of uncertainties of ERA5 resolved wind speed, and unresolved processes/errors in the 

estimated current speed, the hydrokinetic resource resolved will contain uncertainties; 

however I do not aim to resolve the actual resource (i.e. annual yield estimate) but instead 

highlight the firm and persistent resource the weather-driven ocean surface current could 

provide compared to other renewable resources (e.g. solar-PV) or single resources (e.g. just 

wave energy devices) because of the combination of wave and wind induced surface currents. 

Therefore, uncertainties in the resource, such as possible effects of taking into account 3% 

rather than 1.5 -3%, will impact the instantaneous power but not the resource climate (i.e., 

gaps in potential power conversion) or the probability exceedance plots of Figures 8-10 (e.g., 

the y-axis values of Figures 9-10 should be improved in future work, but the shape of the blue 

line is unlikely to change). 

 

4.3 Power conversion inefficiency 

 

Direction of the wind driven current flow is variable. With this variation helical turbines would 

probably be the preferred option to integrate into buoys. Field tests carried out by Zhang, et 

al., (2022) on small 0.45m high helical bladed turbines at current speeds of between 1.2m/s 

upto 3.5m/s showed a turbine device efficiency (Cp) of 0.19  to 0.20. which is promising for 

these low wind driven current speed values. This power conversion rate is comparable with 

solar efficiency (Hatzianastassiou, et al., 2005).  

 

4.4 Conclusion 

 

In this paper we have discussed the effect of wind driven surface current in the upper three 

meters of the water column and its availability to provide a micro energy resource especially 

for high latitude energy harvesting during the winter months when solar charging is 

unavailable. Further, we have identified that the ERA-5 data can be used to provide a 
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historical multiyear power density for any location assisting in possible future buoy 

deployment locations and their potential micro energy resource. Deployment of more data 

collection buoys at high latitudes for longer periods without recovery could assist in 

monitoring changes in the Arctic. Several wind farm development zones / study areas in the 

Norwegian and Barents Seas have been identified (4C OffShore, 2022) in which data and 

marker buoys would be required. 

 

The temperature increase in the Arctic since the 1970s is almost 2oC (Pistone, et al., 2014) 

and with summer mixed layer temperatures in the Arctic basin rising at 0.5oC per decade since 

1982 (Timmermans, et al., 2017) climate sea surface temperatures continue to rise, depletion 

of sea ice currently at levels of 11% ± 0.132% per decade will continue in all regions in the 

Arctic >600N (Cosimo, 2011; Cosimo, et al., 2017) and by the end of the century may lead to 

higher latitudes becoming ice free during the summer months up to the end of September if 

the temperatures rise by 2oC above preindustrial levels (Mahlstein & Knutti, 2012; Jahn, 

2018).  

 

Future research could be identifying the power requirement winter needs of various 

observation platform equipment types. Also modelling helical blade turbines at these very 

low flow rates to fully understand if they could work and if so the height and diameter of the 

turbine assembly to produce the required power. 
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Annex of additional figures 

Figure 11. Panel A 2017 annual wind data collected by NOAA weather buoy for 2017. The wind data plotted is every 10 minutes. The 
buoy from which the data was gathered has an overall height including the anemometers of five meters. (NOAA, 2021) Panel B is the 
ERA5 reanalysis data for the same grid reference and period. 
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Figure 12. Panel A 2012 wind data collected by NOAA weather buoy for 2012. The wind data plotted is every 10 
minutes for the entire year. The buoy from which the data was gathered has an overall height including the 
anemometers of five meters (NOAA, 2021) Panel B is the ERA5 reanalysis data for the same period and grid reference 
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Figure 13. Panel A 2017 annual wind data collected by NOAA weather buoy for 2017. The data plotted is every hour for 
the entire year. The buoy from which the data was gathered has an overall height including the anemometers of five 
meter (NOAA, 2021) Panel B is the ERA5 reanalysis data for the same grid reference and period. 
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Figure 14. Panel A. The wind data collected by NOAA weather buoy for quarter 4 2020 and quarter 1 2021. The wind 
data plotted is every 10 minutes for this six-month period. Data either side of these two quarters was not captured by 
the buoy. The buoy from which the data was gathered has an overall height including the anemometers of five meters 
(NOAA, 2021) Panel B is the ERA5 Reanalysis data for same grid reference and period 
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Figure 15. Scatterplot observed buoy collected data versus ERA-5 data in the Central Bering Sea for 2017 

 
Figure 16. Scatterplot observed buoy collected data versus ERA-5 data in the Western Gulf of Alaska for 2011 
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Figure 17. Scatterplot observed buoy collected data versus ERA-5 data in the Central Gulf of Alaska for 2017 

 

 
Figure 18. Scatterplot observed buoy collected data versus ERA-5 data in the Irminger Sea in the Labrador basin for 
quarter 4 2020 and quarter 1 2021 


