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Nomenclature 

 

Variable  Abbrev.  Unit  

Atmosphere   

Wind speed @ 10 m height WS10 m/s 

Wind direction @ 10 m height WD10 °N (clockwise from) 

Air pressure @ mean sea level PMSL  hPa  

Air temperature @ 2 m height Tair,2m °C 

Relative humidity @ 2 m height RH2m - 

Downward solar radiation flux SR W/m2 

Ocean   

Water level WL  mMSL  

Current speed  CS m/s  

Current direction CD °N (clockwise to)  

Water temperature Twater °C 

Water Salinity Salinity - 

Water density ɟwater Kg/m3 

Waves   

Significant wave height Hm0 m 

Peak wave period Tp s 

Mean wave period T01 s 

Zero-crossing wave period  T02 s 

Peak wave direction PWD °N (clockwise from) 

Mean wave direction MWD °N (clockwise from) 

Direction standard deviation  DSD ° 
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Executive Summary  

Energinet Eltransmission A/S (Energinet) requested a metocean site 

conditions assessment to form part of the site conditions assessment 

and to serve as basis for the design of the Energy Island North Sea 

(EINS) artificial island and surrounding offshore wind farms.  

This study provides detailed metocean conditions for EINS and establishes a 

metocean database for the artificial island and the surrounding offshore wind 

farm (OWF) development areas as shown in Figure 0.1. 

 

Figure 0.1 Location of the Energy Island North Sea, the related offshore 

wind farm development area, and measurement stations 

The hindcast database (covering OWF area) entails: Waves: EINS-

SW-CFSR, Ocean: EINS-SW-CFSR, Atmosphere: Global-AT-CFSR. 

This report (Part A) concerns the establishment of metocean hindcast models 

and comparison of these against local and regional measurements, to arrive at 

a consistent, accurate, and validated metocean database applicable for 

assessment of normal, extreme, and joint metocean conditions. 

Bathymetric basis 

The bathymetric data basis was compiled from the local survey provided by 

Energinet and the EMODnet dataset, to jointly form a consistent and accurate 

bathymetric dataset applicable for hindcast hydrodynamic and wave modelling. 
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Measurements 

A comprehensive set of wind, water level, current, wave, CTD (sea 

temperature and salinity) and visibility data were collected by FUGRO and 

provided to DHI by Energinet. The data was collected by floating (buoy) and 

bottom-mounted instruments from four stations within the EINS site during the 

period 2021-11-15 to 2022-11-15. Details are given in the survey campaign 

report [1, 2]. This dataset was supplemented by long-term measurements from 

other stations in the North Sea. Figure 0.1 shows a map of all stations. 

Hindcast models 

All hindcast model data of this study covered the period 1979-01-01 ï 2022-09-

30, ie. ~44 years (except 3D HD data which covered 2013 ï 2022, ie. 10 

years).  

Wind data was adopted from CFSR due to its superior accuracy for extreme 

events, and to its successful use on certified projects in the North Sea and 

globally.  

A local hindcast 2D hydrodynamic model was set up to simulate water levels 

and currents using the MIKE 21 HD model. The domain covered the EINS site 

only to take full advantage of boundary conditions adopted from the assimilated 

hydrodynamic model by DHI of North Europe, HDNE. The data basis for 

currents was supplemented by data from the DHI United Kingdom and North 

Sea 3-dimensional (HDUKNS3D) regional hydrodynamic model.  

The waves were simulated using the MIKE 21 SW spectral wave model set up 

for the entire North Sea with high resolution and calibration targeted to the 

EINS site. The model used boundaries from the DHI global CFSR-forced wave 

model. 

All hindcast data was compared extensively against local and regional 

measurements and found to be accurate and applicable for assessments of 

normal and extreme metocean conditions without any (bias) adjustment. 

Time series data of air temperature, humidity, and solar radiation were adopted 

from CFSR. Rainfall time series data were extracted from the ERA5 reanalysis 

product. Lightning data was obtained from the LIS/OTD Gridded Climatology 

dataset [3] from NASAôs Global Hydrology Resource Center (GHRC). 

Water temperature and salinity at surface and seabed was adopted from the 

DHI HDUKNS3D model. Water density was calculated, as a function of water 

temperature and salinity, using the international one-atmosphere equation of 

state of seawater, [4].  

Climate change 

The above introduced hindcast (wave and current) models were established 

and executed for the present-day scenario. A literature review on the possible 

impact of climate change demonstrated that the prediction of wind speed 

changes is very uncertain, and no conclusive statements on this have been 

made public. Therefore, the only climate change effect included in the 

modelling was sea level rise (SLR) estimated to +0.8 m by year 2113.  

However, it is recommended that the designer consults the project owner and 

any given design requirements on climate change, to decide on the safety 

policy with respect to possible climate change effects. A (potentially 

conservative) guideline on climate change effects on wind and waves is 

suggested in NORSOK, [5]. 
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Metocean Database 

The metocean hindcast data developed in this study for EINS covers the entire 

light blue polygon in Figure 1.1. It entails all hindcast wave, ocean, and 

atmospheric variables, and was provided to Energinet on a hard disk in MIKE 

dfs file formats. The dfs files can be read using either the Python MikeIO1 or 

the DHI-MATLAB-Toolbox2 open source libraries available at GitHub.  

Table 0.1 summarises the spatial and temporal data coverage and specifies 

the variables for each data category. Sections 3 ï 8 provide details on the data 

establishment and documentation of representative averaging periods.  

 

Table 0.1 Summary of the provided EINS metocean database 

Spatial coverage: See Figure 1.1 (entire development area), ȹx = 

400 m. Temporal coverage: 1979-01-01 ï 2022-09-30 (43.75 years), 

ȹt = 30 min. Wave spectra: Stored on a ~1 km grid within the island 

and ~5 km elsewhere.  

Category Variable  Abbrev.  Unit  

Atmosphere (0 ï 10 m height)   

Dataset: 
Global-AT-CFSR 

 
Rep. avg. period: 2 
hours 

Pressure @ mean sea level PMSL  hPa  

Wind speed @ 10 m height WS10 m/s 

Wind direction @ 10 m height WD10 °N (clockwise 
from) 

Air temperature @ 2 m height Tair,2m °C 

Sea Surface Temperature SST °C 

Relative humidity @ 2 m height RH - 

Global-AT-CFSR (0.5°) Downward solar radiation flux SR W/m2 

Ocean (HD) (Total, depth-average)   

Dataset: 
EINS-HD-CFSR 

Rep. avg. period: 1 
hour 

Water level WL  mMSL  

Current speed  CS m/s  

Current direction CD °N (clockwise 
to)  

Waves (SW) (Total, wind-sea, and swell)   

Dataset: 
EINS-SW-CFSR 

Rep. avg. period: 3 
hours 

Significant wave height Hm0 m 

Peak wave period Tp s 

Mean wave period T01 s 

Zero-crossing wave period  T02 s 

Peak wave direction PWD °N (clockwise 
from) 

Mean wave direction MWD °N (clockwise 
from) 

Direction standard deviation  DSD ° 

 
1 https://github.com/DHI/mikeio  
2 https://github.com/DHI/DHI-MATLAB-Toolbox  

https://github.com/DHI/mikeio
https://github.com/DHI/DHI-MATLAB-Toolbox
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1  Introduction  

This study provides detailed metocean conditions for the Energy Island 

North Sea (EINS) and establishes a metocean database for the island and 

the adjacent offshore wind farm (OWF) development area (see Figure 1.1). 

Energinet Eltransmission A/S (Energinet) was instructed by the Danish Energy 

Agency (DEA) to initiate site investigations, including a metocean conditions 

assessment, to form part of the site conditions assessment and to serve as 

basis for the design and construction of EINS and related OWFs. The study 

includes an assessment of climate changes considering an 80-year lifetime. 

Energinet commissioned DHI A/S (DHI) to provide this study with Scope of 

Work (SoW) defined in [6]. Later, the work was extended to cover also FEED 

level metocean conditions for the offshore wind farm area cf. scope in [7]. The 

study refers to the following common practices and guidelines: 

¶ DNV-RP-C205, [8]  

¶ IEC 61400-3-1, [9]  

 

Figure 1.1 The location of the Energy Island North Sea (red), and related 

offshore wind farm development area (dark blue) 

The hindcast database (light blue polygon) entails: Waves: EINS-

SW-CFSR, Ocean: EINS-SW-CFSR, Atmosphere: Global-AT-CFSR. 

The deliverables included time series data of hindcast metocean parameters, 

analyses of normal, extreme and joint metocean conditions at five (5) locations, 

a metocean database (see Figure 1.1), and four (4) separate reports: 

¶ Part A: Data Basis ï Measurements and models (this report) 

 Establishment of bathymetry, measurements and hindcast metocean data. 

¶ Part B: Data Analyses ï Energy Island, [10] 

 Metocean site conditions for detailed design of the energy island. 

¶ Part C: Data Analyses ï Wind Farm Area, [11]  

 FEED level metocean site conditions for the offshore wind farm area. 

¶ Part D: Data Basis ï Hindcast revalidation note, [12] 

 Revalidation of the hindcast metocean data vs. updated measurements. 
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2  Bathymetry  

This section describes the general bathymetry, or seabed levels, in the 

North Sea and the EINS site followed by an evaluation of the relevant 

bathymetric data sources, their alignment and vertical datum, leading to a 

consistent and accurate bathymetric dataset applicable for the 

hydrodynamic and wave hindcast modelling activities of this project. 

2.1 General seabed levels 

The North Sea lies on the European continental shelf and is located between 

Britain and the continent of north-western Europe. It is connected to the 

Atlantic Ocean via the English Channel and the waters between Scotland and 

Norway.  

Figure 2.1 shows the seabed levels in the North Sea. The seabed levels can 

be separated into three main areas: 1) The Norwegian Trench, up to about 

1000 m deep; 2) the Dogger Bank, the shallowest region with water depths 

down to 15 m; and 3) the rest of the North Sea with offshore water depths 

generally within 30-100m. 

The EINS site lies in the north-eastern North Sea with water depths of 25-50 m. 

 

 

Figure 2.1 Seabed levels in the North Sea [Source: EMODnet 2020] 

The Energy Island North Sea (EINS) lies in the north-eastern North 

Sea with water depth of 25-30 mMSL at the island and down to 

about 50 mMSL in the surrounding planned OWF area. 

 

  

Energy Island 

North Sea 



 

  Page 11 

2.2 Bathymetric data sources 

Energinet provided a local bathymetric survey covering the EINS site and the 

surrounding wind farm area. This dataset was supplemented by the regional 

EMODnet bathymetric dataset covering the entire North Sea. Table 2.1 

presents an overview of the bathymetric data sources considered. 

Table 2.1  Bathymetric data sources 

Name Coverage / 
relevance 

Resolution 
[m] 

Year / 
Version 

Vertical 
datum 

Provider 

Survey Project Site 5 2022 MSL Energinet 

EMODnet1 North Sea 115 2020 MSL EU 
1 https://www.emodnet-bathymetry.eu/  

Survey and datum 

The local bathymetric survey was conducted by MMT and reported in [13]. The 

survey was done using a multi-beam high-resolution echosounder, and the 

data was resampled by Energinet to 5 m. The horizontal reference was World 

Geodetic System 1984 (WGS84), and the vertical datum was Mean Sea Level 

(MSL) via DTU21 MSL Reduction from WGS84-based ellipsoid heights.  

The bathymetric survey recorded water depths across the EINS (~10x10 km) 

and the surrounding wind farm area. Figure 2.2 shows the seabed levels of the 

local bathymetric survey, while Figure 2.3 and Figure 2.4 shows the survey and 

depth profiles across the island adopted from [13]. Within the island area, the 

depths range mainly from 25 to 35 m MSL, while the park area is down to 50 m 

MSL. 

The average height of DVR90 (Danish Vertical Reference 1990) is 0.28 m 

larger than that of DTU21, [13]. Thus, to convert absolute seabed levels from 

the local MSL herein to DVR90, one must add 0.28 m. 

 

Figure 2.2 Seabed levels of the local bathymetric survey [m MSL]  

Water depths at the EINS island area (green polygon) range from 25 

to 35 m MSL, while the wind farm area (blue polygon) is down to 

50 m MSL.  

https://www.emodnet-bathymetry.eu/
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Figure 2.3 Survey and positions of profile lines in Figure 2.4, [13] 

 

 

Figure 2.4 Depth profiles across the EINS island [m MSL DTU21], [13] 
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EMODnet 2020 

Bathymetric data for areas of the North Sea not covered by the survey 

presented above was adopted from the EMODnet Bathymetry portal, see 

Figure 2.1 and Table 2.1. Data for this project was retrieved with a vertical 

datum of MSL from the 2020 version of EMODnet.  

The EMODnet Bathymetry portal was initiated by the European Commission as 

part of developing the European Marine Observation and Data Network 

(EMODnet). The EMODnet digital bathymetry has been produced from 

bathymetric survey data and aggregates bathymetry datasets collated from 

public and private organisations. The data provided is pre-processed and 

quality-controlled) by EMODnet at a resolution of 1/16 arc minutes (~115 m.  

In DHIôs experience across several projects in the North Sea, the EMODnet 

bathymetry has shown good agreement with local survey data and is thus 

considered a useful and reliable data repository for metocean modelling and 

analyses.  

Comparison between survey and recorded depth of in-situ stations 

Table 2.2 compares the depth of survey and recorded depth of two in-situ 

measurement stations (LiDAR buoys). At both stations, the survey depth is 

about 0.5 m deeper than the station depth. This may be partially explained by 

the recordings being averaged over a winter season when mean sea level is 

relatively lower in the North Sea. Hence, overall, a very close agreement 

between the two independent sources is seen, thus providing confidence in the 

accuracy and vertical reference level of the survey. 

Table 2.2  Depth of survey and recorded depth of in-situ stations 

Station Average recorded 
depth during Nov. 2021 
ï Mar. 2022 [m MSL]1 

Raster 50m averaged 
survey depth [m MSL]  

EINS-North (pressure sensor)  45.8 46.4  

EINS-South (pressure sensor) 39.3 39.8 

1Increased by 1 m to account for the sensor position being 1 m above seabed. 

 

Comparison between EMODnet and the survey 

To validate and inter-compare the two bathymetry data sources, Figure 2.5 

shows the difference between the EMODnet and the survey as well as two 

transects across the EINS island area and the wind farm area. The local survey 

has a higher degree of detail which may explain some of the deviations, but 

overall, the plot demonstrates a good agreement between the datasets with 

deviations predominantly less than +/-2-3 m (small regions outside the island 

area show differences up to 4-5 m).  

On average, the survey depths were 0.3 m (~1%) deeper than EMODnet 

depths within the island area, and 1.0 m (~2%) deeper than EMODnet within 

the entire park area. Such differences may be due to discrepancies between 

the vertical reference level (MSL) of the two datasets, which for EMODnet is 

somewhat uncertain. Nevertheless, differences of the order of 1-2% of the total 

water depth is without significant effect for the (wave) modelling activities of 

this study.  
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Figure 2.5 Top: Difference between EMODnet and survey 

Bottom: Transects A and B across the island and park area. 

Negative numbers (blue colours) mean that the survey is deeper. 

2.3 Common uniform bathymetry 

In conclusion, the considered bathymetric data sources are in reasonable 

agreement considering their origin and means of measure. Their vertical 

reference levels are acceptably close and validated against the recorded depth 

of local in-situ stations. Hence, the survey and EMODnet datasets are applied 

as received (i.e., without any modifications) to jointly form a consistent and 

accurate bathymetric dataset applicable for the hindcast hydrodynamic and 

wave modelling activities of this study and covering the North Sea and EINS 

site.  

A 

B 

A 

B

 

EMODnet 

Survey  

 

EMODnet 

Survey  
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3  Wind  

Atmospheric data used as forcing of the numerical hydrodynamic (HD) 

and spectral wave (SW) models, as well as for extreme values analysis, 

was adopted from the Climate Forecast System Reanalysis (CFSR) 

atmospheric model established by the National Centre for Environmental 

Prediction (NCEP).  

The CFSR dataset is described and validated against measurements from the 

local EINS SeaWatch Wind LiDAR Buoys (i.e. EINS-North and EINS-South), 

[2] , and the Thor LiDAR Buoy (LB). CFSR dataset was chosen for this study 

due to its superior accuracy for extreme events, and due to its long record of 

successfully certified projects in the North Sea and globally. 

3.1 General wind characteristics 

The wind climate of the North Sea is affected by several weather phenomena. 

Among them, the North Atlantic Oscillation (NAO), which is described by the 

anomaly of pressure gradient between north-western (Iceland) and 

southwestern North Atlantic (Azores), has a significant influence on the wind 

conditions over the North Sea. During the winter months, the NAO has a larger 

effect than in the summer, when the surface heating generates disturbances 

weakening the large-scale circulation. Studies show that an increase in the 

NAO index results in higher wind speeds over northern Europe [14] in terms of 

monthly to interdecadal timescales. As extreme events are short period events 

(~hours), several authors associated them to other circulation patterns, see 

[15], [16]. 

At the current study region, winds predominantly blow from the third and fourth 

quadrant, i.e., from 180 ï 360 °N, followed by winds coming from the second 

quadrant. Average wind speeds are around 9 m/s. Winds are stronger during 

the months of November to February, which are associated with directions 

coming from 240 ï 330 °N and can reach speeds above 30 m/s.  

Historic storms of the North Sea, British Isles and Northern Europe from 1509 

to 1990 are reported by Huber Lamb in [17]. However, hindcast atmospheric 

data is generally available since 1979 only (see Section 3.3), and insufficient 

data (mainly pressure maps) is available in [17] to attempt to hindcast the 

historic storms described. Hence, conditions prior to 1979 are not considered. 

The storm on 24th November 1981, had a gust of 83 knots reported in Northern 

Jutland. This storm is one of the strongest in the hindcast data at EINS.  

3.2 Wind measurements 

Wind measurement data used for local validation of the CFSR data are listed in 

Table 3.1 and illustrated in Figure 3.1. Measurements were available at several 

elevations from 4 mMSL (anemometer) and 30 - 270 mMSL every 10 m 

(LiDAR) during 2021-11-15 to 2022-07-15 (8 months), see Figure 3.2.  

The wind measurements at the EINS site measured by the SeaWatch Wind 

Lidar Buoys [2] (i.e., EINS-North and EINS-South) were quality controlled by 

the data surveyor (i.e., FUGRO) and checked by DHI before use. A similar 

process was done for the Thor data, recorded by Akrocean.  
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Table 3.1 Details of wind measurement stations 

Station 
Name 

Longitude 
[°E] 

Latitude 
[°N] 

Measurement 
Height 
[mMSL] 

Data 
coverage 

Instrument 
type 

Model 
Owner / 
Surveyor 

EINS-North 6.3007 56.6280 
4 
30-270 

2021-11-15 - 
2022-07-15 

Anemometer 
LiDAR 

Gill Windsonic M 
ZephIR ZX300 

Energinet / 
FUGRO 

EINS-South 6.4574 56.3444 
4 
30-270 

2021-11-15 - 
2022-07-15 

Anemometer 
LiDAR 

Gill Windsonic M 
ZephIR ZX300 

Energinet / 
FUGRO 

Thor 7.605 56.347 43-200 
2020-05-19 - 
2021-05-19 

LiDAR 
Wind Cube WLS 
866V2 

Energinet / 
Akrocean 

 

Figure 3.1 Location of local wind measurements  

Location of regional measurements are shown in Figure 0.1. 

 

Figure 3.2 Temporal coverage of wind measurements   
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3.2.1 Wind profile (height conversion)  

Wind speed at various heights above sea may be required for design purposes 

and for comparison of hindcast model data against measurements.  

This section describes common wind profiles, and compares them to the local 

measurements to arrive at a recommended profile and height conversion 

factors for normal and extreme wind speeds. 

The literature provides several guidelines for describing the vertical wind speed 

profile. The most common are Frøya, power and log profiles. 

Frøya profile 

Assuming neutrally stable atmospheric conditions, the vertical and temporal 

distribution of wind speed during storm conditions can be described by the 

Frøya profile. The Frøya profile is described as follows, in [8] and [18]: 

Ὗ4ȟÚ Ὗ ρ # ÌÎ
ᾀ

Ὄ
Ȣρ πȢτρϽὍ ᾀϽÌÎὝὝ  

¶ Ὗ4ȟÚ is the mean wind speed [m/s} with averaging period 

Ὕ<Ὕ = 3600 s at height z [mMSL} 

¶ Ὗ the 1-hour mean wind speed [m/s] at the reference 

elevation Ὄ = 10 m above sea level 

¶ # a dimensionally dependent coefficient equal to πȢπυχσ Ͻ

 ρ πȢρτψὟ Ⱦ for Ὄ = 10 m 

¶ Ὅ a dimensionally dependent value for the turbulence 

intensity of wind speed, given by 

Ὅ πȢπφϽρ πȢπτσϽὟ ϽᾀὌ
Ȣ

 

¶ Ὕ is the reference time averaging interval of 3600 s 

(3.1) 

Log profile 

The wind profile of the atmospheric boundary layer (surface to around 2000 m) 

is generally logarithmic in nature and is often approximated using the log wind 

profile equation that accounts for surface roughness and atmospheric stability. 

However, for neutral conditions, the atmospheric stability term drops out and 

the profile simplifies to: 

Ὗ ὟϽὰέὫᾀȾᾀ ȾὰέὫὶȾᾀ  (3.2) 

where, Uz is the wind speed at height z, Ur is the wind speed at height r, and z0 

is the surface roughness length (in meters) (often in the range of 0.001 ï 0.004 

m at (rough) sea).  

Power profile 

The power law relationship is often used as a substitute for the log wind profile 

when surface roughness (and/or stability information) is not available. The 

power profile is defined as: 

Ὗ ὟϽᾀȾὶ  (3.3) 

where, Uz is the wind speed at height z, Ur is the wind speed at height r, and Ŭ 

is the power law exponent (typically 0.100 - 0.146 for extreme wind speed). 
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Recommended wind profile 

The vertical shear naturally fluctuates significantly over time due to the varying 

state and stability of the atmosphere, and thus the shear at individual profiles 

sometimes deviates substantially from the mean shear.  

Figure 3.8 shows histograms of the measured wind shear at EINS-North for all 

wind speeds (top) and for WS10,10-min > 20 m/s (bottom) between the 30 and 

40 m (left) and between 30 and 100 m (right).  

It is noted that the measurements do not include very extreme wind speeds 

(highest recording is WS10,10-min = 26 m/s). The average measured value at 

each recoded level is indicated by a black dot. 

 

For all wind speed, the shear from 30 to 40 m ranges from 0.85 ï 1.15 with a 

mean value of 0.979, while the shear from 30 to 100 m ranges from 0.55 ï 1.2 

with a mean of 0.911. The mean shear corresponds to a power profile with Ŭ = 

0.074 (30-40m) and Ŭ = 0.078 (30-100m). In conclusion, it is recommended to 

apply a power profile with Ŭ = 0.08 (representative of fully developed waves) to 

convert normal wind speeds from 10 to 30 m height (this corresponds to a 

factor of 1.09 going from 10 to 30 m).  

 

For WS10,10-min > 20 m/s, the mean shear from 30 to 40 m is 0.98 

(corresponding to Ŭ = 0.07), while the mean shear from 30 to 100 m is 0.911 

(corresponding to Ŭ = 0.10). Hence, the measured mean shear is larger for 

stronger wind speed as expected due to increased wave action during strong 

wind and hence increased frictional effects leading to higher turbulence. In 

conclusion, it is recommended to apply a power profile with Ŭ = 0.10 to convert 

extreme wind speeds from 10 to 30 m height (this corresponds to a factor of 

1.12 going from 10 to 30 m).  

 

Figure 3.4 show comparisons of the theoretical wind profiles and the wind 

measurements up to a height of 120 m at EINS-North for all wind speeds (top) 

(using  h= 0.08) and for WS10,10-min > 20 m/s (bottom) (using  h= 0.10). The 

Frøya profile gives higher ratios for very extreme wind speeds, which may be 

because the Frøya profile was developed and validated for wind conditions off 

the Norwegian coast.  
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Figure 3.3 Histograms of measured wind shear at EINS-North  

Top: All wind speeds; Bottom: WS10,10-min > 20 m/s; Left: WS30/WS40; Right: WS30/WS100    
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Figure 3.4 Comparison of theoretical wind speed profiles and 

measurements at EINS-North 

Top: All measured wind speeds (using  h= 0.08);  

Bottom: Measured WS10,10-min >20 m/s (using  h= 0.10).   
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3.2.2 Wind averaging (temporal conversion) 

Wind speed of various averaging periods may be required for design purposes 

and for comparison of hindcast model data against measurements.  

This section describes common factors for conversion between various wind 

averaging periods, and compares them to the local measurements, to arrive at 

recommended temporal conversion factors for extreme wind speeds. 

Common temporal conversion factors 

Table 3.2 lists common temporal conversion factors to convert between various 

averaging periods of extreme wind speeds. The factors are developed 

specifically for storm conditions, i.e., to represent the strongest sample wind 

speed (fx 10-min) within 1 hour. For example, if a 10-min extreme wind speed 

is 1.1 times the 1-h extreme wind speed, this means that the strongest wind 

speed in 6 samples of 10-min duration is expected to be 1.1 times the average 

for all 6 samples (= the 1-h mean). Thus, the factors are not applicable to 

convert time series of wind speeds (as this would increase the mean value). 

The factors are adopted from IEC, CEM , WMO, and DNV/ISO (Frøya, see Eq. 

(3.1)). The CEM factors are given as equations relative to the 1-h mean, 

Eq. (3.4). 

Ὗ
Ὗ ρȢςχχπȢςωφϽὸὥὲὬπȢωϽ ÌÏÇρπ, for 1 < t < 3,600 

Ὗ
Ὗ ρȢυσστπȢρυϽ ÌÏÇρπὸ, for 3,600 < t < 36,000 

(3.4) 

The IEC, CEM, and WMO factors are independent of wind speed (fixed surface 

roughness). Hence, when using a wind speed independent vertical profile 

(such as the power profile), the factors become independent of height. The 

WMO factors are recommended specifically for tropical cyclones. 

The DNV/ISO (Frøya) factors consider the variation in turbulence intensity as 

function of speed and height, and therefore, four examples using 20, 30, and 

40 m/s wind speed at 10 and 30 m height respectively, are shown for Frøya.  

The table shows that Frøya gives higher conversion factors than the other 

references, especially for the very extreme wind speeds and short temporal 

scales (note that Frøya is dependent on the wind speed and height above sea). 
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Table 3.2 Common temporal conversion factors of extreme wind speed  

(2 h is the averaging period of CFSR hindcast wind data). 

Reference Remark 3-h 2-h  1-h 10-min 1-min 3-s 

DNV [8],  

ISO [18] 

(Frøya) 

20m/s, 10m height - - 1.00 1.08 1.19 1.32 

30m/s, 10m height - - 1.00 1.10 1.23 1.40 

40m/s, 10m height - - 1.00 1.12 1.27 1.47 

40m/s, 30m height - - 1.00 1.09 1.22 1.37 

IEC1,3 [9] All speeds/heights 0.95 0.97 1.00 1.05 - - 

CEM [19] All speeds/heights 0.93 0.95 1.00 1.05 1.24 1.51 

WMO2 [20] All speeds/heights - - 1.00 1.03 1.11 1.30 

1 Converted from being relative to the 10-min value to being relative to the 1-h value. 
2 WMO is recommended specifically for tropical cyclones. 
3 The 2 h factor was obtained by interpolating between 3 h and 1 h. 

Recommended temporal conversion factors 

Figure 3.5 presents the maximum 10-min average vs. the 1-h average wind 

speed measured at EINS-North together with the IEC and DNV/ISO (Frøya) 

temporal conversion factors. It is noted that the measurements do not include 

any very extreme wind speeds (highest recorded is WS10,10-min = 26 m/s). 

The figure demonstrates that IEC provides a good fit to the measurements on 

average when considering the strongest wind speeds (> 20 m/s), while Frøya 

appears to overestimate the temporal conversion. Table 3.2 shows that the IEC 

factors are roughly in between the CEM and WMO factors when considering 

the range of 2-h to 10-min.  

In conclusion, it is recommended to adopt the IEC factors for converting 

between averaging times of extreme wind speed within the range of 2-h and 

10-min, i.e., a factor of 1.08 to convert from 2-h to 10-min average duration of 

extreme wind speeds. A more cautious/conservative approach would be to 

adopt the Frøya profile for temporal conversion of extreme wind speeds. 

  

Figure 3.5 Ratio of temporal average of wind speed at EINS-North  



 

  Page 23 

3.3 Hindcast wind data 

At the study site, there were two main atmospheric datasets available of 

appropriate data lengths (~44 years) to conduct normal and extreme analyses, 

namely: 

¶ The Climate Forecast System Reanalysis (CFSR) dataset established by 

the National Centre for Environmental Prediction (NCEP), and  

¶ The ERA5 dataset from the European Centre for Medium-Range Weather 

Forecasts (ECMWF), provided by Copernicus, the European Unionôs Earth 

Observation Programme.  

These datasets are briefly described below. However, the CFSR dataset was 

chosen for this study due to its superior accuracy for extreme events, and due 

to its long record of successfully certified projects in the North Sea and 

globally. 

To support this decision, Section 3.3.3 presents a validation of CFSR against 

available measurements at the EINS site and at a regional level.  

 

CFSR 

The Climate Forecast System Reanalysis (CFSR) from the National Centers 

for Environmental Prediction (NCEP) is a coupled meteorological and 

oceanographic model system. The data has a resolution of 0.3° before 2011, 

and 0.2° after 2011, and covers the period from 1979-01-01 until today (~44 

years) at hourly time steps.  

Given that the location of the EINS project is relatively far offshore, the change 

in resolution after 2011 is not considered to be a major limitation as winds are 

not affected by land mask effects. Thus, yielding similar average wind speed 

for the two periods (see Section 3.3.1).  

However, a limitation of CFSR is that it does not provide wind at 100 m height 

(but only wind at the 1000 mbar pressure level). While this is not a requirement 

for the Energy Island itself, it may be a requirement for any related studies 

such as, for example, for the offshore wind farm WTGôs (in which case other 

methods or sources can be considered). 

 

ERA5 

ERA5 is a 30 km resolution reanalysis of meteorological conditions from  

1979-01-01 until today (~44 years) at hourly time steps, established by 

ECMWF and provided by Copernicus, the European Unionôs Earth Observation 

Programme. 

The ERA5 dataset has gained considerable acknowledgement for being of 

superior accuracy for normal conditions at many project sites globally, where 

DHI (and others) has gained experience. However, the ERA5 dataset tends to 

underestimate the strongest wind speeds in some regions including the North 

Sea. 

ERA5 offers wind at 100 m height, however, it has a spatial resolution slightly 

coarser than that of CFSR, and thus the same limitations at the interfaces 

between land and sea as CFSR.  
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3.3.1 Climate Forecast System Reanalysis (CFSR) 

CFSR was designed by the National Centers for Environmental Prediction 

(NCEP) from the National Oceanic and Atmospheric Administration (NOAA) as 

a global, high-resolution, coupled atmosphere-ocean-land-surface-sea ice 

system to provide the best estimate of the state of these coupled domains. This 

model system uses synoptic data for initialisation. GFS (Global Forecast 

System) is the atmospheric model included in the CFSR modelling complex. 

Further details are given in [21]. 

The data used for this study were available on an hourly basis from 1979-01-01 

to 2022-09-30. Since CFSR is an operational dataset, it is possible later to 

update (expand) the database consistently. DHIôs past experience using CFSR 

in the North Sea has shown very good performance in terms of both wind 

speed and direction. 

The CFSR data covers the period from 1979 to 2010 (31 years), and since 

then, the operational re-forecast dataset (denoted CFSv2) has been applied. 

The underlying model in CFSv2 is the same as for CFSR; however, the spatial 

resolution of wind has been refined from 0.3° to 0.2° (see Figure 3.6), while the 

resolution of the atmospheric pressure is 0.5° for the entire period (interpolated 

to the same grid as the wind components in this project). Hereafter, óCFSRô will 

refer to the combined CFSR and CFSv2 datasets. 

Land sea mask 

The land-sea mask of CFSR defines where the surface of the earth is 

interpreted as land and as sea, respectively. Whether an element is interpreted 

as land or sea affects, e.g., the estimated roughness of the surface, which in 

turn affects the wind profile. On land, the roughness is generally higher than at 

sea, hence, the wind speed on land is lower than at sea. 

In some areas, the resolution of CFSR may be too coarse to resolve the land-

sea boundary properly. In relation to this project, being well offshore, a very 

good performance was expected from CFSR and thus also from the 

hydrodynamic and wave models forced by CFSR.  

Figure 3.6 shows the land-sea masks in CFSR and CFSv2, respectively, 

covering the North Sea and the Danish North Sea areas. An assessment of the 

effect of the change in land mask on the mean wind speed at the EINS site 

was made. The annual mean wind speed at 10 m height for the two periods is 

presented in Figure 3.7. The annual mean wind speed during the CFSR period 

(from 1979-2010) and for the period from 2011 (CFSv2 model) are almost 

identical with values slightly lower than 9 m/s. As EINS is reasonably far 

offshore, there is no effect of the land mask in the data. 
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Figure 3.6 CFSR (upper) and CFSV2 (lower) land-sea mask in the North 

Sea (EINS OWF area is outlined in red)  

The land cells are grey and water cells are blue. 
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Figure 3.7 Annual mean of 10 m wind speed from CFSR (1979-2021)  

Assessment of annual mean wind speed at EINS between CFSR 

(1979-2010) and CFSv2 (2011-2021) due to change in land mask. 

3.3.2 Output specifications 

The CFSR variables utilised for analyses in this study are summarised in Table 

3.3. In CFSR, the wind speed at 10 mMSL (WS10) is calculated from the lowest 

level model wind speed (~+20 mMSL) using the surface-layer similarity theory 

where the roughness length over water is updated at each time step using the 

Charnock relationship [21]. 

In addition to the 10 m wind, the 2 m air temperature, SST, air pressure and 

relative humidity are used in MIKE 21 SW to calculate the neutral wind fields. 

Those variables are also provided and analysed as part of this study (see 

Section 7.2). 

Table 3.3 Specifications of CFSR parameters used by this study 
1 Spatial resolution for periods 1979-2010 and 2011-present 

Wind is representative of 2-hour averages (see section below). 

  

Parameter Unit Description 
Spatial 
resolution [°]1 

WS10 m/s Wind Speed at height z [mMSL] 0.3/0.2 

WD10 °N-from Wind Direction at height z [mMSL] 0.3/0.2 

Pair Pa Air pressure 0.5 

Tair,2m °C Air temperature at 2 mMSL 0.3/0.2 

SST °C Sea Surface Temperature 0.3/0.2 

RH % Relative Humidity 0.5 

SR W/m2 Downward sun wave radiation flux 0.3/0.2 
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Averaging period 

The averaging period is relevant when comparing various sources of data (e.g., 

models and measurements (peaks)), when considering operational conditions 

(weather windows), and for design purposes (extreme values). 

For (in-situ) measurements, the averaging period is the duration of time across 

which each recording is averaged. For wind measurements, this is typically 10 

min, while for currents and waves, it is usually the sampling duration (burst) of 

the instrument (typically 1-10 min for currents and 20-30 min for waves). 

The output of numerical (hindcast/reanalysis) models represents an average of 

an area (grid cell) rather than a point, at a given point in time, and is not 

inherently associated with any averaging period. Further, there may be 

physical phenomena that the model does not describe or resolve adequately. 

As such, one may expect the measurements to exhibit more variability (at high 

frequencies) compared to model data, or, reversibly, that the model data is 

somewhat ósmoothedô in time compared to measurements. The degree of 

ósmoothingô would depend on a combination of model type, forcing and grid.  

To support validation of model data and application for operational and design 

purposes, a ï representative ï averaging period of the model data is assessed 

by comparing the magnitude and slope of a frequency power spectra of the 

model data to that of measurements averaged with various time windows. 

Such an analysis illustrates the energy density (variability) of the time series 

signals at frequencies up to the Nyquist frequency (two times the sampling 

frequency of the data, i.e., up to 2 h for model data saved 1-hourly).  

Figure 3.8 shows a frequency power spectrum of wind speed from CFSR and 

measurements (LiDAR) at EINS-North. A reasonable agreement between 

CFSR data and measurements at the spectral tail is obtained when applying a 

2 h averaging of the measurements, meaning that 2 h should be considered as 

a ï representative ï averaging period for CFSR (a better agreement might be 

obtained by using measurements closer to 10 mMSL in height than those 

recorded at about 100 mMSL applied here). 

This finding is supported by other such comparisons of wind power spectra at 

different locations around the North Sea; see for example, the metocean study 

prepared for the Hollandse Kust (Zuid and Noord) Offshore Wind Farms [22]. 
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Figure 3.8 Frequency power spectrum of wind speed at EINS-North 

 

3.3.3 Validation of wind 

The CFSR dataset was validated against the measurements recorded by the 

Fugro floating LiDAR (EINS-North and EINS South), at the EINS site and by 

the Akrocean floating LiDAR at the Thor OWF site.  

The measured wind speed of the local EINS LiDARôs was converted from the 

recorded height of 30 m to 10 m following the approach in Section 3.2.1 (power 

profile with  h= 0.08 as recommended for normal (average) wind conditions). 

The measured wind speed of the Thor LiDAR was already converted to 10 m 

prior to delivery to DHI. 

Figure 3.9 to Figure 3.11 present comparisons of measured and CFSR data in 

terms of time series, scatter plots and wind roses. The figures demonstrate a 

very good agreement between the datasets of both wind speed and direction. 

Further validation of CFSR wind against measured data at other stations in the 

North Sea are available in [23].  

In conclusion, the CFSR data compares very well to the local measurements 

and is considered excellent as wind forcing for the hindcast hydrodynamic and 

spectral wave models to produce accurate waves and current at the EINS site. 
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EINS-North 

 

 

 

Figure 3.9 EINS-North: Comparison of CFSR and measured wind 
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EINS-South 

  

 

Figure 3.10 EINS-South: Comparison of CFSR and measured wind 
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Thor 

 

 

  

Figure 3.11 Thor: Comparison of CFSR and measured wind 
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4  Water Level  

Hindcast water level data was established from a local high-resolution 

hydrodynamic (HD) model, HDEINS, forced by boundary conditions 

extracted from the DHI North Europe regional model (HDNE-DA) covering 

the northeast Europe. These data were established by numerical 

modelling using DHIôs MIKE 21 Flow Model FM and validated against 

local and regional measurements. 

4.1 General water level characteristics 

Water levels in the North Sea are governed by astronomical tide and 

atmospheric conditions (wind and pressure). The tide has three amphidromic 

points (see Figure 4.1). One of them is located very close to the southwest 

coast of Norway. The second point is located at a distance >200 km offshore 

the west coast of Denmark. The third point is located between the coast of 

Norfolk (UK) and the Netherlands. The North Sea also receives energy form 

propagation of the Atlantic semi-diurnal Kelvin wave. Part of the energy leaks 

from the English Channel, as well as from diffraction around the north coast of 

Scotland. 

From Figure 4.1, at the EINS site, due to its proximity to an amphidromic point, 

the tidal ranges are small with both neap and spring tides values below 0.5 m. 

However, the influence of large pressure systems combined with extreme 

winds can rise the total water level to values larger than 1.5 m.  

 

Figure 4.1 Tidal (amphidromic) systems in the North Sea (from [24])  

EINS 
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4.2 Water level measurements 

The locations and depths of the water level stations near or at the project 

location are summarised in Table 4.1 and shown on the map in Figure 4.2, 

while Figure 4.3 shows the temporal coverage of the water level 

measurements.  

The quality of the measurements at the project location (EINS-North, EINS 

South and EINS-Island) was controlled by FUGRO [2], and checked by DHI 

before usage. 

Water levels from the AWOS system, which collects and stores measurements 

from several sensors on Total E&P Denmark A/S (TEPDK) platforms in the 

North Sea, were retrieved for the Gorm, Harald and Valdemar platforms (see 

Figure 4.2). At these locations, Saab and Radac wave radars record the water 

surface elevation at a rate of ~10 times per second. From these 

measurements, water levels, wave heights and wave periods are determined. 

The quality of the measurements at these stations was checked by DHI before 

usage.  

Water levels near the coastline (Ferring, Denmark) were obtained from the 

open-source data3 of KDI (Kystdirektoratet), and quality controlled by DHI 

before usage. At this station, the 1-month moving average was subtracted from 

the data before comparison against model results, and outliers were removed, 

defined as data points more than  2.5 standard deviations from the mean. 

Also, some data was manually removed before comparison when irregularities 

were found, such as the following cases: 

¶ Constant data over time  

¶ Linearly connected data over time (instead of a tidal signal) 

 

  

 
3 https://confluence.govcloud.dk/display/FDAPI/Oceanographic+Observation  

https://confluence.govcloud.dk/display/FDAPI/Oceanographic+Observation
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Table 4.1 Metadata of applied water level measurements 

CP stands for current profiler and PS stands for pressure sensor 

Station Name 
Longitude 
[°E] 

Latitude 
[°N] 

Modelled 
seabed 
elevation 
[mMSL]1 

Surveyed 
seabed 
elevation 
[mMSL] 

Data 
coverage 

Instrument 
Owner / 
Surveyor 

EINS-North (CP) 6.3008 56.6272 -46.5 -46.0 
15/11/2021 - 
21/03/2022 

Nortek 
Signature 500 
current profiler 

Energinet / 
FUGRO 

EINS-South (CP) 6.4552 56.3442 -40.0 -40.0 
15/11/2021 - 
13/07/2022 

Nortek 
Signature 500 
current profiler 

Energinet / 
FUGRO 

EINS-North (PS) 6.3007 56.628 -46.5 -46.4 
15/11/2021 - 
12/02/2022 

Thelma Biotel 
TBR700 
pressure 
sensor 

Energinet / 
FUGRO 

EINS-South (PS) 6.4574 56.3444 -39.8 -39.8 
15/11/2021 - 
26/10/2022 

Thelma Biotel 
TBR700 
pressure 
sensor 

Energinet / 
FUGRO 

EINS-Island (Mini 
2, CP) 

6.5130 56.4925 -28.9 -28.0 
15/11/2021 - 
20/05/2022 

Nortek 
Signature 500 
current profiler 

Energinet / 
FUGRO 

Harald 4.2734 56.3448 -66.3 -67.0 
15/09/2005 - 
15/09/2015 Wave radar  TEPDK 

Gorm 4.7601 55.5803 -36.7 -39.7 
15/09/2005 - 
15/09/2015 Wave radar  TEPDK 

Valdemar2 4.5657 55.8048 -40.4 -41.9 
28/12/2015 - 
03/04/2016 Unknown TEPDK 

Thor2 7.605 56.347 -30.2 -30.1 
2020-05-19 -
2021-05-19 

AIRMAR 
EchoRange 
SS510 

Energinet / 
Akrocean 

Ferring 8.115 56.525 -3.1 -4.33 
1994-01-01- 
2022-04-25 Unknown KDI 

1 Modelled seabed elevation based on the production mesh 
2 Data was discarded for the whole period due to irregularities 
3 Seabed elevation from EMODnet 
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Figure 4.2 Location of local water level measurements 

Location of regional measurements are shown in Figure 0.1. 

 

Figure 4.3 Temporal coverage of water level measurements  
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4.3 Hindcast water level data 

Water level and current data for the metocean study were established from a 

local high-resolution hydrodynamic (HD) model developed by DHI for this 

study, named HDEINS, see Section 4.3.3, which is forced by boundary 

conditions from a DHI regional model covering North Europe (HDNE-DA), see 

Section 4.3.2. These data were established through numerical modelling using 

DHIôs MIKE 21 Flow Model FM (see Section 4.3.1). 

Flow modelling includes tide, forced from DHIôs global tide model, and surge, 

forced by the meteorological data described in Section 3. Hydrodynamic model 

outputs were produced with a 30 min resolution and validated against local 

measurements (see Section 4.3.6). Described in this section are the following: 

¶ Brief introduction to MIKE 21 Flow Model FM Release 2022 

¶ General description of the Regional North Europe Model from which 

boundary conditions were used to force the local model, HDEINS 

¶ Details on the setup and calibration of the local EINS HD Model, HDEINS 

¶ Sensitivity studies; and 

¶ Water level validation of the HDEINS model 

4.3.1 MIKE 21 Flow Model FM (HD) 

The MIKE 21 Flow Model is a modelling system for 2D free-surface depth-

integrated flows that is developed and maintained by DHI and offered as part of 

MIKE Powered by DHI [25]. The model system is based on the numerical 

solution of the two-dimensional (2D) incompressible Reynolds-averaged 

Navier-Stokes equations subject to the assumptions of Boussinesq and of 

hydrostatic pressure. The model is applicable for the simulation of hydraulic 

and environmental phenomena in lakes, estuaries, bays, coastal areas, and 

seas, wherever stratification can be neglected. The model can be used to 

simulate a wide range of hydraulic and related items, including tidal exchange 

and currents and storm surges [25].The hydrodynamic (HD) module is the 

basic module in the MIKE 21 Flow Model FM. The HD module simulates water 

level variations and flows in response to a variety of forcing functions in lakes, 

estuaries, and coastal regions. The effects and facilities include: 

- Bottom shear stress 

- Wind shear stress 

- Barometric pressure gradients 

- Sources and sinks (e.g. rivers, intake and outlets from power plants) 
(not applied here) 

- Flooding and drying 

- Momentum dispersion 

- Tidal potential 

- Coriolis force 

- Precipitation/Evaporation (not applied in this study) 

- Ice coverage (not applied in this study) 

- Wave radiation stresses (not applied in this study) 

The model uses a flexible mesh (FM) based on unstructured triangular or 

quadrangular elements and applies a finite volume numerical solution 

technique [25]. For HDEINS, MIKE 21 HD Release 2022 was used. 
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4.3.2 North Europe HD Model (HDNE-DA) 

The North Europe hydrodynamic model previously developed by DHI, HDNE-DA, 

was used to obtain boundary data for the local hydrodynamic model. Figure 4.4 

shows the HDNE-DA domain along with the bathymetry. The HDNE-DA model 

includes tide (boundaries extracted from DHIôs global tide model) and surge 

forced by wind and air pressure from the CFSR dataset. Furthermore, the 

model was optimised by using data assimilation of measured water levels. The 

assimilation was applied for the period from 1994-01-01 to 2017-12-31 when 

most of the stations had data were available. Figure 4.5 shows stations used 

for assimilation or validation of the HDNA-DA model in the North Sea area. The 

results of HDNE-DA have been successfully applied in many projects in the North 

Sea, the English Channel, the Baltic Sea, and the Inner Danish waters. 

Validation of water levels and currents are presented in Sections 4.3.6 and 

5.3.2. 

 

Figure 4.4 North Europe hydrodynamic model (HDNE-DA) bathymetry 

 

Figure 4.5 Water level and current measurement stations used for 

assimilation and validation of HDNE-DA  

Energy Island, 

North Sea 
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4.3.3 Local EINS HD Model (HDEINS) 

This section describes the local hydrodynamic model for EINS (HDEINS), which 

adopted boundary conditions and settings from the regional HDNE-DA model as 

described in Section 4.3.2, considering three key matters: 

¶ Adoption of the local surveyed bathymetric data, cf. Section 2 

¶ Application of a refined mesh resolution, and  

¶ Local calibration of bed friction etc. 

The boundary conditions for the HDEINS model were extracted from the regional 

model (HDNE-DA). In this way, the local model was a high-resolution, down-

scaled version of the regional model. Table 4.2 shows the settings of the 

hydrodynamic model set-ups, i.e., of HDNE-DA and HDEINS. The impact or 

relevance of some of these parameters on the model results was assessed 

during the calibration phase and the sensitivity studies (e.g., mesh converge 

study, bed friction), and the final model setup of the HDEINS model is shown in 

Table 4.2 after calibration. During the calibration phase, model domain extent, 

as well as bed friction and mesh resolution were varied to achieve the best 

result. Initially, a non-uniform value of Manningôs number was used, however, 

the best agreement was obtained using a constant value across the entire 

domain. The effect of the mesh resolution is discussed in Section 4.3.5. 

The model extent, along with the bathymetry and the final mesh resolution, is 

shown in Figure 4.6. 

 

Figure 4.6 Computational domain of the local hydrodynamic model, HDEINS 

Flexible mesh is shown in dark lines; bathymetry/water depth is 

shown in colours. 
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Table 4.2 Summary of hydrodynamic model configurations 

Setting HDNE-DA (see Section 4.3.2) HDEINS (after calibration) 

Mesh resolution Mainly 3-10 km. 
Varying from 800 m at the OWF 
area to ~400 m at the Island 

Simulation 
period 

1979-01-01 ï 2022-09-30 1979-01-01 ï 2022-09-30 

Output time step 30 minutes 30 minutes 

Density Barotropic Barotropic 

Eddy viscosity 
Smagorinsky formulation with 
constant value of 0.28 

Smagorinsky formulation with 
constant value of 0.28 

Bed resistance 

Manning number varies in domain 
ranging from 42 in the deepest 
areas to 39.6 m1/3/s at the 
northeast region of domain 

A constant Manning number of 
45 m1/3/s in the entire domain 

Wind forcing 

CFSR wind fields, see Section 
3.2.1 
Friction varying with wind speed: 
Linear variation from 0.001255 at 
7m/s to 0.002425 at 25m/s wind 
speed 

CFSR wind fields, see Section 
3.2.1 
Friction varying with wind speed: 
Linear variation from 0.001255 at 
7m/s to 0.002425 at 25m/s wind 
speed 

Tidal potential Included Included 

Boundary 
conditions 

Specified water level boundary 
conditions, extracted from DTU10 
tide, varying in time and along the 
boundaries. 

Flather boundary conditions, 
extracted from HDNE-DA model, 
varying in time and along the 
boundaries: 

Current speed components 

Water level 

Output 
specifications 

WL, CS and CD saved at all grid 
elements with 1 hour interval. 

WL, CS and CD saved at all grid 
elements with 30 min interval. 

 

4.3.4 Output specifications 

Table 4.3 presents the output specifications of HDEINS. 

 

Table 4.3 Output specifications of HDEINS 

Parameters saved at all grid elements at 30 min intervals. 

Parameter  Abbreviation  Unit  

Water level (total) WL  mMSL  

Current speed (depth-average) CS m/s  

Current direction (depth-average) CD °N (going to)  
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4.3.5 Sensitivity studies 

Mesh convergence 

The mesh convergence study was undertaken to set a model resolution that 

allowed an accurate description of the conditions without model computation 

time being unreasonably impacted by the mesh size. The focus of this exercise 

was the extreme depth-averaged current speed events (see Section 5.3.1), 

however, water levels were also assessed. 

The mesh convergence tests assessed the difference in results between the 

mesh resolutions for which three (3) different events were selected (i.e., Cases 

01 to 03 from the previous section) with four different mesh resolutions: 200, 

400 and 600 m at the island, and 600 m across entire area. The different mesh 

resolutions are shown in Figure 4.8. The extreme conditions were identified as 

the maximum depth-averaged current speeds (in HDNE-DA) at three locations.  

The mesh sensitivity assessment was done at the shallowest element of the 

model mesh, EINS-1 (shallowest): Lon.: 6.575°; Lat: 56.501°; model depth: 

26.6 mMSL.  

Results at EINS-1 (shallowest) location are shown in Figure 4.7. This figure 

shows time series of water levels for each of the four mesh resolutions. The 

results show practically no difference in water levels between the mesh 

resolutions. Section 5.3.1 presents the mesh sensitivity study for depth-

averaged current speeds, as well as the reasoning behind the selecting the 

400 m mesh resolution going forward. 

 

 

Figure 4.7 Comparison of water levels for the different mesh resolutions at EINS-1 (shallowest) 

Case 01: 1990-01-26 (Top); Case 02: 1979-02-15 (Middle), and Case 03: 1998-10-25 
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Figure 4.8 Comparison of the different mesh resolutions for mesh convergence analysis  

Top panel shows the final mesh with resolution of 400 m at the island area 

Middle left panel shows the 200 m resolution mesh at the island area 

Middle right panel shows the 400 m resolution mesh at the island area 

Bottom left panel shows the 600 m resolution mesh at the island area 

Bottom right panel shows the 600 m resolution across the Island and OWF areas. 
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4.3.6 Validation of water level 

The HDEINS model was validated against ~8 months of water levels measured 

at the LiDAR buoys and ADCPs deployed at the EINS site (see Figure 4.10 to 

Figure 4.14). The HDNE-DA model used to obtain the boundary conditions that 

forced HDEINS was also validated against longer term (up to ~31 years) records 

to show its validity (see Figure 4.15 to Figure 4.17). A summary of the stations 

used for the validation of both models is presented in Table 4.1 and Figure 4.2. 

Overall, results show a skilful performance of the local HDEINS model at all the 

stations, with a BIAS close to zero, a correlation coefficient (CC) larger than 

0.9, and a QQ alignment close to the 1:1 line. However, there is an extreme 

event (Storm Malik, 2022-01-30) that the model underestimates. Unfortunately, 

given the limited period of the measurements, only a single extreme event was 

captured, which is not sufficient to conclude whether the model consistently 

underestimates peak events. However, as shown in Figure 4.15 to Figure 4.17 

(Harald, Gorm, Ferring) , the regional model, HDNE-DA, providing boundaries to 

HDEINS has an overall high accuracy of extreme water level events with peak 

ratios in the range of 0.94 Ò PR Ò 1.05. Furthermore, a comparison of water 

levels between the HDEINS and HDNE-DA models was made to assess the 

performance of the former over a longer period. Results of this comparison 

(see Figure 4.9) show a similar performance during both, normal and extreme 

conditions. These assessments give confidence in the HDEINS model for normal 

and extreme events.  

A comparison of the maximum water levels measured by the instruments 

closely deployed show a difference of 0.29 m between EINS-South (CP) and 

EINS-South (PS), and a difference of 0.03 m between EINS-North (CP) and 

EINS-South (PS). This indicates that the measurement uncertainty can be (at 

least) up to order of ~0.29 m. 

 

Figure 4.9 Comparison of water levels between HDEINS and HDNE-DA at EINS-

North (current profiler seabed) 
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EINS-North (current profiler seabed) 

 

 

 

Figure 4.10 Comparison of water levels at EINS-North (current profiler seabed) 
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EINS-South (current profiler seabed) 

 

Figure 4.11 Comparison of water levels at EINS-South (current profiler seabed)  
































































































































































































































