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1.  SUMMARY  

Energinet is planning to construct a subsea cable connection in the Danish waters to connect 

Energy Island Bornholm with Zealand.  The power cable connection to be installed in the cable 

corridor is a central part of the Danish Energy Island Bornholm project.  This sediment modelling 

study was requested by Energinet to support the permitting  process for the project.  

This report presents the results of the modelling to predict the movement of disturbed sediments 

during trenching and burial of t he planned cable connection in Danish maritime waters from the 

west coast of Bornholm to the landfalls in Køge Bugt . A comparable report has been prepared for 

the cable Section crossing Swedish international waters ( ref. /20/ ).  

Sediment spill modelling was undertaken using two modules of DHIôs MIKE 3 modelling system: 

¶ a numerical 3D hydrodynamic model (MIKE 3 HD model) that is extensively calibrated and 

validated against in -situ measurements and simulates water levels , density  variations  and 

current flows .  

¶ a particle analysis model (MIKE 3 particle tracking mod ule) , which predicts suspended 

concentrations and settling depths as the sediment plume is adve cted and dispersed 

through the water column under the influence of the HD model results.  

A representative hydrodynamic year is identified, and both the winter and summer period of this 

year are simulated.  

Different sources of uncertainty should be kept in mind when interpreting the results presented in 

this report. The main sources of uncertainty are:  

¶ All the results presented in this report are based on numerical model simulations. Using 

such models to describe the physical dynamic environment introduce s simplifications and 

uncertainties.  Numerical models tend to smooth the results due to temporal and spatial 

resolutions, numerical mixing etc.  

¶ A hydrodynamic representative year was identified and used to compute potential paths of 

spilled sediments. Natu ral variability in the hydrodynamic conditions will have an impact 

on the results. E.g., more severe current conditions may spread the sediment further, but 

will decrease the thickness of the sedimented sediments.  By choosing a hydrodynamic 

representative year, the results presented in this report can be considered most likely to 

occur.  

¶ To gain trust in the numerical models, they must  be calibrated and validated against in -

situ measurements to make sure they properly describe the physical processes involved . 

The numerical HD model was setup , calibrated and validated  to the best of Ramb øllôs 

ability with the data at hand. Nevertheless, some discrepancies between the model 

simulations and measurements are observed, primarily visible in the short - term 

variability . The  average values of the model simulation compare well with the averages of 

the measurements  meaning the average  sediment dispersion will be captured accurately.  

This is deemed sufficient as the estimated sediment spill results are averages, i.e., most 

likely to occur , as a representative hydrodynamic year was used  during both a winter and 

a summer period . 

¶ The resul ts  of the spilled sediments depend to a great extent on the amount and location 

sediment  is put into the MIKE particle tracking module. The input of the sediment spill 

timeseries is constructed using the following assumptions:  

o Spill percentage of 5% . 

o Spill ed sediments are released at 2 m above the seabed.  

o The total duration of the works considers  an installation speed of 2 km/day.  
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¶ The soil conditions are characteri sed into different sediment fractions based on 

geotechnical surveys  and multiple stretches alo ng the route are identified with similar soil 

conditions.   

¶ The results of the exceedance of certain concentration thresholds are given based on 

concentrations averaged over the bottom 5 m  of the water column .  

Considering all the sources of uncertainty  and implications of the assumptions  described above, 

the current analysis presented in this report includes assumptions  used for the sediment 

dispersion modelling  to make sure the obtained results are conservative . This includes for 

instance  the assumed spill percentage of 5%, which is at least 1% higher than the percentages 

listed in the technical project description (ref. /10/ ). This results in a con servative amount  of 

spilled sediment simulated . 

The results are presented in terms of exceedance duration of 5, 10 and 20 mg/l thresholds, the 

maximum concentration reached during the simulation and the settled sediments. Some selected 

results are as below , (see Chapter 6 for all the results of both the winter and summer period):  

¶ The maximum settled layer thickness is approximately 4.5 mm, observed during the 

summer period. This however is restricted to very small areas at the vicinity of the trench 

(<200 m distance from the trench)  

¶ The maximum observed concentration in the water column is 173 is mg/l, observed 

during the summer period. Please note that this value onl y occurred for a very short 

amount of time for a very confined area at the vicinity of the trench. For comparison, th e 

maximum distance to a concentration of 20 mg/l is limited to 348 m from the trench.  

¶ The area that exceeds the threshold of 5 mg/l is exce eded for at least one hour is 55.69 

km 2 (during the summer period), with the area being within a maximum distance of 1092 

m from the trench. The average distance of this area is 174 m away from the trench.  

¶ 56.32 km 2 is covered with a layer thickness of settled sediments of at least 0.1 mm 

(winter period). This area falls within a maximum distance of 908 m from the trench, with 

an average distance of 102 m.  

¶ The sedimentation thicknesses are concentrated towards the route with approximately 

90% of the sedimented mass being within 200 m away from the trench during the winter 

period.  

The results obtained in this report are comparable and in the same order of magnitude as the 

results of the sediment modelling performed f or the Baltic Pipe project and the respective 

modelling performed for the Swedish part of the cable route. For instance, an accumulation of 

sediment on the seabed in the range 0.1 -1.2 mm is reported in the EIA of the Swedish Cable 

route and 0.5 -1 mm is rep orted in the EIA of the Baltic Pipe. The range reported here is slightly 

larger being (0.1 -4.0 mm), though the average accumulation of sediment is around 1 mm.  
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2.  INTRODUCTION  

Energinet is planning to construct a subsea cable connection to connect Energy Is land Bornholm 

with Zealand /1/ . The power cable connection is a central part of the Danish Energy Island 

Bornholm project, that will significantly contribute to The  Danish Governmentôs ambitious 

commitment to a 70% reduction in greenhouse gas ( GHG)  emissions by 2030, and to EUôs 

political commitment to be climate neutral by 2050 /1/ .  

This report presents the results of modelling to predict the movement of disturbed sediments 

during trenching and burial of the planned cable connection  in Danish maritime waters from the 

west coast of Bornholm to the landfalls in Køge Bugt . A comparable report has been prepared for 

the cable Section crossing Swedish international waters ( ref. /20/ ). The modelling of sediment 

movements is prepared to support the permitting process for the project.  

 

Figure 2 - 1 . Location of the planned p roject . This report deals with the area for the offshore cables in Denmark 

(purple  area ).  
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3.  STUDY METHODOLOGY  

This chapter presents an overview of the modelling tools and methods used in the present study. 

The sediment spill modelling was undertaken using two modules of DHIôs MIKE 3 modelling 

system:  

-  a numerical 3D hydrodynamic model (MIKE 3 hydrodynamic (HD)  model) that is 

extensively calibrated and validated against in -situ measurements,  and which simulates 

water levels , density variations  and current flows. A short description of the mod el is 

given in Section 3.1 . 

-  a particle analysis model (MIKE 3 particle tracking  (PT) model), which predicts suspended 

concentrations and settling depths as the sediment plume is advected and dispersed 

through the water  column under the influence of the HD model results. A short description 

of the model is given in Section 3.2 . 

The subsea cable connection consists  of up to two bundled cable systems . During this modelling 

study, only one  cable system is modelled. If both cables systems need to be considered, it is a 

reasonable  assumption  to simply double the results given in this report.  

The  different laying and bur ial  techniques  of the cable system  are  described in the project 

description (ref. /1/ ) and are  conservatively chosen based on the available soil condition  surveys . 

See Chapter 5 for the specific  techniques  assumed and the derived soil conditions  along the cable 

route . 

3.1  Hydrodynamic  model  ï sho rt description  

The h ydrodynamic modelling is based on the flexible mesh version of the MIKE 3 model suite for 

three -dimensional modelling of currents, density variations, water levels and the transport of 

suspended sediment . 

The hydrodynamic model basis is  delivered by DHI in a MIKE 3 HD set -up covering the southern 

part of the Baltic Sea between Femern Belt and Öland , which is dedicated to the Energy Island 

Bornholm project.  

The model set -up uses a flexible mesh that uses different mesh sizes throughout the model 

domain. For example, it uses a fine mesh along the pipeline corridor in the Danish  EEZ, while a 

coarser mesh is used in other parts of the Baltic Sea  and Øresund . 

3.2  Sediment transport model  ï short description  

A three -dimensional model is set up for modelling the transport of suspended sediment. The 

numerical particle transport model MIKE 3 PT is used for this purpose.  

MIKE 3 PT requires that the current velocities a nd water level are prescribed in time and space in 

a computational mesh covering the model domain. This information is provided based on the 

hydrodynamic results from the MIKE 3 HD model . 

The spilled sediment is represented by a large number of particles, each of a specific mass. The 

particles are released at a source point for discharge (e.g., the location of trenching) and 

successively moved as the simulation progresses.  

The model uses a Lagrangian - type approach, which involves no other spatial discretiza tion than 

those associated with the description of the bathymetry, current and water level fields. Some 

advantages of this model are:  

-  No numerical diffusion,  

-  No accumulation of sub -grid effects , 

-  Effective resolution of narrow plumes.  
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Each particle is moved  within a time step a distance equal to the current velocity multiplied by the 

time step, which represents the advection. In the z-plane, the particles are also moved a distance 

equal to the settling velocity multiplied by the time step.  

The particles are  successively moved a random distance, representing the dispersion that 

accounts for the non - resolved flow processes. The dispersion is prescribed in three dimensions. In 

a Lagrangian model the dispersion coefficients are independent of the time step and t he grid size.  

Concentrations of the substances are calculated on the basis of the density of particles in the 

mesh cells in the model domain. The results from the MIKE 3 PT are independent of the 

calculation mesh of the MIKE 3 HD model and can be saved in a finer mesh than the 

hydrodynamic input, which may be necessary to resolve the plumes resulting from the spill.  

The transport model will be run using a scenario -based approach, i.e., the model will be run for 

different hydrodynamic conditions under which the construction works are carried out. The 

scenario periods representing the different hydrodynamic conditions are chosen from the hindcast 

data set produced by the MIKE 3 HD model, see Chapter  4.  
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4.  THE HYDRODYNAMIC MODEL  

4.1  Model set - up and model parameters  

The Hydrodynamic (HD) model was implemented using the commercially available, three -

dimensional MIKE 3 Flow Model (202 2 version) software. The MIKE 3 model is wel l documented, 

and a comprehensive description can be found in the manuals, refs. /1/  and  /3/ . An overview of 

all the input parameters, the choice of  modules in MIKE 3, and the sources of boundary and initial 

conditions used in the simulations are summarized in Table 4-1. When parameters are not listed 

in this table, the default values suggested in the MIKE manuals are adopted. The model setup is 

described in detail in the remainder of this chapte r.  

Table 4 - 1 . Overview of the input parameters and module choices of the hydrodynamic MIKE 3 model.  

Input parameter  Value or module option  

Horizontal mesh  
Resolution, maximum element area = 250,000  to  60,900,000 m 2 (smallest within 
the project area and increasing with distance).  

Vertical mesh  
Combined sigma/z - level; 5 equally distributed sigma layer to a depth of 7.5  m 
and a total of 36  z- layers with a resolution of 1.5  m to a depth of 45  m down to 
15  m at a depth of 86 m and below.  

Time period  01 -11 -2015 until 31 -10 -2016  

Maximum time step  120 s  

Solution technique  Higher order scheme  

Eddy viscosity  
¶ Horizontal eddy viscosity: Smagorinsky formulation  
¶ Vertical eddy viscosity: k -Ů model 

Bed resistance  Constant roughness height: 0.0005 m  

Dispersion  
¶ Horizontal dispersion coefficient: 1  
¶ Vertical dispersion coefficient: 0.01  

Coriolis forcing  Varying in domain as a function of latitude  

Atmospheric forcing  
Wind speed and direction, and air temperature taken from the ERA -5 dataset 
(ref.  /4/ )  

Initial conditions  
¶ Water level and velocities: 0  
¶ Salinity and temperature: 3D fields taken from the Copernicus Baltic Sea 

Physics Reanalysis product (ref.  /5/ )  

Boundary conditions  

¶ Flather boundary condition for water level and currents  
¶ Dirichlet boundary condition for temperature and salinity  
¶ Data obtained from the Copernicus Baltic Sea Physics Reanalysis product 

(ref.  /5/ )  
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4.1.1  Bathymetry   

The bathymetry of the model is presented in Figure 4-1 and is based on the following data:  

-  Baltic Sea Hydrographic Commission, 2013, Baltic Sea Bathymetry Database version 0.9.3 

500  m x 500  m gridded data (downloaded from http://data.bshc.pro/ ).  

 
Figure 4 - 1 . The model domain and bathymetry. In addition, measurement stations  for the calibration and 

validation of the hydrodynamic model are shown. Water level measurement stations are indicated by triangles, 

stations indicated by a circle measured the  vertical profiles of  temperature and salinity, and stations presented 

as a sta r include vertical profiles of temperature, salinity, current speed and  current  direction. A detailed 

description of each measurement station is provided in Section 4.2.1 . The black line indicates the project area of 

the proposed cable corridor.  

4.1.2  Computational mesh  

The horizontal computational mesh is shown in Figure 4-2 and consists solely of triangular 

elements. The computational mesh has 29 ,066  elements  (computational cells) in the surface 

layer. The smallest elements, located around the project area, have  an extent of 54,000  ï 

25 0,000 m 2, with an average of 15 9,000  m 2. This is equivalent to a resolution of 230-500 m in  a 

quadratic grid. Element areas increase with distance from the project area and the largest 

elements have a maximum area of 60 ,900,000 m 2 (elements on the far East side in Figure 4-2). A 

finer horizontal resolution is used in the sediment spill model, see Section 5.3 . 

 

http://data.bshc.pro/
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Figure 4 - 2 . The model domain and the horizontal computational mesh of the hydrodynamic model. The black line 

surrounds the project area. Furthermore, f ive open boundaries are present in the model.  

The vertical domain was discretized using 41 vertical layers, with a vertical resolution of 1 .5 m 

over the upper 45  m of the water column. A vertical resolution of 2 m was used for the water 

column in the range of 45 ï 51  m depth. Below  a 51  m depth the vertical resolution is increasing  

gradually  from 2 m to 15  m at a depth of 86  m. The first  5 layer s at the surface are  sigma layer s 

(varying with the sea surface elevation) and the remaining layers are defined as z - layers (fixed). 

A plot showing the vertical resolu tion I s given in  Figure 4-3. Note that the project area is covered 

by the fine vertical resolution of 1.5 m. The coarser vertical resolution below 51 m is most likely 

not sufficient to resolve the bottom currents with great accuracy, which is deemed acceptable as 

the se larger depths  are located far away from the project area.  
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Figure 4 - 3 . Vertical mesh of the transect (or ientation of the transect is indicated by the red line in the panel 

showing the bathymetry , running from North to South ).  

4.1.3  Initial conditions  

The initial conditions of the water level and velocities were set to zero. The initial values of the 

temperature and salinity were obtained from E.U. Copernicus Marine Environment Monitoring 

Service  (CMEMS) Baltic Sea Physics Reanalysis product (ref.  /5/ ) . Having proper initial conditions 

reduces the spin -up time of a 3D model significantly and improves the model performance to a 

great extent. The Baltic Sea Physics Reanalysis product is based on the NEMO -Nordic circulation 

model, which utilizes data assimilation for the temperature and salinity fields.  

4.1.4  Boundary conditions  

The open boundaries (see Figure 4-2) combine the water level, current velocities, salinity, and 

temperature. All the boundary data are obtained from the CMEMS Baltic Sea Physics Reanalysis 

product (ref.  /5/ ).  

The Flatherôs boundary condition is used, which is a combination of the water level and current 

velocities. The temperature and salinity (vertical profiles)  of the inflow  were defined a s Dirichlet 

boundary conditions (set values are specified).  

4.1.5  Atmospheric forcing  

The following atmospheric data were included in the model: wind speed and direction, and the air 

temperature. These data were taken from the ERA5 global reanalysis product (ref . /4/ ) and come 

on a latitude -longitude grid with a resolution of 0.25ę. 

4.1.6  River input  

Multiple rivers flow into the model domain, with a total of 9  rivers included in the model. These 

rivers are included as sources placed in the surface layer. The ósimple sourceô option was applied, 

where the water discharge only contributes to the continuity equation (ref.  /3/ ). The salinity was 

set to 0 PSU and an excess temperature of 0ęC was used (meaning the same temperature as 

found in the model at the location of the source is applied). The river discharg e is applied as daily 

discharge values obtained from:  

-  Vattenwebb ( http://vattenwebb.smhi.se ) for the Swedish territory  

-  Baltic area hype ( http://balt -hypeweb.smhi.se ) for the territories of Denmark, Germany  

and Poland.  

  

http://vattenwebb.smhi.se/
http://balt-hypeweb.smhi.se/
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4.1.7  Modelling perio d  

The period 01 -11 -2015 to 31 -10 -2016 was selected as the basis for the simulations of the particle 

tracking of the spilled sediment. This year - long period was identified as a hydrodynamically 

representative year based on current measurements at the Arkona  measurement station (see 

Figure 4-1 for the location ) , where approximately 16 -years of current data are available at 

multiple depths.   

A representati ve year, i.e., an average year, is selected as th ese conditions are the most probable 

to occu r. This is considered to be the most suitable  approach although it depends on how the 

results of the sediment dispersion modelling are used and what an extreme cas e entail s. For 

instance, if an extreme hydrodynamic year would be selected, the current speeds would be larger, 

thereby spreading the sediment further. This would decrease the concentrations and the thickness 

of settled sediments close to the source. There fore, the most likely  to occur hydrodynamic 

conditions are identified.  

Current roses for the selected period are compared to current roses from the entire observation 

period. The results are shown in Figure 4-4 and Figure 4-5 at a depth of 4  m and 42  m, 

respectively. A good agreement both in terms of speed and direction are observed.  The 

comparison of the current directi ons is also provided as histograms in Figure 4-6 and Figure 4-7. 

Current spee d statistics as a function of months are presented in  Figure 4-8 and Figure 4-9 at a 

depth of 4 m and 42 m, respectively. The modelling period represents the overall trend well, with 

the mean current speeds being, slightly larger than the 200 6-2022 average  in the winter months . 
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Figure 4 - 4 . Current roses based on currents measured at 4 m depth at the Arkona station. The left panel shows 

the rose for the entire measurement period and the right panel shows the rose for the selected representa tive 

year.  

 
Figure 4 - 5 . Current roses based on currents measured at 42 m depth at the Arkona station. The left panel shows 

the rose for the entire measurement period and the right panel shows the rose for th e selected representative 

year.  
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Figure 4 - 6 . Current direction histogram at 4 m depth comparing the representative  hydrographic year (01 - 11 -

2015 to 31 - 10 - 2016) to the average of 2006 - 2022. The currents are m easured at the Arkona measurement 

statio n .  

 

Figure 4 - 7 . Current direction histogram at 42 m depth comparing the representative  hydrographic year (01 - 11 -

2015 to 31 - 10 - 2016) to the average of 2006 - 2022. The currents are measured at the Arkona measurement 

station.  
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Figure 4 - 8 . Current statistics at 4 m depth as a function of months from the representative hydrographic year 

(01 - 11 - 2015 to 31 - 10 - 2016) compared to the average of 2006 - 2022. The currents are measured at the Arkona 

measurement station.  

 
Figure 4 - 9 . Current statistics at 4 2  m depth as a function of months from the representative hydrographic year 

(01 - 11 - 2015 to 31 - 10 - 2016) compared to the average of 2006 - 2022. The currents are measured at the Arkona 

measurement station.  
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4.2  Model calibration and validation  

In this section the calibration and validation of the HD model is presented. In Section 4.2.1  the 

available in -situ data are briefly described. Next, in Section 4.2.2  the methodology for calibrating 

the model is presented. Finally, the validation of the model including the va lidation of surface 

elevation, temperature and salinity, and currents is described in Sections 4.2.3 , 4.2.4  and 4.2.5 , 

respectively.  

4.2.1  In - situ measurements  

Data from eight different measurement stations were utilised to calibrate and validate the model. 

The locations of these stations are shown in Figure 4-1. An overview of the measured parameters 

at each of the measurement stations is provided in  Table 4-2. 

All the data are downloaded from  the E.U. CMEMS Baltic Sea In -Situ Near Real Time Observations 

product (ref.  /6/ ). This in -situ data product provides the interface between centres,  distributing 

in -situ measurements from national and international observing systems. The Hesnæs, Rønne and 

Rødvig tidal stations are operated by the Danish Meteorological Institute  (DMI), while the Skan ör 

tidal station is operated by the Swedish Meteorolo gical and Hydrological Institute (SMHI). The 

Oderbank , Darsser Sill, FINO2 and Arkona measurement stations are part of the German Federal 

Maritime and Hydrographic  Agency  (BSH). More information about the in -situ data product can be 

found in the user manual  /7/ . 

The in -situ data are quality assessed before the data are distributed by CMEMS. Details regarding 

this are given in the quality information document  /8/ . Moreover, a visual inspection of the in -situ 

dat a shows very few outliers. Therefore, the data are deemed of sufficient quality to be used for 

the calibration and validation of the model.  

Table 4 - 2 . Measured parameters utili sed for the calibration and valid ation at the measurement stations shown in 

Figure 4 - 1 . Note that only the measured parameters used for the purpose of the calibration/validation are listed; 

parameters  measured but not utili sed here are not given.  

Measurement 
station  

Easting  
[m UTM33]  

Northing  
[m UTM33]  

Parameters  

Hesnæs  315812  6078162  Sea level elevation  

Rønne  479792  6105965  Sea level elevation  

Rødvig  333027  6126226  Sea level elevation  

Skan ör 362604  6143306  Sea level elevation  

Copenhagen  34917 6 6175301  Sea level elevation  

Rodby  2645 40  606196 6 Sea level elevation  

Oderbank  445485  5993114  Temperature and salinity at multiple depths  

Fino2  381957  6097275  Temperature and salinity at multiple depths  

Arkona  427294  6082397  

Temperature and salinity at multiple depths  

Current speed at multiple depths  

Darsser Sill  351790  6063837  

Temperature and salinity at multiple depths  

Current speed at multiple depths  
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4.2.2  Model  calibration  

The HD model was calibrated using a 1 -month simulation time (01 -11 -2015 to 01 -12 -2015). All the 

measurement stations listed in Table 4-2 were used for the calibration, but most focus was put on 

the Fino2  and  Arkona stations as they measured multiple parameters through the water column. 

The parameters altered during the calibration process were:  

-  Resolution of the mesh (both horizontal and ver tical resolution). This is a trade -off 

between accuracy and computational time. However, the vertical resolution needs to be 

fine enough to maintain the density gradients in the model.  

-  Bed resistance. The bed resistance is defined as a roughness height in the model. The 

larger the roughness height, the larger the bottom friction.  

-  Horizontal dispersion coefficient.  

-  Vertical dispersion coefficient. One of the key calibration parameters for the vertical 

density distribution (temperature and salinity).  

Different combinations of values of the listed calibration parameters above were tested. The final 

set of values that resulted in the most optimized results are summarized in Table 4-1. 

4.2.3  Validation of the surface elevation  

The comparison of the model results of the surface elevation against measurements at the four 

tidal stations is presented as timeseries in Figure 4-10  and as density scatter diagrams in Figure 

4-11  for the 11 -month validation period.  The model simulation is on average in good agreement 

with the measurements, with a Mean Absolute Error  (MAE) varying between 0.1 0 to 0.13 m.  It 

must be not ed that s ome of the peak events are not captured by the model.  The underlying 

reason for this is (partly) the boundary conditions, where the discrepancy in variability is already 

observed, see Figure 4-12  and Figure 4-13 . However, t his will have a minor effect on the 

sediment spill as those events are of short duration, while the works (and therefore sediment 

spill) go on over a long period of time.  See Secti on 4.2.6  for a discussion of the over all  

applicability and performance of the HD model.  
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Figure 4 - 10 . Timeseries co mparison of the surface elevation at the four tidal stations (see Figure 4 - 1  for the 

locations).  
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Figure 4 - 11 . Density scatter plots of the surface elevation at the four tidal stations (see  Figure 4 - 1  for the 

locations). The RMSE is the Root Me an Square Error, and the MAE is the Mean Absolute  Error. Data for the period 

01 - 1 2 - 2015 to 31 - 1 0 - 2016 are included in the plots.  

 

Figure 4 - 12 . Timeseries comparison of the surface elevation at the tidal stat ions located at the boundaries (see 

Figure 4 - 1  for the locations).  
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Figure 4 - 13 . Density scatter plots of the surface elevation at the two  tidal stations  located at the boundaries  (see  

Figure 4 - 1  for the locations). The RMSE is the Root Mean Squar e Error, and the MAE is the Mean Absolute  Error. 

Data for the period 01 - 1 2 - 2015 to 31 - 1 0 - 2016 are included in the plots.  

4.2.4  Validation of temperature and salinity  

Four different measurement stations were used to validate the temperature and salinity; Arkona, 

Darsser Sill, Fino2 and Oderbanken  measurement stations (see Figure 4-1 for the locations). For 

each station, a comparison is made for near -surface and near -bottom parameters. The presented 

depths for each station differ slightly as the measurement stations provide the data at different 

water depths.  

The timeseries comparison  of the temperature and salinity at multiple depths are given in Figure 

4-14 , Figure 4-16 , Figure 4-17  and Figure 4-18  for the Arkona, Darsser Sill, Fino2 and 

Oderbanken stations, respectively.  

A good agreement between the measured and simulated temperature is observed at all 

measurement stations in both the surface layers and close to the bot tom, where the general cycle 

is accurately reproduced by the model.  Small -scale fluctuations  (hours to days)  in the water 

temperature are not  always  fully captured by the model, which can be seen at most of the 

measurement stations.  

The simulated salinity fields are also, in general, in good agreement with the measurements as 

the general trends are reproduced.  Moreover, the measured surface salinity is reproduced well, 

both in terms of means and variability. For the comparison of the salinity closer to the bottom, 

especially f or the Arkona and Darsser Sill measurement stations, the smaller scale (order of hours 

to days) salinity fluctuations at the bottom are not fully captured.  

The discrepancy of t he short -scale variations (hours to days)  predicted by the m odel might be due 

to several reasons. First, it might be due to the quality of the boundary conditions. For the water 

levels, the boundary conditions already show the discrepancy in variability (see Section 4.1.3 ). 

Therefore, the same might apply for the temperature and salinity applied at the boundaries. 

Furthermore, the largest discrepancies observed in the salinity are at larger depths for the Arkona 

and Darsser Sill stations. At these depths, there is typically a sharp gradient observed (halocline) . 

This gradient is smoother  in the model due to for instance numerical mixing and the 1.5 m 

vertical resolution at this depth , see a snapshot of the model in Figure 4-15  illustrating this . The 

influence of this was tested during the calibration of the model and no better results could be 

obtained with the data at hand. See Se ction 4.2.6  for a discussion of the over applicability and 

performance of the HD model.  
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Figure 4 - 14 . Timeseries comparison of the salinity and temperature at depths of 5 m and 33 m at the Arkona 

measurement station (see Figure 4 - 1  for the location).  

 

Figure 4 - 15 . Vertical profile at a moment in time at the Arkona measur ement station. The steep gradient in 

salinity is visible round a depth of 30 m.  
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Figure 4 - 16 . Timeseries comparison of the salinity and temperature at depths of 2 m and 18 m at the Darsser Sill 

measurement station (see Figure 4 - 1  for  the location).  

 

Figure 4 - 17 . Timeseries comparison of the salinity and temperature at depths of 2 m and 20 m at the Fino2 

measurement station (see  Figure 4 - 1  for the location).  
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Figure 4 - 18 . Timeseries comparison of the salinity and temperature at depths of 3 m and 12 m at the 

Oderbanken measurement station (see Figure 4 - 1  for the location). Note that ar ound four months of 

measurement data are missing.  
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4.2.5  Validation of the currents  

Measurements of the currents were available at multiple depths from the Arkona and Darsser Sill 

measurement stations (see Figure 4-1 for the location s).  Timeseries comparisons close to the 

surface and near the bottom are presented in Figure 4-19  for both the Arkona and Darsser Sill 

stations. Density scatter plots at a depth of 4 m and 34 m at the Arkona buoy location are 

presented in Figure 4-20  and at depths of 3 m and 18 m at the Darsser Sill station in Figure 4-21. 

Current ro ses at different depths are shown in Figure 4-22  and Figure 4-24  for the Arkona station 

and in Figure 4-26  and Figure 4-28  for the Darsser Sill station.  Histogram comparisons of the 

current directions are provided in Figure 4-23 , Figure 4-25 , Figure 4-27  and Figure 4-29 .The 

comparison  of the currents is given in terms of speed and directions together, which provides the 

same information as when the curren t velocities would be compared.  

At both measurement stations, the surface currents are captured reasonably with a MAE of  0.11 

m/s for the Arkona station and  0.1 2 m/s for  the  Darsser Sill station , with the model predicting 

larger currents compared to the measurements.  The simulated current speeds close to the bottom 

are slightly lower at Arkona station but larger at Darsser Sill station. Moreover , some of the small -

scale fluctuations are not fully captured . These currents close to the bottom are rather sma ll, and 

it is difficult to capture such low velocities in numerical models.  Furthermore, current conditions 

may change significantly over short distances due to density fronts and local bathymetry 

gradients. The HD model here has a spatial resolution in th e order of 200 -500 m, which smooths 

out the results. Therefore, the match between the simulation and observations on smaller scales 

may be less accurate. Nevertheless , the MAE is only 0.09 m/s at the Arkona station and 0.0 8 m/s 

at the Darsser Sill station.  The current directions agree reasonably well near the surface and close 

to the bottom at both measurement stations.   
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Figure 4 - 19 . Timeseries comparison of the current speed at depths of 4m and 34m at the Ar kona station and at 

depths of 3m and 18m at the Darsser Sill station (see Figure 4 - 1  for the locations).  
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Figure 4 - 20 . Density scatter plot of the current speed at two different depths at the Arkona measurement station 

(see Figure 4 - 1  for the location) . Data for the period 01 - 12 - 2015 to 31 - 1 0 - 2016 are included in the plots.  

 
Figure 4 - 2 1 :  Density scatter plot of the current speed at two different depths at the Darsser Sill measurement 

station (see Figure 4 - 1  for the location). Data for the period 01 - 12 - 2015 to 31 - 1 0 - 2016 are included in the plots.  
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Figure 4 - 22 . Current rose comparison at the Arkona buoy at 4 m depth.  

 

Figure 4 - 23 . Histogram comparison of the current directions at Arkona measurement station at 4 m depth.  
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Figure 4 - 24 . Current rose comparison at the Arkona buoy at 34 m depth.  

 

Figure 4 - 25 . Histogram comparison of the current directions at Arkona measurement station at 34 m depth.  
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Figure 4 - 26 . Current rose comparison at the Darsser Sill buoy at 2 m depth.  

 

Figure 4 - 27 . Histogram comparison of the current directions at Darsser Sill measurement station at 2 m depth.  
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Figure 4 - 28 . Current rose comparison at the Darsser Sill buoy at 18 m depth.  

 

Figure 4 - 29 . Histogram comparison of the current directions at Darsser Sill measurement station at 18 m depth.  

4.2.6  Discussion  of the  HD model performance  

The HD model is calibrated to the best of Rambßllôs ability with the available data at hand. There 

are still, however, some discr epancies  observed between the model simulation and the 

measurements.  

In short , for all the compared parameters , including water levels, temperature , salinity and 

currents, the short -scale (order of hours to days) variability is not well captured by the mod el. 

The variability predicted by the model is generally smoother. One reason for this is the numerical 

model itself. Numerical models tend to smooth out gradients due to for instance numerical 

mixing , and the results are typically representable for a certa in averaging period (usually a 2 -3h 

averaging period is assumed for the model). The measurements are more instantaneous and 

hence, will show more variability.  This is particularly the case for the current conditions, which 

change over a short distance due to for instance gradients in  bathymetry  and local fronts . The HD 

model here has a spatial resolution in the order of 200 -500 m, which smooths out the results 

making the comparison less accurate.  
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Another reason is the quality of the boundary conditions. Whe n comparing the water levels at two 

boundaries, the discrepancy in variability between modelled data and measurement is already 

observed. These discrepancies in the variability cannot be solved during the calibration process. 

During the calibration, most f ocus is given on the averages (as that is possible to do) and, 

therefore, the mean and average trend of the model compares rather well with the 

measurements.  

Nevertheless, considering  the performance of the HD model , where the average trends are 

captured rather well and the short -scale variability shows some discrepancies, the model is 

deemed appropriate to be used further for the sediment spill modelling. The implications  that  the 

HD modelôs performance has on the sediment dispersion , is that the average spill will be captured 

well , contrarily to the short - term sediment dispersion. This is sufficient as the sediment spill 

results are considered to be the most likely to occur, i.e., for an ave rage /representative 

hydrodynamic  year and not representative for an extreme event as this  depends on the how the 

results of the sediment dispersion modelling are used to determine what an extreme case entail s, 

see Section 4.1.7 . Furthermore, it is made sure that the results in this report may be considered 

conservative by making conservative assumptions in the sediment dispersion modelling (see 

Chapter 5).  
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5.  THE SEDIMENT SPILL MODEL  

This chapter describes the setup of the sediment spill modelling. To this end, the MIKE 3 particle 

tracking model is used ( ref.  /9/ ). The characteristics of the seabed at the project area are 

described in Section 5.1 . In Section 5.2 , the used sediment spill timeseries for the modelling is 

explained. Finally, in Section 5.3 , the setup of the MIKE 3 particle tracking module is described 

listing the assumptions and applied module choices.  

5.1  Characteristics of the spilled material  

Three  sources of geotechnical data were availa ble and utilized for this project:  

-  Grab sampling data collected by Ocean Infinity on behalf of Energinet (ref. /14/ )  

-  Geotechnical data collected during the Baltic Pipe project (refs. /11/  and /12/ )  

-  Seabed sediment map of Denmark from t he Geological Survey of Denmark and Greenland  

(GEUS)  ( ref.  /17/ )  

-  Tech nical report on Benthic fauna and flora by WSP on behalf of Energinet (ref. /15/ ).  

The seabed sediment map from GEUS is presented in Figure 5-1. A mix of sediments are found o n 

the Øresund -side (West) , with  the primary sediment type being  sand. On the Bornholm side 

(East) , part of the cable corridor consists  of mud and muddy sand, and a part consists of primarily 

sand.  These sediment types compare well with the results from both the grab sampling data 

collected by Ocean Infinity and t he geotechnical data collected during the Baltic Pipe project  

(visually inspected, not shown here) .  

 
Figure 5 - 1 . Seabed sediments map from GEUS (ref. /17/ ).  
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The geotechnical data  from the three sources listed above  were manually assessed  and compared . 

As a result , the route is divided into four different ósoil classesô, with the locations graphically 

shown in Figure 5-2. Each soil class is defined as a combination of sediment type fractions (clay, 

silt, fine sand, and medium sand) and a dry bulk density , which is the same  methodology as 

applied for the Baltic pipe sediment spill modelling (ref. /13/ ) . The characteristics of all the 

sediment classes are summarized in Table 5-1. Note that spilled material larger than medium 

sand (e.g., stone, gravel etc.) are excluded from the modelling as it will settle at or in the 

immediate vicinity of the construction site. The dry bulk density is derived from the Baltic Pipe 

measurements (refs. /11/  and /12/ )  and t he percentage of each sediment fraction is derived from 

the particle size distributions avail able from both the Baltic Pipe data (refs. /11/  and /12/ ) and the 

grab sampling data collected by Ocean Infinity (ref. /14/ ).  

 
Figure 5 - 2 . Distribution of the different soil classes based on the available geotechnical survey data.  The solid 

black line shows the maritime borders between Sweden and Denmark.  

Table 5 - 1 . Characteristics of the differ ent soil classes shown in Figure 5 - 2 . Note that the sum of clay, silt, fine 

sand,  and medium sand does not have to add up to 100%. If it is less than 100%, the remain ing sediments are 

larger than the medium sand fraction.  

Soil type 
class  

Cable corridor 
length [km]  

Clay [%]  Silt [%]  Fine sand [%]  Medium sand [%]  
Dry bulk density 

[kg/m 3]  

A 7.7  0 1 20  20  1900  

B 62.4  5 20  35  25  1660  

C 21. 1 50  40  5 5 970  

D 22. 9 0 5 25  25  1660  

The four different soil classes are composed of four  different sediment fractions: medium sand, 

fine sand, silt, and clay. The average diameter of the particles is given in Table 5-2 together with 

the settling velocities of each fraction. These velocities are based on the Environmental Impact 

Assessment  (EIA) of the Fehmarnbelt crossing (ref.  /16/ ). The settling velocities from the 

Fehmarnbelt EIA study are based on laboratory experiments and appear to be the best and most 

relevant information publicly available. Moreover, the applied settling velocities are in the same 

order of magnitude as the ones used for the sediment spill modelling of the Baltic Pipe  project , 

ref.  /13/ . 
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Table 5 - 2 . Characteristics of the s ediment fractions used for the sediment spill modelling.   

Sediment type  Diameter [ȉm] Range [ȉm] Settling velocity [mm/s]  

Medium sand  147  125 -250  15  

Fine sand  65  63 -125  2.9  

Silt  10  7-63  0.07  

Clay  7 <7  0.03  

 

5.2  Sediment spill timeseries  

In this section, the sediment spill timeseries used as input to the particle tracking model is 

described. All the parameters and information needed to construct the spill timeseries are listed in 

Table 5-3 and Table 5-4. 

Different methods for the lay and burial of the cables are described i n the technical description  of 

the project (ref.  /1/ ) . The  methods used for the cable laying and installation have been decided  by 

selecting the wor st -case scenario parameters. The  cable route has been divided into 6 stretches 

with different installation techniques, an overview is presented in Figure 5-3 and Table 5-3. 

 
Figure 5 - 3 . Overview of stretches using different installation technique s.  

Table 5 - 3 . Installa tion techniques along the cable route and respective parameters.  

Stretch  Installation technique  
Total length of 
stretch  [km]  

Width of seabed 
affected [m]  

Trenching dispersion 
volume [m 3]  

KP 0-3 Mechanical cutting  3.0  0.5  1 

KP 3-11  Pre- trenching with excavator  8.1  12  12  

KP 11 -47  Marine plough  32.7  2.5  5 

KP 133 -180  Marine plough  50. 7 2.5  5 

KP 180 -195  Pre- trenching with excavator  14.9  12  12  

KP 195 -200  Drilling  4.3  12  12  

 

The speed of the cabling operation is conservatively set to 2 km/day  for all installation techniques . 

Furthermore, t he sediment spill is conservatively set to be 5%  (ref. /10/ )  for the entire cable 

rou te . The sediments are released at a height of 2 m above the seabed, which is identical to the 

value used in the assess ment  for the sediment spill modelling of the Baltic Pipe project. It is also 

in line when compared with other modelling studies ( e.g.,  /18/ ) . The trenching volume is 
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calculated by multiplying the excavation depth (2 m) by the width of the seabed affected. Note 

that for the stretch KP 3 -11 a slope of 1:6 is assumed for the excavation.  

Table 5 - 4 . Parameters used to generate the sediment spill timeseries.  

Parameters  Value  

Total length trench [km]  11 4 

Burial depth [m]  2 

Speed of cabling [km/day]  2 

Spilling percentage trench [%]  5 

Source vertical level in the water column  2 m above the seabed  

The resulting timeseries of the sediment spill are graphically shown in Figure 5-4. Four  different 

regimes of sediment spill of clay, silt , fine sand , and medium sand  can be identified on the figure  

(blue dashed lines) . These regimes correspond to the four different soil cla sses shown in Figure 

5-2. For example, in Figure 5-4. a jump in sediment spill rate can be seen at approximately 05 -

06 -201 6. This is because the soil type of the corridor changes from class A to class B as shown in 

Figure 5-2. The figure also shows the change in volume type which indicates a change in 

installation techniques and therefor e a change in amount of sediment excavated  (see Figure 5-3) . 

 
Figure 5 - 4 . Sediment spill timeseries in terms of release rate for the summer period (note that the sediment spill 

timeseries is identical for the winter period, only the dates differ).  

Table 5-5 gives a summary of the spill timeseries including the total duration of sediment release, 

the release rate and the total mass released into the model. Continuous cabling installation works 

are assumed (24 hours a day, 7 days a week), which lead to a total  duration of the cable 

installation of 1368  hours. A total mass 44 ,764 ,400 kg is released  into  the model during this 

period.  

Table 5 - 5 . Summary of the sediment spill timeseries.  

Scenario  Values  

Duration  of  re lease [hours]  1368  

Total clay mass released into the model [kg]  4,290,121  

Total silt mass released into the model [kg]  9,550,517  

Total fine sand mass released into the model [kg]  17,135,023  

Total medium  sand mass released into the model [kg]  13,788,740  
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5.3  Setup particle tracking module  

All the parameters and module choices used for the particle tracking model are listed in Table 5-6. 

The computational mesh is based on the mesh applie d for the hydrodynamical model, see Section 

4.1.2 . The resolution of the horizontal computational mesh has been refined for the particle 

tracking c ompared to the HD simulations. This is achieved by using the bisection method ( ref . 

/19/ ),  which places an extra node at the midpoint of all the element faces. This  operation will 

convert one triangular cell into four new elements. Hence, the mesh used for particle tracking is 

four times finer than the mesh used in the HD simulation to increase the accuracy of the results of 

the sediment spreading/sediment plume.  Consequently, the elements within the project area, 

have an area of 1 3,500 -  62,500 m 2, with an average of 3 9,750 m 2. This is equivalent  to a 

resolution of 120 -250 m in a quadratic grid with an average of approximately 200 m. The  

resolution of the vertical mesh is the same as for the HD model.  

The summer conditions are in general different from the winter conditions (see Section  4.1.7 ). For 

this reason, two time periods (winter and summer) were chosen to model the sediment 

spreading.  

Table 5 - 6 . Overview of the input parameters and module choices of the particle tracking module.  

I nput parameter  Value or module option  

Time period  
¶ Winter: 01 -12 -2015 till 09-02-2016  
¶ Summer: 01 -06 -2016 till 09-08-2016  

Horizontal mesh  
Resolution, maximum element area =  62,500  ï 
15,225 ,000  m 2 (smallest within the project area 
and increasing with distance ).  

Vertical mesh  Same as HD model setup. See Table 4-1. 

Sediment fractions  

¶ Clay  
¶ Silt  
¶ Fine sand  
¶ Medium sand  

Dispersion coefficient [m 2/s]  
¶ Horizontal dispersion: 1  
¶ Vertical dispersion: 0.001  

Sources  See Figure 5-2 and Figure 5-4. 

Critical shear stress for erosion [N/m 2]  No erosion  

Hydrodynamic conditions and drift profile  Data taken from the HD model simulations  
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6.  RESULTS ï SEDIMENT SPILL MODELLING  

In the following section s the simulation results are presented showing the concentration of 

suspended sediment and sedimentation caused by the trenching activities. The following results 

are analysed:  

¶ Exceedance durations for concentrations of 5 mg/l, 10 mg/l and 20 mg/l  

¶ Maximum c oncentrations  

¶ Sedimentation in total during the simulation period  

The results of the concentration of suspended sediment are the average concentrations over the 

lowest 5 m of the water column. As the sediments are released into the model at a height of 2 m  

above the seabed (see Table 5-4), most of the sediments are located within 5 m from the bottom 

and averaging over the lowest 5 m therefore seem to be  the most reasonable approach to show 

concentrations. This assumption was verified by using the output of the exceedance duration of 5 

mg/l, and it was found that 9 8% of the time the sediments are located within the bottom 5 m. 

Moreover, the results of the  Baltic Pipe sedimentation modelling were also presented as average 

values over the bottom 5 m of the water column. The results of the particle tracking simulations 

are described in this chapter for both the winter and summer periods.  

6.1  Exceedance durations  

Results of the duration of exceedance of the concentration levels of 5 mg/l, 10 mg/l and 20 mg/l 

are presented below for both the winter and summer period.  

6.1.1  Winter period  

The exceedance durations of 5 mg/l, 10 mg/l and 20 mg/l for the winter period are show n in 

Figure 6-1, Figure 6-4 and Figure 6-7, respectively . For each of the figures, the respective 

magnification plots are presented.  

In Table 6-1, the total areas where the different concentrations are exceeded for a certain 

duration are summarised. The maximum and average distances from the trench to concentrations 

of 5 mg/l, 10 mg/l and 20 mg/ l are given in Table 6-2. 

The maximum duration of exceedance of 5 mg/l is 22  h, for 10 mg/l is 1 3 h and for 20 mg/l is 7 

h. Note  that these maxima only impact a very small area of one computational cell, which has an 

average area of 3 9,750 m 2 (equivalent to approximately 200 m in a quadratic grid ), see Section 

5.3 . Moreover, the entire area affected by the sediment spill (with concentrations exceeding 5 

mg/l) is within 1221  m  (note that the distances are computed from the centre of the 

computatio nal cells) from the trench line. The average distance of the area affected by the 

sediment spill is 196  m from  the trench line .  
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Exceedance of 5 mg/l  

 
Figure 6 - 1 . Exceedance duration for 5 mg/l ï winter.  

 

Figure 6 - 2 . Magnification of exceedance duration for 5 mg/l (west side of the project area) ï winter.  
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Figure 6 - 3 . Magnification of e xceedance duration for 5 mg/l ( east  side of the project area ) ï winter.  

Exceedance of 10 mg/l  

 
Figure 6 - 4 . Exceedance duration for 10 mg/l ï winter.  






















































