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Abstract The addition of offshore wind farms (OWFs) to stratified regions of shelf seas poses an
anthropogenic source of turbulence, in which the foundation structures remove power from the oceanic
flow that is fed into turbulent mixing in the wake downstream. The loss of stratification within the wake of a
single OWF structure is observed for the first time by means of field observations, which enable a
qualitative characterization of the disturbed flow downstream. These results are complemented with
high‐resolution large eddy simulations of four different stratification strengths that allow for a quantification
of turbulence and mixing quantities in the wake of a foundation structure. The turbulent wake of a
structure is narrow and highly energetic within the first 100 m, with the dissipation of turbulent kinetic
energy well above background levels downstream of the structure. A single monopile is responsible for
7–10% additional mixing to that of the bottom mixed layer, whereby ∼10% of the turbulent kinetic energy
generated by the structure is used in mixing. Although the effect of a single turbine on stratification is
relatively low, large‐scale OWFs could significantly affect the vertical structure of a weakly stratified
water column. Further, rough estimates show that the rate of formation of stratification in the study area is
of the same order of magnitude as the additional mixing promoted by the structures, thus OWFs could
modify the stratification regime and water column dynamics on a seasonal scale, depending on local
conditions and farm geometries.

Plain Language Summary Advances in the renewable energy sector have enabled the
construction and operation of wind farms in bodies of water deep enough to present vertical temperature
differences across the water column or thermal stratification. In coastal regions dominated by tidal motion,
the presence of offshore wind farm (OWF) structures brings about additional turbulence and mixing of
stratification. The present study combines field measurements and numerical simulations to characterize
the wake of single OWF structures and quantify the amount of turbulence and mixing generated by them.
Our results suggest that the effect of OWF structures is small compared to other naturally occurring mixing
mechanisms, however can be comparable to the rate of stratification buildup. Stratification in certain
regions of shelf seas could be impacted by OWFs if these are built over a large area.

1. Introduction

The reduction of greenhouse gas emissions through the advancement and promotion of renewable energy
technologies is one of the strategies that have been adopted for the mitigation of anthropogenic climate
change. The created legal frameworks, together with a series of governmental incentives, have facilitated
the growth and development of offshore wind technology worldwide. Within the European Union (EU), a
total of 15.8 GW have been installed and connected to the grid until December 2017, and the installation
of an additional 10 GW has been planned (Wind Europe et al., 2018). Among the relevant sea basins for
the construction of offshore wind farms (OWFs), the North Sea leads as the most important basin, with
71% of the total offshore wind capacity within the EU (Wind Europe et al., 2018).

Advances in the offshore wind sector have allowed the construction of OWFs in deeper waters further away
from the coast, where stronger winds are found. While in 2013 the mean depth of OWFs was 16m, in 2017
the mean depth reached 27.5 m (Corbetta et al., 2014; Wind Europe et al., 2018), and therefore, they increas-
ingly affect areas that undergo thermal stratification. This study focuses on the impact of offshore wind farm
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structures on turbulence and its mixing of stratification. The German
Bight of the southern North Sea is used as the study region due to its rele-
vance in the offshore wind energy sector.

1.1. Seasonal Stratification and Mixing by OWFs

The German Bight is situated in a relatively shallow area of the North Sea
with typical water depths between 20 and 50m (Figure 1). In this region,
thermal stratification often occurs during the summer months, whereas
saline stratification is concentrated close to coastal areas (Huthnance,
1991). Seasonal stratification in shelf seas is known to reduce vertical
fluxes, controlling nutrient transport to the upper layer and therefore pri-
mary production (Simpson & Sharples, 2012). This has an influence on the
storage and export of carbon dioxide through the shelf sea pump (Thomas
et al., 2004). Quantifying stratification and how it is affected by different
sources of mixing in shelf seas is therefore of major global and societal
importance.

Shelf seas are often strongly influenced by tidal motion, which, with the
presence of OWF foundation structures in the water column, will repeat-
edly drive currents through the structures and potentially lead to
enhanced turbulent mixing within their wake. This “egg beater” mixing
mechanism is in addition to the naturally occurring processes acting upon
the stratification. However, it remains largely unknown if OWF mixing is
significant in altering stratification in shelf seas. There are a few analytical
and numerical studies characterizing the hydrodynamic impacts of OWFs
available in the literature (e.g., Broström, 2008; Grashorn & Stanev, 2016;
Ludewig, 2015; Paskyabi, 2015; Paskyabi & Fer, 2012; Roulund et al.,
2005). However, most studies focus on the wind wake and the resulting
generation of upwelling/downwelling cells in the water column, or the
wake generated in a neutrally stratified water column.

Rennau et al. (2012) have studied the influence of offshore wind farm
structures on dense bottom currents in the Baltic Sea using the
Reynolds‐averaged Navier‐Stokes (RANS) equations with the k‐ε turbu-
lence closure scheme. The grid used was circular and highly resolved
within three cylinder diameters (d) and transformed to a rectangular
shape within the next 3d. The simulations with realistic setups have found

that OWF‐induced mixing was expected to be relatively low, decreasing the salinity at the bottom by 0.1–0.3
PSU, which is below natural variability (Rennau et al., 2012). Cazenave et al. (2016) used an unstructured
grid model to study single turbine foundations in the context of the shelf sea circulation, focusing mostly
on the Irish Sea. The simulations included both well‐mixed and stratified periods, and the grid resolution
varied between 2.5 and 20 m depending on the run and on the distance from the turbine foundation. The
RANS equations are used to describe the turbulent flow, and turbulence closure is again obtained through
a k‐ε scheme. With the modeled setup, vertical mixing was enhanced by the foundations up to a 200m dis-
tance, and an OWF was found to possibly affect the stratification by 5–15% over an area nearly 80,000 times
the total footprint of its monopiles, which in this study corresponded to 3,180m2 (Cazenave et al., 2016).

While Rennau et al. (2012) and Cazenave et al. (2016) provided a first attempt to characterize the
OWF‐induced mixing of stratification, shortcomings in RANS models are present regarding the parameter-
ization of turbulence and its suitability for detailed turbulence studies involving density‐stratified conditions
and obstacles. These limitations can be overcome through large eddy simulations (LES), in which the large,
energy‐containing, turbulent scales are explicitly resolved, with the smaller scales parameterized. The need
for LES in tackling this problem arises due to the injection of turbulent kinetic energy at the scale of the OWF
foundation structure, with the largest eddies being on scale of the diameter of the foundation structure. To
properly capture variations in the flow generated by the structure, a grid resolution sufficiently smaller than
the diameter of a monopile is needed, and these overlap with the largest turbulent eddies.

Figure 1. Plan of the offshore wind farm DanTysk with single monopiles
shown as black dots. The red dots mark the monopiles surveyed with the
towed chain, with the monopile MP1 situated on the left side of the
depicted farm, and the monopile MP2 on the bottom right. The map on
the top right corner of the figure shows the North Sea and indicates the
position of DanTysk through the black star. The colorbar depicts depth
across the whole North Sea and the gray dashed contour lines detail depth
in the study area. The position of the platform FINO3 is shown through the
yellow square.
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Carpenter et al. (2016) conducted an idealized study to assess the large‐scale impact of OWFs on stratifica-
tion in tidal shelf seas. According to their study, a significant decrease in stratification in the North Sea could
take place if a considerable portion of the shelf would be filled with OWFs. A central unknown in their ana-
lysis was the bulk mixing efficiency of the OWF structures, that is, the fraction of the total turbulent kinetic
energy production that is delivered to mixing the stratification. The estimation of this quantity is a central
goal of the present study that will allow for a better assessment of the possible impact that OWF structure
mixing has on shelf sea stratification.

Using the averaged estimates of the power extracted from the flow by OWF foundation structures presented
in Carpenter et al. (2016), Schultze et al. (2017) calculated the average dissipation rate of turbulent kinetic
energy that can be expected from the OWF structures, ⟨εOWF⟩, and compared it with field observations of tur-
bulence. The ⟨εOWF⟩ was estimated to be comparable to turbulence levels found in the thermocline. The
power production by OWFs, and therefore also the dissipation rate of turbulent kinetic energy, were esti-
mated assuming that a large section of the shelf would be covered with OWFs and should be interpreted
as average values over the entire region. In reality, the intensity of production and dissipation of turbulent
kinetic energy by single turbines are not expected to be equally distributed over a large area, but to be mostly
concentrated in the wake of each structure. Furthermore, the increase in vertical mixing on the wake of the
OWF foundations could be significant, with possible changes in vertical stratification, nutrient, and sedi-
ment concentrations that could affect the ecosystem (Carpenter et al., 2016; Schultze et al., 2017).

Toward this aim, Floeter et al. (2017) have assessed biophysical parameters in two OWFs in the German
Bight of the North Sea while the water column was stratified. Empirical evidence of enhanced vertical mix-
ing was found, predicting higher nutrient fluxes to the surface layer. Field observations that characterize the
physical impact of OWFs are however rare, and it is especially challenging to discern the signal of the OWF
from natural variability (Floeter et al., 2017).

Given the increased interest in OWF technology and their potential to alter turbulence andmixing levels, we
conduct a small‐scale study of the near‐field stratified wake to assess the importance of this additional tur-
bulence source. The present study uses field observations and a large eddy simulation model to assess turbu-
lence and mixing induced by an OWF foundation structure. Although the amount of mixing generated by
OWFs is expected to depend on the type of foundation structure considered, the monopiles, which are ver-
tical circular cylinders, are the most relevant within the EU, with a share of 87%. Therefore, this study
focuses on the possible impact of a monopile on the mixing of a stratified water column.

The present study is organized as follows: Section 2.1 gives an overview of the field experiments and equip-
ment used, with findings presented in section 2.2. To compare the field observations with numerical model-
ing, and to gain more information about the stratified wake, LES are used. The large eddy simulation model
and the setup of the simulations are briefly described in section 3. The LES were designed to resemble the
conditions found in the field experiments, of which results are presented in section 3.2. A general discussion
and the conclusions of this study are presented in sections 4–6.

2. Field Observations
2.1. Overview of Field Experiments and Equipment

Fieldmeasurements in the OWFDanTysk in the German Bight of the southern North Sea were conducted in
two different years, 2015 and 2017, during the summer stratified period. The OWF DanTysk is centered at
55.14°N and 7.20°E, and was primarily chosen because it is composed of monopiles, the turbine foundation
of interest, which have 6 m diameter. A further advantage of DanTysk is the occurrence of vertical density
stratification, despite the fact that the water depth within the farm is relatively low, ranging from 20–30m
(Figure 1).

Before the surveys were conducted, tidal times, direction, and height were analyzed and a single monopile
was selected each day for the wake analysis. In 2015, the survey took place on 25 May between approxi-
mately 12:10 and 12:40 p.m. UTC, and the chosen monopile, hereafter MP1, was situated at 55.16°N and
7.17°E (Figure 1). Conversely, in 2017, the monopile at 55.07°N and 7.25°E was selected (MP2), and the sur-
vey was conducted on 19 July between 09:20 and 10:40 a.m. UTC (Figure 1).
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The wake of the monopile was surveyed using a chain of conductivity, temperature, and depth (CTD) sen-
sors measuring with a frequency of 10 Hz, which was towed from a Zodiac in 2015. Hereafter, the chain
of CTD sensors is referred to as the towed chain. In 2015, the towed chain was composed of six sensors that
were fixed 1–2m apart from each other and measured from 1.5 to 8 m depth. In 2017, the wave heights
reached over 2.5 m, such that deploying the Zodiac became unfeasible. Therefore, in 2017, the towed chain
was attached to the RV Ludwig Prandtl, which had its rear propeller switched off as it surveyed themonopile
to avoid the contamination of the measurements. During this experiment, eight sensors placed 1.5 m apart
from each other were attached to the towed chain between 3.5 and 14m depth. On both field experiments,
the CTD sensors used were manufactured by Sea & Sun Technology GmbH.

Additionally, we have used the temperature data measured by sensors available at the fixed platform FINO3,
which is located in the vicinity of DanTysk (Figure 1). At FINO3, the water temperature is recorded at three
different depths (6, 12, and 18m). The temperature data are available at the FINO database (http://fino.bsh.
de/), which is maintained by the GermanMaritime andHydrographic Agency (Bundesamt für Seeschifffahrt
und Hydrographie, BSH).

2.2. Observations of the Monopile Wake

Weak stratification. The monopile surveyed in 2015 was situated in a shallow area of ∼24m depth that was
weakly stratified with 0.5°C difference between the sea surface and the bottom mixed layer, which reached
to ∼10 m depth. At the time of the measurements, the monopile was situated on the upstream side of the
OWF, with the current coming from the Northwest with a mean current direction and speed of 127° and
0.3 m s−1, respectively. The wind speeds were between 5 and 7m s−1 at 10 m height.

Figure 2a shows the temperature measured by the different sensors fixed to the towed chain in time. The ver-
tical separation of the lines shows the background temperature structure, where the temperature decreased
with depth. Overlapping areas in which all sensors measured similar temperature are highlighted in blue
and indicate a disruption of the background temperature structure. The same areas are identified if salinity
or density estimates are considered (not shown). Further, the disturbed regions follow a coherent pattern
that can be identified as the wake region downstream of the monopile. This can be seen in Figure 2b along
with their respective vertical temperature profiles averaged over the wake region at different distances from
the monopile (Figure 2c), which are marked in red, orange, yellow, green, light blue, and navy blue. For
comparison, the background temperature structure of the water column during the measurement period
was taken as the average temperature at each measured depth outside the wake of the structure. Similar
to the wake regions, the averaged vertical profile of background temperature in the studied period of 2015
is shown in Figure 2c along with its standard deviation.

Themonopiles, and OWF structures in general, are expected to contribute to the mixing of the water column
by extracting energy from the flow and feeding it into the small‐scale turbulence responsible for mixing. In
our measurements in 2015, the disruption of background stratification by the wake is observed within a nar-
row region of up to 70 m width that reaches at least 300m downstream of the monopile. Although no mea-
surements were taken further downstream of the wake, the vertical profile obtained at ∼500m exhibits a
stronger temperature gradient than the previous profiles between 200 and 350m. This could be an indication
that the turbulence produced by the monopile has decayed sufficiently for restratification to occur. This is

supported through the calculation of the background potential energy anomalyφ ¼ g
R ðρ′ − ρ′mixÞzdz, where

z is the depth, ρ′ the sorted density, andρ′mix ¼ 1=H
R
ρ′ðzÞdz is the density of themixed water column, withH

the water depth in meters. The quantity φ has been introduced by Simpson and Bowers (1981), and it calcu-
lates the amount of energy necessary to mix a stratified water column. Further, the higher the φ, the stronger
the stable stratification and φ=0 if the water column is fully mixed. To calculate φ based on the towed chain
measurements, it was assumed that the density outside the measured depth range remained unchanged
from the last data point. This assumption is supported by the data collected at the platform FINO3
(Figure 2a). Within the wake of the monopile, φ decreased by up to 35% at 250m, after which the strength
of stratification increased again (not shown).

Strong stratification. Similar to 2015, the monopile selected for analysis in 2017 was situated on the upstream
edge of the OWF in a 27–30m depth region. The temperature reached 17.2°C near the sea surface and
decreased to 15.1°C until 18 m depth. Wind speeds were about 7 m s−1 and the ocean current direction and
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speedwere 305° and 0.3 m s−1, respectively. Despite having tracked the region of themonopile wake, no clear
signal from the monopile could be identified that stood out from the naturally occurring variability (not
shown). Opposed to 2015, where the focus was laid up to about 500m from the monopile, the analyzed
region in 2017 extended over 1,000 m downstream from the monopile with cross sections that were
∼200 m apart from each other. No clear influence of the monopile was observed in the cross section at
400m or at 200 m downstream, which is the closest that the measurements came to the monopile on that
experiment (not shown).

The observations with the towed chain have provided evidence that, depending on the strength of stratifica-
tion, single monopiles can significantly alter the vertical structure of the water column within its wake.
Further, the wake of the obstacle was found to reach a width up to ten times its own diameter. Under

Figure 2. (a) Time series of the towed chain temperature measurements in 2015 in weak stratification. The complete time series is shown in the bottom panel,
whereas the upper panel depicts a zoomed section for better visualization of the effect of the monopile on the vertical structure of the water column.
Each black line represents one CTD sensor. Areas in which the temperature measured by the sensors overlap are marked blue. The blue crosses in the
second panel show the temperature measured at the research platform FINO3 at water depths of 6, 12, and 18m. (b) Measurement path of the towed chain.
The position of the blue sections marked in (a) are shown by the red, orange, yellow, green, blue, and dark blue lines, following their line of occurrence.
The black arrow on the top left corner depicts the mean ocean current direction. (c) The temperature structure of the water column within the wake of the
monopile was considerably disturbed within a narrow area. The gray line represents the vertical temperature structure of the water column averaged outside
the wake region (“background conditions”), with 1 standard deviation shown by the error bars. The background conditions are taken to be the entire time series of
data collected, except for the sections highlighted blue in (a). Vertical profiles of temperature averaged over the sections marked in (b) within the wake of the
monopile are shown for the respective color‐coded sections. The profiles in (c) have been successively offset by 0.25°C from each other for better visualization.
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weak stratification, the disturbance of the vertical structure of the water column by the wake reached at least
450 m downstream, after which restratification of the wake region began. To enable the quantification of
mixing and dissipation of turbulent kinetic energy by single OWF structures, high resolution numerical
modeling was performed replicating conditions found in the field measurements. Therefore, the next
section describes our approach to analyze the flow downstream from a monopile using LES. These also
provide context to better interpret the field observations.

3. Large Eddy Simulations

Studying the wake of a structure in the field is challenging due to difficulties in isolating the natural varia-
bility of the flow from the true signal of the structure. To complement the observational evidence obtained
through the towed chain measurements, we use LES and assess the wake of a monopile under different
levels of stratification with the goal of quantifying turbulence and mixing by the structures under different
stratification scenarios. LES resolve the large, energy‐containing eddies and filter the small eddies, which are
parameterized by means of a subgrid‐scale model. This allows the simulation of flows with high Reynolds
numbers at grid resolutions on the order of 1 m, and therefore resolves the most important energetic scales
of turbulence, which is not possible when using RANS models.

The LES model used is the Parallelized Large‐Eddy Simulation Model for atmospheric and oceanic flows
(PALM, version 4.0, revision 2504), which has been developed at the Institute of Meteorology and
Climatology of the Leibniz University of Hannover (Raasch & Schröter, 2001). PALM is in continuous devel-
opment, and its most recent thorough description can be found in Maronga et al. (2019).

PALM solves the nonhydrostatic, incompressible Navier‐Stokes equations after the Boussinesq approxima-
tion. The parameterization of the subgrid scales is performed after (Deardorff, 1980; Moeng & Wyngaard,
1988; Saiki et al., 2000) and considers that the energy transported by small eddies is proportional to the
respective gradients of the mean quantities. PALM uses a Cartesian Arakawa staggered C‐grid (Arakawa

Figure 3. Sketch of the simulation setup. The monopile, located at xm,ym, is shown in yellow. The axes have been
centered at the monopile location. The simulations were run using cyclic boundary conditions on the north and south
boundaries, which is indicated by the blue arrow. West and east boundaries were inflow and outflow conditions.
The hatched pattern marks the turbulence recycling domain.
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& Lamb, 1977; Harlow & Welch, 1965) with equidistant spacing between
the grid cells. The representation of the monopile, a circular cylinder, is
therefore approximated in the simulations described below, whereby the
resemblance to a real cylinder increases with the grid resolution. The fol-
lowing subsection describes the setup used in the simulations.

3.1. Simulation Setup

The domain size of all simulations used in scientific analysis was 1,024
m × 1,024m × 32m, with the grid size Δxi=1m in all directions
(Figure 3 and Table 1). The grid size was chosen after a grid sensitivity
analysis considering Δxi=2,1,0.5 m, in which similar results referring to
changes in stratification and drag coefficient were obtained for the 1
and 0.5 m grids (not shown). To resemble field conditions and realistic
spacing between structure foundations, the monopile was positioned at
400m from the west boundary and at 750m from the south boundary.
At the sea surface, Neumann boundary conditions were used for all velo-

city components and scalar variables and the Dirichlet (no slip) boundary condition was applied at the sea
bed. Further, to be able to isolate the turbulence generated by the monopile from turbulence generated at
the sea bed, separate identical simulations tackling solely the impact of bottom boundary layer turbulence
(i.e., without the monopile) on stratification were performed.

The south and north boundaries of the domain were assigned periodic conditions and, to investigate the
impact of a single monopile on stratification, nonperiodic boundary conditions were applied along the main
flow direction (left and right boundaries) for all velocity components and scalar variables (Figure 3). When
using nonperiodic boundary conditions, a turbulent inflow has to be defined to trigger bottom boundary
layer turbulence generated by friction at the sea bed throughout the entire domain, such that the effect of
the obstacle can be separated from other turbulence sources. A turbulent inflow is implemented in PALM
through the “turbulence recycling method,” in which a precursor simulation with periodic lateral boundary
conditions is run until turbulence has developed and the setup has reached a quasi‐steady state (Kataoka &
Mizuno, 2002; Lund et al., 1998; Maronga et al., 2015). Once the precursor run has reached a quasi‐steady
state, its output is used to stir the main run. In the present simulations, where the domain size of the main
run is greater than that of the precursor run, the output data of the latter is used to fill up the larger domain
through cyclic repetition (Maronga et al., 2015). Further, at the inflow boundary of the main run, the turbu-
lence recycling method uses the mean vertical profiles of all velocity components and scalar variables, cal-
culated in the precursor run, and sets Dirichlet boundary conditions. At the outflow, radiation boundary
conditions were applied to the velocity components and Neumann boundary conditions for scalars.

The domain size in the precursor simulations was 128 m × 512m × 32m, and the same grid size as in the
main run was used, Δxi=1m (Table 1). A vertically homogeneous current velocity of 0.4 m s−1 was attained
by imposing a large‐scale pressure gradient, which corresponds to typical values found in the study region.
Random disturbances up to 10−4 m s−1 were imposed within the bottom 5m of the domain to trigger bottom
boundary layer turbulence induced by friction. No obstacle was added to the precursor run. Planetary rota-
tion was included in the precursor and main simulations for 54°N latitude to resemble conditions found in
the German Bight of the North Sea. No additional heat, wind forcing, or pressure gradient is applied to stir
the simulations.

Four different scenarios of vertical stratification were analyzed in this study, all of which have been defined
in the precursor runs by a temperature gradient, whereas salinity was kept constant at 33 PSU. The imple-
mentation of the stratification in all cases was given by a linear gradient of temperature, which was moti-
vated by field measurements, that is, (i) 1.5°C/10 m; (ii) 2 °C/10 m; (iii) 3 °C/10 m, and (iv) 4 °C/10 m,
starting from the top of the domain until 10 m depth. The precursor simulation of each of the four cases
was run until the quasi‐steady state was reached, at which point some mixing had inevitably already taken
place. Therefore, the initial temperature profiles for the respective main runs differ from the initial condi-
tions of the precursor runs and are shown in Figure 4.

Table 1
Summary of the Parameters Used in the Simulations to Investigate the
Wake of the Monopile, With d the Monopile Diameter, Lx and Ly the
Domain Length Along x and y, s the Salinity, T the Temperature, ν the
Kinematic Viscosity of Sea Water, and U0 the Characteristic Flow Velocity

Parameter Unit

Domain size, precursor run [m×m×m] 128 × 512 × 32
Domain size, main run [m×m×m] 1,024 × 1,024 × 32
Δxi [m] 1
d [m] 7
Lx/d [‐] 146
Ly/d [‐] 146
U0 [ms−1] 0.4
Re=U0d/ν [‐] 2.8×106

ΔT [°C] 0.5, 1.5, 2.5, 3.5
s [PSU] 33
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All main runs analyzed were carried out for ∼10 hr simulated time. The
quasi‐steady state of the simulations was reached at∼2 hr and the remain-
ing 8 hr were used in the calculation of mixing quantities, which are
described in the following sections.

3.2. Stratification Anomalies Generated by Wake Turbulence

The weakest (i) to strongest (iv) stratification cases are shown in Figure 5,
which depicts the wake of the monopiles close to the sea surface at 0.5 m
depth in the context of temperature anomaly compared to the overall

vertical temperature difference ~T=ΔT. Moreover, the temperature anom-

aly ~T ¼ Tðx; yÞ−Tð0; yÞ shows how the temperature along the horizontal
axes (x and y) at the near‐surface depth z=0.5 m changes compared to the
inflow temperature T(0,y), at x=0.

The panels in Figure 5 have been centered with respect to the position of
the monopile, which can be clearly identified along with its wake gener-
ated downstream. In all analyzed cases, the wake of the monopiles can
be identified at the surface by a decrease in temperature. The analyzed
wakes were 50–100m (or 7–14d) wide and the disturbances in the flow
field and temperature were observed until the end of the domain at 600
m past the monopile.

However, the relative magnitude of the temperature anomalies observed
at sea surface compared to the total vertical temperature change decreases
with increasing stratification, and forcing toward restratification in the
wake region is enhanced (Figure 5). The temperature anomaly generated

through monopile‐induced mixing largely exceeds 50% (i.e., ~T=ΔT > 0:5)
of the overall vertical temperature difference within the wake in the
weakest stratified case (i, Figure 5a). The effect of the monopile mixing
compared to the overall temperature gradient is however increasingly
masked as stratification increases. In the strongest stratified case (iv),
the temperature anomaly promoted by the monopile stays mostly well
below 40% that of the total vertical temperature gradient, with a consider-
ably narrower width and length than under weaker stratification (cf.
Figures 5a–5d).

Moreover, the greater the temperature gradient, the stronger the forcing toward the stabilization of the
wake, which limits the range of influence of the wake downstream. Upstream of the monopile, the water
column is being stirred by bottom boundary layer turbulence and the temperature gradient reaches from
the sea surface up to 8–10 m depth. As the flow passes by the structure, the water column is further disturbed
and vertical motion is enhanced in a narrow region of the domain. These qualitative observations are further
analyzed in the next subsections, in which the change in stratification andmixing caused by single monopile
structures, as well as the dissipation of turbulent kinetic energy, are quantified.

3.3. Turbulent Mixing in Wakes

As introduced in section 2.2, the amount of energy required to mix the water column can be obtained
through the background potential energy anomaly (φ), which quantifies the minimum amount of potential
energy in a water column relative to the completely mixed state. Comparably to section 2.2, for the 3‐D simu-
lations, φ was calculated for each yz slice corresponding to every grid point in the x direction as

φðxÞ ¼ g
Lz

Z
½ρmixðxÞ−ρðx; z∗Þ�z∗dz∗; with ρmixðxÞ ¼

1
Lz

Z
ρðx; z∗Þdz∗: (1)

In Equation 1, the model domain is subdivided into volume slices along the x direction, each with dimen-
sions Δx × Ly × Lz. The density of every grid point in a slice is then reordered and sorted into a vector ρ(x,
z∗), where z∗ is the depth vector with Ny × Nz equally spaced elements that ranges from 0 to Lz, where Lz

Figure 4. Initial vertical profiles of temperature for the main simulations of
the four stratification cases considered, whereby ΔT represents the total
change in temperature across the water column for each of the studied
cases. No further differences in the profiles were detected below −15m
height.
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is the total depth of the water column (Burchard &Hofmeister, 2008; Winters et al., 1995). The profile ρ(x,z∗)
represents the stratification that would result from an adiabatic rearrangement of the stratification to the
state of minimum potential energy. The adiabatically sorted vector ρ(x,z∗) enables the calculation of the
minimum amount of potential energy in the slice, which is then used to estimate the amount of energy
needed to reach the mixed state ρmix(x). Thus, through φ, the change in stratification along the domain in
the direction of the flow is quantified for each of the simulations.

Figure 6a depicts the loss of stratification attributed to mixing by bottom boundary layer turbulence only
(semitransparent dashed lines) and with the addition of the monopile (solid lines). This is done by showing
how the background potential energy changes along x, that is, the flow direction, compared to its initial state
φ0. The change in background potential energy in the simulations without the monopile is explained by bot-
tom boundary layer turbulence. In the simulations with the monopile, vertical mixing before themonopile is
due to bottom boundary layer turbulence and to a much smaller extent due to an upstream effect of the
structure itself, which is intensified at the monopile location and downstream, as shown in Figure 6a by
the enhanced drop in φ after the monopile.

The rate of decrease in background potential energy along the domain is equivalent to the mixing rate, that

is, m ¼ ‾U ðxÞdφ=dx, with ‾U ðxÞ the mean velocity of the respective x slice. Note that when m is averaged
over times long enough that no net changes in the available potential energy occur, the meanm is equivalent
to the mean buoyancy flux (see Winters et al., 1995). The total mixing within the domain is obtained by

Figure 5. Horizontal cross section at 0.5 m depth of the temperature anomaly relative to the total vertical temperature
gradient (~T=ΔT) averaged over 5,000 s for all analyzed stratification scenarios, namely: (a) ΔT ≈ 0.5°C, (b) ΔT ≈
1.5°C, (c) ΔT ≈ 2.5°C, and (d) ΔT≈3.5°C. The horizontal axes have been centered to the monopile location and extend
from 200 to 1,024m along the south boundary and 650 to 850m along the west boundary.
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integrating the mixing rate, that is, M ¼ R
mdx. The total mixing promoted by the monopile MOWF is then

calculated by subtracting the value of the simulations without the foundation structure MBBL from the
total mixing including the monopile effects MTOPO, that is, MOWF = MTOPO−MBBL. For all analyzed cases,
the total mixing generated by one monopile is estimated to be 7–10% of the mixing induced by bottom
boundary layer turbulence at the chosen domain size and is confined to the near field of the monopile.
The amount of mixing that can be attributed to a foundation structure compared to the bottom boundary
layer is however dependent on its geometry and on the spacing between single structures. Although the
domain size chosen in this study aimed at resembling the spacing between structures currently found in
the field, it is important to note that OWF with less spacing than 1,024m between the monopiles are
expected to account for more mixing relative to the bottom boundary layer. Conversely, offshore wind
farms composed of more complex structures than monopiles (e.g., tripiles and tripods) are also expected
to generate different mixing behavior.

3.4. Dissipation of Turbulent Kinetic Energy

We now estimate the dissipation of turbulent kinetic energy from the simulation results to better understand
the mixing promoted by the OWF structures. The subgrid‐scale dissipation of turbulent kinetic energy,
SGS‐ε, returned by the LESmodel gives a general impression about the level of turbulence downstream from
the obstacle. However, the SGS‐ε has been shown to underestimate the absolute value of the true dissipation
of turbulent kinetic energy, ε, as a consequence of numerical dissipation of the advection scheme (Maronga
et al., 2013). To obtain the true ε, we use the method described by Tennekes and Lumley (1973) andMaronga
et al. (2013), which is based on the assumption of isotropy. The dissipation ε is thus estimated through the
calculation of power spectra for a velocity component ui on a Cartesian coordinate:

SuiðkÞ ¼ αε2=3k−5=3; (2)

with the constant α ≈ 0.52. The simulations in Maronga et al. (2013) were horizontally homogeneous,
which enabled the calculation of power spectra for each depth level using all data points available at each
vertical grid point. As a result, a vertical profile of ε was obtained. The monopile in our simulations is an
additional source of turbulence that disrupts horizontal homogeneity, that is, the velocity fluctuations at
different horizontal grid points at the same depth level cannot anymore be regarded as statistically iden-
tical. Therefore, to obtain ε, a time series of single grid points is collected instead, from which a power
spectrum in the spatial domain is generated under the assumption of Taylor's hypothesis of frozen

Figure 6. Change in background potential energy (a) and in the ratio of total dissipation of turbulent kinetic energy in the simulations with the monopile by
the ones without it (DTOPO/DBBL) (b) for cases (i)–(iv) along the domain length (x axis), which has been centered with respect to the position of the
monopile. In (a), solid lines depict results of simulations with the obstacle, whereas dashed lines show the change in background potential energy for the
simulations without the structure. The color code in (b) is the same as in (a); however, each line stand for the ratio DTOPO/DBBL of a given case, with DTOPO
and DBBL the total dissipation in the simulations with and without the monopile, respectively.
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turbulence. The usage of this method is justified by the choice of nonperiodic lateral boundary conditions
(inflow and outflow) in the simulations, such that the velocity field in different grid points was statistically
independent of time. Following Maronga et al. (2013), ε was calculated if an inertial subrange could be
identified in the spectrum. The ε estimates obtained from the spectra compared well with the SGS‐ε,
although the agreement between both methods improved away from the boundaries where the eddies
are not influenced by them. This was expected as the size of the large eddies decreases close to the
boundaries and anisotropy becomes more prominent, thus decreasing the performance of the
subgrid‐scale model (Gibbs et al., 2016; Maronga et al., 2013).

Vertical profiles of ε averaged within the wake of the monopile in the different case studies are shown in
Figure 7, for which the dissipation values between 725.5 and 775.5 m from the south border on the y axis
were considered. The high ε (O(10−6 W kg−1)) found in the bottom boundary layer is caused by friction at
the sea bed and is comparable to that observed in field measurements at similar current magnitude (cf.
Schultze et al., 2020). In all analyzed cases, ε was the highest in close proximity to the monopile, with the
turbulence in the upper 10 m exceeding that of background levels by over an order of magnitude.

The total dissipation of turbulent kinetic energy attributed to themonopiles (DOWF) can be estimated by sub-
tracting the total ε of the simulations without the monopile, DBBL, from those with it, DTOPO (i.e.,

DOWF=DTOPO−DBBL), where D ¼ ðρo=AÞ
R Lz
0

R Ly
0 ε dy dz , and A=LyLz is the area of each slice along the

domain length. For the analyzed simulation setups, given the realistic domain size chosen, a single monopile
is expected to increase the total dissipation of turbulent kinetic energy by 4–9% compared to a natural envir-
onment without the structure. Additionally, the total dissipation of each slice along the domain length
demonstrates that the increase in total dissipation is concentrated within the first 200–300 m past the mono-
pile, after which DTOPO and ε itself are comparable to background levels DBBL (Figures 6b and 7).

4. Discussion
4.1. Intersections Between Observations and Numerical Simulations

This study provides evidence from field measurements and numerical simulations that the wake of single
offshore wind turbines is identifiable hundreds of meters downstream in terms of temperature anomalies
and turbulence levels. It is, however, strongly dependent on both stratification and the quantity considered,
for example, the wakes differ in size when either temperature anomaly or dissipation rate is considered.

Figure 7. Vertical profiles of the dissipation of turbulent kinetic energy ε averaged within the wake of the monopile. Different colors stand for a given distance
from the monopile. The colors red, dark red, dark orange, yellow, green, and blue depict profiles that are situated 60, 100, 160, 260, 360, and 460 m downstream
the monopile, respectively. The thick gray lines depict ε profiles without the influence of the structure. The panels (a)–(d) refer to the four different vertical
temperature gradients studied, that is, ΔT={0.5,1.5,2.5,3.5}°C, respectively.
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The towed chain measurements have shown that the structure of temperature in the wake of a monopile is
significantly disturbed under weak stratification (ΔT∼0.5°C), which could be verified in the LES (case (i),
Figure 5a). The impact of a monopile under stronger stratification is however less pronounced, which can
be explained by the magnitude of the temperature anomalies generated. Moreover, while a temperature
anomaly of 0.2°C is clearly visible under weak stratification of ΔT∼0.5°C (i.e., ˜T=ΔT ¼ 0:4), in cases with
a stronger temperature gradient, for example, ΔT∼1.5°C (i.e., ˜T=ΔT ¼ 0:13), such a temperature anomaly
could be masked by other mixing mechanisms or variability. This result helps explain the lack of a
well‐defined wake in the temperature field measured by the towed‐chain in the stronger stratified case dis-
cussed in section 2.2. Other than very close to the monopile, the temperature anomaly caused by the struc-
ture is not strong enough to be clearly discerned from other mixing mechanisms in the field.

4.2. Bulk Mixing Efficiency

Despite the elevated turbulence levels generated by single turbines, the amount of mixing obtained is rela-
tively low compared to BBL mixing (Figure 6). Given the total amount of mixing and turbulence attributed

to a monopile, the bulk mixing efficiency can be calculated as η ¼ MOWF=ðMOWF þ ∫DOWFdxÞ. η is a bulk
measure of the locally defined mixing efficiency γ=Rf/(1−Rf)≈0.2, where Rf ¼ −B=P ¼ −B=ð−Bþ εÞ
withB the buoyancy flux andP the shear production of turbulent kinetic energy, which is used for stratified
shear flows (Gregg et al., 2018; Osborn, 1980). The mean bulk mixing efficiency η is estimated to be between
0.09–0.14 for the four studied cases and is therefore smaller than the generally accepted local value of γ=0.2.
This is explained by the fact that the turbulent mixing generated by the monopile extends through the com-
plete vertical extent of the water column, which is not continuously stratified. Apart from the thermally stra-
tified surface layer, the additional turbulence by the monopile then acts upon already mixed fluid, which
thus decreases the overall mixing efficiency of the system. Carpenter et al. (2016) have identified the bulk
mixing efficiency as a crucial parameter in the parameterization of OWF‐induced mixing in larger‐scale
modeling efforts.

4.3. Application to the North Sea

As the tidal currents move past the OWF structures, they extract energy from the flow that is delivered to
turbulence, and we define this quantity as P, in W m−2. Carpenter et al. (2016) have provided estimates of
the mixing potential of OWFs in the German Bight of the North Sea using this approach, and found that
P = (ρ0CDAm⟨|u

3|⟩)/2l2, with l the distance between equally spaced structures, Am the frontal area of the
structure, and ⟨|u3|⟩ the cubed current velocity averaged over several tidal periods. The calculations were
made accounting for mean tidal current velocities and realistic OWF parameters in the German Bight,
and apply per unit area within an OWF. We will carry out a rough, order of magnitude analysis here based
on conditions at the North Sea Buoy 3 (NSB3), where stratification data are available. Values of P in this
region were estimated to be PNS ≈ 12 mW m−2 and are within a factor of 2 to those at the OWF DanTysk
(Carpenter et al., 2016). Note that this is based on an assumed drag coefficient of CD = 1.0, which we adjust
to fit with the CD = 0.7 found in the present study, giving PNS = 8.4mW m−2.

Using our estimates of the mixing efficiency by a monopile, which we take to be η = 0.1, the mixing rate of
the structures can be obtained bymNS = −ηPNS ≈ 0.84 mWm−2. Given PNS andmNS for the studied region,
in the following we show how the additional mixing generated by the OWF structures could contribute to
mixing a stratified water column, as well as how the additional mixing created by the structures could coun-
teract the buildup of summer stratification.

Following Carpenter et al. (2016), a time scale can be formed for the additional OWF‐induced mixing to
destroy an initial stratification, quantified by φ0, and is given by tmix=−φ0/mNS. In order for this additional
mixing to alter the stratification, tmix must be comparable to (or less than) two other important time scales
that quantify (i) the time spent within an OWF, tadv, and (ii) the time required for a stratification (of magni-
tude φ0) to build up, tbuild. Estimates of these time scales have been made by Carpenter et al. (2016) and can
be used with our estimates of mixing to assess a rough (order of magnitude) impact of OWFs on stratifica-
tion. First, we define a representative value for the stratification to be the seasonal peak of φ0 ≈ 4 kJ m−2

(Carpenter et al., 2016). The time that it would take for the additional OWF‐induced turbulence to mix this
level of stratification away is tmix≈55 days. Given that the time taken to form this level of stratification is t-

build≈60 days, the rough equivalence of these two time scales indicates that OWFmixing could be significant
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in controlling stratification. This however, relies on a stratified water column spending a significant fraction
of this time within an OWF. This advective time scale, tadv, is dependent onmean currents, as well as the size
of OWF. Floeter et al. (2017) have estimated the residence time for drifters in a relatively small OWF of size
L=8 km close to NSB3 to be tadv=7–10 days. This time scale would result in a reduction of the stratification
expected without an OWF by the factor tadv/tmix, or 13–18%. Note that as the size of OWF increases, so does
this fraction. On average, we roughly expect that an OWF of size L≈100 km would be needed to completely
prevent the formation of stratification.

5. Considerations

The conducted simulations provided simplified case studies of OWF‐induced mixing, in which sources of
stabilization of the water column (e.g., heat input), and mixing mechanisms other than bottom boundary
layer turbulence (e.g., wind forcing and wave breaking) have been neglected. This is justified given that
our study focuses on the isolated, localized, impact of a monopile foundation structure on turbulence and
mixing of a stratified water column, such that a mixing efficiency for this specific forcing field could be
obtained. In addition, we have found that the turbulence and mixing generated by the structure are focused
in a narrow region, with levels of turbulence that exceed that present in the surface and bottommixed layers.
This is supported by the turbulence measurements of Schultze et al. (2017), who found that mean levels of
naturally occurring turbulent dissipation in the thermocline are of the same order of magnitude as those
expected fromOWFs. Since the dissipation is in fact concentrated in a narrowwake region, they are expected
to dominate background conditions there. Future studies could extend the analysis by combining further
destabilizing and stabilizing surface forcing mechanisms to the simulation setup and thus assess the overall
rate of stratification loss in a more realistic parameter space.

By studying the impact of a single monopile, nonlinear effects of interacting wakes from different structures
have been disregarded in the estimates of large‐scale mixing, which should be taken as a rough estimate for
the analyzed foundation type. However, considering that the increased turbulence and mixing rates attrib-
uted to the monopiles are only detected up to ∼300m past the structure, and that the stratification loss pro-
moted by a single narrow monopile wake is small (cf. Figure 6a), the nonlinear effects of interacting wakes
are expected to be small. One exception could be in conditions of weak stratification, where the wake was
found to have a wider stratification anomaly (i.e., Figure 5). In this case, the downstream structures could
encounter an altered stratification from the ambient. It is not clear, however, that this will result in a signif-
icant change in mixing since we have found that mixing efficiency is relatively insensitive to stratification
changes. Nevertheless, nonlinear effects from wake interaction as well as other foundation types, for exam-
ple, tripiles or jackets, are more complex cases and could generate different mixing conditions than single
noninteracting monopiles depending on their geometry.

The scenarios analyzed in this study were composed of a bottommixed layer that reached up until 20 m from
the sea bed, where temperature stratification took over and was extended until the sea surface. This setup
was chosen to enable the comparison between the field observations presented. It is known however that
stratification in shelf seas is often characterized by a surface and a bottom mixed layer, which are separated
by a stratified thermocline (Ross & Sharples, 2007; Schultze et al., 2017). Future studies could focus on
understanding this three‐layer system and how it is affected by the OWF foundations.

6. Conclusions

Offshore wind farms (OWFs) have been increasingly installed in shelf sea regions in which stratification
develops. The foundation structures generate additional turbulence in the water column and are therefore
an additional, anthropogenic, source of mixing. Little is known about the small‐scale physical effects of such
structures on the natural state, and their possible further reaching implications for primary productivity has
yet to be investigated. The present study provided observational and numerical evidence of OWF‐induced
mixing from a small‐scale perspective in a thermally stratified water column. A chain of CTDs towed by a
vessel circulated around an OWFmonopile to gain insight on its effect on the stratified structure of the water
column. LES replicating the initial conditions found in the field experiments were conducted for compari-
son, with a closer analysis of the wake itself and its effect on turbulence and mixing made possible. From
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the foundation structures available, the monopiles have been chosen due to their broad use and application
as this type of foundation can be installed in deeper regions that become seasonally stratified.

The mixing promoted by a single monopile within a 600m range was found to be up to 10% of that triggered
by bottom boundary layer turbulence. The wake of this type of structure is characterized by a narrow region
of strong turbulence within the first 50–100 m downstream, equivalent to 7–14 monopile diameters, with the
dissipation of turbulent kinetic energy being 1 order of magnitude higher than the background. The elevated
turbulence levels dissipate within 300m past the monopile, after which ε becomes comparable to back-
ground levels.

The region with the sharpest decrease of background potential energy matches with the turbulence signal,
and the bulk mixing efficiency lies between 9 and 14%. Knowledge of the bulk mixing efficiency allows
for an order of magnitude analysis of the importance of OWFs for altering stratification in a chosen region
of the North Sea. The analysis found a rough equivalence of the mixing and stratification buildup time
scales, suggesting that the rate of additional mixing of the OWF structures is comparable to the rate of stra-
tification formation in this region. However, the greatest control on this effect of OWF mixing is the rela-
tively rapid advection of stratification through the OWFs; larger OWFs will produce greater effects on the
stratification.

Future work could focus on extending the present study in various ways: (1) by complementing the present
simulations with further forcing mechanisms such as wind and tidal effects; (2) assessing the impact of other
foundation types and stratification conditions on turbulence and mixing; and (3) studying possible effects of
enhanced scalar fluxes on primary productivity and biological activity in general.

Data Availability Statement

The temperature data is published in the FINO database (http://fino.bsh.de). Data and metadata used in this
manuscript are available at http://10.0.20.161/zenodo.3874906.
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