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New technological and scientific innovations have pushed offshore wind farming as sustainable 
and low carbon energy. Stably stratified flows are often present in the regions where offshore wind 
farms (OWFs) are installed [1]. The impact OWFs have on the local oceanic ecology is an open 
question. It is expected that a single monopile will likely not have a large impact but, if large OWFs 
are installed the impact could be much greater. It is understood that the presence of OWFs 
enhances turbulent mixing within and around an array of monopiles. Figure 1 illustrates how 
mixing occurs in flow around OWFs. As the stratified flow moves across a monopile, flow behind 
the it is enhanced by the vortices in the wake. The wake formed sometimes takes on the shape of 
a stable von Karman vortex street, but at other times is unstable and changing in shape and 
frequency.  

 
Figure 1: Schematic representation of stratified flow past a monopile. 
Vortices generated in the wake of the flow results in turbulent mixing 
(figure taken from [2]). 

 
In the current research we quantify the effect a singular idealized monopile has on mixing 
downstream from it. Unidirectional stably stratified flow past a cylinder is simulated using the 
spectral-element based high-order code Nek5000 [5]. These simulations aim to capture and 
categorize the different flow structures induced by a cylinder in a stably-stratified flow. 2D 
simulations are first conducted for a wide range of Densimetric Froude numbers and Reynolds 
numbers (Re calculated using diameter as the length scale). Simulated Fr  ranges between 0.01 to 
1000 and simulated Re ranges between 10 to 180. Boyer et al. discussed structures from 
experiments for a range of Fr and Re, however, the study did not quantify drag or mixing [3]. In 
current study we provide insight into these processes across the parameter space (e.g. figure 2). 
3D simulations have been conducted for Re = 300, for range of Fr ~ 0.1 – 100. The effect of 
increasing stratification on the vortex shedding was quantified, including how the stratification 
changes the coherent structures downstream of the idealized cylinder.  
 

and food web of the North Sea [3–5], with implications for carbon fixation [6], dissolved oxy-
gen concentrations and hypoxia [7].

The literature on the impacts of OWFs is large, but has focussed to a great degree on marine
life, e.g., birds [8, 9], sea mammals [10] and construction noise [11–13], and biofouling [14,
15]. The impacts span both negative and positive effects, such as the harmful impact of con-
struction noise on mammalian behaviour [11], or the hypothesis that a single foundation struc-
ture could provide 2.5 times the amount of habitat that it destroys [16]. However, the
hydrodynamic effects and related impacts on turbulence and mixing have not received nearly
as much attention [17–19]. A closely related study was recently carried out by Rennau et al.
[18] with respect to wind farm development in the Baltic Sea, where they focussed on impacts
on the dense inflows to the Baltic from the North Sea. They found that a realistic OWF con-
struction scenario, according to plans approved in 2010, could cause mixing in Baltic inflows
and decrease bottom water salinity by 0.1 PSU. In an extreme scenario, with turbines filling the
Danish Sounds, they calculated a 0.3 PSU decrease in bottom salinity, and a 2-metre shoaling
of Baltic inflows. In that scenario wind farm generated mixing could cause the highest density
inflows to disappear. It is important to note that the flow through the OWFs considered by
Rennau et al. [18] is not caused by tidal currents, as we consider in this study.

The approach that we take in this study is highly idealised, and designed to understand
whether or not it is possible for wind farms to generate enough mixing to significantly affect
the stratification of the German sector of the North Sea. There are many uncertainties in our
ability to parameterise structure-induced mixing, and the developed models are intended only
as a series of order-of-magnitude estimates. Our principle goal is to bound and estimate two
different time scales: (i) the mixing time scale, τmix, that quantifies the residence time for strati-
fication given a mixing rate (i.e., removal) that is characteristic of the OWF foundation struc-
tures, and (ii) the advective time scale, τadv, that quantifies the residence time of a water parcel
within a wind farm given the mean residual currents. From these two time scales we quantify
the impact of the OWF structure mixing on the large-scale stratification.

The paper is organised as follows: idealised models for both turbulence production and the
turbulent mixing of stratification are first developed, and then estimates of the mixing time
scale are made with the use of a numerical model and different field measurements. A numeri-
cal model for residual currents is then used to estimate the advective time scale. Discussion and
conclusions are presented in the final sections.

Fig 2. Basic sketch of the idealised setup considered. A typical density profile is illustrated where
stratification (i.e., change in ρ(z)) is confined to a pycnocline layer with thickness, b, at height, h, from the sea
bed. Only a single foundation structure is shown in the sketch.

doi:10.1371/journal.pone.0160830.g002
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Figure 2: 2D instantaneous velocity field of flow past a cylinder at Reynolds 

number 180, and Froude number of 1. 
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