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Offshore wind farms are becoming an increasingly common feature in the marine environment as a renewable energy source. There is a growing body of evidence on the effects of wind farms on the seabed and its organisms. However, an important and understudied aspect of site development is the interaction of turbine foundations on the surrounding marine environment. Structures exert significant disturbance on tides, waves and currents; these are visible as optically-distinct, elongate wakes at the sea surface with elevated suspended particulate matter. Despite this, there is uncertainty on the mechanisms that lead to the visible manifestation of wakes at turbine foundations, primarily due to a lack of direct measurements. Here, in situ measurements along with a 15-year time series of satellite images of the Thanet offshore wind farm, located within the Thames Estuary, were used to investigate the formation of visible monopile wakes, and the effects these have on the surrounding water column. We show the optically distinct wakes are near-constant at Thanet; visible in >90% of all satellite images, yet no regional change in sea surface turbidity could be attributed to wind farm construction or operation. Monopile wake in situ water samples and acoustic Doppler current profiler (ADCP) backscatter measurements demonstrated colour change related to elevated sea surface sediment concentration. However, averaged water column measurements of suspended sediment within wakes, and upstream of monopiles, remained consistent. These measurements demonstrate that sediment was redistributed towards surface waters, rather than additional sediment becoming suspended in the wake. ADCP velocity measurements supported a mechanism of sediment lofting towards the surface, with enhanced vertically upwards flow recorded in wakes.
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1 INTRODUCTION
Offshore wind farms are becoming an increasingly common feature in the marine environment as a renewable energy solution to mitigate climate change. The global offshore wind power capacity was 57 GW by the end of 2021, a 60% increase on the previous year, with China alone contributing to 80% of this growth (Global Wind Energy Council, 2022). Wind power capacity will continue to increase, with 300 GW required in Europe to meet renewable energy generation targets by 2050. The United Kingdom has one of the most developed offshore wind infrastructure, with over 3,000 wind turbines installed or under construction across 50 offshore wind farms, with a capacity of 20.4 GW (The Crown Estate, 2022). Unprecedented expansion of the offshore wind sector is expected over the coming decades as the transition towards renewable energy continues, leading to construction in deeper, stratified waters (e.g., Dorrell et al., 2022). Such growth in coastal regions, especially in some developing countries and ecologically vulnerable regions necessitates a comprehensive understanding of wind farm-induced environmental impacts (Dai et al., 2015).
While ecological impacts within offshore wind farms and surrounding local waters are varied, and can differ significantly between even neighboring sites (Vandendriessche et al., 2015), there is an increasing body of evidence on the effects of wind farms on the seabed and its organisms (e.g., Andersson and Öhman, 2010; Lindeboom et al., 2011; Reubens et al., 2011; Franco et al., 2015; Raoux et al., 2017; Kirchgeorg et al., 2018; Wang et al., 2018; Causon et al., 2022; Galparsoro et al., 2022; Heinatz and Scheffold, 2023). However, another important aspect of offshore wind farm development is the interaction of sites with the surrounding air and water flow (i.e., hydrodynamics). Offshore wind farm turbines and monopile bases (which account for 81% of turbine bases in European waters; Global Wind Farm Council, 2022) exert significant disturbance on wave height, wind, current speed and water stratification (Christiansen and Hasager, 2005; Broström, 2008; Grashorn and Stanev, 2016; Rivier et al., 2016; Rogan et al., 2016; Miles et al., 2017; Nagel et al., 2018; Schultze et al., 2020; Christiansen et al., 2023), with the scale of hydrodynamic alteration relative to the size of wind farm sites and number of structures (van der Molen et al., 2014). A consequence of these effects is the near-constant formation of optically-distinct, elongated wakes at the sea surface trailing monopiles down-current for several kilometers (Li et al., 2014; Vanhellemont and Ruddick, 2014; Figures 1, 2B) with increased (up to fivefold) suspended particulate matter (Baeye and Fettweis, 2015).
[image: Figure 1]FIGURE 1 | Surface water colour change in a monopile wake producing a pattern consistent with a Kármán vortex street (source: D. van der Zande, Royal Belgian Institute of Natural Sciences).
While optically-distinct monopile wakes have previously been documented, there is uncertainty on the mechanisms that lead to the visible manifestation. Such uncertainty is primarily due to a lack of direct measurements, particularly of current velocity and suspended sediment, in the water column surrounding monopiles. One hypothesis is that the colour change relates to increased suspended particulate matter concentration in surface seawater, though its source remains unclear. The observations of scour at the base of monopiles (e.g., Whitehouse et al., 2011; Yamini et al., 2018) from the generation of horseshoe vortices as water passes the monopile (Sørensen and Ibsen, 2013; Qi and Gao, 2014; Miles et al., 2017) has led to the suggestion that eroded sediment from turbine bases could lead to the generation of surface plumes (e.g., Vanhellemont and Ruddick, 2014). If so, this would have significant economic impacts for the development of offshore wind farms, with increased scour protection required to prevent erosion. Another mechanism increasing surface sediment concentration is enhanced turbulence leading to redistribution of sediment in the monopile wake. For example, the formation of counter-rotating vortices (in the vertical plane) gives a net-upward directed flow in the in a line downstream of the monopile (Petersen et al., 2015) thereby increasing surface sediment concentration. An alternative hypothesis for the generation of colour changes downstream of monopiles is the release of organic material from epifauna colonising the monopile (Baeye and Fettweis, 2015). Understanding the formation of plumes in monopile wakes is critical to validating models of plume dynamics from numerical simulations or scaled-down laboratory experiments.
Here, we aim to better understand the formation and sedimentological implications of optically-distinct wakes at the Thanet offshore wind farm, located in the Thames Estuary (Figure 2). We first analyse a 15-year time series of satellite images from 1997 to 2022 (extending the pre-construction through to operational phases of Thanet) to: 1) Demonstrate the near-constant presence of optically-distinct monopile wakes, and; 2) quantify (anthropogenic) changes, if any, in sea surface suspended particulate matter in monopile wakes and the waters within the wind farm site. Then, using in situ measurements within monopile wakes and adjacent waters we investigate: 3) The cause of colour contrasts; and 4) test mechanisms of optically-distinct wake generation. For example, do colour contrasts occur due to differences in suspended sediment concentration or grain size from localised scouring of the seabed at the base of the monopile, or redistribution of sediment in the water column. Or are other factors such as the bubble formation, resuspended plankton, or the release of organic material from epifauna the cause of the visual manifestation of plumes? Finally, we discuss the sedimentological implications of our observations and provide recommendations for future monitoring at offshore wind farms.
[image: Figure 2]FIGURE 2 | Thanet offshore wind farm and the surrounding area of the Thames Estuary using Landsat 8 OLI imagery from 2018-04-19. (A) RGB composite image corrected for atmospheric effects using the Acolite code showing the location of Thanet, London Array, Gunfleet Sands and Kentish Flat wind farms. The sites of the Sheerness tidal gauge and Cefas wave buoy located at South Knock used in this study are also shown. (B) The Thanet offshore wind farm [as outlined in panel (A)] to show the location of turbine monopiles and (C) shows elevated suspended particulate matter in the wakes of monopiles for the same area, based on estimates using the algorithm of Nechad et al. (2010) for the same area.
2 MATERIALS AND METHODS
2.1 Study site: Thanet offshore wind farm
Thanet offshore wind farm is a fully-operational Round 2 offshore wind farm site operated by Vatenfall Vindkraft AB. The wind farm covers an area of 35 km2 and is located 11 km from the nearest point of the Kent coast and at the margin of the high turbidity zone associated with the outer Thames region (Figure 2A). Construction of Thanet started in January 2008 with a cost of £900 million, and the farm has been operational since September 2010 consisting of 100 Vesta V90 wind turbines with a total capacity of 300 MW. Each of the turbines is supported by a 4.1–4.9 m diameter monopile driven into the seabed between water depths between 14 and 23 m (Figure 3), with no scour protection.
[image: Figure 3]FIGURE 3 | GEBCO seafloor bathymetry (sourced from https://www.gebco.net) of the Thames Estuary and surrounding region. The location of Thanet offshore wind farm (white box) and each of the control zones (red boxes) for surface suspended particulate matter concentration.
2.2 Remote sensing from satellite imagery
Individual monopile wake presence, direction and suspended particulate matter were analysed using a series of high-resolution satellite imagery from initial operation in 2010 through to 2022. This included 55 Landsat 8 (30 m resolution) scenes (2013–2022) and 58 Sentinel-2 (10 m) scenes (2015–2022). A further nine Landsat 5 (60 m) scenes (2010–2011) were included to extend the remotely sensed time series (i.e., pre-Landsat 8 and Sentinal-2 launch) to the start of operation at Thanet. Top of atmosphere Landsat scenes were downloaded from the USGS Earth Explorer (https://earthexplorer.usgs.gov) and Sentinel-2 from the Copernicus Open Access Hub (https://scihub.copernicus.eu/dhus). All images where the Thanet site was not obscured by cloud were included in the analysis.
Atmospheric effects were first corrected using the open access Acolite code (https://odnature. naturalsciences. be/remsem/software-and-data/acolite; Vanhellemont and Ruddick, 2014; Vanhellemont and Ruddick, 2018). This code uses an automated image-based “dark spectrum fitting” approach developed by Vanhellemont and Ruddick (2018) based on the red and near infrared channels to retrieve water-leaving radiance reflectance (ρw) in the red band. Suspended particulate matter estimates for each colour pixel (e.g., Figures 2B, C) were then calculated from ρw using following the algorithm:
[image: image]
where A and C calibration coefficients are based on the wavelength of the red band of each satellite imager, as derived by Nechad et al. (2010). The A and C coefficients have been further calibrated specifically for Landsat 8 and Sentinel-2 in the Acolite code. Here, the Landsat 8 red band values for 654 nm were used: A = 346.32 g m−3 and C = 0.19905; and the Sentinel-2 red band values at 655 nm were used: A = 342.10 g m−3 and C = 0.19563. Estimates for suspended particulate matter in the wake of E01 (Figure 4) were obtained from satellite scenes by creating a perimeter at 1 km distance from the monopile and collecting data where it overlaps the optically distinct wake.
[image: Figure 4]FIGURE 4 | Data collection at Thanet offshore wind farm. (A) Vattenfall numbering system at the Thanet site and location of conductivity, temperature, depth profiles and sediment sampling stations associated with monopiles E01, D03 and C15. Data collected during passive vessel drifting in the wake of monopile E01 on 19th August of 2017 are shown in (B,C). Note that background satellite imagery do not correspond with timing of drift, rather during periods of comparable wake direction. Drift A uses a Sentinel-2 image from 2020-11-04 and Drift B from 2016-03-25.
Temporal (seasonal to annual) variability in suspended sediment concentration within Thanet and the surrounding waters was assessed using coarser resolution (1–4 km pixel size) satellite imagery. Monthly mosaics of MERIS, MODIS/AQUA, VIIRS and SeaWiFS satellite imagery between 1997 and 2014 were acquired from the Copernicus Marine Environmental Monitoring Service (https://marine.copernicus.eu). Suspended particulate matter was then derived from the satellite reflectance using the algorithm of Gohin et al. (2005). To determine the potential impacts of wind farm construction and operation, average monthly suspended particulate matter estimates for the Thanet site prior to construction were compared to measurements post-construction. Four areas, each 10 by 10 km in size, to the northwest, northeast, southwest and southeast (Figure 3) were also analysed as control sites to account for any inter-annual natural variability. These sites were chosen to represent variability in water depth, proximity to sediment sources, and wave and tidal energy.
2.3 Oceanographic datasets
Sea-level data from the nearest tide gauge site at Sheerness (Figure 2A) were downloaded from the British Oceanographic Data Centre (https://www.bodc.ac.uk) and wave measurements from the South Knock (Figure 2A) Cefas WaveNet buoy (https://www.cefas.co.uk/data-and-publications/wavenet).
2.4 In Situ field measurements
In situ measurements within the turbid wakes of monopiles and surrounding waters at the Thanet offshore wind farm were collected in August 2016 on the RV Meriel D. Data were collected over two surveys each consisting of three consecutive days (3rd–5th and 17th–19th August 2016) during spring tides (within a typical spring tidal range for the site) when current velocity would be greatest to ensure the highest chance of measuring within an optically-distinct monopile wake. Measurements were made either through the upper (0–10 m water depth) water column or as continual transects during which the engines of the research vessel were disengaged and allowed to drift in tidal currents. A greatly increased signal-to-noise ratio was obtained when the ship was drifting passively as compared to underway with power, most notably for acoustic Doppler current profiler data (see Section 2.4.3). We describe the results of two periods of passive drifting through the wake of monopile E01 at Thanet on 19th August 2016 (Figure 4). Defining the exact timing of entering and leaving the visible wake was difficult due to sun glint and wave chop meaning the optically-distinct wake was not always observable from the vessel at sea level. Drift A recorded in situ measurements within the wake of E01 for an estimated 34 min while drifting down-current after initially being tethered to the monopile (Figure 4B). Due to a change in wind effects the vessel took a different trajectory to that of the tidal current in Drift B. Here the vessel initially drifted through the water surrounding the wake of E01, before passing through the wake for an estimated 7 min, before leaving again (Figure 4C). Positional data for all other instruments were linked to the primary GPS using time-stamps, with the clocks of all synchronised at the start of surveys. Detailed descriptions of data collection methods are listed below.
2.4.1 Gravimetric analysis of suspended particulate matter
Direct measurements of suspended particulate matter (n = 21) were collected both within and outside the wakes of monopiles E01 and C15 at three depths corresponding to below surface (∼1 m water depth), mid-water (10–13 m) and above seabed (∼20 m) using a 10 L Niskin bottle. Water samples were collected during flood tide at E01, and at high tide (out of wake) and the following ebb tide (in wake and samples at 1 and 13 m water depths) at C15 within the Thanet offshore wind farm (Figure 4A). Water samples from the Niskin bottle were then filtered on dry, pre-weighed glass micro-fibre filters (GFF grade) and stored in dry conditions for laboratory gravimetric analysis where total suspended particulate matter was calculated by weighing dried samples. Oven heating of the filter allowed for removal of organic material, and thus calculation of organic content.
2.4.2 Optical and physiochemical water properties
Optical and physicochemical properties were recorded at the surface and through the water column separately. Surface water measurements of optical backscatter, temperature and salinity were recorded at 1-min intervals using a deck-mounted flow-through system in which the research vessel’s clean seawater supply was routed through a series of de-bubbling tubes, the last of which contained the measuring instruments. Readings were collected automatically by a data logger.
Water column properties were measured using instruments mounted to a steel “rosette” which was lowered to a water depth of 10 m (the maximum operating depth) using the vessel’s Hiab crane. A control profile was measured upstream of the wind farm (STN1) along with paired profiles within, and outside, the turbid wakes of monopiles D03 (5th August 2016; STN2A and B) and E01 (19th August 2017; STN3A and B; Figure 4A). SBE19plus, SBE50 (both SeaBird Electronics), and BBFL2 (WETLabs) sensors were mounted to the “rosette” frame collecting measurements of pressure, temperature, conductivity, chromoporic dissolved organic matter (cDOM), chlorophyll fluorescence and backscattering at 532 nm. Inherent optical properties were collected using a 25 cm pathlength AC9 attenuation and absorption meter alongside a BB9 backscattering meter (both WETLabs). Absorption and attenuation coefficients were determined using nine 10 nm wavebands while backscattering coefficients were calculated based on measurements of the volume scattering function at an effective scattering angle of 117° measured at the same nine wavelengths. Data collected from the AC9 were corrected for the temperature and salinity dependence of pure seawater (Pegau et al., 1997) and for the scattering errors using the Röttgers et al. (2013) semi-empirical correction. BB9 measurements were corrected by converting βp(117°, λ) to particulate backscatter coefficient, bbp(λ) using χ = 0.9 in accordance with Sullivan et al. (2005).
All instruments were timestamped to match the frequency of the AC9 at 1 Hz. All depth data were calibrated against the SBE50 depth sensor using linear regression, with data spikes/artefacts removed and then filtered for noise. Differences in instrument position and logging frequencies produced a ∼20 s time lag from on deck measurements to the moon pool; the time stamps of on deck measurements were therefore corrected for this.
2.4.3 Acoustic Doppler current profiler measurements
Detailed flow velocity fields and estimated suspended sediment concentrations were obtained using an RDI Teledyne 600 kHz acoustic Doppler current profiler (ADCP). The ADCP was deployed on a scaffold pole through the moon-pool of the vessel and coupled with an RTK dGPS to provide both position and velocity of the survey vessel. The instrument has four transducers set at 20° to the vertical, and at 90° to each other to calculate flow velocity at 1 m spaced vertical intervals (bins) by determining the Doppler shift of the received signal along the axis of the four beams. By combining heading and tilt measurement the ADCP resolved a three-dimensional (north, east and vertical) velocity profile through a vertical profile. Due to the low signal-to-noise ratio from measurements taken from a moving vessel time-averaged velocity data were produced by combining ∼40 successive profiles to periods of 1 minute. The ADCP also recorded the intensity of acoustic backscatter at each bin, which is a function of both sediment concentration and grain size of the suspended sediment (Thorne and Hanes, 2002). The acoustic backscatter strength from a particular bin also depends on the amount of acoustic energy that has been lost in the distance between the source and that bin, therefore backscatter measurements have been corrected for spherical spreading and water absorption (Fisher and Simmons, 1977; with temperature = 19.2°C, depth = 0.01°km, salinity = 35 ppt and pH = 8). For each depth profile, the last valid depth bin before the seabed was located manually.
3 RESULTS
3.1 Temporal evolution of regional suspended particulate matter
Regional monthly mosaics of MERIS, MODIS/AQUA, VIIRS and SeaWiFS satellite images between 1997 and 2014 displayed an annual cycle of suspended particulate matter in the Thanet site and surrounding waters (Figure 5A). Similar patterns of variation were observed in significant wave height (Figure 5B). For example, sediment concentrations were highest in January through March when the sea state is roughest with estimates of up to 100 mg L−1 in the outer Thames, with Thanet located on the edge of this high turbidity region. Sediment concentrations and wave height decreased greatly during Spring; by May most of the Thames regions showed values of suspended matter below 20 mg L−1 with the Thanet site indistinguishable from its surrounding waters. Sediment concentrations remained low throughout the summer, until September where zones of higher turbidity were apparent off the Kent and Essex coastlines, with values increasing through the remainder of the year. The annual pattern was observed at Thanet and all the control sites (Figure 3), with higher suspended particulate matter observed in the more proximal southwest and northwest control sites, with a much greater amplitude of suspended matter during the winter than control sites to the northeast and southeast (Figure 5A). The Thanet site does show inter annual variation in suspended particulate matter. Regional satellite images showed annual averaged concentration ranged from 17 (2001) to 42 mg L−1 (2010). This variation though is coupled with the neighboring northwest control zone, which most closely resembled the annual cycle of suspended matter to Thanet (Figure 6).
[image: Figure 5]FIGURE 5 | Satellite derived estimates of suspended particulate matter using mosaics of MERIS, MODIS/AQUA, VIIRS and SeaWiFS imagery. (A) Averaged monthly mosaics between 1997 and 2014 of suspended particulate matter estimates for the Thanet offshore wind farm site and the northwest, northeast, southwest and southeast control zones (see Figure 3). Note monthly data from December not included due to insufficient images available. (B) Comparison of 8-day averaged suspended particulate matter estimates with significant wave height recorded at South Knock during 2016.
[image: Figure 6]FIGURE 6 | Time series of satellite-derived estimates of sea surface suspended particulate matter in the Thanet region. Low resolution data of Thanet and the northwest control zone from monthly mosaics mosaics of MERIS, MODIS/AQUA, VIIRS and SeaWiFS imagery. High-resolution measurements show to estimates of suspended particulate matter within the wake of monopile E01 (1 km from monopile site) from Landsat 5,8 and Sentinel-2 scenes along with annual averages.
3.2 Monopile wake visibility and direction
Optically distinct monopile wakes were observed in >90% of all satellite images. When wakes were absent, more than half of the images were of poor quality (e.g., partially covered by clouds) or displayed rough sea conditions. The direction of visible monopile wakes was consistent with the tidal ellipse within the Thanet wind farm (Figure 7B). At low water, when tidal flow is aligned from north to south, monopile wakes are also aligned in this direction (Figure 8A). Monopile wake direction rotates clockwise during the rising flood tide, such that the visible wake trends from north-east to south-west by mid-flood (Figure 8B). Clockwise rotation continues with monopile wakes trending south to north at high water (Figure 8C) and then west to east aligning with ebbing currents leaving the Thames Estuary (Figure 8D).
[image: Figure 7]FIGURE 7 | Direction of optically distinct monopile wakes from Landsat 5, 8 and Sentinel-2 imagery acquired between 2010 and 2022. (A) Comparison of wake direction and estimates of suspended particulate matter within the wake of monopile E01 (1 km from monopile site) using the Acolite code and the algorithm of Nechad et al. (2010). (B) Comparison of wake direction and position in the tidal cycle. Direct observations from the field program also included. Green datapoints and letters A-D refer to Sentinel-2 scenes shown in Figure 8.
[image: Figure 8]FIGURE 8 | Sentinel-2 imagery to show direction of monopile wakes during different periods of the tidal cycle. (A) Low water on 2019-05-24. (B) During a flood tidal current on 2020-11-04. (C) High water on 2020-09-15. (D) During an ebbing tidal current on 2022-01-13. Estimates of suspended particulate matter using the Acolite code and the algorithm of Nechad et al. (2010).
3.3 Changes to particulate matter within monopile wakes
In situ sampling showed total suspended material in the surface waters (∼1 m water depth) was elevated in the wakes of both monopiles E01 and C15 in comparison to the surrounding water upstream, showing a mean increase of 50% (Figures 9A, C). The wake of C15 was enriched in suspended matter compared to the zone upstream in the mid (10–13 m) and lower (∼20 m) water depths (Figure 9C). However, the corresponding measurements for E01 showed the wake area was depleted in suspended matter in comparison to the surrounding water (measurements outside the wake had 11% higher volume of suspended particulate matter; Figure 9A). Samples recovered at high tide in waters adjacent to the wake of C15 were depleted in suspended particulate matter compared to corresponding samples collected during ebb tide (Figure 9C). The percentage of organic matter in samples showed an overall increase towards the surface (increases of 6% at E01; 4.5% C15); no obvious trend was observed between samples collected within and outside the monopile wakes (Figures 9B, D). Satellite-derived measurements of suspended particular matter (using Eq. 1) showed the direction of the monopile wake (depending on tidal flow) at E01 had no obvious influence on concentration (Figure 7A).
[image: Figure 9]FIGURE 9 | Analysis of sediment samples within and outside monopile wakes through the water column. (A) Total suspended material and (B) organic matter abundance associated with the wake E01 during a flood tide current. (C) Total suspended material and (D) organic matter abundance associated with the wake of C15 during and ebbing tide current.
3.4 Changes to water column properties within monopile wakes
Physical and chemical water properties were broadly consistent between the upper 10 m of the water column in wakes of monopiles D03 (STN2A) and E01 (STN3A) and zones of water immediately adjacent (STN2B and STN3B; Table 1). Temperature and salinity profiles within and outside the monopile wakes were within the range of variability observed at the surface. Of the optically-active water column constituents, chlorophyll and cDOM were higher (depth-averaged increases of 10% and 18%, respectively) within the wake of D03 but almost no change was observed at E01 (Table 1). However, local and horizontal variability in chlorophyll and cDOM can be observed with relatively high depth-averaged measurements of both parameters recorded at STN1 upstream of the wind farm (Table 1). Similarly, depth-averaged backscatter increases in the upper 10 m of the water column at D03 (by 35%) yet remains remarkably consistent at E01 (Table 1).
TABLE 1 | Average water column properties to a depth of 10 m. Station locations are shown in Figure 4 and include waters upstream of Thanet offshore wind farm, and within and adjacent to the wakes of monopiles D03 and E01.
[image: Table 1]3.5 Passive drifts through monopile wakes
Surface turbidity and ADCP measurements were recorded when the vessel was passively drifting through the wake of monopile E01 to greatly increase signal-to-noise (Figure 10). Prior to Drift A (Figure 4B) the vessel approached the plume of turbine E01 from the south-west, entering the plume at 9:08. Turbidity measurements, both from the on-deck system and the instrument frame at 2 m water depth, showed sharp increases between 9:08 and 9:15 before being positioned and tethered ∼30 m down current in the turbulent wake of E01 where the engines were disengaged at 9:27 (Figure 4B, 10C). Continuous measurements of turbidity were then recorded from this point and remained constant when the vessel detached from the turbine at 10:01. A small decrease in turbidity was observed when drifting out of the visible wake at 10:04 (Figure 10C). Surface acoustic backscatter recorded by the ADCP similarly decreased (by ∼2%) at this time (Figures 10D, E). Conversely, near-bed acoustic backscatter readings were lower within the wake and increased (by ∼3%) as the vessel drifted out of the plume (Figures 10D, E). It is important to note however, that a caveat to the use of acoustics is that higher surface sediment load, or surface bubbles, will attenuate backscatter from the underlying water column.
[image: Figure 10]FIGURE 10 | Direct measurements recorded during the period of passive vessel drifting. (A) Shaded areas show the periods of Drifts A and B. (B) Shaded areas show estimates of periods when the vessel was within the wake of monopile E01. (C) Near surface water optical backscatter measurements from the on-deck through system and within the vessel moon-pool. (D) ADCP backscatter (to arbitrary reference) through the water column. (E) Depth-averaged near surface and near bed ADCP backscatter. (F) 1-min time averaged ADCP vertical velocity. (G) 1-min time averaged vertical velocity near surface and near bed. Yellow shaded areas in (C, E, G) denote estimates of periods during which the vessel was within the wake of monopile E01 and the engines were disengaged. Near surface and near bed in (E, G) refer to the averages at 3–5 m below and 17–20 m below the sea surface, respectively.
Turbidity increases were also observed within the wake of E01 during Drift B (Figure 4C); with a sharp increase detected at 10:35 followed by a gradual decrease during transit across the wake from 10:36 to 10:41 (Figure 10C). A higher-resolution record (10 Hz versus 0.016 Hz) of this event was captured from measurements from the instrument frame deployed at 2 m water depths located in the moonpool. Movement of the vessel into the wake similarly resulted in a sharp 40% increase in scattering at 532 nm. Moving away from the center of the monopile wake resulted in a gradual decrease in backscatter (Figure 11). Similar results were also obtained with the multi-waveband optical instruments during this period. Unlike Drift A, entering the plume during Drift B did not show an obvious response in near-surface acoustic backscatter. However, near-bed readings did show a spike in decreased backscatter while within the monopile wake, but this was not observed across the entire drift (Figures 10D, E).
[image: Figure 11]FIGURE 11 | 10 Hz resolution record of backscatter at 532 nm when passing through the wake of monopile E01 with vessel engines disengaged. Yellow shaded region shows estimates of periods within the optically distinct monopile wake.
The velocity structure of the water column is highly variable, even during the period when the vessel was stationary with the engines disengaged while tethered to E01. However, elevated vertical velocity can be observed during both drifts within the wake of E01 in comparison to measurements recorded in the surrounding water column (Figures 10F, G). This is most clearly observed between water depths of 4–12 m in Drift A where vertical upwards velocity increases up to 18 cm s−1, with Drift B much less pronounced (Figure 10F). Additionally, vertical velocity abruptly reversed to a downwards direction on leaving the visible wake during Drift A and prior to entering during Drift B (Figures 10F, G).
4 DISCUSSION
4.1 Has Thanet offshore wind farm altered sea surface turbidity?
Cycles of annual suspended particulate matter variation were observed whereby increases aligned with periods of higher waves heights. Similarly, the abundance of suspended matter varied spatially between the Thanet site and the surrounding waters. For example, a year-round lower concentration of suspended matter was observed in the northeast and southeast control zones due the position of the zones in deeper waters, further from the coast (Figures 3, 5A). While inter-annual variation in suspended particulate matter within Thanet was observed, no obvious trends (increases or decreases) exist during the construction or operational phases of the wind farm. Furthermore, post-construction measurements (aside from 2010) were within the range of pre-construction observations (Figure 6). Additionally, the variation in suspended matter concentration at Thanet showed coupled changes through time with the northwest control site (Figure 5A, 6). Such coupled intra- and inter-annual variability further suggests changes in sea surface turbidity within the Thanet site are likely not an anthropogenic response to the construction and operation of the wind farm, rather natural fluctuations.
4.2 What causes the colour contrast in monopile wakes?
In situ measurements support the hypothesis that colour contrasts in the surface waters of monopile wakes are caused by elevated suspended sediment concentrations in comparison to the surrounding waters. For example, water samples collected from the surface waters in the wakes of monopiles C15 and E01 showed a 50% increase in suspended matter compared to samples obtained upstream (Figures 9A, C). This observed change is less than the 500% increase measured at the Belwind 1 wind farm, located 46 km offshore from Zeebrugge, Belgium, however, much higher quantities of suspended particulate matter were observed in the surface waters of monopile wakes at Thanet (Baeye and Fettweis, 2015). Such disparity between monopile wake suspended sediment likely reflects wind farm site characteristics. For example, greater sediment in the monopile wakes at Thanet could be due to shallower water depth range (14–23 m compared to 15–37 m; Figure 3) or the wind farm site in much more turbid waters than Belwind 1 (14–22 mg L−1 compared to 3 mg L−1; Figure 2A; Baeye and Fettweis, 2015). In either instance, it is therefore likely that changes in suspended sediment in monopile wakes are site specific.
No increase in organic matter abundance was observed in monopile wakes at Thanet (Figures 9B, D), therefore providing evidence against colour contrasts arising from the release of organic material from epifauna-colonizing monopiles (e.g., Baeye and Fettweis, 2015). Similarly, optically significant water constituents such as chlorophyll (plankton) and cDOM show no enrichment within visible monopile wakes that would be outside the range observed in waters surrounding the Thanet site (Table 1). Elevated surface water turbidity and acoustic backscatter recorded by the ADCP in the wake of monopile E01 could provide further evidence to suggest colour changes were related to higher suspended sediment concentration (or an increase in grain size; Figure 10D). A lack of difference between spectral bands (from AC9 and BB9 measurements) indicated that increases in attenuation and scattering was spectrally-neutral, therefore unlikely to be caused by chlorophyll or cDOM. While our results demonstrate the colour contrast in monopile wakes are related to increased sediment concentration it is not possible to rule out bubble formation as a contributing factor to the observed enhanced surface acoustic backscatter (Figure 10D).
4.3 What increases surface sediment concentration in monopile wakes?
Averaged water column measurements (to 10 m water depth) within wakes of monopiles D03 (STN2A and STN2B) and E01 (STN3A and STN3B) showed no significant difference with the adjacent waters or to water column measurements collected to the north of the windfarm (STN1; Table 1). However, bottled water samplings, acoustic backscatter and turbidity measurements provide evidence for elevated suspended sediment concentration near surface (Figure 9, 10C). Additionally, a decrease in acoustic backscatter near-bed suggests that suspended sediment concentration was depleted in the wake at depth, in comparison to the surrounding water column (Figure 10E). This near surface enrichment and near bed depletion is consistent with suspended particulate matter measurements at monopile D03 (Figure 9A). No such depletion was observed at C15; however, three of the five samples taken in the waters adjacent to the monopile wake were collected at high tide (Figure 9C) when tidal velocity and therefore the potential to transport sediment was reduced. Assuming changes in the vertical gradient of sediment concentration in monopile wakes is the norm, the absence of an overall change in suspended particulate matter in the water column (Table 1) indicates elevated wake surface sediment concentration is due to sediment redistribution, rather than additional sediment being sourced.
Increased turbulence in monopile wakes is the driving factor in redistribution of suspended particulate matter from the lower water column to the surface. Although precise ADCP measurements of water column velocity were inconclusive due to variable signals from vessel motion, even when tethered to the monopile, acoustic measurements demonstrated the underwater shape of the wake was complex (Figure 10F). Despite this, time-averaged data indicates a clear shift to upwards motion throughout the water column on entering the wake of E01 during both passive drifts and a change to downwards motion when leaving the visible wake during Drift A and prior to entering during Drift B (Figures 10F, G). These observations are consistent with modeling and laboratory experiments of the hydrodynamics in offshore wind farms (e.g., Petersen et al., 2015; Grashorn and Stanev, 2016; Rivier et al., 2016; Miles et al., 2017; Zhang et al., 2021). For example, previous work has demonstrated that horseshoe-vortices are generated around the monopile base by downward flow upstream (Figure 12); subsequent vortex shredding results a pair of counter-rotating vortices forming an upward flow along the center of the monopile wake (Figure 12). At Thanet this influence of these counter-rotating vortices would equate to a minimum of ∼15 m above bed (i.e., at least three times diameter of monopiles in the wind farm), almost the entire water column at E01. Therefore, we suggest that counter-rotating vortices in monopile wakes drives sediment redistribution towards surface waters (Figure 12). Passive drifting away from the monopile during Drift A shows upwards motion is detectable downstream for a minimum of 100 m (Figures 4B, 10D). Once the surface waters in monopile wakes are enriched in suspended sediment, the development of Kármán vortex street (Figures 1, 12) provide an efficient mechanism to transport these waters downstream for several kilometers, producing the elongate sediment plumes observed.
[image: Figure 12]FIGURE 12 | Schematic diagram to show the influence of a bottom-mounted vertical structure on surrounding flow and mechanisms to redistribute suspended sediment to the surface to produce elongate, optically-distinct surface wakes downstream from monopolies at offshore wind farms.
Scouring at the base of monopiles has significant economic impacts, potentially requiring extra scour protection and wind farm maintenance to prevent erosion and extend operational life (e.g., Rezaei et al., 2018). While it is not possible to entirely rule out scour at monopile bases at Thanet (e.g., Vanhellemont and Ruddick, 2014), our results show that averaged sediment concentration in the water column upstream of the monopile is similar to that in the wake (Table 1). The consistent suspended sediment concentration suggests that additional sediment is not sourced from the seafloor, therefore unlikely that erosion around monopile bases is the control on producing optically-distinct sediment plumes in monopile wakes.
4.4 Limitations and future recommendations
4.4.1 Remote sensing
Satellite analysis of turbidity changes within and around the Thanet offshore wind farm used coarse resolution (1–4 km pixel size). At this spatial scale, ∼70% of the wind farm is covered by only two pixels, therefore limiting statistical analysis. Higher resolution satellite images are available though, for example, Landsat 8 and Sentinel-2 have spatial resolutions of 30 and 10 m, respectively. Targeted polygons from these satellites were used to analyse the direction and estimated suspended particulate matter at monopile E01 in this study. It would be advisable that future work to use similar, but larger, targeted polygons extending within the wind farm site and surrounding waters. Such analysis would allow for changes to be quantified statistically, in more detail to our coarser resolution imagery, and over greater timescales.
4.4.2 In Situ measurements
The simplest measurements – collecting water samples in a bottle and filtering the contents – provided the strongest and most equivocal evidence of changes in suspended sediment concentration through the water column within monopile wakes and the surrounding water column. In future work a higher density for gravimetric samples would be recommended though. However, it should be noted that positioning a moving vessel within the rotating plume of a monopile wake was challenging. Furthermore, the plume was not always visible to the observer at sea level due to sun glint and/or wave chop. Perhaps then, the most optimal method of data acquisition would be using remotely operated bottled water samplers, which could be tethered to a mooring and programmed to capture samples at regular intervals.
Similarly, the movement of the vessel complicated interpretation of ADCP observations. While acoustic backscatter provided a useful insight to relative suspended sediment concentration through the water column, it was not possible to account for the surface bubbles (generated by the vessel) which can attenuate the signal below. Additionally, the vessel movement meant we were unable to resolve directional information in monopile wakes from ADCP measurements in detail. Therefore, in future we recommend using a tethered upward-looking ADCP mooring together with high-resolution CTDs and optical sensors at different depths. This configuration would allow data collection through a monopile wake every ∼12 h (i.e., due to tidal currents), and would permit investigation of between-day differences in turbulent intensity.
5 CONCLUSION
A combination of in situ water column and surface measurements collected at the Thanet offshore wind farm along with a 15-year time series of satellite data were analysed to investigate the impacts of wind farm development. While suspended particulate matter at the Thanet offshore wind farm showed inter-annual and intra-annual variation, changes were consistent with waters located away from the site, therefore variation can be attributed to natural fluctuations rather than anthropogenic change. Colour changes extending in the direction of tidal flow were observed in monopile wakes for >90% of satellite scenes at Thanet. These colour changes formed due to elevated near surface water concentrations in suspended sediment. However, averaged water column showed no additional sediment was sourced in wakes, therefore suggesting the cause of visible plumes is a result of sediment distribution in the water column, instead of sediment erosion from monopile bases. Furthermore, organic matter was consistent between water upstream of monopiles and within the corresponding wake, therefore plume formation was not related to material released by epifauna at Thanet.
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