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Introduction: Offshore wind farms (OWFs) generate extensive wind wakes in
their leeward areas, which can induce marine upwelling and downwelling. These
processes significantly affect marine stratification and ecosystems, leaving
detectable patterns on the sea surface.

Materials and Methods: By utilizing MODIS data, we analyzed six representative
OWFs worldwide to identify these wake signatures.

Result: Notably, we observed pronounced signatures near an OWF located in the
coastal waters of Jiangsu Province, China. Conversely, no coherent wake
signatures were detected at other selected European and Chinese OWFs.

Discussion: This absence may be attributed to inactive upwelling, weak marine
stratification, unsteady wind directions, and land-sea distribution. This research
offers a fresh perspective on the environmental impacts of OWFs and, for the first
time, underscores the potential of global gridded satellite dataset in detecting
OWF-induced wind wake signatures.
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1 Introduction

The urgent need to reduce fossil fuel consumption and address climate change has
accelerated the exploration and expansion of wind energy (Pryor et al., 2020; Dai et al.,
2015). Offshore wind energy, in particular, has experienced a dramatic increase in installed
capacity over recent decades, with forecasts suggesting continued exponential growth
(Freeman et al.,, 2019). China and Europe, leading the offshore wind market, account for
nearly 90% of global offshore wind installations (GWEC, 2023).

Operational offshore wind farms (OWFs) have been documented to exert substantial
environmental impacts within their surrounding areas (Galparsoro et al,, 2022; Li et al,
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2022), through mechanisms such as turbine-atmosphere-marine
interactions (Dorrell et al., 2022; Lee et al., 2022; Raghukumar et al.,
2023), noise and chemical pollution (van der Molen et al., 2014; van
den Berg, 2004), and visual intrusiveness (Saidur et al., 2011;
Wolsink, 2007). Specifically, OWFs reduce wind speed in their
downwind zones, creating wind wakes (Bérfuss et al., 2021;
Christiansen and Hasager, 2005; Maas and Raasch, 2022). More
importantly, the extensive scale and dense configuration of offshore
turbines, along with the reduced surface roughness at the air-sea
interface, amplify the scale of OWF wind wakes, allowing them to
extend over considerable distances (up to 10" km) (Platis
et al., 2018).

The wind wake effect serves as a critical link between the
impacts of OWFs on marine dynamics and ecological systems
(Lian et al,, 2022). The length scale of the wakes is sufficient to
induce ocean responses governed by geophysical fluid dynamics.
According to Ekman’s theory, the altered wind speeds at the edges
of broad OWF wind wakes can trigger pronounced vertical ocean
movements (Brostrom, 2008). The resulting upwelling and
downwelling form part of a dipole structure beneath the wind
wakes of OWFs. The dipole interacts with the horizontal wind-
forced Ekman transport, ultimately preserving net upwelling
(Figure 1) (Liu et al,, 2023). These artificially induced upwellings
are instrumental in elevating nutrient-rich water to the surface and
ventilating the lower layers, thereby playing a vital role in regulating
marine ecosystems (Pan et al., 2016; Daewel et al., 2022).

The vertical movements induced by wind wakes are likely to
affect sea surface temperatures (SST) and chlorophyll-a
concentrations (SSCHL), leaving detectable traces on the sea
surface in the leeward regions of OWTFs. Despite their direct
reflection of OWFs’ environmental impacts, these signatures have
yet to be explored through observational studies. Prior research has

10.3389/fmars.2024.1465634

focused on wind wakes’ characteristics and their terrestrial impacts
(Siedersleben et al.,, 2018; Aitken et al., 2014; Zhou et al., 2012;
Schneemann et al., 2020). While OWFs could potentially result in
surface warming due to reduced wind speed and sensible heat fluxes
within turbine arrays, this effect is less pronounced for large
offshore turbines with hubs positioned far from the surface
(Golbazi et al., 2022). Numerical simulations have identified a
dipole structure in the ocean beneath the wind wakes of OWFs,
characterized by alternating upwelling and downwelling, in
agreement with geophysical theories (Christiansen et al., 2022a;
Paskyabi and Fer, 2012). This dipole, observed through high-
resolution temperature/salinity transects conducted by towing
vehicles (Floeter et al., 2022), is expected to interact with the
ambient dynamic system, including tidal currents, marine
stratification, and other factors (Liu et al., 2023; Christiansen
et al., 2022b).

The Moderate Resolution Imaging Spectroradiometer (MODIS)
products for SST and SSCHL, offering a 1 km spatial resolution
(Dunstan et al., 2018), present an opportunity to detect the OWEF-
induced wind wake signatures on the sea surface. However, the
precision of MODIS data in accurately capturing these
characteristics remains a subject for investigation. Furthermore, the
variability of these signatures under different air-sea conditions has
not been fully understood. To address these gaps, we have selected six
representative OWFs globally and utilized MODIS data to assess the
OWF-induced wind wake imprints on the sea surface during the
boreal summer following the OWES’ establishment. Additionally, We
analyzed the background atmospheric and marine conditions to
elucidate the variations in the detected imprints.

The organization of this paper is as follows: Section 2 outlines
the data and methodologies employed. Section 3 describe the
detected signatures. Section 4 devoted to the analysis and
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FIGURE 1

-

Schematic Diagram for the Mechanism of Marine Vertical Response to the Wind Wakes on the Leeward Side of a Wind Turbine. The blue arrows
indicate wind stress. The wind stress outside the wind turbine is undisturbed and large, but it is small behind the wind turbine due to the energy
extraction. The green and red arrows represent the upwelling and downwelling currents, respectively.
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discussion of the underlying mechanisms of the signature
difference. The paper concludes with Section 5, which presents
our final conclusions.

2 Materials and methods

2.1 Selection of offshore wind farms

For the purpose of detecting wind wake signatures on their
adjacent sea surfaces, we selected six OWFs, shown in Figure 2. The
locations of offshore wind turbines discussed in this paper are
derived from the Global Offshore Wind Farm (GOWF) dataset,
which is based on time-series images from Sentinel-1 SAR (Zhang
et al., 2021). Each of these OWFs has been operational for a
minimum of five years, ensuring that sufficient satellite data is
available for detecting wind wake signatures. The critical
configurations of each OWF are listed in Table 1. Notably, OWFs
A and B have the largest total installed capacities in the world. In
particular, OWF B is a typical deep-water OWF, situated at a depth
of approximately 40 meters. OWF C features an exceptionally high
number of turbines, with more than 200 installed. OWF D is
notable for being the world’s first large-scale clustered OWF.
OWFs E and F, recently developed by China, are located on the
broad and shallow continental shelf. OWF E is situated in relatively
offshore waters, more than 20 km from the coastline, whereas OWF
F is near the coastline. Moreover, the turbines in OWF F are closely
packed, which may potentially reduce the formation of wind wakes
(Amaral and Castro, 2017).

The bathymetry data around all OWFs were obtained from
general bathymetric chart of the oceans (GEBCO 2024, https://

(c)
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www.gebco.net/data_and_products/gridded_bathymetry_data/).
The gridded data has a spatial resolution of 1/240°.

2.2 Satellite data & quality control

The remote sensing data used in this study were obtained from the
MODIS sensors on board the Aqua and Terra satellites. These
satellites follow sun-synchronous orbits and pass over the Earth’s
surface approximately twice a day. The SST and SSCHL data with a
resolution of 1 km at the L2 level of MODIS were downloaded from
NASA’s website (https://oceancolor.gsfc.nasa.gov/cgi/browse.pl).
Subsequently, the SSCHL and SST images were interpolated onto
a regular grid with a spatial resolution of 0.01°. Only SST data points
identified as “good” and “best” in terms of quality were included in
this study, while SSCHL data points flagged as “HIGLINT”
(excessive sun glint reflectance) and “STRAYLIGHT” (probable
stray light contamination) were excluded.

2.3 Detection of wind wake signatures

Initially, to remove interannual variations and long-term
trends, spatial averages of SST and SSCHL within each study
region were excluded. This approach focused exclusively on the
detailed spatial patterns of SST and SSCHL surrounding the OWFs.
Subsequently, two periods were selected for analysis: the baseline
period, defined as the years prior to OWF construction, and the
study period, defined as the years subsequent to reaching full
production capacity. As demonstrated in Table 1, the baseline
and study periods differ among OWFs. The OWF-induced wind
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Overview of Study Areas. The locations of each OWFs are indicated by color dots on a panorama map. The positions of individual wind turbines

within the OWFs are depicted by green triangles in panel (A—F).
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TABLE 1 Critical sonfigurations of All OWFs.

Total . First Full .
DT Capacity lrelnes Installation  Production Base_llne Stu'dy
Period Period

(m) (Mw) | Number Time Time

Country

fe luster of Wal
a arms cluster of Wamney UK 21 10272 189 Jul. 2010 2018 Spring 2004-2009  2018-2023
Project I, IT & Extension

b Hornsea One UK 48 1200 174 Nov. 2018 Jun. 2019 2005-2009 2019-2023

farms cluster of
c Amrumbank West, German 2 871 208 Sep. 2012 Oct. 2015 2004-2011 | 2016-2023
Meerwind Siid|Ost & Y P '

Nordsee Ost

d Horn Rev 2 Denmark 13 2093 91 2008 Sep. 2009 20032008 2010-2015
iangsu Xiangshui Offsh
o Jiangsu Xiangshui Offshore |y 1 202 55 Aug, 2015 Dec. 2016 2004-2010  2017-2023
Wind Farm

Guodian Zhoushan Putuo .
f . China 11 252 63 Dec. 2016 Dec. 2017 2004-2009 2018-2023
6 Offshore Wind Farm

Wind farm information source: https://www.power-technology.com.
The baseline period is defined as the years before OWF construction, and the study period is defined as the years following full production time.

wake signatures are characterized by the differences between SST 3 Resylts

and SSCHL anomalies averaged from the baseline and study

periods. If the marine is vertically homogeneous, upwelling and 3 1 \/g riability of wind wake Sig natures
downwelling would have negligible impacts on the sea surface; among OWFs

therefore, our investigation was confined to the boreal summer
months (June, July, and August), when the marine environment in
the target areas exhibits seasonal stratification (Carpenter et al,
2016; Hao et al., 2012).

Figures 3, 4 display the SST and SSCHL anomalies in the vicinities
of the six OWFs following their installations. Generally, significant
signatures on the sea surface proximal to the OWFs are not observed,
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RS o O]
(d) ) <3 (el o™
. \l K
65 km [ 4 55.73°N 44 km | ~ {34.63°N 29.63°N
- 5 . V-
A Y .
2km b = 55.57°N 2km [ {34.47°N 21kmb P 129.47°N
f 4 & P
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-0.48 -0.24 0.00 0.24 0.48
FIGURE 3
Anomalies of SST (°C, A=F) in the Study Periods Relative to the Baseline Periods in the Vicinities of the Six OWFs. Missing data is depicted as gray,
and land is marked in white. The positions of the wind turbines are indicated by pink dots. Arrows in the top left corners of each panel represent the
prevailing wind directions during the boreal summer.
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FIGURE 4

Anomalies of SSCHL (mg-m~* in logarithmic coordinates, A-F) in the Study Periods Relative to the Baseline Periods in the Vicinities of the Six OWFs.
Missing data is depicted as gray, and land is marked in white. The positions of the wind turbines are indicated by pink dots. Arrows in the top left

corners of each panel represent the prevailing wind directions during the boreal summer.

TABLE 2 Theoretical V and F; Among All OWFs.

OWF a OWF b OWF ¢ OWF d OWF e OWEF f
14 0.20 0.13 0.32 1.00 0.48 1.28
(m/day)
AT 0.48 0.98 0.97 0.56 1.33 1.03
(107"°C/m)
Fy 0.97 1.29 3.09 5.61 6.43 13.20
(10%°C/day)
1.08% 0.94% 0.80%
0.81% 0.71% 0.60%
0.54% 0.47% 0.40%
0.27% 0.24% 0.20%
é 0.00% 0.00% 0.00%
N 1.09% 2.11% 3.12%
0.82% 1.58% 2.34%
0.54% 1.06% 1.56%
0.27% 0.53% 0.78%
0.00% 0.00% 0.00%
FIGURE 5

update: Occurrence Probability (%, A—F) of Wind Vectors at the Six OWFs.
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Topography around the Six OWFs (A—F). The rectangles with black dashed lines as edges indicate the potential wake regions. The SST and SSCHL
anomalies within the regions are spatially averaged to investigate the corresponding temporal evolutions.

except for OWF E (Figures 3E, 4E), which is situated in the nearshore
waters of Jiangsu Province, China. This OWF exhibits notable
decreases in SST and increases in SSCHL within its leeward areas.
The synchronous anomalies in SST and SSCHL suggest that the wind
wake may induce significant cooling here, consequently enhancing
marine productivity. The maximum SST reduction beneath the wind
wakes of OWF E reaches up to 0.5 °C, with the corresponding SSCHL
increasing by nearly 10 mg:m™, an order of magnitude greater than
the positive SSCHL anomalies observed around other OWFs.

Conversely, the spatial patterns of SST and SSCHL anomalies
associated with other OWFs exhibit relative spatial irregularity and
are challenging to distinguish from stochastic changes within the
ocean-atmosphere system. Specifically, in very nearshore waters,
such as the areas southwest of OWF E and north of OWEF F, the
accuracy of MODIS data diminishes (Darecki and Stramski, 2004),
rendering the anomalies less reliable in these regions.

3.2 Regulations of the observed variability
of wind wake signatures

3.2.1 Theoretical vertical velocity and heat flux

To investigate why the wind wake signatures are only observed
around OWF E, we calculated the theoretical maximum vertical
seawater velocity (V) and the corresponding vertical heat flux (Fy),
following Brostrom’s methodology (2008). This approach disregards

Frontiers in Marine Science

all processes with short time scales (¢ < 1/f), such as internal gravity
waves and geostrophic adjustment process, as well as temporal
changes in wind forcing. Thus, V is roughly given by:

>< ﬂ
pfL

where F(a?) is a function of a?, the exact form of which is

V = F(d)

provided by the numerical solution from Brostrom (2008). Here, a =
\/g'ho/fL, with AT representing the wind stress deficit (20% in this
study) within the wakes, ¢’ = gA p/p is the reduced gravity, Ap is
the density difference between the upper and lower ocean layers, f is
the Coriolis parameter, and L is the length scale of OWFs (10 km in
this study), perpendicular to the wind direction. Climatological mean
wind stress from ERA5 (https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-single-levels) and marine stratification
conditions from WOA 2023 (https://www.ncei.noaa.gov/products/
world-ocean-atlas) were used to estimate V and Fy for each OWF
during boreal summer. Fy; is expressed by:

Fy=V xXAT

where AT represents the vertical gradience of seawater
temperature within thermoclines.

Theoretical estimations, as seen in Table 2, indicate that, jointly
regulated by V and AT, the Fy values for OWF D, E, and F are
obviously higher than those for other OWFs. This suggests that,
according to geophysical fluid dynamic theory, wind wake

frontiersin.org
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FIGURE 7

Year

Temporal Evolution of SST Anomalies (°C, A-F) within the Wake Regions of the Six OWFs. The red dashed lines indicate the operations of all OWFs.

signatures of SST and SSCHL are expected to be prominent in the
leeward regions of OWFs D to F.

3.2.2 Stability of wind directions

The stability of wind directions may significantly influence the
maintenance of OWF-induced wind wake signatures in SST and
SSCHL. Fluctuating wind directions can lead to an unsteady vertical
marine response, making it difficult to sustain noticeable SST and
SSCHL anomalies beneath the variable wind wakes.

To assess the impact of wind stability, we analyzed the
occurrence probability of wind vectors at all six OWFs (Figure 5),
using hourly wind data from ERA5 during the study periods of each
OWF. The analysis revealed that wind vectors at OWF E
(Figure 5E) are densely arranged in the northwestern quadrant,
indicating a predominance of southeast winds. More importantly,
the high maximum occurrence probability (>2%) and compactness
of wind vectors concentrated in the northwestern quadrant at OWF

Frontiers in Marine Science

E imply greater temporal stability, with steady southeast winds,
compared to the other OWFs. In contrast, the dispersed occurrence
probabilities of wind vectors at OWFs A to D suggest variable wind
forces, which are less conducive to the development of wind wake
signatures on the sea surface downwind of these OWFs.

3.2.3 Length scales of wind wakes

Short-length wind wakes are less effective in stimulating upwelling
or downwelling beneath the wakes due to the inapplicability of Ekman
transport theory in non-geostrophic movements, such as those induced
by wind shear with short length scales. The roughness of air-sea
boundary layer affects the length scales of wind wakes leeward of
OWFs. At OWF F, the presence of an island to the north may increase
air-sea interface roughness in the leeward area, thereby shortening the
wind wake length scale. Moreover, the compact arrangement of wind
turbines within OWF F likely reduces the extent of wind wakes,
rendering wind wake signatures undetectable in its vicinity.
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all OWFs.

4 Discussions

4.1 Temporal evolutions of SST and SSCHL
anomalies within the wake regions

To depict temporal evolutions of SST and SSCHL anomalies
(SSTA and SSCHLA) within the six wake regions (the rectangles
with black dashed lines as edges in Figure 6), we calculated the
annual SSTA and SSCHLA averaged within the rectangles
(Figures 7, 8). Consistent with the horizontal distributions of
SSTA and SSCHLA, only the SSTA (Figure 7E) and SSCHLA
(Figure 8E) around OWEF E synchronously exhibit a decrease and
increase, respectively, after the operation of the OWF, as indicated
by the red dashed lines in the figures. On one hand, this result
further suggests the existence of wake upwelling-driven signatures
around OWF E. On the other hand, after OWF E began operations,

Frontiers in Marine Science

the synchronous trends of SSTA and SSCHLA are significant
compared with the associated inter-annual variations, indicating
that these phenomena differ markedly from natural temporal
fluctuations. Additionally, we focused exclusively on SSTA and
SSCHLA during boreal summers (June, July, and August), ensuring
that seasonality does not impact the detected signatures.

4.2 Other effects on wind wake signatures

This paper focused on the upwelling effect on the formation of
wind wake signatures due to several key reasons. Firstly, the
upwelling effect is closely connected to marine dynamics and
ecological responses. The simultaneous occurrence of sea surface
cooling and marine fertilization underscores the profound impacts
of upwelling. This result highlights the potential influences of OWF

frontiersin.org
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on the adjacent marine systems. Therefore, the design and planning
layout of OWFs should consider the upwelling driven by wind
wakes and balance their potential benefits and risks.

Secondly, the upwelling governed signatures generally exhibit
larger magnitudes compared to other effects. For example, air-sea
heat flux changes induced by wind wakes also play a role in
regulating SST. However, according to Golbazi et al. (2022), the
average cooling is -0.06 K, which is much less than the observed SST
cooling around OWF E. More importantly, the air-sea heat flux
effect only works on marine dynamic, and has negligible ecological
influences. Thus, the importance of this effect is less significant than
that of upwelling-regulated wind wake signatures on the sea surface.

Thirdly, the signatures controlled by wake-induced upwelling
typically cover larger spatial scales than those driven by marine
mixing variations. The mixing fluctuations are caused by offshore
wind infrastructures. Enhanced mixing is anticipated due to
horizontal shear generated by the flow past the infrastructure.
The mixing variations are complex, and currently, research on
high Reynolds number stratified flow past vertical structures is
limited (Dorrell et al., 2022). For relatively low Reynolds number
flows, laboratory experiments and fully resolved numerical
simulations reveal that an offshore turbine may produce a
downstream wake with a length scale of 10*°~10%> m. This scale is
much less than that of the upwelling-regulated signatures and is
indiscernible based on the MODIS product, which has a horizontal
resolution of 1 km.

Lastly, topographic and advection effects play a less important
role in regulating wind wake-induced upwelling. Although water
depth and background currents influence the paths and intensities
of coastal upwellings (Hu and Wang, 2016), these effects mainly
impact basin scale or regional scale (>10° km) upwellings. In the
context of this paper, the upwellings are induced by wind wakes
with scales on the order of 10? km. As shown in Figure 6, the water
depth around all OWFs exhibit minimal horizontal variations
within this length scale. Moreover, numerical simulations
conducted by Liu et al. (2023) reveal that the maximum velocity
of the upwellings induced by wind wakes is in agreement with the
theoretical estimations used in this paper, even in very shallow
regions. These regions have an original distance between the bottom
of mixed layers and the seabed of less than 10 m. Therefore, we
believe that the theoretical V and Fy listed in Table 2 adequately
explain the formation of wind wake signatures on the sea surface.

5 Conclusions

Significant SST reductions and SSCHL elevations were observed
adjacent to the Xiangshui OWF, Jiangsu Province, China
(Figures 3E, 4E). These wind wake signatures are agreement with
geophysical fluid dynamic theory and demonstrate the capability of
MODIS data to detect the impacts of OWF-induced wind wakes on
the sea surface leeward of OWFs.

Satellite observations have not detected coherent SST or SSCHL
structures on the sea surface in the leeward regions of the other
target OWFs. Firstly, the absence of wind wake signatures form
OWEF A, B, and C might be attributed to the combined regulation of
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inactive triggered upwelling and weak vertical seawater temperature
gradients. Secondly, the constantly changing wind directions at
OWF A to D may hinder the formation of significant seawater
property anomalies necessary for wind wake signatures around
these OWFs. Lastly, land obstructions in the leeward of OWF F
potentially disrupt the impacts of wind wakes on sea surface.

This paper used data from ERA5 and WOA 2023 to estimate
the contributions from upwellings to the signatures on the sea
surface. Although the theoretical results have been validated by fine-
scale numerical simulations (Liu et al., 2023; Brostrom, 2008), the
estimation lacks detailed features of the signatures due to the coarse
resolutions of the two gridded datasets and climatological nature of
WOA 2023. Comprehensive in-situ surveys, including radar
meteorological observations, high-sampling-rate marine
measurements (such as those conducted by towed vehicles or
gliders), and marine ecological records, are needed to be
coordinated and deployed at certain typical OWFs.

In summary, multiple environmental factors potentially
influence OWF-induced wind wake signatures. A comprehensive
global investigation of these signatures and their associated
environmental effects is essential, necessitating a combination of
satellite data and in-situ observations.
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