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• Suspended particulate matter (SPM) is ex-
pected to increase in wind farm areas.

• A BACI design was performed to assess
changes in SPM around wind farms.

• Scatterplots were used to identify vari-
ables influencing SPM aroundwind farms.

• SPM reduced in impact and control sites
and season shaped environmental vari-
ables.

• SPM is biased by sampling under clear-sky
and optimum meteorological conditions.
A R T I C L E I N F O
Editor: José Virgílio Cruz
1. Introduction

Wind energy, as an alternative to fossil fuels, has been considered one of
the foremost significant greenhouse gas (GHG) emission reduction mea-
sures across the globe since the late 1970s (Swart et al., 2009; Wiser
et al., 2011). It has the potential to reduce GHG emissions by over 0.2 Gt
CO2/year (GWE C, 2010); therefore, it is essential to achieving goals to
limit global warming (IPCC, 2022; UNFCCC, 2015). Alongside their poten-
tial benefits for the marine ecosystem (e.g., functioning as artificial reefs,
hence resulting in increased species diversity, e.g. of benthic assemblages
(Backer et al., 2014; Boehlert and Gill, 2010; Kerckhof et al., 2011; Svane
and Petersen, 2001)), offshore wind farms (OWFs) are known to produce
potential impacts on a variety of ecosystem components of aquatic habitats
(Degraer et al., 2013), such as alteration of the local biodiversity balance
(Airoldi and Bulleri, 2011; De Mesel et al., 2015; Lloret et al., 2022)
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including changes to local primary production through facilitation of sus-
pension feeders (Lloret et al., 2022; Mavraki et al., 2020; Slavik et al.,
2019).

Some concern has been raised about the impacts of OWFs on the natural
environment (Maar et al., 2009), notably on water quality. Suspended par-
ticulate matter (SPM) is an important indicator of water quality in turbid
coastal areas (Liu et al., 2017). SPM includes all organic and inorganic
suspended particles present in the water (Waters, 1995). SPM is crucial in
describing water quality because it controls light penetration into the
water column (hence affecting the growth conditions for marine phyto-
plankton), and also influences the adsorption/desorption of nutrients that
facilitate eutrophication (He et al., 2017).

The impacts of OWFs on the water quality of the North Sea could be di-
verse (Clark et al., 2014; WWF-Norway, 2014) and are not yet fully under-
stood. Some authors note that the impacts vary locally and per type of
turbine (Degraer et al., 2013), while others suggest that impacts of OWFs
on sediment plumes may take effects beyond local scales (Ivanov et al.,
2021). Most reported impacts due to wind farms on the coastal shelf are
changes to hydrodynamics and increased sediments in suspension around
cember 2022
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wind farm foundations (Ivanov et al., 2021). Recent studies have found that
besides meteorological forcing and hydrodynamic conditions, seabed
sediment composition is a key variable explaining SPM concentrations
(Ivanov et al., 2021). In shallow areas (e.g., near the mouth of the Thames)
with amuddy bed composition, increased sediment resuspensionmay result
in large sediment plumes, as reported in Vanhellemont and Ruddick (2014).
Sediment plumes around foundations, seen in shallow-water and high-
current velocity systems, are not expected in deeper areas where hydrody-
namics are less impacted by tidal forcing (Baeye and Fettweis, 2015;
Degraer et al., 2013), as weaker bottom currents in such deeper waters
reduce the potential scour and the time sediments remain suspended within
the water column. In such conditions, sediment resuspension near founda-
tions would not be measurable above existing natural/baseline conditions
(Degraer et al., 2013). However, in addition to tidal currents, several other
factors may influence the length of wakes, such as wave conditions, particle
settling velocity, and artificial seafloor modifications (Vanhellemont and
Ruddick, 2014).

Thus, SPM concentrations and their spatial, seasonal, and multi-annual
fluctuations, combined with information on their hydrodynamic and cli-
matic drivers and environmental conditions (such as water depth and sea-
bed sediment composition), should be considered to understand the
impacts of OWFs on the water quality of coastal shelf seas. Overall, the op-
portunity to determine SPM from satellite remote sensing data is attractive
in these studies because satellite images provide a spatiotemporal synoptic
view (Duan et al., 2019; Palmer et al., 2015), even though satellite data can
only detect SPM in the near-surface layers of the water column. Moreover,
light intensity and hence effects of SPM on primary production are highest
in surface waters.

This study assessed the spatial and temporal patterns of SPM concentra-
tions in OWF areas located in the Dutch part of the North Sea from satellite
remote sensing. A Before-After Control-Impact (BACI) analysis was per-
formed to investigate the impacts of the construction of the wind farms.
BACI designs and analysis are effective at capturing changes over time (B:
Before, A: After) and space (C: Control, I: Impact) because they test the hy-
pothesis of the occurrence of a potential impact (Fisher et al., 2019). The
environmental factors influencing SPM concentrations were analyzed
using scatterplots and correlations. Scatterplots are suitable for revealing
nonlinear relationships, which is expected when using dataset with com-
plex structures such as environmental data sets (Sainani, 2016). Further-
more, scatterplots can reveal the presence of outliers, display trends and
correlations between two variables, etc. (Keim et al., 2010; Mayorga and
Gleicher, 2013).

Accordingly, themain goal of this studywas to investigatewhether SPM
concentrations changed after wind farm construction, and to identify the
environmental variables impacting SPM in the wind farm areas. The main
hypothesis was that the placement of wind farms in offshore areas changes
SPM concentrations in the surface waters, and that these concentrations are
higher in the post-construction period.

2. Material and methods

2.1. Study area description

The study area is in the Dutch part of the North Sea (DPNS), which is
part of a relatively shallow shelf sea (up to 50 m) that allows for strong in-
teractions between physical and chemical processes in the water column
Table 1
Operational wind farms in the Dutch part of the North Sea considered in this study.

Wind farm Coordinates Capacity (MW) Average water d

Luchterduinen 52.4° N 4.2° E 129 15.90
Princess Amalia 52.6° N 4.2° E 120 21.67
Egmond aan Zee 52.6° N 4.4° E 108 26.13
Gemini I 54.0° N 6.0° E 600 34.26
Gemini II 54.0° N 5.9° E 33.36
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(Noordzeeloket, 2012). The DPNS is also characterized by a river plume ex-
tending along the entire coast, containing suspended material (clay) re-
sponsible for the turbidity in this area (Rijnsburger et al., 2018). The
North Sea is a site of ecological importance due to diverse marine life in-
cluding commercial fish stocks, and the presence of large mudflats (such
as those found in the Wadden Sea) supporting, e.g., a variety of migratory
bird species (Álvarez et al., 2019; ICES, 2018; Kinne, 1995). The North
Sea also has multiple uses such as shipping, oil and gas extraction, sand
mining, fisheries, recreation, and wind farms (Capuzzo et al., 2018).
These multiple uses provide economic growth to the densely populated
countries surrounding the North Sea. The North Sea is an essential source
of energy supply, and in times of climate change, this area has been increas-
ingly targeted for future investments in offshore wind energy. In fact, wind
farms in the North Sea represent 71 % of total European offshore wind en-
ergy production and the Netherlands recently contributed approximately
1120 MW to the rapidly expanding European wind energy generation ca-
pacity (De Castro et al., 2019).

While efforts are beingmade to understand the impacts of existingwind
farms in offshore areas, many new wind farms are still being planned.

The wind farms built and in operation in the DPSN are Egmond aan Zee
(EAZ-OWF), Princess Amalia (PA-OWF), Luchterduinen (L-OWF), Gemini
(G-OWF) (Table 1) and Borssele. The highest offshore wind capacity is
installed for the Borssele wind farm (1400 MW), followed by the Gemini
wind farm (600 MW, see Table 1). The wind farms are located relatively
close to the coast (21 km) except for the Geminiwind farm, which is located
85 km from the coast (Fig. 1). Although the Borssele wind farm, completed
in 2019, is one of the largest Dutch OWFs, we are not considering it in this
study, due to limited availability of cloud-free satellite images and model
data of environmental variables covering the period of six years after its
construction. Besides, sediment plumes originating from the Belwind
wind farm, 0.5 km away in the Belgium Exclusive Economic Zone (EEZ),
may influence the Borssele wind farm site, which would complicate the
analysis.

The sediments in the DPNS are mainly composed of fine to medium
sands with silt and, in some locations, mud additions (van der Spek et al.,
2022). The sediment type varies per wind farm location, but there is a pre-
dominance of fine sand at Princess Amalia, Egmond aan Zee, and
Luchterduinen, and coarse, medium and fine sand and mud at the Gemini
wind farm (Ivanov et al., 2021).

2.2. Sample design

A sampling design was created to evaluate the impact of OWFs on
suspended matter concentrations (Fig. 1), based on a Before-After
Control-Impact (BACI) analysis and following the functionality of the
‘epower’ R package (Fisher et al., 2019). The criteria to determine control
sites were that these should be located i) at similar depth and distance
from the coast, and ii) relatively far from the impact sites (here, the opera-
tional wind farm) to ensure unmodified environmental conditions in space
and time, so the controls can be considered independentlymonitored areas.
In this investigation, the control sites were designed with the same shape
and area as the nearby OWFs. Furthermore, impact and control sites were
separated by a distance of approximately 15 km, which is the maximum
length of reported SPM plumes (Przyborska et al., 2020). Depending on
data availability, periods of approximately 6 years before and after con-
struction of the wind farms were considered for each area.
epth (m) Construction year Period (Before) Period (After)

2015 2004–2013 2014–2020
2008 2000–2006 2008–2014
2007 2000–2006 2009–2016
2015 2006–2014 2015–2019



Fig. 1. Study sites including impact (in orange color) and controls (in blue color) and depth (in gray colors). Plot A shows the location of thewind farms in the North Sea. Plot
B shows the Gemini wind farm (G-OWF). Plot C shows Princess Amalia (P-OWF) (on the left), Egmond aan Zee (EAZ-OWF) (on the right) and Luchterduinen (L-OWF) (lower
center) wind farms.
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2.3. Variable selection and data sources

2.3.1. Retrieval of SPM from satellite data
In this study, satellite data from the Thematic Mapper onboard of

Landsat-5 (L5-TM), Landsat-7 (L7-ETM (Enhanced Thematic Mapper),
and Landsat-8 (L8-OLI (Operational Land Imagery))were acquired between
2000 and 2019 (Table 1). All three sensors have 30 m spatial resolution for
the retrieval of SPM in the red channel (655 nm and 660 nm). Free
orthorectified and terrain corrected Level 1 T imagery was obtained from
the United States Geological Survey (USGS — https://earthexplorer.usgs.
gov/). Collection 1 data from both Tiers 1 and 2 was used. Tier 1 includes
the best quality scenes, including precision terrain correction and accurate
georegistration (<12 m root mean square error). Tier 2 contains the other
scenes that do not meet Tier 1 criteria because of cloud cover and lack of
ground control points. Since offshore scenes often fall into Tier 2, both cat-
egories were used here.

Imagery atmospheric correction (AC) was processed with ACOLITE
which is a free tool of the Royal Belgium Institute of Natural Science
(RBINS) and it was developed in python 3 (Vanhellemont, 2019;
Vanhellemont and Ruddick, 2018). In ACOLITE's settings we used an AC
based on the “dark spectrum fitting” (DSF) technique developed by
Vanhellemont and Ruddick, 2018 which estimates the best fitting aerosol
model. The DSF was applied to individual tiles. Data were removed
where water-leaving radiance ρw < 0 in any band, and where the water-
leaving radiance in the SWIR (Short-Wave InfraRed) ρw, λ=1.6μm > 0.01
3

(λ = band wavelength), as water-leaving radiance for this wavelength is
expected to be negligible (Wang, 2007). Hence, contributions to the signal
in the SWIR that could be attributed to atmospheric scattering, glint on the
water surface, haze and clouds were flagged as non-data (Vanhellemont
and Ruddick (2018).

The atmospheric correction of satellite data is very important when
studying aquatic ecosystems because a large part of the detected signal by
the sensor is also a contribution from the medium between the studied
target and the atmosphere. Thus to properly retrieve any water quality
variable, the atmospheric correction is a critical step in data processing of
satellite images (Kutser et al., 2005; Perkins et al., 2012).

For the OWFs of the Dutch part of the North Sea, SPM concentration
products were created by applying the approach of (Nechad et al.,
2010b), calibrated for the North Sea (Table 2), to the tiles obtained from
USGS Earth Explorer, and after atmospheric correction using ACOLITE,
using

SPM ¼ Aρ ∙ρw
1 � ρw

Cρ
, (1)

where Aρ and Cρ are band-specific calibration coefficients. These coeffi-
cients were calibrated for turbid waters by (Nechad et al., 2010a)
(Table 2) and they are suitable for most ocean color sensors and sensors
with the red channels as those found in the TM, ETM and OLI series
(Vanhellemont, 2019).

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/


Table 2
Sensor bands and their corresponding Aρ and Cρ coefficients from (Nechad et al.,
2010b)) used to compute SPM from satellite imagery.

Satellite/sensor Bands
(λ nm)

Spatial
resolution (m)

Coefficients

Landsat-5 (TM); Landsat-7 (ETM) 660 30 Aρ = 327.84; Cρ = 17.08
Landsat-8 (OLI) 655 30 Aρ = 289.29; Cρ = 16.86
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Suspended matter concentrations were derived from satellite remote
sensing data for the entire studied period. Compositemaps of SPM, showing
before and after conditions (Table 1), were created using the geometric
mean as it is less sensitive to very high concentrations than other measures
of central tendency (Eleveld et al., 2008).

Turbine footprints were masked out by a buffer of 5 x 5 bounding box
size (where 1 pixel equals 30 × 30 m) to avoid reflectance signals from
the monopiles and their rotor blades from affecting SPM concentrations.
Then SPM log10 transformedmean values of each study sitewere calculated
from each satellite scene (hereafter snapshots). Results of this procedure
were used as input for the BACI analysis and for the boxplots. The analysis
was also carried out using different bounding box sizes (5 x 5, 9 x 9, and 13
x 13 pixels) to explore the sensitivity of the results to the box size. These box
sizesmay show SPM changes due to local hydrodynamics (e.g., wind speed,
currents).

2.3.2. Deriving environmental variables from models
Hydrodynamic variables, including current velocity (m s−1), tempera-

ture (°C) and salinity at the water surface layer, were derived from a
model run of the same period as the satellite imagery with the north-west
European continental shelf setup of the General Estuarine Transport
Model (GETM) (Van der Molen et al., 2021), at a spatial resolution of
approximately 5 × 5 km. GETM is an open-source model available from
www.getm.eu and is described in detail in Burchard and Bolding (2002).
Note that this model does not include the effects of wind farms. Wind
speed (m s−1) at 10 m height was selected as meteorological variable,
and was obtained from the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA-5 reanalysis, and interpolated to the same grid.
The environmental variables were selected based on their well-
documented influence on SPM concentrations in the North Sea (Baeye
and Fettweis, 2015; Dobrynin et al., 2010; Eleveld et al., 2008; Forster,
2018; Pleskachevsky et al., 2005; Vanhellemont and Ruddick, 2014). All
analyses of satellite remote sensing data and extraction of environmental
variables from the GETM model were handled in the python program lan-
guage using the following libraries: NumPy (Harris et al., 2020), datetime
(Python, 2022), pandas (McKinney, 2010), and netCDF4 (Unidata, 2022).
Environmental variables and satellite data were extracted for the before
and after periods as shown in Table 1.

2.4. Statistical analysis

2.4.1. Exploratory data analysis: SPM concentrations at each site
Satellite-derived SPM concentrations were investigated and compared

among the sites using box plots and visual examination of spatiotemporal
composites (i.e., composites of themedian SPM concentration of the before
and after periods). AWilcoxon signed-rank test (McDonald, 2009)was used
to determine whether the set of SPM data differed before and after the con-
struction of the wind farms, applying a 5 % significance level.

2.4.2. BACI analyses: testing for the effects of wind farms on SPM
A Before-After Control-Impact (BACI) (Underwood, 1992) design was

applied to address whether the means of suspended matter concentrations
differed between the periods before and after the construction of each set
of wind farms. We used the epower package implemented in the R statisti-
cal language (Fisher et al., 2019), in RStudio (version 1.1.456). Epower
consists of a power analysis using BACI contexts using a nested Laplace
approximation-based approach for accurate numerical approximations to
4

the posterior distributions of the parameters (Meekan et al., 2021; Myer
and Johnston, 2019). Furthermore, epower provides an assessment of an
impact by comparing two fitted Bayesian generalized linear mixed models
(one with (BA ∗ CI) and one without (BA+ CI) the BACI interaction term),
with evaluation of the strength of the BACI interaction effect based on the
posterior model probability of one model compared with the other
(Meekan et al., 2021). Thus, a probability ratio of >0.5 provides more sup-
port for the BACI interaction model over a model with only the two non-
interacting fixed effects (Fisher et al., 2019). All models of each set of
OWF (Fig. 1) were fitted using default integrated nested Laplace approxi-
mation (INLA) priors and probability integration transform (PIT) plots
used to assess each model. The BACI model selection was based on two
criteria. First, a visual interpretation of the PIT plots was performed; the
criterion is that these plots should resemble a uniform distribution given
a 95% confidence interval, if otherwise, the selectedmodel is not appropri-
ate for the data (Fisher et al., 2019). Second, the best model is chosen based
onDeviance Information Criterion (DIC) andWatanabe-AIC (WAIC) Akaike
Information Criterion. TheWAIC and DIC are both information criteria, for
which holds that the better models have the lowest WAIC and DIC (Evans,
2019; Spiegelhalter et al., 2002). BACI was performed for four offshore
wind farm groups as shown in Fig. 1: Luchterduinen (L-OWF, L-C1, L-C2),
Princess Amalia (PA-OWF, PA-C1, PA-C2), Egmond aan Zee (EAZ-OWF,
EAZ-C1, EAZ-C2) and Gemini (G-OWF, G-C1,G-C2). The response variable
was SPM (log10) concentration, and explanatory variables consisted of a
time factor (BvA: before/after construction) and an area factor (CvI: con-
trol/impact site). Further, only days in which at least one control and im-
pact site could be seen on the same satellite scene and under clear sky
conditions were selected to avoid day-to-day variations in SPM concentra-
tion across sites.

Further model assessments consisted of determining the proportion of
variance in SPM explained by the fixed effects of period (before-after)
and treatment (control-impact), and their interaction effect (the BACI ef-
fect: [controlafter − controlbefore] − [impactafter − impactbefore]). We used
the site-level (study site) as random to account for overdispersion. The sig-
nificance of the BACI effect was performed using a parametric bootstrap
method available in the RStudio pbkrtest package (Halekoh and
Højsgaard, 2014).

2.4.3. Exploratory analysis: environmental conditions at each site
Environmental variables were compared between individual sets of

wind farms. A Wilcoxon signed-rank test was used to determine whether
the satellite data sets used in this studywere selected under similar environ-
mental conditions in the data set before and after construction of the OWF,
respectively. A 5 % significance level was applied.

2.4.4. Correlation analysis: environmental variables correlated with SPM
Scatterplots and Spearman correlations were used to identify key

variables correlated with suspended matter at the different sites. In
total, five environmental variables were selected: salinity, temperature,
wind speed, and current velocity. Data were arranged by season:
summer (21/06–21/09), autumn (22/09–21/12), winter (22/12–21/
03), and spring (22/03–22/06). The visual inspection was performed
in python using seaborn (Waskom, 2021) and matplotlib (Hunter,
2007) libraries. A 5 % significance level was applied for the Spearman
correlations. Significant correlations were considered poor when r ≤
0.3 (Akoglu, 2018).

3. Results

3.1. SPM concentrations for each site

The Luchterduinen (L-OWF, L-C1, L-C2), Princess Amalia (PA-OWF, PA-
C1, PA-C2), Egmond aan Zee (EAZ-OWF, EAZ-C1, EAZ-C2), Gemini (G-
OWF, G-C1, G-C2) had mean SPM concentrations of 0.82 ± 0.22 g m−3,
0.83 ± 0.20 g m−3, 0.82 ± 0.25 g m−3 and 0.68 ± 0.26 g m−3 respec-
tively considering the entire studied period (2000–2019) (Fig. S.1). The

http://www.getm.eu
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greatest SPM variability was observed for the Gemini group with a coeffi-
cient of variation equal to 35.71 %. Note that no snapshots were available
in autumn for the Gemini wind farm set.
Fig. 2. Boxplots showing SPM concentration across offshore wind farm and their respec
cross signs (+) are the median values. Further information about these results is also gi

5

The results of the Wilcoxon test showed that SPM for all windfarms and
control areas had significantly different median values in the period before
versus after construction of the OWFs (medianbefore = 0.87 g m−3;
tive control areas, respectively before and after construction of the wind farms. The
ven in the Supplementary Tables S.1 and S.2.
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medianafter=0.72 gm−3), with p-values< 0.0001.When individual sets of
wind farms (OWF + control sites) were graphically compared, we could
observe that SPM concentrations did not vary substantially among them,
though slightly maximum values of SPMwere observed in the after period,
for instance, at the EAZ-C2 and EAZ-OWF. The range of the whisker length
for the boxplots in Fig. 2 represents the maximum values of SPM.

The composites of SPM across impact and control sites show visual
changes for the Luchterduinen, Princess Amalia, and Egmond aan Zee
wind farms with slightly lower concentrations (bluer colors) after the con-
struction of these wind farms, except for the EAZ-C2. SPM concentrations
across Gemini wind farm and controls (in the lower panel) show minor
spatio-temporal variations (Fig. 3).
Fig. 3. Temporal composites of suspended particulate matter before and after the constru
are highlighted in blue color and impact sites in orange color. Squared black patches ins
black patches without shape are clouds and cloud shadows removed by the atmospheri

6

The analysis of turbine footprint considering a buffer of different
bounding box sizes (5 × 5, 9 × 9, 13 × 13) to avoid strong reflectance
signals from their monopiles revealed no significant differences (χ2 =
0.52, p-value = 0.78) in the median values of SPM.

3.2. BACI analyses: the effects of wind farms on SPM

The BACI analysis statistically tests the difference in SPM level be-
fore and after in each set of wind farm (OWF+ control sites). Wilcoxon
test results showed that SPM concentrations were significantly different
when comparing before (median value of the SPM = 0.87 g m−3) and
after periods (median = 0.69 g m3) with p-value < 0.0001, while
ction of the Dutch offshore wind farms (const_yr= construction year). Control sites
ide of the wind farms are masked out monopile footprint (5 × 5 window size) and
c correction.



Fig. 4.Modelling results of the BACI analysis showing SPM mean estimates (±SD) for each set of offshore wind farm located in the Dutch part of the North Sea.
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no significant differences were observed when comparing control
(median = 0.79 g m−3) and impact sites (median = 0.76 g m−3) with
p-value = 0.46.

The stronger decrease in SPM for before period as compared to after pe-
riod, for impact and control sites was not large enough for the BACI analysis
(Fig. 4) to detect it as a significant change considering a CI of 95 % (Appen-
dices Tables A.1 to A.4). At Luchterduinen, the estimated mean SPM values
in the impact site dropped from 0.968 to 0.756, while in the control sites, it
dropped from 0.970 to 0.753; the BACI effect estimated was −0.005 ±
0.076. At Princess Amalia, the estimated mean SPM values in the impact
site dropped from 0.891 to 0.833, while in the control sites, it dropped
from 0.894 to 0.843; the BACI effect estimated was 0.007 ± 0.094. At
Egmond aan Zee, the estimated mean SPM values in the impact site
dropped from 0.907 to 0.871, while in the control sites, it dropped from
0.893 to 0.849; the BACI effect was −0.008 ± 0.079. At Gemini, the esti-
mated mean SPM values in the impact site dropped from 0.808 to 0.763,
while in the control sites, it dropped from 0.800 to 0.759; the BACI effect
was 0.004 ± 0.086. The BACI effect [controlafter − controlbefore] −
Table 3
Mean, standard deviation (±SD), and coefficient of variation (CV%) of the environment
the satellite data for the entire studied period (2000–2019) of OWFs and control sites. M

Site Current velocity (m s−1) CV Salinity CV

L-OWF 0.46 ± 0.20 43.48 29.97 ± 1.24 4.
L-C1 0.51 ± 0.22 43.14 29.28 ± 1.76 6.
L-C2 0.47 ± 0.19 40.43 30.26 ± 1.09 3.
PA-OWF 0.51 ± 0.20 39.22 30.60 ± 1.26 4.
PA-C1 0.51 ± 0.21 41.18 30.28 ± 1.39 4.
PA-C2 0.52 ± 0.20 38.46 31.03 ± 1.29 4.
EAZ-OWF 0.44 ± 0.18 40.91 29.30 ± 1.01 3.
EAZ-C1 0.45 ± 0.18 40.00 29.21 ± 1.05 3.
EAZ-C2 0.45 ± 0.19 42.22 30.31 ± 1.08 3.
G-OWF 0.31 ± 0.16 51.61 33.68 ± 0.62 1.
G-C1 0.32 ± 0.15 48.39 33.94 ± 0.72 2.
G-C2 0.32 ± 0.17 53.13 33.22 ± 0.59 1.
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[impactafter − impactbefore] estimated for all study sites did not detect sig-
nificant changes in SPM concentrations.

3.3. Environmental variables for each site

The sites differed in environmental conditions (Table 3). Highest cur-
rent velocities were found at the Amalia wind farm PA-OWF, while lowest
values were identified at Gemini-OWF and control sites G-C1 and G-C2.
Highest wind speeds were observed for G-C1, with mean values of 5.92 m
s−1, and lowest values for Luchterduinen control site L-C2, with mean
values of 4.41 m s−1. When pairwise compared, significant differences in
the median values of wind speed were observed for impact sites PA-OWF
and L-OWF (p-value = 0.004); G-OWF and L-OWF (p-value < 0.001) and
EAZ-OWF and G-OWF (p-value = 0.04). Note that the differences in envi-
ronmental conditions between sites do not reflect the presence of wind
farms, as this is not taken into account in the model.

Temperature (medianbefore = 16.74 °C; medianafter = 9.92 °C) and sa-
linity (medianbefore = 30.12; medianafter = 31.11) were significantly
al variables influencing SPM concentration averaged over snapshots coinciding with
ore information can be found on the Supplementary Tables S.1 and S.2.

Temperature (°C) CV Wind speed (m s−1) CV

14 12.46 ± 5.63 45.18 4.36 ± 1.84 42.20
01 12.67 ± 5.59 44.86 4.36 ± 1.77 40.60
60 12.46 ± 5.64 45.26 4.41 ± 1.86 42.18
12 13.06 ± 5.43 41.58 5.37 ± 2.25 41.90
59 12.94 ± 5.41 41.81 5.30 ± 2.23 42.03
16 12.89 ± 5.39 41.82 5.39 ± 2.32 43.04
45 13.32 ± 5.83 43.77 4.71 ± 1.85 39.28
59 13.32 ± 5.81 43.62 4.59 ± 1.82 36.65
56 13.27 ± 5.78 43.56 4.87 ± 1.90 39.01
84 11.94 ± 5.47 45.81 5.81 ± 2.71 46.64
12 12.14 ± 5.40 44.48 5.92 ± 2.65 44.76
78 11.76 ± 5.52 46.94 5.70 ± 2.77 48.60
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different in the data set before versus after construction, with p-values <
0.0001. As the wind farms are not considered in the modelled environmen-
tal variables (such as temperature and salinity), this suggests that the data
before and after are acquired under different environmental forcing.

3.4. Environmental variables correlated with SPM

Visual inspection identified significant, but poor correlations between
satellite-derived SPM and co-occurring environmental variables— current
velocity, wind speed, temperature, and salinity (Fig. 5). Our results showed
a strong seasonal effect of the environmental variables on SPM concentra-
tions at all sites with coincident satellite snapshots (Supplementary
Fig. S.1). In general, high SPM values were observed in autumn (median
= 1.01 g m−3) and winter (median = 0.82 g m−3), in accordance with
higherwind speed (autumn=6.17m s−1; winter=6.13m s−1) compared
to other seasons (Fig. 5). The highest positive and significant correlations of
SPM and wind speed were observed in spring at Gemini (rSpearman = 0.84,
p < 0.0001). In summer, SPM values were poorly correlated to the environ-
mental variables at the site scale. In autumn, only the Princess Amalia sites
showed correlation between SPM and more than one environmental vari-
able: at these sites, strong negative correlations were found between SPM
and current velocity (rSpearman = −0.73, p = 0.001) and temperature
(rSpearman = −0.58, p = 0.011) and positive correlations with salinity
(rSpearman = 0.70, p= 0.001). In winter months, moderate negative corre-
lations were observed between SPM and temperature at the Gemini
(rSpearman = −0.74, p = 0.001) and Princess Amalia (rSpearman = −0.67,
p = 0.001) sites; and between SPM and current velocity (rSpearman =
−0.54, p=0.02) and wind speed (rSpearman=−0.56, p=0.02) at the Eg-
mond aan Zee sites (Fig. 5). Further information on the seasonality for be-
fore and after periods is given in the Supplementary material (S.5 and S.6).

4. Discussions

In this study, we investigated the impacts of OWFs on the water quality
of coastal areas, and the variable suspended particulate matter was used to
assess the impact of these wind farms. Therefore, a BACI design was pro-
posed to evaluate changes between impacts and control sites in the pre-
and post-wind farm construction periods and a visual inspection of
scatterplots to investigate which combination of environmental variables
influences SPM concentrations within OWF areas.

The results of the BACI analysis revealed that a change occurred in SPM
concentrations considering the Before and After periods, and these changes
are visible on the composite satellite data. In that, statistical comparisons
revealed that our sets of satellite imagery have not been acquired under
similar environmental conditions, as temperature and salinity were signifi-
cantly different in the before and after periods, potentially explaining such
differences in SPM.

The geometricmeanwas used to create compositemaps of SPMbecause
it is less sensitive to extremely high concentrations than other measures of
central tendency; however, we noticed that this measure may have influ-
enced the findings in Fig. 3. Snapshots with extremely high SPM values
may have had an impact on the composite for the EAZ wind farm set
after-period. The use of geometric mean in satellite data reduction
(e.g., composites) has been reported to introduce bias when a small data
set is used or it tends to overestimate pixel values when the data is contam-
inated with speckles (Park et al., 2012).

Our BACI analyses did not reveal any significant differences in SPMcon-
centrations in response to wind farm construction. We therefore could not
confirm our main hypothesis that turbidity and SPM increased (e.g., due
to a change in hydrodynamics) around the wind farms. The BACI analysis
assumes that the selected model represents an adequate fit by looking at
the Probability Integral Transform (PIT) plots. These plots ought to adhere
to a typical uniform distribution (Fisher et al., 2019). The selection of the
PITsmay have added uncertainties to thefinal outputs. The lower SPM con-
centrations after construction of the OWF Princess Amalia as compared to
its controls were also not significant. We considered the effects of wind
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farms on SPM within a ca 6-year period. It is possible that effects on SPM
manifest themselves following construction (Degraer et al., 2013). For ex-
ample, a decrease in SPM can be caused by the establishment of an assem-
blage of filter feeders which have the capability to remove large amounts of
SPM from the water column (Krone et al., 2013). Ivanov et al. (2021) sug-
gest in a modelling study that SPM content is higher along the coast than in
the offshore zone – where the Dutch wind farms are located. Zijl et al.
(2021, in fig. 6.3) showed in a study encompassing modelled scenarios
with the presence of wind farms in the DPNS for 2020 and 2050, that in
the scenario for 2020 (where hydrodynamic changes and mussel growth
were considered), sea surface SPM concentrations decreased in most parts
of the Rhine ROFI area, where our study sites are located.

The visual inspection of scatterplots showed that season greatly contrib-
utes to SPM patterns in the studied area. SPM concentrations are known to
differ by season in the North Sea, with increased surface concentrations in
autumn and winter and lower values in spring and summer (Eleveld et al.,
2008; Pietrzak et al., 2011), and with winter months showing the highest
SPM concentrations associated with enhanced resuspension by wind
waves (e.g.,(Van der Molen et al., 2017)). In contrast, our study showed
the highest SPMvalues in autumn. As a result, the correlation between tem-
perature and SPM concentration is coincidental as both vary with season
but by different environmental drivers. Theremay be an occasional second-
ary contribution of temperature on SPM concentrations in the Rhine ROFI
area in summer when salinity-stratified surface waters receive additional
warming, creating a pycnocline that traps SPM in the bottom layer
(Pietrzak et al., 2011).

Overall, the scatterplots show a complex relationship between SPM and
environmental variables. For instance, it seems that higher median values
of wind speeds are responsible for higher SPM concentrations in spring
andwintermonths, while lowerwind speeds correlatewith lower SPMcon-
centrations in summermonths. High wind speeds are observed primarily in
storm conditions, which is most likely observed in the autumn for this re-
gion. We observed low SPM values in summer, associated with less storm
activity and low wind speeds. While peaks of SPM have usually been re-
ported in winter (Pietrzak et al., 2011), in this study, we found similar con-
centrations in both autumn and winter seasons, which could be related to
1) changes in environmental forcing or 2) due to low satellite data availabil-
ity for the winter season. We assume that using more frequent satellite ob-
servations such as those of Sentinel-2 or the use of commercial satellite
(e.g., Planet constellation) would greatly reduce uncertainties caused by
the lack of data availability. Unfortunately, the Sentinel-2 satellite was
launched after the installation of the wind farms used in this study, making
it difficult to use its observations.

Wind speed (which is expected to highly affect SPM concentration in
the ROFI region in winter months due to increased resuspension (Pietrzak
et al., 2011)), showed a moderate negative correlation with SPM at the Eg-
mond aan Zee OWF (rSpearman = −0.56, p = 0.02). However, in spring
months, positive and significant correlations were observed at the Gemini
OWF (rSpearman = 0.84, p < 0.0001). The Rhine ROFI is well-mixed after
stormy conditions and usually shows increased SPM concentrations right
after such events, as observed in a 20 years study on SPM concentrations
(Suijlen and Duin, 2002). However, it is worth mentioning that the SPM
concentrations derived from satellite sensors, in this study, mostly used
scenes acquired during calm weather conditions (wind speed = 4.91 ±
2.14 m s−1). Furthermore, our results suggest that SPM concentrations
are highly dynamic and dependent on season,meteorological and hydrody-
namic forcing in this study area, thus demanding the use of high temporal
and spatial resolution sensors to capture the complexity of the plumes, in-
cluding the settling lags of SPM.

Compared to what has been observed in other locations, such as the En-
glish coast (Vanhellemont and Ruddick, 2014), in our 20-year satellite data
of the Dutch OWFs, we could observe only a few scenes where SPM plumes
related to wind turbines were registered by the sensors used in this study at
very low overall SPM concentrations (Figs. S3 and S4). These differences
might be explained by differences in the bed composition and effects of
stratification between these two locations. The Dutch OWFs are in the



Fig. 5. Seasonal relationships between suspended particulate matter and co-occurring environmental variables at each site. No snapshots were available in autumn for the
Gemini-OWF and only significant correlations are shown (p ≤ 0.05).
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ROFI region, where fine sand is predominant and intermittent seasonal
stratification is observed; thus, it may be less likely that SPM plumes will
be frequently observed around these wind farms. It is possible that plumes
are also present in stratified conditions but confined to the bottom mixed
9

layer (and hence invisible by remote sensing). In contrast, the wind farms
located on the English coast have more influence on finer grained sedi-
ments (e.g., mud and silt) and considerable shear stress that may be causing
resuspension of the deposited material (Stanev et al., 2009). Further
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research, on a wide range of OWF's under different conditions, may employ
our methods to test whether wind farms placed in sandy beds and under
weak stratification are likely to cause less resuspension of the depositedma-
terial, henceminor visible SPM plumes. Such an extension of the current re-
search could helpwith the planning of wind farms in offshore areas to avoid
environmental impacts (e.g., SPM plumes).

5. Conclusions

A Before-After-Control-Impact designwas used to investigate the effects
of wind farms on the water quality of offshore areas, and an inspection of
scatterplots and correlations to establish relationships between SPM and
hydrodynamic and meteorological variables.

The spatio-temporal analysis using satellite imagery composites of be-
fore and after periods showed that SPM concentrations vary across wind
farm sets in both before and after periods of sampling collection. SPM is bi-
ased by sampling under clear-sky and lowwind conditions and SPMwas ac-
quired under different environmental conditions when comparing the data
set before and after wind farms construction.

The scatterplots revealed that the main environmental variables corre-
lating with SPM in the Dutch part of the North Sea are temperature and
wind speed, and that these correlations differ for each season. It should
be noted that the modelled meteorological and environmental variables
used did not include the presence of the wind farms and that no satellite
snapshots were available for the Gemini OWF in autumn.

The BACI analysis revealed changes in SPM concentrations when com-
paring a period of approximately 6 years before and after wind farm con-
struction, while no significant changes were observed when comparing
control and impact treatment. Furthermore, the BACI analysis thus did
not reveal any significant effect on SPM in response to the construction of
the wind farms.

The BACI analysis thus proved helpful for determining changes in
water quality (e.g., through SPM) due to OWFs and the visual inspection
of scatterplots for determining what set of environmental variables in-
fluenced SPM concentrations. The combination of these two approaches
provided crucial information that can support the water quality moni-
toring in impacted areas. In addition, satellite imagery was crucial in
providing SPM data at various spatio-temporal scales and that using
different bounding box sizes (5 × 5, 9 × 9 and 13 × 13 pixels of 30 ×
30 m) was not an important factor to explain SPM variation around wind
farms.
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