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Abstract

Offshore wind energy production is on the rise globally, projected to occupy significant areas in shallow shelf seas and moving into
deeper waters as floating turbine technology is becoming more mature. However, knowledge about the potential impact of wind farms
on the physical oceanography and lower trophic organisms is still severely limited. In this review, we assess the current state of knowl-
edge on the effects and impacts of offshore wind farms on regional and local hydrography and circulation, nutrient distribution, phyto-
plankton and primary production, and sediment load in the water column during the operational phase of the wind farms and identify
critical knowledge gaps. The body of literature on the topic has grown rapidly over the last years, but most studies focus on wind farms
in relatively shallow (<60 m water depth) and mainly unstratified or seasonally stratified shelf seas, predominantly on the northern
European shelf and around China. In situ observations are scarce, leading to heavy reliance on numerical models. As floating wind
farms have become operational only very recently, few studies focus directly on their specific impacts. There is general understanding
of local impacts on ocean physics, e.g. on turbulence, mixing and stratification due to flow past turbine foundations, or the potential
of wind wake impacts on surface currents, up- and downwelling. Consequences for phytoplankton and primary production are much
less clear and both physical and biogeochemical impacts on regional scales remain uncertain. There is a critical need for observational
data for validation and targeted impact studies. Particularly characteristics and temporal and spatial scales of circulation and hydro-
graphic changes and their effects and impacts on primary producers, vertical flux, and pelagic-benthic coupling are little understood
especially in stratified and deep shelf regions. Given the rapidly accelerating growth of the offshore wind farm industry and expansion
into deeper seas using floating technology, addressing these knowledge gaps is crucial for reliable environmental impact assessments

and sustainable development of this still relatively new energy sector.

Introduction

Offshore wind energy production plays a major role in the
shift from fossil fuels to greener, sustainable industries. The
first commercial offshore wind farm was commissioned off
the coast of Denmark in 1991 with a total installed capacity
of 5 MW. Development was slow until the early 2000s but
accelerated since 2009 to just over 68 GW installed capacity
by the end of 2023 (McCoy et al. 2024). The largest installed
capacity, highest number of offshore wind farms, and greatest
annual increase in capacity in 2023 (2.9 GW) was in China,
followed by the UK (new capacity 1.1 GW). Other major ac-
tors are Germany and Netherlands in terms of current capac-
ity, but other countries like Taiwan and Vietnam with 671 and
335 MW installed in 2023, respectively, are joining the mar-
ket.

Plans by the European Union and the UK aim for a total
capacity of 110 GW by 2030 (TCE 2022, European Com-
mission, Directorate-General for Energy 2023). The total ca-
pacity of the global offshore wind energy pipeline (i.e. includ-
ing all projects in planning, site control, permitting, financial
close, and operating) at the end of 2023 amounted to over 453
GW, of which 35.6 GW were under construction (McCoy et
al. 2024). Projects with floating installations amounted to just
over 104 GW, of which 14.2 GW are planned operational by
end of 2028. The world’s currently largest floating wind farm,
Hywind Tampen, consisting of 11 turbines with a total capac-

ity of 88 MW, has become operational in 2023 and supplies
electricity to the surrounding offshore oil and gas installations
in the Norwegian North Sea. Pilot project wind farms are in
place in UK waters (Hywind Scotland; Jacobsen and Godvik
2021) and off the coast of France in the Mediterranean Sea,
and single floating turbines are installed in China, Japan, and
Spain.

The push for offshore wind energy will require extensive
areas with potential conflict with other users and impacts on
ecosystems. There is limited space available in shallow, of-
ten unstratified or weakly, seasonally stratified shelf seas with
strong tidal currents, where turbines can be mounted fixed to
the bottom (depths of up to 60 m), such as the southern North
Sea or the Yellow Sea, and challenges arise due to competing
area use interests particularly with fisheries activities (ICES
2025). With the development of floating wind turbines, wind
farms can be established in deeper regions with different strat-
ification regimes, weaker tidal currents but possibly stronger
geostrophic and/or topographically steered currents.

With the projected increase in numbers, capacity and area
covered by offshore wind farms according to projects in
pipeline, a better understanding of the impacts on the marine
environment and ecosystems is urgently needed. Most stud-
ies and impact assessments so far focused mainly on higher
trophic levels, i.e. fish, marine mammals, and seabirds, with
several reviews now available regarding the impact on the
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Table 1. Keywords used in the systematic literature search and number of results.

Keywords

Number of search results Number of relevant papers

floating AND “offshore wind farms”

“offshore wind farms” NOT floating AND hydrography
“offshore wind farms” NOT floating AND stratification
“offshore wind farm«” NOT floating AND circulation
“offshore wind farms*” NOT floating AND ocean currentx
“offshore wind farms” NOT floating AND upwelling

“offshore wind farms” NOT floating AND “water column”
“offshore wind farms” NOT floating AND mixing

“offshore wind farm«” NOT floating AND turbulenx

“offshore wind farms” NOT floating AND wavex

“offshore wind farms” NOT floating AND nutrients

“offshore wind farms*” NOT floating AND resuspension
“offshore wind farms*” NOT floating AND “suspended particulate”
“offshore wind farms” NOT floating AND phytoplankton
“offshore wind farmx*” NOT floating AND “primary productix”

337 3
3 2
35 16
43 12
177 19
16 5
25 8
194 13

214 16

402 15
22 4
3 3
7 4
13 4
13 5

Numbers as of 11 June 2025.

marine ecosystem as a whole or selected components
(Methratta et al. 2020, Galparsoro et al. 2022, Wang et al.
2024). With the exception of few examples (e.g. Van Berkel et
al. 2020, Farr et al. 2021), reviews rarely focus on oceanogra-
phy, biogeochemistry and lower trophic levels, which, how-
ever, form the habitat and the base of any food web. Ad-
ditionally, the number of papers increased rapidly over the
last couple of years, and an updated overview is timely. In
this paper, we therefore review the existing literature to as-
sess the current knowledge and knowledge gaps regarding
effects and impacts of offshore wind farms on local and re-
gional oceanographic conditions (i.e. hydrography and hydro-
dynamics), nutrient distribution and availability, phytoplank-
ton and primary production, and sediment load in the water
column. We focus on impacts during the operational phase
by turbine structures and alterations to the wind field. As we
will show, the number of studies from floating wind farms is
very limited due to the short period of time since the tech-
nology became available and operational. Most of the liter-
ature used here stems therefore from bottom-mounted wind
farms.

We outline our approach in the next section, followed by a
general overview of the available literature. We then present
the current state of knowledge of offshore wind farm impacts
on oceanography, nutrients, phytoplankton and suspended
particles. We discuss the implications of our findings with
regards to identified knowledge gaps and ecological conse-
quences, and conclude with an overview of research needs and
priorities, particularly in light of the anticipated future devel-
opment and use of floating technology.

Methods

We conducted a semi-structured literature search consisting of
two approaches:

1. A systematic search of the peer-reviewed literature (see
e.g. Pullin and Stewart 2006, similar to Farr et al. 2021, Wat-
son et al. 2024) using the Clarivate Web of Science Core Col-
lection search portal. We used focused keywords to identify
potentially relevant papers, followed by assessment of pa-
per title and abstract, if required introduction and methods
section. Keywords and keyword phrases as well as numbers
of search results and identified relevant papers are given in
Table 1.

While the expression ‘offshore wind farm’ appears to be
the most commonly used, some authors use slightly different
terms. We therefore conducted additional searches with the
expressions ‘offshore windfarms’, ‘offshore wind parks’, ‘off-
shore wind’ AND (facility OR facilities), as well as ‘offshore
wind power’ and ‘offshore wind energy’ in combination with
specific keywords as in Table 1, which resulted in one addi-
tional relevant paper.

Using broad terms like ‘offshore wind’ did not differ-
entiate general studies involving wind along the coast or
similar, and therefore resulted in too high numbers of re-
sults requiring the further filtering described above. In gen-
eral, the highest numbers of papers were associated with
technical aspects of the wind farms (turbine design, load
and fatigue, farm design, operational aspects), and papers
investigating atmospheric conditions (e.g. mixing and up-
welling in the atmospheric boundary layer, turbulence, impact
of atmospheric stratification) outnumbered marine focused
studies.

In total, the systematic search identified 53 unique, relevant
papers.

2. As the Web of Science Core Collection does not include
potentially relevant reports, theses, or papers in not-indexed
journals, a general search on Google Scholar was conducted
using similar keywords to the ones listed in Table 1. In ad-
dition, previously known papers and reports, and additional
sources identified from reference lists and articles suggested on
journal pages were included. The search pattern was contin-
ued until it became circular and no new relevant papers were
identified.

Grey literature such as reports, books and theses were only
included if adding additional insight beyond purely provid-
ing literature reviews, and if the reported results were not
published in follow-up, peer-reviewed articles. Szostek et al.
(2024) investigated the potential bias in reporting in grey and
primary literature for OWF-related studies and (i) showed a
bias towards negative impacts in grey literature, (ii) identi-
fied evidence gaps in both types of literature, (iii) warned of
issues related to accessibility for both grey and primary liter-
ature and lack of peer-review for grey literature. Since many
commissioned reports and the data they are based on are not
publicly accessible, we did not perform a general search for
such literature beyond the Google Scholar and reference list
searches.
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Figure 1. Number of papers by year (2025 includes papers up until 11 June).

This semi-systematic search identified a further 15 relevant
papers.

In the choice of relevant papers and reports, we did not
include studies conducted on the Great Lakes, scour around
foundations (i.e. not looking into sediment load in the water
column), or studies focused on the effects of hydrodynamic
load, abrasion by sediment or similar stress on turbine struc-
tures. Studies into potential impacts of OWFs in areas where
wind farms are planned but not established yet (e.g. Mediter-
ranean Sea—Lloret et al. 2023, California coast—Dalsin et al.
2025) were not included either. Due to the explicit focus on
impact of operational OWFs, studies of impacts and effects
during construction or decommissioning were not considered.
There is a large body of literature on the flow past obstacles
and the generation of, e.g. von Karman vortices and turbu-
lence, using idealized fluid dynamics models and laboratory
experiments. Here, we only include studies that directly ap-
ply to offshore wind related settings. Reviews were included
only if they explicitly include one or more physical parameter
and/or phytoplankton and provide new insight through syn-
thesis, thus excluding reviews focussing purely on impacts on
marine species or presentation of previously published find-
ings.

For simplification, we will refer to ‘papers’ in the following
and include both peer-reviewed articles, theses, and reports in
the term.

Literature availability

General body of literature and bottom-mounted vs
floating offshore wind farm studies

Given the only recent establishment of offshore wind farms,
the body of scientific literature on environmental effects and
impacts is clearly just starting to form, especially regarding
the physical environment. Impact studies and assessments for
charismatic species such as seabirds and marine mammals
have been conducting already early in the development of
the offshore wind industry. Physical effects have mostly cen-
tred around those relevant to structural integrity needs and
challenges. The large discrepancy between search hits and
low number of papers relevant to the issues investigated here
(Table 1) is due to the large body of literature concerned
with engineering questions and problems where, e.g. currents,
waves, or sediments (in particular scouring) are investigated
purely because of their impact on the turbine structure, life
span, and efficiency. However, the increase in relevant papers
especially in the last five years (Fig. 1) demonstrates a new ur-

gency for better understanding of environmental impacts in
light of the accelerating, massive expansion planned in large
parts of the global coastal ocean.

Of the 68 identified relevant papers, 8 were reviews, 2 re-
ports, 2 theses (1 PhD and 1 Master thesis), and 56 original
articles. One paper investigated turbulence from a bridge pile
but is included due to its relevance to wind turbine monopiles
in the same region. Literature on floating offshore wind farms
beyond the technical and engineering literature (an overview
is provided by Hong et al. 2024a) is severely limited, which is
expected given the limited time since their development. Only
one peer-reviewed paper could be identified with measure-
ments from a floating offshore wind farm (Hywind Scotland;
Karlsson et al. 2022) but was not included in the overview due
to its focus on hard-bottom fauna. The three identified rele-
vant papers are either reviews or original studies on bottom-
mounted turbines with application to floating offshore wind
farms. A number of impact assessment studies were excluded
due to their exclusive ecosystem focus and lack of inclusion
of the physical environment (e.g. Lloret et al. 2022, 2023,
Wawrzynkowski et al. 2025).

Geographical focus by world region, water depth,
and stratification regime

Of the 8 reviews, 6 had global focus, 1 was centred on the
US Northeast coast (Mid-Atlantic Bight), and 1 look at the
North and Baltic Seas. Of the original research papers, only
one took a global perspective. The majority of research was
performed in different parts of the North Sea with the German
Bight standing out as the subject of over a quarter of all papers
(Fig. 2). More recently, Chinese Seas became more prominent.

Almost all papers investigated bottom-mounted offshore
wind turbines or farms in shallow shelf seas. Combined with
the large percentage of papers focusing on the southern North
Sea and German Bight, the depth ranges included in the studies
was therefore very limited with over half of them addressing
turbines in the depth range 21-40 m (Fig. 2). Only one study
looked into a deep ocean region (800-2000 m; Raghukumar
et al. 2023), although it was unclear from the paper at which
depths (floating) turbines would be mounted. Some of the ana-
lytical or idealized numerical model papers employed theories
that assume infinite ocean depths, whereas a large number of
other idealized model papers did not specify a depth range
at all. Very shallow depths were investigated in estuarine re-
gions such as the Yangtze or the Pearl River estuaries (Cai et al.
2023, Hong et al. 2024b). Two papers addressed wind turbine
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(b) 1-10 m: 5%

not provided: 12%

11-20 m: 14%

infinite or not applicable: 7%

180-2000 m: 3%

51-60 m: 3%

21-30 m: 22% 41-50 m: 8%

31-40 m: 25%

Figure 2. (a) Relative proportions of original papers (not including reviews) by geographical focus region and (b) maximum water column/wind turbine

depth considered in the paper.

effects off the Norwegian coast at the previously proposed site
for wind parks at Havsul and placed the modelled turbines in
up to 30 m deep waters (Ponce De Ledn et al. 2011, Segtnan
and Christakos 20135).

Both geographic regions and depth ranges considered in the
literature so far are severely limited. Particularly deeper shelf
regions lack investigations; that includes the northern part of
the North Sea but also other European shelf regions (e.g. the
Atlantic shelf, the Mediterranean Sea), and deeper shelf re-
gions globally. Examples of potential environmental impact
assessments exist for some of these regions (e.g. Lloret et al.
2022,2023, Dalsin et al. 2025, Wawrzynkowski et al. 2025);
they need to be extended geographically and followed up by
dedicated modelling and observational studies.

The geographic focus on shallow shelf regions is reflected
in the stratification regimes considered in the literature with
the majority of studies conducted in seasonally stratified wa-
ters like the German Bight (Table 2). Unstratified conditions
are often encountered in the shallowest parts of the shelf or in
estuaries, but also several idealized or analytical model studies
did not consider stratification. The latter were also a large part
of the papers that did not specify stratification state in their
study; the other part were mainly satellite studies restricted
to sea surface signals. Very few papers were placed in perma-
nently stratified waters; these included studies looking into im-
pacts on the deep, saline inflow to the Baltic Sea (Lass et al.
2008, Rennau et al. 2012), or impacts on upwelling systems
(Raghukumar et al. 2023). Otherwise, papers explicitly stated
that their models were set up with layered flow/stratified wa-
ter column (e.g. Brostrom 2008, Bakhoday-Paskyabi 2015,
Schultze et al. 2020) or observations were collected during
summer stratified conditions (e.g. Floeter et al. 2022).

Data sources and parameters addressed in the
literature

The data sources used in the papers demonstrated the need
for more in situ observations from both within and around
offshore wind parks. Less than 20% of the papers were based
solely on in situ observations, whereas more than half relied
exclusively on numerical or analytical models and a further
10 papers combined models with i situ observations and/or
satellite data (Table 2). Clearly, access to the wind farm areas
is difficult to obtain but crucial for validation and evaluation
of model performances and results. Satellite-based studies pro-

vide information of the sea surface state but need to be com-
bined with models or in situ observations for further insight
into water column processes.

Main drivers of potential effects and impacts by offshore
wind turbines and farms are i) the structure of the turbines,
and ii) the impact on the wind field both within the farm and
downwind (wind wake). Especially in shallow shelf seas, tidal
flow can be a third driver through its interaction with the tur-
bine structures but is also affected both by the structures and
the wind field changes (e.g. Cazenave et al. 2016, Ivanov et al.
2021, Christiansen et al. 2022, Austin et al. 2025). Many of
the idealized or analytical modelling studies focused on struc-
tural effects, e.g. by investigating vortex generation or turbu-
lence behind monopiles (e.g. Grashorn and Stanev 2016, Bai-
ley et al. 2024, Pang et al. 2024), but in general both struc-
ture and wind wake-generated effects are fairly evenly covered
(Table 2).

Table 2 shows the distribution of papers by parameters in-
cluded in the analyses of effects and impacts. Prominent top-
ics were stratification and water mass properties, turbulence
and mixing, waves, and up- and downwelling. On the other
hand, very few studies investigated impacts on nutrients (dis-
tribution, transport, flux) or phytoplankton and primary pro-
duction, as already indicated by Table 1. Vertical flux was
mostly included when discussing vertical water motion con-
nected to turbulence and/or up- and downwelling. The gap
becomes even more pronounced for stratified conditions and
observational studies.

Offshore wind farm effects and impacts on
physical oceanography, particle load, nutrient
supply, and phytoplankton

Impact on mixing and stratification

It is well established that piles such as bridge piles or wind tur-
bine foundations induce turbulence and mixing in a flow past
these obstacles. Lass et al. (2008) demonstrated the emergence
of eddies and von Karman vortex streets and the subsequent
change in salinity due to upward mixing of saline bottom wa-
ters and reduction of stratification in a stratified flow past a
bridge pile at the entrance to the Baltic Sea. Just downstream,
Rennau et al. (2012) modelled the potential impact of wind
farm monopiles on dense bottom inflows into the Baltic Sea.
They found a minor reduction of bottom water salinities un-
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der realistic offshore wind farm development scenarios that
was within the ranges of natural variability, but cautioned that
extensive development of the Western Baltic Sea could signifi-
cantly alter bottom water properties with potential impact on
ventilation of the Baltic proper.

Observations along transects through non-operative wind
farms in the German Bight confirmed reduced stratification
and a doming of the thermocline within the farms (Floeter et
al. 2017). Schultze et al. (2020), also in the German Bight,
were able to identify disturbance of the background tem-
perature structure in weak temperature stratification due to
a monopile wake using a Conductivity—Temperature-Depth
sensor chain and time series data from a nearby fixed plat-
form. Stratification was reduced by 35% at 250 m down-
stream but seemed to reestablish at 500 m. They suggested
that with strong stratification, the signal would be within
the natural variability. From large eddy simulations of differ-
ent stratification scenarios, they estimated that offshore wind
farms would need to be of the order of magnitude ~100 km
to prevent formation of stratification. Turbulence and mixing
were focused on a narrow region downstream of the wind
farm and background conditions were dominated by natu-
ral turbulence and mixing. Austin et al. (2025) used high
frequency current and turbulence measurements in the tidal
wake of a monopile in the Irish Sea to show the impact of fric-
tion with the sea floor on the velocity structure in the water
column and the impact on turbulence and mixing. They sug-
gested potential implications for formation/breakdown and
strength of stratification and seabed mobility.

In shallow shelf seas, turbulence and mixing due to flow
past wind turbine structures are often driven by tides. Car-
penter et al. (2016) combined idealized modelling with ob-
servations to assess the importance of the tide-driven mixing
on (seasonal) stratification in the German Bight. They found
that the time scale of the breakdown of stratification by mix-
ing was comparable to the summer stratification period, in-
dicating potential impacts for the development of stratifica-
tion in early summer. At current capacity in the German Bight
region of the North Sea (as of November 2015), wind farm-
induced mixing levels are low. With future scenarios where
large parts of the German Bight would be filled with wind
farms, this would change though leading to potentially sig-
nification reductions in stratification. Cazenave et al. (2016)
found similar effects using an unstructured-grid numerical
model for the Irish Sea and English Channel region where tidal
flow past monopiles increases vertical mixing; in particular,
this mixing leads to upward water movement downstream of
the monopile and downward movement upstream. The sub-
sequent decrease in stratification is noticeable in the far-field,
coverage an area of ~250 km? where unstratified regions do
not show changes, but stratified regions are significantly af-
fected. They, too, suggested potentially large impacts with fu-
ture wind farm developments, and effects on nutrient distribu-
tion and ecosystems. Christiansen et al. (2023) tested different
implementation methods and parameterizations to model the
impact of turbine structures on currents, mixing, and strati-
fication in the German Bight. They found different signals in
deep vs shallow waters which were related to vertical density
gradients and mixing rates in the water column. The monopile
induced turbulence led to more vertically diffused density and
horizontal velocity, causing positive anomalies in areas with
strong vertical gradients and negative anomalies elsewhere. In
shallow regions with stronger tidal flow, tides induced greater
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turbulence and dominated over wind-driven effects at off-
shore wind farm sites. Despite turbulent mixing being mostly
local, temperature stratification weakened or even collapsed
over larger spatial scales.

At the surface of the ocean, atmosphere-ocean interaction
impacts sea surface temperature. Atmospheric mixing is influ-
enced by offshore wind farms and might therefore alter heat
exchange at the ocean-atmosphere boundary. Wang and Prinn
(2011) suggested that offshore wind farms lead to surface air
temperature cooling due to enhanced latent heat flux from
the sea surface to the lower atmosphere driven by increased
turbulent mixing from the wind turbines; this could indi-
cate a decrease in sea surface temperatures. However, Deng
et al. (2024), investigating atmosphere-ocean dynamics in the
South China Sea connected with tropical cyclone develop-
ment, found that the wind farm induced wind wake caused an
increase in sea surface temperature through increased latent
heat flux from the atmosphere to the ocean and reduced ad-
vection of colder surface waters into the region, thereby con-
tributing to intensification of a tropical cyclone. These seem-
ingly contradictory findings demonstrate the importance of re-
gional and seasonal conditions and processes in altering the
direction of impacts.

Impacts on horizontal circulation (including tides)

Interaction of currents with offshore wind farm structures can
lead to reduction of current speed. Christiansen et al. (2023)’s
model experiments of the impact of turbine structures resulted
in a reduction of depth-average current speeds within off-
shore wind farms and downstream, affecting the entire Ger-
man Bight area. The changes were minor compared to the
average tidal current speeds but accounted for ~10% of the
mean current, comparable to the change to due wind wake ef-
fects (Christiansen et al. 2022a; 2022b). Carpenter and Guha
(2024) derived similar reduction in an idealized model study
investigating the blocking effect of offshore wind farms on the
mean current and effect of different methods to implement
friction by the turbines. There was large variability in current
speed reductions depending on density and geometry of the
turbines in the individual wind farms, where some configu-
rations led to negligible effects. Observations of currents and
turbulence near an offshore wind farm in the German Bight
showed only weak signals in the currents but a stronger re-
sponse in mixing and turbulence (Bakhoday-Paskyabi et al.
2018). This is similar to a model study by Hosseini et al.
(2025) who used an unstructured-grid hydrodynamic model
coupled to a wave model for the German Bight. They found
a 5% reduction of monthly mean current speed (and signif-
icant wave height) by interaction with turbine foundations
in weakly stratified spring conditions. Additionally, the wind
wake led to an increase of turbulent kinetic energy and sub-
sequently stratification close to the monopiles. Interestingly
though, their model results showed a different pattern on re-
gional scales where current speed and stratification slightly
increased outside of the wind farm. Changes in current speed
affect circulation and transport of material, including plank-
tonic organisms. Chen et al. (2024) investigated transport and
dispersal of scallop larvae on the US northeast shelf and sug-
gested that monopiles generated a net offshore mesoscale flow
around turbines which could enhance offshore transport of
the larvae. Stratification played a major role in the flow mod-
ification.

Renner

Impact on up- and downwelling

Several studies demonstrated how offshore wind farms al-
ter the local and regional wind field based on airborne (e.g.
Platis et al. 2018) and satellite measurements (e.g. Chris-
tiansen and Hasager 2005) and modelling (e.g. Akhtar et al.
2021), and described and quantified the wind speed reduc-
tion within and downwind of wind farms in so-called wind
wakes. In their seminal paper, Brostrom (2008) provided an-
alytical and idealized model results for the oceanic response
to an offshore wind farm-generated wind wake. They found
that wind speeds of 5-10 m s~! with sufficient reduction in
the wake may generate up- and downwelling in a dipole pat-
tern due to Ekman transport resulting in sea surface diver-
gence and convergence in the wind wake. However, this re-
quires the width of the wind wake to be at least the internal
Rossby radius of deformation. The induced vertical movement
was in the order 1 m day~!, dependent on wind strength and
farm size, and they suggested potential measurable effects on
oceanic circulation and thus transport of nutrients. Further,
they noted that their models did not include effects of in-
teractions with the seafloor and a sloping bathymetry, where
wind farms may provide additional forcing to a barotropic
current system. Several modelling studies confirmed and ex-
tended Brostrom (2008)’s results, also demonstrating how
the wind wake induced upwelling can affect coastal up-
welling and stratification (e.g. Bakhoday-Paskyabi and Fer
2012, Bakhoday-Paskyabi 2015, Christiansen et al. 2022,
Liu et al. 2023).

Modelling wind farm impacts in the German Bight,
Ludewig (2015) found that winds needed to consistently blow
from a constant direction with moderate speeds (5-10 m s™!)
for at least 8-10 h to induce an up-/downwelling dipole in the
ocean; but then these up-/downwelling cells could span over
approximately 30x30 km and vertical velocities reached up
to 3—-4 m day~!, leading to significant excursions of the ther-
mocline by up to 10 m and intensified vertical mixing. Chris-
tiansen et al. (2022a) applied an explicit wind wake formula-
tion for the atmospheric forcing field to an unstructured-grid
hydrodynamic model of the southern North Sea to investi-
gate wind wake effects from all commissioned wind farms on
summer stratified conditions. Results included a 5% reduction
in surface ocean current speeds, which corresponded to up to
10%-25% of the interannual and decadal variability, reduced
mixing rates leading to shallower mixed layer depths, coun-
teracting the mixing effect from the turbine structures though
at different spatial scales, and dipoles in sea surface elevation
impacting up- and downwelling on scales that were compara-
ble to climate change impacts. Although effects were difficult
to distinguish from natural and interannual variability, struc-
tural changes in stratification following up-/downwelling and
advective processes due to extensive offshore wind farm devel-
opment might impact nutrient transport pathways and ecosys-
tems. Tides could have potential to attenuate wind wake ef-
fects, depending on the alignment of the tidal ellipse with
background currents and wind forcing (Christiansen et al.
2022b). The large natural variability especially in highly dy-
namic, tidally influenced systems, make detection of signals in
observations often difficult. Nevertheless, Floeter et al. (2022)
could identify up- and downwelling effect on the pycnocline
in observations at two wind farms in the German Bight by
contrasting operational and non-operational periods. They re-
ported vertical excursion of the thermocline and changes in
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stratification connected to wind wakes and impacted by tides;
however, they also cautioned that further assessment was re-
quired to confidently distinguish this signal from natural vari-
ability.

In a study located off the Norwegian coast, Segtnan and
Christakos (2015) investigated the effect of wind wakes
in a region with sloping bathymetry and dominated by a
geostrophic coastal current. They found a reduction in the
horizontal flow and a change vertical velocity which was not
purely Ekman driven, confirming the suggestions by Brostrém
(2008) and Bakhoday-Paskyabi and Fer (2012). In the shal-
low parts of their model, the surface Ekman layer reached
to the sea floor, vertical mixing resulted in a barotropic
ocean, and they suggested that the Coriolis effect should be
insignificant for the horizontal scales under consideration,
which would prevent formation of dipoles as in Brostrém
(2008). In a different coastal setting with steep bathymetry
off the coast of California, Raghukumar et al. (2023) mod-
elled the effects of offshore wind farms of the size correspond-
ing to the local Rossby radius and the scale at which coastal
and wind stress curl-driven upwelling occurs in the region.
The wind farms were simulated in much deeper waters than
other studies, following the proposed establishment of float-
ing farms in water depths of 800-2000 m. Their results in-
dicated modest reduction in coastal upwelling inshore of the
wind farms vs enhanced upwelling on the offshore side due
to Ekman pumping. These changes in cross-shore upwelling
structure exceeded natural variability and could affect water
column properties and nutrient fluxes relevant for the local
ecosystem.

Impact on waves

Ocean surface waves are impacted by offshore wind farms
through both interaction with the structures and changes in
the wind field; reduction of significant wave height and wave
energy within and downstream of offshore wind farms, with
visible effects as far as 55 km, has been directly observed in
the German Bight using airborne LIDAR measurements (Bar-
fuss et al. 2021). Using a tank set up in a laboratory, Miles et
al. (2017) showed a reduction in wave height down-wave of
a monopile due to interaction with the structure; at the same
time, wave height increased immediately up-wave of the pile.
Several studies used the SWAN (Simulating Waves Nearshore;
Booij et al. 1999) model to investigate the wave field around
offshore wind farms or include their effect on other param-
eters. Almost all studies were focused on the sea surface and
did not account for potential stratification. Ponce De Ledn et
al. (2011) found a similar reduction down-wave and slight in-
crease up-wave of a monopile as the laboratory results. They
found that directionality of the incoming wave spectrum as
well as diffraction and reflection influenced the reduction of
wave height and wave energy, such that groups of monopiles
like in offshore wind farms could lead to a blocking of wave
energy propagation. Another factor to consider might be the
type of turbine structure used: While most modelling studies
investigated the effect of monopiles, Wang et al. (2021) used
jacket-type foundations and found rather localized effects on
waves (within and area of 4-5 times the diameter of the foun-
dation structure) and currents (about 8 times the pile diam-
eter). Van Der Molen et al. (2014) demonstrated that farm
spacing and size (i.e. number of farms and area covered by
them) determined the magnitude of the reduction in signif-

icant wave height; in all simulations, the largest reductions
occurred within the farms though with limited far-field ef-
fects. Additional background wind field changes had minor
effects but could attenuate the reduction in significant wave
height. Christensen et al. (2013) conducted a parameter study
of the relative importance of drag resistance due to the tur-
bine structures, reflection and diffraction, and the change in
the wind field for the wave conditions inside, around and
downwind of an offshore wind farm. They suggested that
drag resistance was small and thus negligible compared to the
other effects; instead, reflection and diffraction by structures
might have contributed a third and reduced wind shear due
to the wind field change caused two thirds of the local reduc-
tion of wave height, whereas further downwind, reduced wind
shear is the major driver. Maximum reduction of wave height
was approximately 5% leading to a wave energy reduction
of 10%; this is consistent with other studies. Christensen et
al. (2013) explicitly cautioned though that their results apply
to the wind farm size investigated in their study which was
modelled after Horns Rev I off Denmark in the North Sea, ap-
prox. 5 x 5 km in size. Most studies focused on structure- or
wind-driven changes of the wave field. Fischereit et al. (2022)
found through coupled atmosphere-wave modelling that the
wave-induced surface roughness contributed to a larger wind
speed deficit within wind farms due to enhanced turbulent
mixing, which, however, also led to a feaster breakdown and
thus smaller area of the wind wake behind the farm. Larsén et
al. (2024) had contradicting results and cautioned that better
understanding of the atmosphere-wave-wake interactions are
needed to ensure correct representation and parameterization
in models.

Impact on nutrient distribution and phytoplankton

As indicated in Table 2, studies directly addressing nutri-
ents and phytoplankton or primary production are limited.
We could identify only one study that sampled nutrients and
chlorophyll a concentrations at an operational wind farm
(Floeter et al. 2017) and one sampling chlorophyll a and phy-
toplankton abundance and community composition (Hong
et al. 2024b). Floeter et al. (2017) conducted a summer sur-
vey in the German Bight, i.e. surface nutrient depleted con-
ditions. They found slightly elevated silicate and phosphate
concentrations within the wind farm, likely due to the en-
hanced vertical mixing by the foundations (see above) lead-
ing to reduced stratification and doming of the thermocline.
Concurrent chlorophyll a samples did not show conclusive
patterns and instead demonstrated large patchiness and vari-
ability. Hong et al. (2024b) analysed year-long observations
of water quality indicators, including temperature, salinity,
pH, transparency, dissolved oxygen, chlorophyll a concen-
tration phytoplankton abundance and composition, from the
Pear] River estuary in the South China Sea, a tidal system
strongly influenced by freshwater runoff, monsoon season-
ality and occurrence of tropical cyclones. They found a re-
duction in chlorophyll a concentrations within wind farms
and compared to pre-construction levels; however, chloro-
phyll a concentrations were low in the wind farm region
compared to outside the farm also before construction. They
suggested that this is due to a natural barrier effect by
small islands surrounding the regions and restricting circu-
lation in the area; this effect was enhanced by the wind
farms.
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Floeter et al. (2022) and Plonus and Floeter (2024) sug-
gested that offshore wind farm induced turbulence, vortices,
up- and downwelling could affect primary production and
generate phytoplankton patchiness. However, effects are com-
plex due to the interaction with physical conditions influenc-
ing nutrient availability, sediment load impacting light levels,
and uncertain impacts of wind farms on grazers (zooplank-
ton) and thus unknown top-down controls on phytoplank-
ton. Van Der Molen et al. (2014) employed a biogeochem-
ical model to the southern North Sea with wind farms off
the English coast. They found an increase in net primary pro-
duction following reductions in suspended sediment concen-
trations and light extinction and resulting in reduced nutri-
ent concentrations, increased secondary production and in-
creased vertical export of organic matter to the seafloor. @i-
jorden (2016) with a similar model setup, also for the North
Sea, found only slight changes in absolute production but
changes in spatial distribution that were tied to stratification
strength and mixed layer depth. Using an Ecopath model for
the coastal Yellow Sea, Wang et al. (2019) also described in-
creased primary production, but additionally found signifi-
cant changes in trophic flow and ecosystem structure, high-
lighting the wider implications of potential changes at the
base of the food web. Daewel et al. (2022) modelled a sce-
nario with offshore wind farm capacity in the North Sea cor-
responding to anticipated levels reached in 2037. They sug-
gested that while wind wake effects provoked local changes
of & 10% in annual primary production around wind farms
and reduced dissolved oxygen levels in some regions, region-
wide averages of primary production remained almost un-
changed. However, changes in spatial patterns of primary pro-
ductivity due to alterations or the large-scale circulation and
nutrient supply from below might impact trophic interactions,
and combined with changes in resuspension of sediment affect
organic carbon export, lead to an increase in organic carbon
in sediments in large parts of the southern North Sea and re-
duced bottom water oxygen concentrations in some trough
regions.

Impact on suspended particulate matter in the
water column and resuspension

While a significant number of studies were conducted to in-
vestigate scour around wind turbine foundations due to the
impact on structural stability and integrity, the body of lit-
erature considering sediment or suspended particulate mat-
ter in the water column is limited. Surface signatures or sed-
iment load in the wake of offshore wind farms can be seen
from satellite which has been utilized in several papers. Van-
hellemont and Ruddick (2014) for example used Landsat 8
images of wind farm areas outside the Thames estuary and
compared brightness spectra of wind farm wakes with those
caused by ships. They found that the monopiles caused tur-
bid wakes which were aligned with the tidal current. In the
wakes, suspended sediment concentrations were significantly
higher, and the wakes extended to about 30-150 in width and
1-10 km in length, depending on the time-integrated current
since the last tidal reversal and the particle settling velocity.
Due to the wake sizes, Vanhellemont and Ruddick (2014) sug-
gested that there might be potential for persistent changes as
well as implications for the underwater light field which could
impact primary production and visual predation, and for sedi-
mentation patterns. Bailey et al. (2024) combined satellite time

Renner

series with i situ observations from the same site and demon-
strated that suspended material was concentrated in the upper
water column (surface and upper 10 m) in the wake but over-
all sediment load was not elevated. They suggested that the
circulation patterns around the monopiles led to redistribu-
tion of material towards the surface instead of additional ero-
sion from the seabed around the foundations. This was sim-
ilar to findings by Cai et al. (2023) in the Yangtze estuary,
but contrasted with results of an earlier study in the south-
ern North Sea off the coast of Belgium where Baeye and Fet-
tweis (2015) reported increased suspended particulate mat-
ter load stemming from the turbine foundations. Bailey et al.
(2024) suggested that this is caused by difference in the sed-
iment and current characteristics at the two sites. They also
indicated that inter- and intraannual variability in sediment
load in the wakes is consistent with variability outside of farm-
influenced waters and concentrations during the operational
phase had recovered to within the ranges of pre-construction
observations. Brandao et al. (2023) had similar results with
high natural variability in sediment load and complex envi-
ronmental drivers leading to only few satellite scenes captur-
ing wind farm-related sediment plumes off the Dutch coast,
which also is consistent with variable detection of satellite-
measured chlorophyll a signals in wind wakes by Yu et al.
(2024). As suggested by Bailey et al. (2024), modelling stud-
ies also show patchiness in the distribution and deposition of
sediment due to von Kdarmdn vortices and submesoscale eddies
(e.g. Ivanov et al. 2021). There have been several indications
that sediment load over time is affected by filter feeders settling
on the turbine structures, effectively altering water quality,
carbon flux and nutrient distribution (e.g. Baeye and Fettweis
20135, Ivanov et al. 2021, Brandao et al. 2023) in addition to
affecting primary production (Slavik et al. 2019). However,
Huang (2022) found that turbid wakes caused by offshore
wind farms in the eastern Taiwan Strait and extended to over
4 km likely contributed to a drastic decrease in sightings of
humpback dolphins compared to pre-construction numbers,
severely altering the dolphins’ habitat. Ivanov et al. (2021)
stressed the importance of positioning over farm size for the
potential extent of sediment plumes and impacts on valuable
habitats and biodiversity hotspots.

Discussion and conclusions

Physical impacts and ecological consequences in
different environmental scenarios

The above presented current knowledge of potential impacts
of offshore wind farms on the physical environment highlights
the broad spectrum of effects in different settings but is also
severely limited by the low diversity of the environments stud-
ied (Fig. 2). In Table 3, we present a summary of the main en-
vironmental conditions covered in the literature and the sug-
gested impacts on the above reviewed parameters. While an
increase of turbulence/mixing and vertical currents, a weak-
ening of horizontal (surface) currents and a general decrease
or delay in stratification are fairly well documented across dif-
ferent environments including various depth ranges, stratifi-
cation states and tidal regimes, this detailed understanding is
missing for the other parameters. Particularly deep regions,
including coastal upwelling systems are understudied. Com-
parative modelling studies could help addressing some of the
knowledge gaps by contrasting environmental scenarios.
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Changes in physical parameters due to offshore wind farms
will have ecological impacts on multiple levels. Altered strati-
fication state or delay in stratification onset combined with in-
creased mixing and vertical flux modify nutrient distribution,
availability, and timing of nutrient replenishment in a depleted
surface layer, thus impacting primary production (e.g. Dijor-
den 2016, Floeter et al. 2017, Plonus and Floeter 2024). Weak-
ened or modified horizontal circulation affects transport, re-
tention and thus distribution of dissolved and suspended ma-
terial and planktonic organisms (e.g. Daewel et al. 2022, Bai-
ley et al. 2024, Chen et al. 2024, Hong et al. 2024). Redistribu-
tion of sediments in the water column due to turbulence and
mixing, and changes in circulation can impact a large range
or organisms from primary producers to benthic filter feeders
and marine mammals (e.g. Baeye and Fettweis 2015, Slavik
et al. 2019, Huang 2022). Shifts in location and strength of
coastal upwelling systems have potential to negatively affect
primary and secondary productivity which could have far-
reaching economic consequences (Raghukumar et al. 2023).
While currently many of the effects on lower trophic levels
seem to consist of a redistribution of organisms rather than
a significant increase or decrease of biomass and/or produc-
tivity, detailed scenario studies for example regarding the ef-
fect of different bottom structure and substrate (e.g. hard- vs
soft-bottom, gravel vs sand or mud) or background nutrient
concentrations combined with hydrographic conditions are
needed to assess the impacts especially on phytoplankton and
primary production.

Key knowledge gaps and recommendations for
research

The existing literature provides a fairly good, consistent
overview of effects of bottom-mounted offshore wind farms
on physical conditions including stratification and hydrody-
namics in shallow, unstratified or seasonally stratified shelf
seas. Farr et al. (2021) concluded that impacts would likely
be minor to moderate. However, Van Berkel et al. (2020)
cautioned that a significant knowledge gap remains regard-
ing regional effects and the identification of relevant spatial
(and temporal) scales. The discussion in Miles et al. (2021)
about potential effects on the northern US East coast high-
lights the lack of specific studies for regions relevant for off-
shore wind industry development outside the shallow north-
ern European and Chinese shelf seas and the lack of informa-
tion about the impact of regional conditions such as the Mid-
Atlantic Cool Pool (Miles et al. 2021), the California coastal
upwelling system (Raghukumar et al. 2023), or deeper shelf
seas in general including the Norwegian shelf. Implications of
different stratification regimes in deeper, not as much tidally
influenced regions, sloping topography and topographically
steered background currents, changes in latitude affecting the
local Rossby radius, baroclinic vs barotropic conditions need
to be explored.

A multitude of studies exists regarding the classic fluid dy-
namics problem of flow past an obstacle. Nevertheless, mod-
elling monopiles in hydrodynamic models is challenging due
to the scales required to resolve the interaction of the flow
field with the pile, the turbulence, but also far-field effects.
Studies such as Pang et al. (2024) nesting a computational
fluid dynamics model in general ocean circulation models are
highly interesting, but require validation against suitable ob-
servational data, which also is difficult to obtain. There is a
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Table 4. Suggested topics and approaches to fill key knowledge gaps.

Renner

Topic Environmental setting Methodological approach Priority
Reduction/delayed onset of Shallow shelf, stratified/unstratified, Observations (local to large-scale) High
stratification varying tidal regimes Modelling (local to large scale) Medium
Deep shelf (depth >60 m), potentially Observations (local & regional) High
complex topography Modelling (local to large-scale High
Continental slope and deep sea Modelling (local to large-scale) High
Effects of infrastructure Shallow shelf, stratified/unstratified Observations (process-scale) High
design on turbulence, mixing Observations (local to large-scale) High
and vertical flux Modelling (process-scale) Mediums
Modelling (local to regional scale) Low
Modelling (large-scale) High
Deep shelf, potentially complex Observations (local to regional scale) High
topography Modelling (process- to large-scale) High
Continental slope and deep sea Modelling Medium
Modification of horizontal Shallow shelf, stratified/unstratified, Observations High
circulation varying tidal regimes Modelling (local to large-scale) Medium
Deep shelf, continental slope Modelling (local to large-scale) Medium
Shifts and strength of coastal Deep shelf, continental slope Modelling (local to large-scale) Medium
upwelling systems
Nutrient availability Shallow shelf, stratified/unstratified Observations (local to large-scale, throughout High
seasonal cycle) High
Modelling (local to large-scale)
Deep shelf, continental slope Observations (local to large-scale, throughout High
seasonal cycle) High
Modelling (local to large-scale)
Changes in phytoplankton Shallow shelf, stratified/unstratified, Remotely sensed and iz situ observations Very high
abundance/biomass and varying tidal regimes (local to large-scale) High
primary productivity levels
Modelling (local to large-scale)
Deep shelf, continental slope Remotely sensed and iz situ observations Very high
(local to large-scale) High

Impact of suspended particle
load on light regime regions, stratified/unstratified,

tidal/non-tidal

Shallow shelf, stratified/unstratified,
varying tidal regimes

Biogeochemical conditions
(e.g. dissolved oxygen
concentration, organic

matter, carbon export) Deep shelf

Highly productive shallow shelf/coastal

Modelling (local to large-scale)
In situ observations (varying seafloor High
substrate, varying vicinity to river input,

entire water column) Medium
Modelling (local to regional scale)

Observations (local to large-scale, entire High
seasonal cycle) High
Modelling (local to large-scale)

Observations (local to large-scale, entire High
seasonal cycle) High

Modelling (local to large-scale)

* High for floating turbines

critical need for more comprehensive observational datasets of
ocean dynamics (currents, turbulence) and hydrography (ver-
tical temperature and salinity profiles and horizontal cover-
age) from both close to the turbines, within the wind farms,
and in the surrounding areas, covering different time periods,
stratification states, and seasons over several years to properly
assess the impact of wind farm related signals against natural
variability.

The need for measurements and observations is even more
dire for biogeochemical parameters and lower trophics (phy-
toplankton but also zooplankton). This review demonstrated
the lack of observations and modelling studies, which strongly
impacts our ability to assess consequences of changes in hy-
drography and circulation on nutrient distribution and avail-
ability, primary production and subsequent effects on marine
ecosystems (Tweddle et al. 2018). This also applies to impacts
on the role of marine ecosystems for carbon sequestration,
especially in highly productive shelf regions, as understand-
ing of potential changes of vertical flux and pelagic-benthic

coupling due to turbine induced turbulence, changes in strat-
ification or wind wake effects is severely restricted and ba-
sically not existent for deeper shelf regions. Reviews such as
Farr et al. (2021), Rezaei et al. (2023), Danovaro et al. (2024),
and Watson et al. (2024) demonstrate how primary produc-
ers, zooplankton and microbial activity so far have been ne-
glected in most ecosystem impact assessments. A greater focus
needs to be put on the connection between physical condi-
tions and productivity at the base of the food web and the
potential bottom-up impacts on the higher trophic levels in-
cluding fish, marine mammals and seabirds. As offshore wind
farm development extends into new regions covering larger
areas, impact assessments have to take into account the va-
riety of ecosystems and their functioning beyond temperate,
mid-latitude shelf systems.

Table 4 provides an overview of suggested topics to address
key knowledge gaps across different environmental settings.
Scores of low or medium priority are based on the availability
of relevant literature (see also Table 2) and consensus therein,
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or lower urgency. The need for (especially i7 situ) observations
is high across all topics, but particularly so for biogeochemi-
cal parameters and lower trophics. The projected development
of large-scale areal coverage of shelf seas with wind farms
also urgently requires an integrated investigation and assess-
ment of expected large-scale modifications of the physical
system and the consequences on biogeochemistry and lower
trophics.

Future developments and impacts by floating
offshore wind farms

As highlighted above, dedicated studies into the impact of
floating offshore wind farms on the physical environment are
currently lacking. The rapid development of the sector, how-
ever, requires robust knowledge for sustainable management.
The priorities listed in Table 4 are valid across different types
of offshore wind farms, with the exception of the effects of in-
frastructure design which has high priority for floating infras-
tructure: Interaction of currents with fixed-bottom structures
such as monopiles, tripods or similar differ potentially sig-
nificantly from those with structures extending only partially
into the water column or moving elements like chains and ca-
bles. Austin et al. (2025) highlighted that the currently most
wide-spread practice of simulating the effect of turbine struc-
tures by approximating them as cylindric monopiles implies a
barotropic response. Floating structures, however, might cause
baroclinic effects. Additionally, different designs of floating
turbines (e.g. Hong et al. 2024a) will lead to different re-
sponses to ocean currents and tides depending on how deep
they reach, their diameter, shape and drag. As these floating
structures will be deployed in deeper, typically stratified shelf
regions, impacts on stratification, vertical flux, e.g. of nutrients
or organic matter, and retention in the surface mixed layer will
vary depending on mixed layer depth and penetration depth
of the structure.

Advancing offshore wind farms on greater scales into
deeper regions also has the potential for far-reaching ef-
fects. Highly advective environments, strong and often to-
pographically steered currents, and less compensatory ef-
fects of weaker tidal currents could promote fast transmis-
sion and or spreading of changes in physical and biogeo-
chemical conditions. Disturbances caused by offshore wind
farms might lead to generation and propagation of inter-
nal waves which could accelerate far-field impacts. Modelling
studies prior to large-scale development and observational
process- and long-term monitoring studies of effects from
local to large-scale are crucial to avoid long-term negative
impacts.
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