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The rapid expansion of offshore wind farms increasingly impacts ocean environments. Little is known
concerning synergistic effects of wind farms on large-scale sediment transport and seabed
ecosystem functioning. Here, by using a three-dimensional hydro-morphodynamic model integrating
wake effects, we assessed wind farm impacts on regional-scale sediment transport and organic
carbon sedimentation in the North Sea. Results suggest that wind farms can alter net sediment
transport fluxes by up to 30% locally, reduce mud accumulation in established depocenters and
create new depocenters through long-term accumulative effects. These shifts, driven by changes in
stratification and residual currents, redistribute up to 1.5 million tonnes of mud and 0.07 million tonnes
of particulate organic carbon annually. Wind farms also retain ~1.5% of annual riverine sediment input

to the ocean, affecting connectivity with nearshore systems like the Wadden Sea. These findings
underscore the need to consider the system-wide impacts in marine spatial planning.

Wind energy plays a central role in the global transition to low-carbon
energy systems. In 2023, wind power generation increased by 216 TWh,
reaching over 2330 TWh globally—the second-largest growth among all
renewable sources that year'. Offshore wind, in particular, has become a key
element of national and regional energy strategies, offering high-capacity
factors and substantial resource potential. In Europe, onshore and offshore
wind energy supplied 19% of total electricity consumption across the EU in
2024, with especially high shares in Denmark (56%), Ireland (33%), Sweden
(31%), and Germany (30%)’.

Offshore wind farm (OWF) development is primarily concentrated in
continental shelf regions such as the North Sea, Irish Sea, Baltic Sea, U.S.
Atlantic shelf, and China’s marginal seas (Fig. 1). These areas exhibit diverse
oceanographic conditions from shallow, high-energy systems to deeper,
more stratified regimes. On the other hand, they are featured by complex
hydrographic characteristics shaped by tides, seafloor topography, wave
climate, and freshwater inputs. These physical processes govern sediment
transport, water column structure, and seabed morphology across broad
spatial and temporal scales. Many of these shelf regions host mud depo-
centers that act as the primary sinks for terrestrially derived fine-grained
sediment’. These depocenters play a critical ecological role as long-term
carbon burial hotspots* and as key zones for nutrient cycling and benthic
habitat functioning’. As such, they are particularly sensitive to anthro-
pogenic alterations, and early studies have documented the environmental

effects of OWFs in these settings’™". Understanding how OWFs interact with
these dynamic systems is therefore essential to managing both local and
regional environmental impacts.

OWFs affect the marine environment through interactions in both the
atmosphere and the ocean. Wind turbines extract kinetic energy, generating
atmospheric wakes that can extend up to 70 km downstream under stable
conditions, reducing wind speeds’"" and thereby altering Ekman transport.
Wind speed reductions within wakes can exceed 40% ', resulting in up- and
down-welling velocities of several meters per day in the water column'*".
These vertical exchanges may affect broader-scale oceanographic proper-
ties, including currents, sea surface elevation, stratification, temperature,
and salinity. Moreover, the underwater turbine foundations and piles
generate turbulence and vertical mixing'*"*, producing wake zones that may
enhance sediment resuspension'’. These effects are not confined to indivi-
dual turbines but can synergistically generate large-scale hydrodynamic
structures in densely packed OWFs'“'****!, potentially altering stratification
and disrupting natural sediment transport, erosion, and deposition patterns
at scales far beyond the OWFs.

Most existing studies suggest that the hydrodynamic impacts are lar-
gely confined to the immediate vicinity of the OWFs"". However, with the
increasing number and density of installations, there is growing concern
about cumulative and synergistic effects at larger spatial scales, particularly
on shelf-wide stratification patterns™ . A study on the impact of OWFs in
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Fig. 1 | Distribution of global OWF locations. a The blue turbines represent the
present-day situation (operating and under construction) in 2023. The red lines
represent the near-future projection till 2030 (operating, under-construction and
early planning). The table shows percentage distribution of OWF area across the
regions. Data on OWF locations, names, and areas were obtained from the 4C global
offshore database version of May 2025 (obtained via https://map.4coffshore.com/
offshorewind/). b Distribution and turbine density of existing OWFs in the North
Sea. The country borders were obtained from the Natural Earth Admin 0 version
5.11 (obtained via https://www.naturalearthdata.com/downloads/10m-cultural-
vectors/10m-admin-0-countries/).

the North Sea revealed the emergence of basin-scale oceanographic struc-
tures, including shifts in currents, sea surface elevation, and stratification™".
While some regional modeling studies estimate that OWF-induced changes
in hydrodynamic conditions can reach up to 10% in magnitude’>*”, the
broader implications for long-term sediment fluxes, erosion and deposition
patterns, organic carbon burial and sediment connectivity between offshore
and nearshore coastal systems remain poorly quantified, especially under
scenarios of large-scale OWF deployment.

In this study, we developed a three-dimensional hydro-mor-
phodynamic modeling framework to investigate the effects of OWFs
on regional-scale sediment transport and sedimentation of organic
carbon. The exemplary model application area is the North Sea—a
key area for developing offshore wind energy as part of Europe’s
green transition. Our simulations incorporate parameterizations of
both atmospheric wake effects and oceanic turbulence mixing
induced by OWFs structures. We focus mainly on the physical effects
of OWFs. Potential biological effects induced by turbine-colonizing
fauna (e.g., filter feeders such as blue mussel) are not included in our
modeling. Rather than focusing solely on local changes near turbine
arrays, our study explores broader system responses, including shifts
in residual sediment fluxes and changes to established depositional
patterns. The results highlight how OWFs can modify fine-grained
sediment including particulate organic carbon distribution on the
surface of the seabed and affect connectivity between offshore and
coastal environments. These insights contribute to a deeper under-
standing of OWFs’ role in reshaping seabed morphology and sedi-
mentary carbon stock and underscore the importance of

incorporating sediment dynamics into marine spatial planning and
ecosystem management strategies.

Results and discussion

Sedimentation of mud and organic carbon modified by OWFs
The broad North Sea shelf is generally featured by energetic tidal currents,
waves and winds, with deposition of fine-grained sediment (sediment grain
diameter <0.063 mm; Fig. 2b), namely mud, mainly confined in several
disconnected depocenters (Fig. 2a). Surface seabed particulate organic
carbon (POC) content is strongly correlated with mud content (r = 0.66,
P < 0.001)**, suggesting a high similarity of their transport and deposition
dynamics (Fig. 2b). Most existing OWFs in the North Sea are located on the
sandy seabed in the shallow southern part (Fig. 1b), with a few near a
primary mud depocenter, namely the Helgoland Mud Area (HMA), in the
southeastern coastal area, the German Bight.

To assess the changes in transport and sedimentation of mud and
POC driven by OWFs, we conducted 15 numerical experiments (see
Methods & Table 1). These experiments were used to assess the uncer-
tainty caused by assumptions or empirical parameterizations in the
model regarding sediment and POC properties. Two key parameters
determining mobilization and sedimentation of mud and POC, namely
particle settling velocity and critical shear stress for resuspension, are
considered to vary within a certain range. We calculated the ensemble
mean and standard deviation of the simulation results in which OWEF
impacts are included and compared these to their respective reference
simulations excluding OWF impact (Table 1). Model results for two
consecutive years, namely 2013 and 2014, are analyzed. These years were
selected because they represent contrasting conditions of river discharge,
with high values in 2013 and low values in 2014 (Supplementary Fig. 1),
thereby allowing the simulations to capture system responses to distinct
riverine input conditions. OWF effects in hydrodynamics (e.g., current
velocity, stratification and mixing) have been validated in our earlier
modeling studies””. Modeled sediment dynamics, namely suspended
sediment concentration above mud depocenters and the large-scale
sediment transport patterns, have been validated against observations by
Chen et al.”®. In this study, we thus focus on assessment of OWF-induced
changes in large-scale sedimentation patterns.

In this study, remobilization is defined as the net in-situ resuspension
of sediment and POC driven merely by OWF-induced changes in bottom
shear stress. The term redistribution denotes the combined gross effect of
OWFs in (i) remobilization of in-situ surface sediments and POC, (ii) long-
distance transport and repeated deposition-resuspension cycles of alloch-
thonous mud imported from the open Atlantic Ocean and through the
English Channel, and (iii) riverine sediments and POC that enter the
regional resuspension—deposition cycles in the North Sea. The net budget
represents the overall balance of erosion and deposition over the 2-year
simulation period, i.e., the final gain or loss of sediment and POC on the
seabed.

The simulated multi-year sediment mass changes in surface seabed due
to OWFs reflect potential longer-term sediment responses. Natural sedi-
mentation rates in the North Sea (excluding the Kattegat) are estimated at
the magnitude of 13-23.5 Mt yr (e.g., Eisma”). Against this background,
our results show that OWFs induce an annual mean redistribution of
1.1+0.3 Mt yr' of mud on the North Sea continental shelf. Despite this
substantial gross redistribution, the resulting net sediment budget change is
small (4.2 x 107> £ 7.8 x 10> Mt yr™'; Fig. 2c). The redistribution also leads
to modifications in surface seabed sediment composition, corresponding to
an approximate 0.1% average change in mud fraction of the surface 10 cm
sediments on an annual basis, with local maximum up to 1% (Supple-
mentary Fig. 2). Transport and deposition of POC are closely related to
mud**. As a result, changes in POC content in surface sediment show a
strong correlation with changes in mud content. Across the entire North Sea
shelf, the annual mean redistribution of POC mass caused by OWFs is
45x107°+14%x 10> Mt C yr ' (Fig. 2d) with a net gain ranging from
2x10*to L.1x 10> Mt Cyr .
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Fig. 2 | Distribution of mud and particulate a

organic carbon in the North Sea surface sediments
and simulated changes caused by offshore

wind farms. a Mean mud content (%) in the upper
10 cm sediment. b Mean particulate organic carbon
content (%) in the upper 10 cm sediment. Sediment
data in panels (a) and (b) are compiled from the
datasets listed in Supplementary Table 1. ¢ Annual
mean change of mud mass (AM,;,,q) calculated by
the difference in the simulation results between the
experiments of OWF impact and respective refer-

0.1

Mud (Silt+Clay) [%]

0.01 0.1 1 5
Particulate organic carbon (POC
N

1

ence simulations. d Similar to (c) but for POC mass
(AMpoc). Positive and negative values in (c) and (d)
refer to increase and reduction in mass, respectively.
The black polygons in (c) and (d) represent the
locations of OWFs.

55°N

52°N

4°W
Cc

4°W 5°E

d .

1°W  2°E 8°E

55°N

53°N

51°N

pw

AL
\;\k

0.01

Table 1 | Annual mean changes of mud and POC in the North
Sea and German Bight

Experiments AMmua [k ton/year] AMpoc [k ton/year]
North Sea German Bight North Sea German
Bight
S 1010.8 (29.1) 548.4 (101.7) 39.2 (1.5) 15.9 (2.4)
S2 1462.5 (42.9) 694.5 (193.1) 63.8 (3.4) 22.2 (5.4)
S3 1195.9 (—2.0) 665.9 (65.4) 46.8 (1.3) 19.4 (1.6)
S4 1036.8 (—2.2) 620.6 (59.2) 39.0 (2.5) 17.8 (2.4)
S5 1224.7 (—8.8) 718.7 (126.4) 47.5(0.2) 21.3 (5.6)
S6 1257.0 (216.1) 519.5 (209.6) 58.2 (11.4) 18.1 (8.3)
S7 534.3 (3.4) 292.9 (19.0) 22.1(0.3) 8.4 (0.3
Mean 1103.1 +292.3 580.1 +146.3 452 +13.7 17.6+4.6
(42.3+78.5) (110.6 £70.7) (2.9+3.9) 3.7+2.8)

These results are derived from our calculation of mass differences between each windfarm
experiment and respective reference experiment based on simulation of 2 years (2013-2014). The
amount of redistribution is shown in numbers and the net budget change is indicated in parentheses.

At the regional scale, the total annual riverine input to the North Sea
contains ~10 Mt of mud and 0.4 Mt of POC*, with a major portion being
transported across the broad shelf and ultimately deposited in the mud
depocenter in Skagerrak and Norwegian Trench””. Our simulations sug-
gest that OWFs retain ~1.5 x 10" Mt yr" of riverine sediment and 6 x 10~
Mt C yr of POC, corresponding to ~1.5% of the annual offshore riverine
discharge to the North Sea. Given that the annual net sedimentation of POC
in the North Sea is ~1 Mt C yr* according to Diesing et al.”’, OWFs notably

influence the sedimentation of POC and additionally lead to ~1% increase of
annual net POC sedimentation on the North Sea shelf.

It is worth noting that wave-induced effects (e.g., enhanced resus-
pension and mixing) account for ~13-35% of the total OWF-induced
changes in mud and POC redistribution. However, waves do not alter the
direction or spatial structure of the OWF-induced transport pathways
(Supplementary Fig. 3). This suggests that tides and wind-driven circulation
are the main driving forcing for large-scale transport pathways.

Sediment redistribution caused by OWFs is particularly pronounced
in the German Bight, which hosts the primary mud depocenter, the
Helgoland Mud Area (Fig. 2a). In the German Bight, the annual mean
redistributed mud mass among the experiments ranges from 2.9 x 10" to
72% 107" Mt yr', resulting in a net gain of 1.9 x 107> to 2.1 x 107'Mt
yr~'. In this region, the net accumulated mass is equal to ~10% of the
total redistributed mass on the entire North Sea shelf, suggesting that the
southern North Sea especially the German Bight is a sink of OWEF-
induced redistributed mud. Net mud gain can locally reach up to
508 gm ™ yr' (~0.6 mm in sediment thickness) within the Paleo-Elbe
valley and Oyster Ground (Fig. 2¢c). The change of sedimentary POC
mass in the German Bight reflects this spatial pattern: 8.4 x 10~ to
22x107°Mt C yr' of POC is redistributed with a net change of
3.7%107°£2.8x 107 Mt C yr' in surface sediment.

Our results suggest that the mud accumulation decreases in the pri-
mary depocenter (HMA) in the order of 5x 107 to 2.7 x 107 Mt yr™'
(Supplementary Fig. 4) but increases in other muddy sites (Paleo-Elbe valley
and Oyster Ground) under the large-scale, long-term influence of OWFs.
The decreased accumulation on the primary depocenter in the HMA is due
to a reduced depositional rate rather than an enhanced erosion (Supple-
mentary Fig. 4). Overall, ~52% of total sediment redistribution caused by
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Fig. 3 | Seasonal response in bottom shear stress a

and bottom turbulent kinetic energy due to off-
shore wind farm effects. a, b Estimated relative
changes in the duration of bottom shear stress (1)
exceeding 0.1 Pa defined as the critical value for
resuspension of mud (t.,) in boreal winter
(December-February) and summer (June-August)
months, respectively. Positive and negative values
indicate enhanced and reduced bottom shear stress
caused by OWFs compared to the reference simu-
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Fig. 4 | Seasonal response of potential energy anomaly PEA (®) and standard
deviation (STDA¢) of its change to atmospheric and hydrodynamic changes
caused by offshore wind farms. a Mean PEA calculated in the reference simulation
for summer season (June-August). The red line indicates the threshold of stratifi-
cation (@ = 20 J/m’), which can indicate the position of the tidal mixing front in the
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German Bight™. b Estimated relative changes of the PEA in summer caused by
OWFs. Positive and negative values indicate increased and decreased PEA by OWFs,
respectively. The locations of offshore wind farms are shown by black polygons.

c Similar to (b) but for the standard deviation (STD,) of the change in PEA.

OWFEs on the North Sea shelf occurs in the German Bight, highlighting its
sensitivity to OWF-induced changes in sediment dynamics.

Process-based understanding of OWF impacts

Fine-grained sediment dynamics in shelf seas are controlled by complex
environmental conditions that influence the formation and maintenance of
mud depocenters. These dynamics can be disrupted by the presence of
OWFs. Reduced and increased bottom current strength promotes deposi-
tion and erosion of mud, respectively. Depositional or erosional environ-
ment can be identified using indicators, such as bottom shear stress that is
closely related to turbulent kinetic energy in the bottom layer”. Sediment
resuspension typically occurs when bottom shear stress exceeds a certain
threshold™ (e.g., 0.06 Pa for unconsolidated silts and 0.1 Pa for very fine
sands). To identify and characterize excess resuspension caused by OWFs,
we calculated the changes in the duration during which the threshold of
resuspension for coarse silts and very fine sands, as dominant sediment
types in the depocenters, is exceeded. Our results show that enhanced
bottom shear stress and turbulent kinetic energy (TKE; Fig. 3), especially
downstream of OWFs following the mean currents, increase the frequency

and intensity of sediment resuspension. In contrast, reduced bottom shear
stress in muddy areas such as the Paleo-Elbe valley and Oyster Ground
favors sediment deposition. The change in the magnitude shows seasonal
variability, with more extensive and larger changes during winter when
higher wind speeds amplify the effects of wind speed reductions caused by
OWFs and larger additional turbulence drag and mixing caused by wind
farm infrastructures. It is noteworthy that changes in the winds caused by
OWFs are most responsible for the large-scale changes beyond the location
of OWFs, since hydrodynamic drag and enhanced TKE in water due to
wind turbines are mainly confined within OWFs with a limited spatial
extension (within a few km) to the downstream side (Supplementary Fig. 5).

Changes in the atmospheric conditions caused by OWFs can influence
large-scale oceanic circulation, thereby altering the intensity and distribu-
tion of stratification”™”’. To assess this effect, we calculated the potential
energy anomaly (PEA, see Methods) and its standard deviation as proxies
for stratification strength and stability (Fig. 4). PEA provides a quantitative
measure of stratification: higher PEA values indicate that more mechanical
energy is required to homogenize the water column and thus correspond to
stronger density stratification. Our results indicate that OWFs lead to an
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Fig. 5 | Seasonal response of depth-integrated a 50
residual sediment flux (Q,) and transport direc-
tion steadiness to atmospheric and hydrodynamic 55°N =
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overall increase of stratification within areas surrounded by OWFs, such as
the Paleo-Elbe valley, thereby promoting sediment accumulation. This is
because the local mixing enhancement by turbines is outweighed by the
broader reduction in wind-driven turbulence caused by wind deficits,
leading to an overall net increase in stratification downstream of the OWFs.
This enhancement of stratification is most pronounced and stable in the
eastern German Bight, while in the western part, stratification tends to
weaken and exhibits greater variability (Fig. 4c). Despite these changes, the
spatial location of the salinity and tidal mixing fronts remains largely
unchanged under OWF influence (Supplementary Fig. 6). On the other
hand, intensification of tidal mixing front is shown by an increase in the PEA
gradient across the fronts (Fig. 4b), suggesting localized changes in mixing
dynamics (Fig. 4b).

Notably, the synergistic influence of multiple OWFs appears to amplify
these changes in hydrodynamics. The combined atmospheric wake effects
and enhanced oceanic turbulence from clustered installations create feed-
back that modify stratification patterns and mixing processes across a
broader area® (Figs. 3 and 4). These synergistic effects are particularly
remarkable in the German Bight, where they shape sediment and POC
transport, resuspension, and burial of sediments and POC at the regional
scale (Fig. 2).

The major mechanism for formation of mud depocenters in high-
energy coastal environment is sediment trapping and deposition caused
by density fronts associated with freshwater plume”, thermohaline™”,
tidal mixing and/or downwelling’*”’. On the primary mud depocenter in
the Helgoland Mud Area, the general spatial structure of the density
fronts and the associated sediment convergence and trapping mechan-
isms remain relatively stable’’. The tidal mixing front, which is estab-
lished in summer and diminishes in winter, is found to limit sediment
deposition on the seaward side of the mud depocenter in HMA. Con-
sequently, the offshore extension of HMA is restricted”*. OWF-induced
changes in hydrodynamics lead to further enhanced resuspension near
the tidal mixing front, primarily through an enhancement of the density
gradient that results in intensified frontal circulation® (Supplementary
Fig. 4). In contrast, the impact of OWFs on the salinity front is minimal
in the German Bight, as most OWTFs are located further offshore, beyond
the direct reach of the freshwater plume. OWF-induced changes mainly
occur at the tidal-mixing front and its offshore, modifying transport and
depositional flux of sediment and POC there, leading to reduced
deposition in the primary depocenter (HMA) and enhanced deposition
in secondary mud deposits (Paleo-Elbe valley and Oyster Ground) near
the HMA (Fig. 2b).

Our results suggest that changes in the residual sediment transport flux,
calculated by averaging sediment transport flux at each time step (2 min)
over each season, exhibit strong seasonal variability and extend beyond the
immediate vicinity of OWFs, exerting a regional-scale influence. During the
winter season, most changes are concentrated in the nearshore of the
southern North Sea (Fig. 5a), along the established sediment transport
pathways (Fig. 5¢ & Supplementary Fig. 7). In summer, changes are more
spatially extended, particularly along the southern Dutch coast, where a
considerably decrease in sediment flux occurs near the estuaries, accom-
panied by an increase further north in the OWF cluster region (Fig. 5b). The
seasonal response of residual sediment transport flux in this area is closely
linked to stratification associated with the freshwater plume. In winter, when
stratification associated with the temperature gradient is minimal, the water
column is locally stratified due to river discharge despite strong wind for-
cing, and OWF-induced hydrodynamic changes produce only local effects
on sediment resuspension and transport that are mainly restricted in the
OWEF area. By contrast, in summer, extensive stratification driven by river
discharge, temperature gradients, and reduced wind forcing increases the
sensitivity of the system to OWF-induced mixing (Supplementary Fig. 8).
Here, OWFs increase mixing near the estuaries (Fig. 4b), causing a local
reduction in the horizontal transport flux. Meanwhile, the enhanced stra-
tification further north in the OWF cluster (Fig. 4b) amplifies downstream
transport flux. This effect is particularly pronounced in summers (e.g., 2013)
featured by higher river discharge reinforcing stratification, whereas low
river discharge in summer such as that in 2014 produces a milder response
(Supplementary Fig. 9). The Rhine estuary in the southern Dutch coast
provides a major freshwater input to the region®. The river plume is mainly
driven by the coastal current that is directed northeastward. In the down-
stream of the Rhine outflow, a consistent OWF-induced increase in residual
sediment flux occurs during both winter and summer. The presence of
OWFs in this area leads to reduced turbulent mixing in the water column
(Fig. 3) and enhanced stratification (Fig. 4b). As a result, mud primarily
delivered by the Rhine outflow accumulates around the wind farm struc-
tures (Fig. 2). This reduces alongshore sediment transport toward the
German Bight, thereby limiting the supply to the primary depocenter in the
Helgoland Mud Area. Different from the Dutch coastal water, the parts of
the German Bight where OWF clusters are located are less influenced by
freshwater plumes. At a seasonal scale, these modifications show that OWFs
can alter net sediment transport fluxes locally by up to 30% (Supplemen-
tary Fig. 7).

OWFs influence not only the magnitude of sediment transport flux but
also the transport direction (Fig. 5¢, d). While the residual sediment
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transport generally follows the residual current directions (Supplementary
Fig. 10), the presence of OWFs and their associated modifications in
hydrodynamics introduce variations in the transport direction. Such var-
iation is featured by decreased steadiness in the OWF area and their
downstream side, with patches of increased steadiness nearby (Fig. 5c¢, d).
These variations are most prominent in winter and weakest in summer, in
contrast to the seasonal patterns of the magnitude of transport flux. This
higher variability of transport direction in winter is mainly due to a larger
variability of wind in stormy winter™.

Implications for sediment transport and OC burial in global
shelf seas

Our findings from the North Sea show that the influence of OWFs extends
far beyond localized changes near individual turbines, reshaping sediment
and POC transport and deposition patterns across wider shelf regions. The
disruption of sediment fluxes and redistribution in the established mud
depocenter (Helgoland Mud Area) demonstrates that OWFs can influence
the long-term stability of mud depocenters and their ecosystem functioning,
such as carbon storage. Sediment exchange between the North Sea and the
world’s largest intertidal system, the Wadden Sea, may also be affected by
continuing expansion of OWFs in the German Bight. Such changes could
affect the long-term maintenance of the Wadden Sea system, which relies on
sufficient sediment supply to keep pace with ongoing and future sea-level
rise”*. Although the modeled surface mud and POC content changes are
relatively small- corresponding to less than 1% per year- the relatively
consistent change over multiple years suggests that the effect may accu-
mulate over several decades and lead to noticeable degradation of existing
depocenters and formation of new ones. Moreover, the continued expan-
sion of OWTFs is likely to amplify these effects™, further influencing sediment
stability and redistribution across continental shelves.

These results hold broader relevance given the expanding footprint of
OWFs in shelf seas globally (Fig. 1a), as such impacts are not unique to the
North Sea. Formation of mud depocenters across continental shelves is
governed by similar sediment trapping and deposition mechanisms asso-
ciated with frontal systems, such as those reported on the Amazon shelf, Bay
of Biscay, East China Sea, and Iberian shelf ****"*!. Many of these regions are
also part of OWF development plans (Fig. 1a). Our findings suggest that
OWFs, through persistent alterations in currents and water column strati-
fication, have the potential to modify regional-scale sediment transport
pathways, gradually and accumulatively affecting sediment budgets, seabed
morphology, and benthic ecosystems over decadal timescales.

In parallel, changes in sediment transport affect the distribution and
burial of POC. Altered deposition patterns and enhanced resuspension in
OWFs may reduce carbon sequestration in existing burial hotspots such as
established mud depocenters. Meanwhile, they could increase lateral POC
transport fluxes to other parts of the shelf. These shifts in carbon dynamics
highlight the need to consider biogeochemical impacts alongside physical
changes when assessing the broader environmental footprint of OWFs.
Several recent modeling studies further support this complexity. For
example, Daewel et al.”* emphasized the biogeochemical consequences of
OWFs, showing up to 10% local increase in sedimentary organic carbon
after one year due to enhanced primary production, though the overall
increase of POC in surface sediment across the entire North Sea remains
modest at 0.2% according to their simulations. Ivanov et al.” investigated the
role of epifauna and found that mussel-induced bio-deposition on turbine
foundations considerably enhanced organic carbon sequestration, with total
organic carbon deposition increased by up to 50% within 5 km of monopiles
and detectable effects extending as far as 30 km along the main residual
current. De Borger et al.”’ further demonstrated that enhanced sedi-
mentation due to fecal pellets expelled by filtering epifauna within OWFs
can substantially increase reactive organic carbon burial. Their estimates
show a local increase of mineralization rates by 26.8-29.5% and organic
carbon stocks in the upper 10 cm of sediment by 10-11% in present-day and
future situations after 20 years of the installation of OWFs. When integrated
over the Belgian Part of the North Sea, however, the corresponding increase

is only 0.2-0.5%, highlighting the strong contrast between local and regional
OWF impacts.

Besides direct physical remobilization and biogeochemical influence in
primary production, OWFs also impact sedimentary carbon stock in other
aspects. Heinatz and Scheffold* examined how offshore wind farms
influence organic carbon stocks throughout their life cycle, including losses
from seabed disturbance during construction and decommissioning, and
gains from artificial reef effects during operation. They estimated a net
increase of ~0.05 Mt yr™ in sediment organic carbon stock in OWF areas of
the southern North Sea, considering both commissioned and planned
OWFs for future. This positive value largely reflects enhanced carbon
retention and biological production around turbine foundations, which
outweigh the initial release of carbon during turbine installation. The esti-
mated net increase is roughly 8 times greater than the amount of POC
retention from riverine discharge reported in our study caused by operating
OWEFs, since their estimate includes also the OWFs that are planned but not
yet in operation whereas our estimates focus only on the physical transport
and sedimentation effects associated with currently operating wind farms.
These findings are not contradictory but rather complementary to address
the complexity in quantifying OWF impact on carbon cycling and
sequestration. Our study contributes to this effort by focusing on mod-
ifications in large-scale transport and deposition processes. Together, these
findings underscore that carbon dynamics around OWFs are shaped by a
complex interplay of physical, ecological, and operational factors. Shelf seas
with OWFs therefore cannot be characterized by a simple increase or
decrease in carbon storage. Instead, they are driven by a complex set of
processes that require integrated, multidisciplinary assessment.

While our study represents, to the best of our knowledge, the first
quantitative assessment of OWF impact on regional scale sediment trans-
port and deposition patterns based on state-of-the art parameterization
schemes combining both atmospheric and ocean compartments, some
model limitations are worthy of noting. In particular, small-scale processes
such as Karmén vortices” and local upwelling/downwelling downstream of
wind turbines', which could contribute to localized seabed scouring, are not
fully resolved in our coastal ocean model with grid size from several hundred
meters to several kilometers. Previous numerical studies have shown that
wind-wake effects can generate localized upwelling/downwelling dipoles in
stratified waters, with vertical velocities exceeding 1 m day™ and spatial
footprints extending several kilometers around wind turbines"". These
features can alter stratification and mixed-layer depth®, potentially
enhancing primary production at meso- to submesoscale (horizontal scale
of 1-40 km) when wind directions remain stable for at least ~8-10 h with
moderate speeds'”’. While these small-scale processes may contribute to
localized seabed scouring, organic carbon cycling, and short-lived pulses of
productivity, parameterization of their effect in a form of enhanced tur-
bulence mixing like the one used in our model is able to capture a larger-
scale ecosystem response to some extent”. On the other hand, resolving
individual turbine foundations at meter-scale grid resolution (e.g., Hosseini
et al.®) is computationally demanding and not feasible for long-term,
regional-to-global scale simulations addressing sediment and carbon bud-
gets. Therefore, process-based parameterizations representing integrated
effect of multiple turbines in OWFs remain necessary to ensure physically
meaningful and computationally tractable simulations to assess cumulative,
basin-scale impacts over multi-year timescales. Existing field-based mea-
surements are only able to indicate local seabed changes (e.g., scour around
the piles) but not sufficient to validate the large-scale subtle OWF-induced
seabed changes simulated by our model, which are less than 1 mm per year
(maximum OWF-induced deposition averaged over a 1 x 1 km grid cell is
~0.6 mm/yr). Robust near-term detection is most feasible in the atmo-
spheric wake field (Supplementary Table 2) and in spatially resolved ocean
measurements specifically designed to resolve wake-scale structures in
surface currents, waves and turbidity. Long-term, continuous observations
are required to capture large-scale seabed effects, which would accumulate
and become detectable only after a few decades to provide robust field
validation. Further, uncertainties related to parameterizations and
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numerical implementation of biological factors, such as epifauna inhabiting
on turbine foundations and their impact on the hydrodynamic drag and
carbon flows, present a need for further research.

In conclusion, our findings point to a potential long-term redistribu-
tion of mud and POC driven by OWF-induced changes in hydrodynamics
and stratification. These processes may reshape seabed morphology and
affect the stability of coastal and offshore sedimentary systems such as mud
depocenters and their ecosystem functioning. Incorporating these insights
into marine spatial planning and coastal management strategies is essential
to ensure a sustainable development of offshore wind energy.

Methods

Model configuration

We employed a coupled hydro-morphodynamic model that integrates the
three-dimensional Semi-implicit Cross-scale Hydroscience Integrated
System Model (SCHISM)” with the sediment transport and morphody-
namics model (MORSELFE)* and the wave model (WWMIII)*. The wave
model is implemented within the SCHISM framework, enabling two-way
wave—current interactions and joint effects on sediment dynamics.

The configuration used in this study is based on model setups
presented in earlier studies by Kossack et al.”’ and Porz et al.**, and
has been further refined and validated for nearshore sediment
dynamics by Chen et al.”®. In addition, the simulated wave properties
(significant wave height, wave period and direction) show satisfactory
agreement with observation (Supplementary Fig. 11). The model
domain covers the entire north Atlantic Ocean including the North
Sea and the Baltic Sea with two open boundaries at north and south-
west of the North Sea. The unstructured triangular grid in the hor-
izontal dimension has the resolution up to ~1 km in the OWFs and
adjacent areas to capture key mesoscale and submesoscale features
such as the internal baroclinic radius of the deformation (~10 km in
the North Sea), thereby better reproduce the impacts of the OWF
wind wakes'**". The vertical dimension adopts the Localized Sigma
Coordinates with Shaved Cells (LSC?) to resolve the near-bottom
dynamics with a maximum of 52 layers. Bathymetric data were
interpolated from the 50 x 50 m resolution dataset provided by the
European Marine Observation and Data Network (EMODnet). A full
list of observation datasets as well as the purpose of these datasets for
our study are provided in Supplementary Table 1.

The model simulations were conducted using realistic atmospheric
forcing, open boundary forcing and river discharge from 2012 to 2014,
including a one-year spin-up under the initial setting to ensure model sta-
bility. In numerical experiments involving OWFs, an additional one-month
spin-up has also been conducted to allow adaptation of ocean circulation to
the impact of OWFs. The results for 2013 and 2014 were analyzed. The
reason for extrapolating the results for 2013 and 2014 to alonger time scale is
that these two years represent contrasting conditions of river discharge, with
high values in 2013 and low values in 2014 (Supplementary Fig. 1). This
allows the simulations to capture system response to distinct riverine input
conditions along the coast. A general consistency in the residual transport
patterns with existing regional-scale modeling studies from earlier years has
been shown in our earlier study™.

Seabed sediment properties and organic carbon content

The surface seabed sediment configuration is based on that from
Chen et al.”® with further refinement in nearshore area by integrating
high-resolution local datasets. We specified initial sediment mud
content in the North Sea using interpolated measured data provided
by Bockelmann et al.””, together with sediment grain size data from
the EasyGSH-DB data products™. To better resolve the German Bight
and Wadden Sea, these datasets were complemented with additional
sediment information from the SIBES™ and AufMod™ projects. The
spatial distribution of surface POC was initialized using the inter-
polated measured data from Bockelmann et al.”’, provided at
3x3km resolution and covering the entire North Sea. In the

sediment module, POC is treated as a conservative tracer. POC
deposited in the surface sediment layer is assumed to be recalcitrant
and does not undergo benthic remineralization. This setting is based
on the results of Zhang et al.* showing that labile OC in surface
sediments of the North Sea shelf is largely depleted in stormy winter
and only refractory/recalcitrant POC can sustain repetitive cycles of
resuspension-transport-deposition in such a high-energy shelf sea.
As a result, the model captures physical transport and sedimentation
processes but does not explicitly represent biogeochemical degrada-
tion of POC in the seabed. Daily river forcing includes river discharge
and sediment loads from over 100 major rivers within the model
domain. A constant concentration of 40 mgL™" for discharged sedi-
ment is specified at the Elbe river boundary according to the median
value derived from nine major rivers in the southern North Sea by
Abril et al”*. An overview of the sediment and POC datasets is
provided in Supplementary Table 2.

Two key parameters, namely particle settling velocity (w,) and critical
shear stress for resuspension (7.), largely determine mobilization and
sedimentation of mud and POC. To estimate the sensitivity of simulated
transport, erosion and deposition patterns to variation of these two para-
meters, we designed a set of simulations adopting different values of w, and
7. that are within reported range from existing literature.

Numerical implementation of offshore wind farms effects
The impact of OWFs is implemented through two parameterizations, one
for atmospheric (wind) wakes behind wind turbine clusters and one for sub-
grid oceanic wakes downstream of turbine clusters.

The wind wakes are represented by a top-down wake parameterization
that describes wind speed deficits on the downwind side of offshore wind
farms™. The wind speed deficits are calculated by

u(%}’) :uO(l_Au(x7y))7 (1)

Au(x,y) = txef"/“*(y/”)z, )

where u is the wind speed on the downwind side of windfarm, x and y are the
horizontal distance along the downwind axis and from the central wake axis
respectively, « is the maximum relative deficit, o is the exponential decay
constant, u, is the undisturbed wind field, Au is the wind speed deficit and
y =L/3 is an exponential decay constant where L is the wind farm width. At
each time step, according to the prevailing wind direction, Au(x, y) is
evaluated at every surface grid node in a wind-aligned coordinate system
and applied directly to the local wind vector, yielding a spatially varying two-
dimensional wind speed deficit field. In the wake parameterization, the
coordinate origin is set at the lee side of each wind farm to describe the wind
speed deficits and wake recovery, so that Au represents the combined wake
effect of the entire farm rather than individual turbines. Individual turbine
contributions are integrated through the overall wake width and the
maximum deficit parameter a. « is also used to define the relative wind
speed deficit within the OWFs. The reported ranges of « is 5-10% and o is
5-70 km based on existing studies (Supplementary Table 2). In reality, « and
ovary with wind farm layout, turbine drag, turbine density, and atmospheric
conditions including wind field characteristics, stability, vertical momentum
fluxes. Because no universal empirical formulation exists to capture these
dependencies, we adopted representative mean values supported by
measurements and Synthetic Aperture Radar (SAR)-based statistics, and
used a=10% and o =30km for the North Sea OWFs, These values are
consistent with previous modeling’** and observations (Supplementary
Table 2) of wake deficits and lengths at the sea surface. The atmospheric
wake parameterization modifies the wind field at every time step and
includes operational constraints, applying wake effects only when wind
speeds at hub height range between 3 and 25 ms ™.

To account for oceanic wakes, a hydrodynamic drag caused by the
monopiles and enhanced turbulence kinetic energy (TKE) downstream of
turbine clusters are added to the hydrodynamic equations.
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We follow the method of Christiansen et al.”"”, where a drag para-
meterization was added to the hydrostatic momentum equation and
enhanced turbulent kinetic energy and dissipation were added to the tur-
bulence closure scheme. The additional drag force per unit mass is com-
puted as

Ly, 3

- 1

Gy=—3CN
where C, is the drag coefficient, N is the number of monopiles within each
grid cell, d is the diameter of the monopile cylinder, A is the horizontal area
of the grid cell containing the cylinders, and i is the velocity of the free
stream velocity vector'®*”. The arrows over G, and # denote vector quan-
tities, which act in opposite directions as determined by the governing
function. In this study, we adopted a uniform diameter of the monopile
cylinder d =8 m and the number of monopiles at each grid cell were cal-
culated based on the observation data of offshore wind turbines from 4C
Offshore (https://map.4coffshore.com/offshorewind/).

Representative values of the turbine drag coefficient (C,;) were
adopted from our earlier study in Christiansen et al.”". In that study, a
thorough sensitivity analysis across a possible range of values was per-
formed. The drag effect is strongly dependent on the choice of scaling
parameters, particularly the turbine diameter (d) and drag coefficient
(C,), of which C; exerts the largest uncertainty. Experimental studies for
cylinders with different foundation structures in unstratified flows sug-
gest C,; values between 0.2 and 1.3 (e.g., Shih et al.’; Sumer™’; Carpenter
et al."), depending on turbulence intensity, surface roughness, and local
flow conditions. According to Christiansen et al.*"**, a value of C;=0.63
corresponds to moderate mixing effect at a large-scale beyond the wind
farms. In this study, we adopted a higher value C;= 1 to compensate the
mixing effect at a coarser grid resolution so that the simulated mixing
effect is comparable to that in Christiansen et al.**’, which uses a finer
grid resolution.

To represent the deceleration of flow due to monopile-induced drag,
the drag parameterization is incorporated into the hydrostatic momentum
equation given by

Di o [ oi S -

where v is the vertical eddy viscosity, g is gravitational acceleration, # is the
free-surface elevation, and E represents additional forcing terms, such as
baroclinic gradient, horizontal viscosity and the Coriolis force”.

To further account for the generation of subgrid-scale wake turbulence,
the drag term G, is also included in the turbulence closure scheme gov-
erning the evolution of TKE k and its dissipation rate €, using the generic
length-scale model” ™. Here, subgrid-scale wake turbulence denotes tur-
bulence generated by individual monopile wakes that occur at spatial scales
smaller than the model grid resolution and is therefore parameterized rather
than explicitly resolved”. The modified governing equations are given by

ok a( ok
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where v, and v, are the vertical turbulent diffusivities for k and ¢, respec-
tively. F,,; is a wall-proximity function, P and B represent shear and
buoyancy production, respectively, and c¢;, ¢, ¢3, ¢4 are model-specific
empirical coefficients associated with source and sink terms in the
dissipation equation®. In the implementation of the k -¢ turbulence model,
we adopted the standard values of ¢; = 1.44, ¢, = 1.92 and ¢3 = —0.52. The
coefficient ¢4, which modulates the contribution of wake-generated
turbulence to dissipation, is more physically sensitive and less universally

Table 2 | Parameter value and reference sources for offshore
windfarm parameterization

Parameter Value  Reference source/Note

Maximum wind speed 10% Supplementary Table 2

deficit, a

Wake decay length, o 30km  Supplementary Table 2

Turbine drag 1 Shih et al.®®; Sumer®?; Carpenter et al.'®;
coefficient, Cy Christiansen et al.?"?®

Monopile diameter, d 8m 4C Offshore

defined. While Rivier et al.”* adopted c, = c,, Rennau et al.”” emphasized the
physical implications of varying c4, showing that mixing efficiency increases
for ¢4 < ¢; and decrease for ¢, > ¢;. Based on their findings, which suggest an
upper bound of ¢, = 1.75, and their proposed values of ¢, = 0.6 for strong
mixing and ¢, = 1.4 for weak mixing regimes, we set ¢, = 1.0 in this study to
reflect a moderate mixing scenario. All offshore windfarm parameters are
summarized in Table 2.

Offshore wind farms distribution and numerical experiments
Wind farm extents and turbine densities were derived from the 4C Offshore
dataset. In this study, we applied the OWF configurations representing
present-day (operating) scenarios. To assess the influence of OWFs on
hydrodynamics and sediment dynamics, we conducted simulations with
and without OWF effects, allowing comparison between wake-affected and
reference conditions.

A total of 15 model experiments (Table 3) were conducted to assess
model uncertainty related to variation of two key parameters, namely
particle settling velocity (w,) and critical shear stress for resuspension
(7.). The reference simulations (e.g., SI_REF) exclude any OWF effect,
while the simulations with OWFs (e.g., S1_OWTF) incorporate effects in
both atmospheric and oceanic compartments. To distinguish OWEF-
induced impacts from natural variability, differences between the
simulations with OWF effects and corresponding reference simulations
adopting the same setting of w, and 7, were calculated (e.g., SI_OWF
- S1_REF).

To distinguish the effects between atmospheric wakes and oceanic
wakes, one additional experiment was conducted. This experiment
(S1_OWF_noturb) considers effect of OWF-induced wind changes but
excludes effects of OWF-induced hydrodynamic drag and turbulence in
water. A comparison between this experiment and the one with OWF effects
in both atmosphere and ocean (S1_OWF) helps to distinguish the effects of
OWF-induced changes in the two compartments in driving large-scale
sediment transport. Results indicate that the changes of TKE in ocean
caused by wind turbines are mainly confined inside the OWFs (Supple-
mentary Fig. 5).

Sediment transport steadiness analysis

As a measure of directional stability of residual sediment transport flux, we
computed the ratio of vector mean to scalar mean fluxes from the numerical
model output as

|
N

|
[N}

e el )

where Q, , and Q, , are the east-west and north-south components of the
residual sediment transport flux vector Q,, respectively, and an overbar
denotes temporal averages. This parameter was initially proposed by
Ramster et al.”’ as a measure of current steadiness and has also been used in
morphodynamic studies measuring steadiness of sediment transport
direction®*®. Values close to unity denote high directional residual sediment
flux stability, whereas values close to zero denote essentially random flux
directions.
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Indicator for stratification

Potential energy anomaly (PEA) quantifies the strength of water-column
stratification and represents the amount of energy required to fully mix the
water column to uniform density”. Higher PEA values indicate stronger
stratification. It is calculated from the vertical density distribution as

o= | ih(p_ (o)) g, ®)

0
= [ e ©)

where h is the depth of the water column, p and <p> the vertical density
profile over the water column and the depth-averaged density, z the vertical
coordinate and g the gravitational acceleration.

Data availability
Previously published datasets used in this study are cited in Methods with
details listed in Supplementary Table 1.

Code availability

The source codes of SCHISM are available from the DOI 10.5281/
zen0do.6537526 and is licensed under open-source Apache license version
2% Figures were made with matlab R2024b-gcc-13.3.0 through the German
Climate Computing Centre (DKRZ) platform. The numerical modeling
result and the matlab scripts for visualization are available from DOI
10.5281/zenodo.18714062.
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