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Abstract: Offshore wind farms (OWFs) can influence marine stratifications, leading to fuel nutrition
in the upper ocean and regulating ocean carbon fluxes. Evaluating this dynamic effect facilitates the
planning of OWFs deployment for enlarging marine carbon sequestration, which is urgent in the
pursuit of China’s carbon neutrality targets. However, it is impossible to observe the target influence
in the planning stage of deployments, and it is impractical to build a high-resolution (100~101 m)
model to cover the entire waters adjacent to China. The theoretical calculations, therefore, are the first
step and top priority. The simplified theory presents two suggestions in the design of future OWF
deployments in the study area. The first suggestion is made from the perspective of OWF positioning.
To the east of the cities of Zhoushan, Putian, and Shantou, the oceans are dynamically sensitive to
OWF deployments. The second suggestion is made from the perspective of the length scale of OWFs.
A broader OWF results in a smaller vertical disturbance in the coastal waters, but the situation is
opposite in the open seas. The OWF deployment strategy, proposed in the aim of ensuring idealized
marine stratification responses, thus varies geographically. This study provides a panoramic view of
the sensitivity of marine stratification to OWFs in the study regions. It can be seen as a steppingstone
in detailed research of the target phenomenon.

Keywords: offshore wind farm; seawater vertical movement; marine stratification; development
strategy; adjacent water of China

1. Introduction

Wind energy is a virtually carbon-free electricity source. Accordingly, many coastal
regions are turning to offshore wind energy technologies to meet rising energy demands.
The low carbon footprint of offshore wind energy is essential in reducing global carbon
emissions and mitigating the climate crisis [1–3].

Offshore wind farms (OWFs) play an important role in regulating the marine ecosys-
tem [4] and carbon flux [5,6], which might further amplify the low-carbon features of
offshore wind energy technologies via enhancing marine carbon sequestration. In strat-
ified waters, vertical seawater velocity and the corresponding changes in stratification
are the key factors influencing the target phenomenon [7]. The vertical motion of sea-
water can transport nutrition to the upper sea, thus regulating marine productivity [8,9].
OWFs are presently being built or planned in regions which are deep enough to be sea-
sonally stratified [10]. Therefore, it is urgent that we evaluate the influences of OWFs on
marine stratification.

The wind wake of OWFs is induced by the wind speed deficit in the leeward side of
wind turbines [11–14], and it results in upwelling/downwelling currents in the affected
area [15]. This can be explained by geophysical fluid dynamic theory. When a wind farm is
large, and when atmospheric stratification is stable, offshore wakes may extend to several
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dozens of kilometers downstream, as shown by a number of observations [16,17] and
numerical investigations [18,19]. Here, the length scale is big enough to be well suited for
geophysical fluid dynamic theory [20,21]. According to Ekman theory, this spatial pattern
of wind stress forces sea water to move vertically (Figure 1) [22]. Neglecting some effects
(such as small-scale mixing, friction, and secondary circulation), the maximum vertical
velocity can be estimated by a reduced-gravity model. The theoretical estimation has been
verified by an ocean general circulation model with fine resolution (200 m × 200 m horizon-
tal measurements and 0.5 m vertical measurement) and a constant water depth (20 m) [15].
Such wake-induced upwelling/downwelling has been confirmed by other idealized mod-
els [23–25]. A simulation showed that the upwelling/downwelling can measure up to
3–4 m per day in the North Sea [20]. This magnitude is sufficient to dramatically influence
local marine stratification and, more importantly, can influence primary production and
marine carbon flux [26]. Most recently, the presence of an upwelling/downwelling dipole
was measured in the German Bight; it was characterized in terms of changes in the mixed
layer’s depth [27]. Similar phenomena, induced by wind speed spatial shear, have been
extensively studied at coastal boundaries [28], in seasonal upwelling areas [29], in deep
waters [30], and in marginal ice zones [31].
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Figure 1. Schematic diagram for the mechanism of marine vertical response to the wind-forcing
deficit on the leeward side of a wind turbine. The blue arrows indicate wind stress. The wind
stress outside the wind turbine is undisturbed and large, but it is small behind the wind turbine
due to the energy extraction. The green and red arrows represent the upwelling and downwelling
currents, respectively.

There are many other wake-related effects which, in addition to the foundations of
OWFs, may induce changes in marine stratification; however, they have fewer scales in
comparison with the effect controlled by the Ekman theory. For instance, the wakes have
impacts on air–sea heat and humidity fluxes; thus, they modulate local marine stability and
climate [32]. Surface gravity waves induced by wind speed changes may also play a role in
vertical mixing [33]. The piles of wind turbines can enhance small-scale turbulence [34]
and generate internal waves [35]. An unstructured model and in situ observations revealed
that these factors lead to changes in stratification [10] and in the marine ecosystem [26] due
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to increased mixing. These effects are all relatively constrained to the sea surface or in the
areas near the turbine piles. They cannot extend as far as the Ekman effect.

Estimations of marine stratification changes caused by OWFs are urgently needed
in China. China has promised to begin cutting its carbon emissions within the next ten
years and to become carbon neutral before 2060. To achieve this target, wind electricity
production needs to show a ninefold increase in China over the next 40 years [36]. China
has become one of the fastest-growing countries for offshore wind power technology
development [37], and installed half of all new global offshore wind capacity in 2020 [38].
Its newly installed offshore wind power technologies will continue to increase in capacity
according to the ambitious projects proposed by coastal Chinese provinces. For example,
before 2030, Guangdong Province plans to increase the installed capacity of wind turbines
by 50 million kilowatts in the coastal waters of Shantou City [39].

There are numerous investigations on the marine environmental effects of OWFs in
China-adjacent seas [40,41]; however, there has been little focus on the stratification changes
as being governed by the Ekman theory. For instance, simulations have been made for the
wave–seabed–OWF interaction in the East China Sea [42]. The marine sediment quality was
found to be affected by OWFs in the Bohai Sea, and the microbial communities surrounding
OWFs were also influenced [43,44]. The volume of plastic in the wind farm area was lower
than that outside the wind farm due to the hydrodynamic effect [45]. With a consideration
for economic feasibility, OWFs should be integrated with cage aquacultures near the Taiwan
Strait [46]. Biological data showed that detritus, phytoplankton, zooplankton, anchovies,
and some benthic fish were positively impacted by the OWFs in the Yellow Sea [47].

Given the profound impacts of OWFs on marine environments in the waters adjacent
to China, an environmentally friendly OWF deployment plan is important. There have
been some assessments of OWF lifecycle environmental emissions [48,49], as well as of
the geopolitical and humanistic environmental impacts [50] of OWFs in China; however,
suggestions and principles for a deployment plan which will enable an idealized marine
stratification response have not yet been presented. According to the Ekman theory,
vertical ocean response is controlled by the length scale, the location, and the surrounding
atmospheric and marine conditions of OWFs. These factors vary geographically; therefore,
the OWF deployment strategy must be adjusted to achieve an idealized ocean response.

Estimating the seawater vertical velocity using the Ekman theory is necessary to pro-
pose OWF development plans which are beneficial in reducing China’s carbon emissions.
The reason is twofold. Firstly, it is the first step in planning OWF deployment. It is im-
possible to observe marine dynamic responses in the planning stages; thus, presenting a
theoretical panoramic view of influencing factors is helpful in generally locating which seas
are sensitive to the deployment of an OWF. Moreover, it is the top priority of numeric simu-
lations. A high-resolution (100 m~101 m) model is necessary to comprehensively address
the focus of this study [51,52]. However, it is impractical to use such a sophisticated model
to cover the entire waters which are adjacent to China. Therefore, a pre-estimation of ocean
responses facilitates regional model configurations. In summary, theorical estimations are
very valuable; however, they are insufficient for depicting the detailed spatial patterns of
vertical velocities.

In this paper, using climatological 3D ocean stratification data and wind stress data,
we calculated the ocean’s response to OWF deployments. We analyzed the effect of OWF
locations and length scales on generating vertical seawater velocity. The rest of this paper
is organized as follows. The data and methods are described in Section 2. In Section 3, we
analyze the results and describe the spatial variability of the ocean vertical response to
OWFs in the waters adjacent to China. Finally, the conclusions are presented in Section 4.

2. Methodology
2.1. Study Region

The bathymetry of the study region is shown in Figure 2. The cities which are seeking
the development of offshore wind power are marked by red dots.
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Figure 2. Bathymetry (m) of the waters adjacent to China. The regions (water depth < 10 m and
>300 m) are covered by gray. The red dots are cities with massive OWF deployment plans. From
south to north, the cities are Yangjiang (YJ), Shantou (ST), Putian (PT), Fuzhou (FZ), Wenzhou (WZ),
Zhoushan (ZS), Nantong (NT), Yancheng (YC), Qingdao (QD), and Dalian (DL).

2.2. Basic Equations

We assumed that the water in the study area has an active upper layer (the initial
thickness is h0 and density is ρ) overlying a motionless and infinitely deep layer (the density
is ρ + ∆ρ). The vertical coordinate is zero at the sea surface and it is positive in an upward
direction. By applying a hydrostatic approximation to the integration of the Navier–Stokes
and continuity equations, and by neglecting nonlinear terms, we found that the response
of the thickness of the upper layer (h) to wind forcing is

∂

∂t

[(
∂2

∂t2 + f 2
)

h−∇·
(

g′h0∇h
)]

= − f
ρ

curl(τ)− 1
ρ

∂

∂t
∇·τ (1)

where f is the Coriolis parameter, τ is the wind stress acting on the water column surface,
and g′ = g∆ρ/ρ is the reduced gravity. This equation is valid in a reduced-gravity ap-
proximation. It is very general and describes an extensive set of large-/meso-scale marine
phenomena which occur in stratified coastal waters [22].
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Following the previous work [15], we made two assumptions to simplify Equation (1).
First, we neglected the second-order time derivative. This means that all processes of a short
time scale (t < 1/ f , such as internal gravity waves and geostrophic adjustment process)
were neglected. Besides, we assumed that the wind forcing is temporally constant; thus, the
last term in the right side of Equation (1) was neglected. Then, we transferred all variables
in Equation (1) to nondimensional forms. We introduced the scales (x, y) = (x′, y′)L,
t = t′ f−1, and h = h′∆τ/

(
ρ f 2L

)
. x and y are the horizontal lengths. ∆τ is the deficit

of wind stress in the leeward side of the wind turbines. Dropping the primes on the
nondimensional variables, the simplified nondimensional Equation (1) is

∂

∂t

(
h− a2∇2h

)
= −curl

( τ

∆τ

)
(2)

where a =
√

g′h0/ f L is the baroclinic Rossby radius (
√

g′h0/ f ), divided by the size of the
OWFs (L). L is defined as the length scale of OWFs, perpendicular to the wind direction. It
should be noticed that the thickness of the upper layer varies linearly over time.

According to the work presented by Broström [15], who first theoretically investigated
the effect of OWFs on marine stratifications via large-scale geophysical fluid dynamics, it is
difficult to find analytical solutions for Equation (2) if the wind stress force is 2D-variable.
However, through the finite element technique, numerical solutions are available, and these
indicate that the maximum ocean vertical response depends on the value of a. When all
other variables are fixed, the maximum upper layer thickness changes (h− h0 at t = 1)
as a function of a2. a is the combination of the width scale of OWFs perpendicular to the
wind directions (L), the location ( f ), and the initial ocean stratification (g′h0). The curve of
F
(
a2) (shown in Figure 3 was obtained from the calculation conducted by Broström [15].

The calculation was based on the wind wake, with an idealized 2D form. See [15] for
more details.
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with permission from Ref. [15]. 2008, Elsevier).
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Transferring the nondimensional h− h0 back to the dimensional form, we estimated
the maximum marine vertical response to the presence of OWFs. The maximum seawater
vertical velocity (W) is expected to be

W =
∆τ

ρ f L
F
(

a2
)

(3)

According to the observations in [21], we set the wind to decrease by 40% due to wind
turbines (∆τ = τ × 40%). We let L = 4 km in the first part of analysis, and we changed L
from 3 km to 5 km to investigate the ocean’s response to OWFs with different length scales.

2.3. Definition of the Upper Layer Depth (ULD)

The continental shelf of China’s adjacent waters is relatively broad and shallow. The
ocean temperature is vertically homogeneous, and the stratification disappears in winter
due to strong mixing. According to the previous study, the quasi-step-function approxi-
mation is suitable for detecting the vertical structures on the Chinese shelf seas [53]. This
method introduces three line segments to fit the three layers (surface mixed layer, thermo-
cline, and bottom mixed layer) of the vertical profiles (Figure 4). A quasi-step function can
be defined by 

T(z) = Ts
T(z) = −TS(z− TD) + Ts

T(z) = Tb

(4)

where z is the depth of the profile, Ts and Tb are the vertically averaged temperatures
of the surface and bottom mixed layer, TD is the depths of the upper boundary of the
thermocline, respectively, and TS is the strength of the thermocline (◦C/m). The threshold
of the thermocline strength is >0.05 ◦C/m. If all vertical temperature changes are less than
0.05 ◦C/m, we considered that the grid is defined by homogeneous vertical mixing. The
optimal values of these parameters were calculated through the least-squares adjustment
to adjust each temperature profile. We chose the middles of the upper and lower bounds of
the thermocline as the bottom of the upper layer, and the thickness between the surface
and this level was ULD (h), which was used in the reduced-gravity model.
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2.4. Data

We used the 2013 version of the World Ocean Atlas (WOA) dataset to identify the ULD
and calculated the baroclinic Rossby radius in the waters adjacent to China. The WOA has
objectively analyzed climatological mean fields on a quarter-degree longitude by latitude
grids [54]. The gridded monthly means of temperature and salinity are on standard levels
(0–100 m with 5 m as an increment; 100–300 m with 25 m as an increment).

We chose the quick scatterometer QSCAT/NCEP blended wind product [55] to
calculate the wind stress on the sea surface. This data product has a spatial resolu-
tion of 0.5 × 0.5 degrees. The variable distributed by this dataset is the wind speed at
10 m height above the sea surface. The wind stress was then calculated according to
→
τ = ρ ∗ Cd ∗

∣∣→U∣∣ ∗→U, where
→
τ is the wind stress, ρ is the air density (we take 1.3 kg·m−3

here),
→
U is the wind vector obtained from the product, and Cd is the drag coefficient. In

this work, the drag coefficient was calculated using the method suggested by Yelland and
Taylor [56]:

Cd =

0.29 +
3.1∣∣→U∣∣ + 7.7∣∣→U∣∣2

, 3 ms−1 <
∣∣→U∣∣ < 6 ms−1 (5)

Cd =

(
0.6 + 0.07 ∗

∣∣→U∣∣), 6 ms−1 <
∣∣→U∣∣ < 26 ms−1 (6)

Through temporal averaging, the wind stress used in this study was the monthly
climatological mean (the original temporal resolution was 6 h, and the available time span
was from August 1999 to July 2009).

The study region is 105–127.5 degrees east and 15–41 degrees north. Due to the
discrepancy in the spatial grids between the WOA and wind stress product, and for the
sake of uniformity, all data were interpolated into a grid with a spatial resolution of
0.1 × 0.1 degree. According to the development planning of OWFs in the waters adjacent
to China, most OWFs are going to be built in regions where the water depth is greater than
10 m. Moreover, it is against the economical principle if the OWFs are too far from the
coastal line. Therefore, in this study, we only used the grids with a water depth between
10 m and 300 m.

3. Results
3.1. Climatological Mean of Dynamic Marine and Atmosphere Factors

Figure 5 shows that the stratification in the waters adjacent to China is remarkably
seasonal. From January to April and in December, most of this region is homogeneously
mixed. In May, October, and November, some waters in the shelf are stratified but the
coastal waters are mixed well. It is therefore unnecessary to study the ocean’s vertical
response to OWFs in these regions during these time periods. In contrast, from June to
September, the stratified structure is mature and stable in most of the studied waters. This
study therefore only investigated the effect of OWFs in these months. During this time, the
ULD in the research region generally deepens over time and the deepest ULD occurs in the
East China Sea and the north of the South China Sea due to the intrusion of currents from
the open seas, such as the Kuroshio Current.

The wind speed within the study domain is also seasonal (Figure 6). The wind speed
is large in the East China Sea, especially in the Taiwan Strait, due to the topography effect.
According to the energy conversion rate, only the wind speeds higher than 5 m/s (black
contour lines in Figure 6) were available for use by OWFs [57]. In June, the wind speed in
most of the Bohai Sea and the Yellow Sea was small. The wind-energy-poor regions shrink
from south to north over time. Most of the research waters had wind speeds higher than
5 m/s in September.
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As shown in Equation (2), the baroclinic Rossby radius (R) plays an important role
in the effects of OWFs. Figure 7 reveals that R varies dramatically over space and time.
Generally, R is small in the nearshore waters and large in the offshore waters. The enlarging
of R along with the increase in distance from the seashore is obvious in the East China Sea
and the South China Sea shelf where the wind speed is high. For example, to the east of
Wenzhou and to the southeast of Yangjiang, R increases from less than 5 km to more than
20 km within 50 NM. It should be noted that there are exceptions between Wenzhou and
Shantou. Here, the area with small R spreads relatively far towards the offshore waters.
The conditions in the Bohai Sea and the Yellow Sea are different. The area with small R is
large and widespread, but the wind speed in these waters is relatively low, particularly in
June and July.
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3.2. Impact of OWFs Layout on Marine Stratification

Based on the calculations, the triggered W is presented in Figure 8. The potential ocean
dynamic response to the OWFs varies spatially. The W values are large near the coastal
lines and are small far away from the seashore. The maximum magnitude of velocity can
reach as high as more than 1 m/d. This is a joint result induced by the original background
ocean stratification and the wind force. During summertime, the adjacent waters in China
are affected by southerly winds. Because of the associated offshore Ekman transport, there
are upwelling systems near the coastal lines. The marine stratification is therefore weak in
these regions which leads to a small a. Combined with a large τ, the W is then relatively
large near the coast.
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There are several hotspots for the effect of OWFs. The first one is the Taiwan Strait. In
all months, from Fuzhou to Shantou, on the one hand, the wind energy is the most abundant
in the study region. On the other hand, in these waters, the area with strong vertical velocity
(>0.5 m/d) is large, suggesting that the ocean vertical response is particularly sensitive to
the OWFs. In waters about 100 NM away from the mainland within this region, the W
is still larger than 1 m/d. The other hotspots are not typical in all stratified months. For
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example, the region to the east of Zhoushan and Nantong and the Bohai Sea have significant
ocean dynamic response in September only, and the regions with large W (~1 m/d) extend
from the coast by around 100 NM. This is because, despite the fact that weak stratification
facilitates a large ocean response, the wind speed is too slow to induce strong vertical
velocity in July and August.

There are some regions where the situation is different. To the southeast of Yangjiang,
the ocean is insensitive to OWFs, and the potential velocity dramatically decreases as the
distance from the coast increases. In June, the Bohai Sea and the Yellow Sea begin to stratify.
The ULD is therefore very thin and the vertical density changes are small. The potential
vertical velocity is thus significant despite the low wind speed. The operational days of
wind turbines in these regions might be short in June; thus, their influences need to be
evaluated further, despite the potentially large magnitude of the induced velocity.

To investigate the impact of OWFs on the marine vertical structure, we calculate
the time needed to raise the bottom of the upper layer to the sea surface (T = ULD/W,
Figure 9). The pattern of T is generally consistent with that of W. In the regions with
large W, the original marine stratification would be easily destroyed (<10 days) due to the
deployment of OWFs. This estimation is rough, and some effects (frictions, nonlinearity)
have been neglected. The actual stratification-breaking time must be, to some degree,
longer than this estimation. However, this result still suggests that OWFs are most likely to
play important roles in the marine stratifications of the hotspot regions.

It is also worth investigating the ocean’s sensitivity to the length scale of the OWFs
perpendicular to the wind direction (L). On the one hand, the increase in L will reduce W
according to Equation (3). On the other hand, a large L leads to a small a but a large F

(
a2),

leading to an eventual increase in W. Calculation reveals that (Figure 10), along with the
increase in L, the decrease in W mainly occurs near the coast to the south of Zhoushan.
On contrary, in the waters further away from the seashore by around 30 NM, broader
OWFs would induce larger ocean vertical velocity. To the north of Zhoushan, it is mainly
the increasing effect working, and W generally increases when L increases in June, July,
and August.
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crosshatching indicates the regions without stratification.

4. Conclusions and Discussions

The theoretical calculations presented here exhibit the geographical patterns of the
dynamic marine responses to OWFs in the waters adjacent to China. According to the pat-
tern, there are two suggestions for the planning of OWF deployments. The first suggestion
concerns the locations of the OWFs. In the stratified seasons (from June to September),
inshore waters have a strong vertical dynamic response to OWFs. In particular, there are
two hotspots of OWF impact, which are regions between Fuzhou and Shantou, and are
to the east of Zhoushan and Nantong. The areas with large, triggered velocities spread
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eastward by around 100 NM. In the hotspots, the original stratifications would be altered
with a high efficiency compared with the quiet areas. These dramatic spatial differences
suggest that the OWF deployment plan in the hotspots is needed to consider the impacts on
the marine stratifications. Secondly, this analysis provides suggestions for how to choose
suitable length scales for OWFs in different waters. For the regions with abundant wind
energy, the ocean vertical response to the increase in OWF width is opposite in the coastal
waters versus the open seas. The boundary is about 30 NM from the mainland coast. To the
east of Fuzhou, Putian, and Shantou, the regions with decreasing velocities are relatively
broad. Therefore, if the designers of the OWFs in these regions prefer a larger ocean vertical
response, then a broader OWF should be a suitable choice.

The main outcomes of this study are the presentation of the geographical patterns
of ocean responses to OWFs in the waters adjacent to China. The presented pattern is
physically meaningful and compelling. It is logical from the perspective of geophysical
fluid dynamics. The pattern is mainly caused by the combination of background stratifi-
cation and wind force. In the hotspot regions, both of the factors (strong wind and weak
stratification) favor the increase in marine sensitivity to OWFs. Consequently, abstracting
the characteristic scales from the waters adjacent to China and implementing scales using
geophysical fluid equations can address the issue which is the focus of this study. In sum-
mary, we derived the basic characteristic of the impacts of OWFs on marine stratification,
rather than the exact vertical velocity, as reflected by the computation.

The deficiency in this purely theoretical estimation is obvious and non-negligible.
First, there are many factors which play roles in regulating the effect of OWFs on marine
stratification. For instance, in the current theoretical framework, we assumed that wind
force is constant over time; thus, the calculation cannot determine the ocean’s response to
time-variable winds. Similarly, the nonlinear and friction effects were also excluded in this
study. Due to enhancing vertical mixing, a strong wind force may weaken stratification,
additionally inducing large vertical velocity. These effects are incompatible with the current
linear method. Lastly, the parameters used in the research alter the estimations, and the
values of these parameters, such as the wind deficit within the atmospheric wake behind
turbines and the length scales of individual OWFs, have a wide range. For instance, there
are observations showing that the wind speeds in the wakes are in the range of 7–8 m/s
and the free-stream wind speeds are in the range of 9–10 m/s [58]. According to a wake
theory, the maximum wind reduction reaches 80% [11]. The lengths of OWFs widely range
from 100 km to 101 km [59]. There are various values for these factors; however, this study
aimed to present macroscopic features of the influences of OWFs on marine stratification;
therefore, the final outcomes do not depend on specific parameter values.

The influence of OWFs on the marine environment must be profound. On the one
hand, the dynamic consequence of the changes in marine stratification is complex. Once
OWFs change the original state of marine vertical stability, the associated variability of the
pressure gradient force might interact with the surrounding circulations; thus, the pathway
and magnitude of coastal currents and diluted water may change. On the other hand, the
corresponding marine ecological response is also likely to occur in the study areas. The
months when OWFs lead to strong vertical seawater movements are in the summertime.
In this season, the environmental factors in most of the studied waters were found to be
suitable for the reproduction and growth of marine organisms. From the perspective of
the possibility of marine carbon sequestration, the time window of the effects on marine
stratification is beneficial in highlighting the low-carbon features of the offshore wind
industry in the studied waters. Moreover, there are some traditional fishing grounds in
the OWF-hotspot waters, such as Zhoushan fishing ground (to the east of Zhoushan) and
Yuedong fishing ground (to the east of Shantou). The background marine ecosystems here
are productive and complex. Detailed investigations into the effects of OWFs on local
marine ecosystems is necessary in the future.

In summary, for the first time, this study highlights the potential importance of the
impacts of OWFs on marine stratification in the waters adjacent to China. Although
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the estimation is qualitative rather than quantitative, this study lays the foundations for
understanding the marine dynamic environmental effects of OWFs around China. The time
evolution and 3D ocean response to the different OWF deployment plans will be conducted
using numerical models in the next study. Thus, the effects of extreme and short-term
events, such as typhoons and diurnal variations, can be evaluated in detail.
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