
Citation: Liu, K.; Du, J.; Larsén, X.G.;

Lian, Z. Spatiotemporal Variations of

Ocean Upwelling and Downwelling

Induced by Wind Wakes of Offshore

Wind Farms. J. Mar. Sci. Eng. 2023, 11,

2020. https://doi.org/10.3390/

jmse11102020

Academic Editor: Constantine

Michailides

Received: 17 September 2023

Revised: 17 October 2023

Accepted: 18 October 2023

Published: 20 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Spatiotemporal Variations of Ocean Upwelling and
Downwelling Induced by Wind Wakes of Offshore Wind Farms
Kun Liu 1, Jianting Du 2, Xiaoli Guo Larsén 3 and Zhan Lian 1,4,*

1 Institute of Marine Science, Guangdong Provincial Key Laboratory of Marine Disaster Prediction and
Prevention, Shantou University, Shantou 515063, China; 21kliu@stu.edu.cn

2 First Institute of Oceanography, Ministry of Natural Resources, Qingdao 266061, China; dujt@fio.org.cn
3 Department of Wind and Energy Systems, Technical University of Denmark, Frederiksborgvej 399,

4000 Roskilde, Denmark; xgal@dtu.dk
4 State Key Laboratory of Marine Environmental Science, Xiamen University, Xiamen 361102, China
* Correspondence: zhanlian@stu.edu.cn

Abstract: Offshore wind farms (OWFs) generate large-scale wind wakes, which might lead to
upwelling/downwelling. Understanding the vertical marine response to the wake effects is crucial
for assessing the ecological impacts of OWFs and optimizing their co-deployments with mariculture.
In this study, we employ a high-resolution ocean model to investigate the spatiotemporal variations
of upwelling and downwelling induced by the wind wakes of OWFs through idealized numerical
experiments. We have two main findings. First, the wind-wake-induced upwelling and downwelling
are not balanced in the north–south direction, resulting in a net effect of thermocline rising. Second,
the thermocline depth changes caused by wind wakes develop nonlinearly over time. Specifically,
when the elevated thermocline approaches the sea surface, the upwelling slows down significantly.
The spatially asymmetric pattern of the upwelling is attributed to horizontal Ekman transport, while
its temporal nonlinear evolution is caused by stratification changes. By utilizing the simulated change
law of thermocline depth, we calculate the ocean response of OWF wakes in China’s adjacent waters.
The results suggest that baroclinic theory overestimates the ocean response in the Bohai Sea, the
Yellow Sea, and the nearshore waters of the East China Sea. However, in the open seas and the South
China Shelf, the upwelling/downwelling is expected to be close to the theoretical calculations. This
study provides a foundation for conducting regional simulations with high resolutions in areas where
OWFs will be constructed.

Keywords: ocean dynamics; offshore wind farm wakes; upwelling and downwelling; ocean stratification

1. Introduction

Global climate change currently poses a significant threat to human survival and
progress. To avert climate disasters, it is imperative to cease emitting greenhouse gas, which
serves as the primary driver of climate change. Renewable energy must play a paramount
role in mitigating emissions while simultaneously sustaining rapid and extensive economic
development. Wind energy (WE) holds a prominent position among renewable energy
sources. Compared to onshore WE, offshore wind energy (OWE) has higher abundance [1]
due to its larger dimensions and enhanced efficiency [2]. There is an anticipated surge of
130 GW in new capacity for OWE over the next five years (2023–2027), which will increase
the offshore wind market’s share of total new global installations from the current 11% to
23% by 2027 [3].

The current phase of rapid development and immense growth in OWE exploitation
necessitates an urgent investigation of the environmental impacts of offshore wind farms
(OWFs) [4]. From an ecological perspective, OWFs may affect bird populations through
collisions and the alteration of migration patterns [5]. The noise generated by OWFs
disrupts fish communication [6,7]. OWFs can also function as artificial reefs and aggregation
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sites for benthic fish [8]. The presence of OWFs significantly changes the nutrient flow and
system structure in coastal ecosystems, with both positive and negative effects on various
organisms [9] and alterations in local productivity [10]. In terms of dynamics, OWFs cause
alterations in wave energy and ocean currents [11]. They introduce additional turbulence
into the water, acting as artificial mixing sources [12], thereby influencing ocean mixing
and vertical stratification [11,13]. Importantly, wind turbine arrays reduce wind speed as a
result of wind wake on the downstream side of OWFs [14,15]. Wind wakes can cause up to
a 40% reduction in wind speed [16,17], with their observed length exceeding 70 km [18].
The magnitude and length of these reductions are regulated by the atmospheric stability,
turbulence intensity, boundary layer, and turbine performance [19–22].

The wind wake effect serves as a bridge between the dynamical and ecological im-
pacts of OWFs [23]. According to Ekman’s theory [24], wind wakes of OWFs can cause
significant vertical movements in the ocean beneath them. Conducting towed surveys in
the leeward regions of operational OWFs yielded empirical evidence of the presence of
such movements [25]. Therefore, OWFs have the potential to generate artificial upwelling,
thereby pumping nutrients into the euphotic layer. This process enhances ocean carbon
storage capacity and increases marine carbon sinks [26]. The co-deployment of OWFs,
marine ranching, and marine culture farms is attractive to developers due to the possibility
of intensive space and energy utilization [27,28]. The upwelling induced by OWFs has the
potential to fertilize jointly operated marine culture.

Regarding the wind wakes of OWFs, most studies focused on wind fields [29]. For
example, optimizing wind turbine layout can reduce wake effects and increase power
production [30,31]. The OWF wake effect has also been studied in relation to regional and
global meteorology [32,33]. There are fewer investigations addressing the ocean response.
Using a simplistic analytical model, Broström found that wind wakes of OWFs theoretically
induce upwelling exceeding 1 m per day [34]. Estimation using this analytical model has
been conducted for China’s adjacent waters [35]. The simplified theory laid the foundations
of the study of the impact of OWFs on marine stratifications; however, it fails to capture
the detailed spatiotemporal variations in the oceanic dynamic response. This is because the
impacts of background currents and boundary constrains on the target phenomenon are
absent in their theory.

High-resolution simulations are needed to capture the comprehensive process of
upwelling/downwelling. Previous studies indicate that the existence of horizontal wind
gradients has the potential to initiate Ekman pumping [36]. Furthermore, the wind forcing
can lead to the formation of vortex streets and overturning flow in the wake regions of the
OWFs, as indicated by numerical simulation [37]. Some results revealed significant changes
in vertical velocities for different OWF designs, including turbine placement, rotor size, and
hub height [38], as well as in response to surface gravity waves [39]. Upwelling is found to
be spatially variational using numerical models of atmospheric and ocean circulation [40].
Wind farms can also affect the wave field. It has been observed that the difference in wind
speed between the coupled simulation utilizing the Weather Research and Forecasting
(WRF) and Simulating WAves Nearshore (SWAN) models and the uncoupled simulation
utilizing only the WRF model can exceed ±20% [41]. The utilization of the Semi-implicit
Cross-scale Hydroscience Integrated System Model (SCHISM) has revealed the emergence
of large-scale dipoles in OWF regions, with spatial dimensions reaching hundreds of
kilometers [42].

From these studies, it seems that we know little about the net vertical transport of water
beneath wind wakes. Additionally, the nonlinear temporal evolution of oceanic thermocline
depth in response to wind wakes is still unknown. Given the vast potential of OWF
development in China’s adjacent seas, it is especially essential to panoramically estimate
the wind wake effects of OWFs, including the impact on upwelling and downwelling. It is
impractical to use a high-fidelity model, with spatial resolutions of, e.g., 100 m~101 m, to
cover all of the water adjacent to China. Therefore, using idealized simulations to verify
and revise the simplistically theoretical estimation is more realistic.
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This paper investigates the impact of wind wakes on oceanic upwelling and down-
welling, with a particular emphasis on analyzing their spatiotemporal variations and
underlying mechanisms. A numerical model with fine spatial resolutions is used to di-
agnose the net vertical transport of water and its temporal evolution. The estimation
is utilized to examine potential thermocline depth changes induced by the wind wakes
of OWFs in China’s adjacent seas. The data and methods are described in Section 2. In
Section 3, we analyze and discuss the results and identify the associated mechanism. Finally,
the conclusions are presented in Section 4.

2. Methodology and Data
2.1. Numerical Model

To investigate the dynamic response of the upper ocean to the wind wakes of OWFs,
we conducted a series of idealized experiments using the Regional Ocean Modeling System
(ROMS). ROMS (software available at https://www.myroms.org/) is a widely used three-
dimensional numerical model capable of accurately simulating complex ocean processes,
including fluid dynamics and biogeochemistry. The simulation area had dimensions of
100 km × 100 km horizontally, with a fixed water depth of 20 m. The horizontal resolution
was set to 400 m × 400 m, and the vertical resolution was 0.5 m. A constant Coriolis
parameter (f) 1.39 × 10−4 s−1 was used.

We employed a combination of periodic boundary conditions, and the salinity was
uniformly set to 30 practical salinity units (PSU). The temperature above the thermocline’s
upper boundary is denoted as T1, and below its lower boundary (h0) as T2. Within the
thermocline, the temperature decreases linearly from T1 to T2, and the total depth of the
thermocline is 0.5 m. In the primary experiment (Exp. A), we configured T1 to 20 ◦C (from
0 to 4.75 m), T2 to 10 ◦C (from 5.25 to 20 m), and h0 to 5.25 m.

To isolate the influence of wakes, the simulations were divided into two scenarios:
without and with wakes. We also separated the scenario involving wakes into two phases.
The simulation was initially run for 15 days with spatially homogenous initial wind stress
(τ), which represents the shear stress exerted by the wind on the water surface. The wind
field with a wake was then used in the simulation for the final 30 days.

2.2. Wind Wake

We designed artificial wind wakes and used those to force the ocean in the simulation.
The wind wakes were oriented in the X-direction, with an expansion in the Y-direction. To
investigate the impact of wind wake shapes, we explored several simple forms of wind
wake that could be represented by the following expressions, which were adapted from the
work of Broström (2008) [34]:

τx = τx0 − ∆τxe−(
ly

4+0.2x )
2

×max
(
0, em−nxx

)
, (1)

Here, τx represents the wind stress in the X-direction, τx0 denotes the wind stress
outside OWFs, and ∆τx reflects the maximum wind stress deficit caused by OWFs. We
used various values of the two parameters in the simulations. We also use a set of three
parameters (l, m, n) in Equation (1) to describe the length and width of the wake. l and
n determine the range of the wind wake in the Y- and X-directions. Smaller values of
l or n result in larger wake ranges in the Y- or X-directions. m indicates the extent of
wind stress reduction. x is a dimensionless number, and it denotes the relative location
in the X-direction. Figure 1 illustrates the shapes of the wind wakes and the values of the
parameters. Notice that in Figure 1d, τx is negative (i.e., the orientation of the wake is in
the opposite direction to those in Figure 1a–c).

https://www.myroms.org/
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Figure 1. Wind wakes used in the simulations. (a) Main wind wake distribution: 𝑙 = 2, 𝑚 = 1, 𝑛 =1, and 𝜏௫ ൐ 0. (b) Long wind wake distribution: 𝑚 = −0.05, 𝑛 = 0.35, with other parameters iden-
tical to (a). (c) Wide wind wake distribution: 𝑙 = 1, with other parameters as in (a). (d) Same wind 
wake distribution as in (a) except for the wind direction (𝜏௫ < 0ሻ. The yellow line in (a) denotes the 
center of the wake at X = 30 km, which will be used for the subsequent cross-sectional analysis. 
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To investigate the dynamic effects of OWFs on the ocean under different conditions, 

a series of idealized numerical experiments (Exp. A–H) were conducted, as outlined in 
Table 1. It should be noted that Exp. C has a loss rate (Δ𝜏௫/𝜏௫଴) of 20%, although the shape 
of the wind wakes in Figure 1a was used. 

Table 1. Configurations of the experiments. 

Exp. Wake Shape 𝝉𝒙𝟎|𝚫𝝉𝒙 ሺ𝑵 ⋅ 𝒎ି𝟐ሻ 𝒉𝟎 ሺ𝒎ሻ 𝑻𝟏|𝑻𝟐 ሺ℃ሻ Description 
A Figure 1a 0.05|0.005 5.25 20|10 Reference 
B Figure 1a 0.06|0.006 5.25 20|10 High wind stress 
C Figure 1a 0.05|0.01 5.25 20|10 High wind reduction 
D Figure 1a 0.05|0.005 5.25 20|15 Weak stratification 
E Figure 1a 0.05|0.005 10.25 20|10 Deep thermocline 
F Figure 1d −0.05|−0.005 10.25 20|10 East wind 
G Figure 1b 0.05|0.005 5.25 20|10 Long wake 
H Figure 1c 0.05|0.005 5.25 20|10 Wide wake 

 

  

Figure 1. Wind wakes used in the simulations. (a) Main wind wake distribution: l = 2, m = 1, n = 1,
and τx > 0. (b) Long wind wake distribution: m = −0.05, n = 0.35, with other parameters identical
to (a). (c) Wide wind wake distribution: l = 1, with other parameters as in (a). (d) Same wind wake
distribution as in (a) except for the wind direction ( τx < 0). The yellow line in (a) denotes the center
of the wake at X = 30 km, which will be used for the subsequent cross-sectional analysis.

2.3. Design of the Experiments

To investigate the dynamic effects of OWFs on the ocean under different conditions,
a series of idealized numerical experiments (Exp. A–H) were conducted, as outlined in
Table 1. It should be noted that Exp. C has a loss rate (∆τx/τx0) of 20%, although the shape
of the wind wakes in Figure 1a was used.

Table 1. Configurations of the experiments.

Exp. Wake Shape τx0|∆τx(N·m−2) h0(m) T1|T2(◦C) Description

A Figure 1a 0.05|0.005 5.25 20|10 Reference
B Figure 1a 0.06|0.006 5.25 20|10 High wind stress
C Figure 1a 0.05|0.01 5.25 20|10 High wind reduction
D Figure 1a 0.05|0.005 5.25 20|15 Weak stratification
E Figure 1a 0.05|0.005 10.25 20|10 Deep thermocline
F Figure 1d −0.05|−0.005 10.25 20|10 East wind
G Figure 1b 0.05|0.005 5.25 20|10 Long wake
H Figure 1c 0.05|0.005 5.25 20|10 Wide wake

2.4. Acquisition of Thermocline Bathymetry and Wind Field Data

Based on numeric simulations, we revised the simple theoretical estimations of the
effects of OWFs in China’s adjacent waters. Our study focused on the region between
105◦–127.5◦ E longitude and 15◦–41◦ N latitude. We obtained the initial thermocline depth
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data from the temperature data in the World Ocean Atlas (WOA) dataset, specifically the
WOA 2023 quarterly average dataset spanning from 1991 to 2020, with a resolution of
0.25◦ [43]. In the designated region, a range of water depths spanning from 10 m to 300 m
was chosen, and the position of the thermocline was calculated. The site exhibiting the
most robust average temperature gradient was chosen based on a minimum continuous
temperature gradient of less than −0.05 ◦C/m and a thickness exceeding 5 m [44]. The
wind product of QSCAT/NCEP [45] was utilized in our evaluation to obtain wind stress
(Section 3.5).

2.5. Theoretical Upwelling/Downwelling

In a barotropic ocean, the Ekman pumping velocity (wE) can be expressed as:

wE =
1

ρ f

(
∂τy

∂x
− ∂τx

∂y

)
, (2)

Here, ρ represents the seawater density, f is the Coriolis parameter, and τy is the wind
stress in the Y-direction. Forced by the wind wake in Exp. A, wE exhibits a north–south
symmetry in space, as shown in Figure 2. Overall, the south side experiences upwelling,
while the north side exhibits downwelling, with velocities reaching up to 0.25 m/day.
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Figure 2. Distribution of vertical velocity from barotropic theory. The shaded area represents the
velocity, and the contours indicate the wind stress deficit of the wake.

In the case of the baroclinic ocean, the vertical velocity (wbc) is regulated by the presence
of stratification. Following the work of Broström (2008) [34], all processes of short time scales
(t < 1/ f , such as internal gravity waves and geostrophic adjustment process) and the temporal
changes in wind forcing are neglected. Thus, the maximum wbc is roughly given by:

wbc = h
(

a2
)
× ∆τ

ρ f L
, (3)
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where h
(
a2) is a function of a2, and its form is provided by the numeric solution obtained

by Broström (2008) [34]. a =
√

g′h0/ f L, where
√

g′h0/ f is the baroclinic Rossby radius
and L is the length of the front row of OWFs, perpendicular to the wind direction. ∆τ is the
total wind stress deficit. We uniformly set L to 5 km in this study. Additionally, g′ = g∆ρ/ρ
is the reduced gravity, and ∆ρ is the density changes between the upper and the lower
ocean. In Exp. A, the maximum wbc is 0.31 m/day, according to this theory. The vertical
velocity from the baroclinic theory (Equation (3)) will be examined in comparison with
numerical results and the revised equation in Sections 3.2 and 3.5, respectively.

3. Results

We investigated the vertical and horizontal variation in the simulated upwelling/
downwelling by comparing the simulations with the theoretical estimations of Equation (3).
Additionally, we presented the temporal evolution of thermocline depth and provided dy-
namic analyses to understand the mechanisms associated with net upwelling and nonlinear
thermocline depth changes.

3.1. Vertical Temperature Anomalies

The wake-induced temperature anomalies (TAs) in the vertical section (from an over-
head perspective, the section is delineated by the yellow line as depicted in Figure 1a) are
shown in Figure 3. Here, TAs are obtained by subtracting the undisturbed initial tempera-
ture from the results of Exp. A. The positive/negative TA values indicate that the water
temperature is warmer/colder than normal due to the presence of wind farm wake.
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The distribution of TAs exhibits a north–south asymmetry. Negative anomalies domi-
nate the southern section, while positive anomalies are prevalent in the northern counter-
part. Negative TAs are primarily concentrated near the thermocline depth, while positive
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TAs are predominantly observed below the thermocline. Compared to negative TAs, posi-
tive TAs can extend far away from the thermocline. Furthermore, the cores of TAs differ.
The extreme positive TAs are generally located at the geometric center, whereas the core of
the negative TA shifts southward over time.

The rates of TA change over time. Initially, they change rapidly and then gradually
slow down. By the 10th day, the extreme TAs reach 2.89 ◦C and−2.99 ◦C, respectively. After
30 days, they further increase to 4.51 ◦C and −4.59 ◦C, respectively. The slowing down
of TAs can be attributed to the weakening of stratification induced by vertical seawater
mixing. The reduced vertical temperature difference leads to a decrease in vertical heat
transport, which is closely related to the rates of TA.

3.2. Changes in Thermocline Depth

Following Broström (2008) [34], we introduced ∆Hml to examine the changes in ther-
mocline depth:

∆Hml = h0 −
1

T1 − T2

∫ 0

−H
(T − T2)dz, (4)

Here, T represents the depth-dependent temperature, while H is water depth. Equa-
tion (4) indicates that ∆Hml is positive when thermocline rises, and vice versa.

Figure 4 illustrates the spatiotemporal variations of ∆Hml . Overall, the southern
thermocline rises, while the northern thermocline sinks. In terms of spatial pattern, the
upwelling zone is wider than the downwelling zone, with the thermocline rising area being
approximately 20% larger than the sink zone. The temporal evolution of the thermocline
depth change shows a nonlinear behavior, particularly for thermocline rising. Initially,
the rising is more substantial compared to the sinking. By the 15th day, the vertical
displacements reach 2.06 m and −1.98 m, respectively. Five days later, they become
comparable at about ±2.42 m. Eventually, the maximum rising and sinking reach 2.77 m
and −3.07 m, respectively. This result is significantly less than the barotropic estimation
(0.25 m × 30 days = 7.5 m) and the baroclinic estimation (0.31 m × 30 days = 9.3 m).
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3.3. Comparisons of the Results from Different Experiments

Significant differences are observed in the maximum thermocline rising (red lines
in Figure 5) and sinking (blue lines in Figure 5) among the simulations using different
configurations (Table 1). We take Exp. A as the control experiment (Figure 5A). In this
experiment, positive ∆Hml (upwelling) is larger than the negative (downwelling) before the
20th day, after which the negative becomes larger than the positive ∆Hml . Moreover, ∆Hml
exhibits a nonlinear evolution, starting with a fast rate, which slows down gradually.
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Figure 5. Evolutions of extreme ∆Hml in all the 8 experiments (Table 1). (A) Main experiment. (B) τx0

and ∆τx changed to 0.06 N/m2 and 0.006 N/m2, respectively. (C) ∆τx changed to 0.01 N/m2. (D) T2

changed to 15 °C. (E) h0 changed to 10.25 meters. (F) Use the opposite wind direction and set h0 to
10.25 meters. (G) Long wind wake distribution used. (H) Wide wind wake distribution used. The red
lines represent the maximum ∆Hml , while the blue lines represent the minimum ∆Hml . The green
lines represent the net extreme ∆Hml (difference between the red and blue curves). Note that the
scales of the extreme (left axis) and net ∆Hml (right axis) are different.

The presence of spatially unbalanced positive and negative ∆Hml suggests the occurrence of
a net upwelling effect, which is evident in the initial stages of all experiments. In the experiments
with deep thermoclines (Figure 5E,F), the positive ∆Hml is constantly more prominent than the
negative ∆Hml throughout the entire simulation. It is noteworthy that, similar to eastward wind
(all experiments except for Exp. F), westward wind can also generate net upwelling (Figure 5F).
This implies that the presence of a net upwelling is not wind-direction-dependent, and the net
upwelling is expected to occur on the right side of the wind.

Regarding temporal evolutions, the nonlinearity is evident in all simulations expected
for the deep thermocline set (Figure 5E,F). In these two experiments, the thermocline rates
remain almost constant over time. Similarly, the rate forced by a wide wake is nearly linear
(Figure 5H), albeit with a small magnitude. The results suggest that the linear changes in
thermocline depth are modulated by the sea surface boundary when the thermoclines are
close to the surface.



J. Mar. Sci. Eng. 2023, 11, 2020 9 of 16

Each experiment requires a specific investigation. In the experiment with large wind
stress (Figure 5B), the features are essentially the same as those of Exp. A but with a larger
magnitude. The increase in ∆Hml is roughly proportional to the increase in wind stress. In
Exp. C (large wind stress deficit, Figure 5C), ∆Hml changes rapidly, and a larger maximum
∆Hml is observed. Weakened stratifications lead to fewer extrema of ∆Hml (Figure 5D). It
should be noted that the signs of net ∆Hml reverse early in Exp. C and Exp. D, indicating a
relatively fast rate of ∆Hml . When the thermoclines are deep, the positive extrema of ∆Hml
are significantly larger (Figure 5E,F). Upwelling dominates the ocean response, whether
forced by eastward or westward winds. The effect of a long wake (Figure 5G) is not notably
different compared to the controlled experiment, whereas a wide wake induces a weaker
ocean response (Figure 5H).

3.4. Mechanisms of the Spatially Net ∆Hml and the Nonlinearity of ∆Hml Evolution

To understand the mechanisms behind the spatial distribution of net ∆Hml and the
nonlinearity of its evolution due to changes in the wind field induced by OWFs, various time-
averaged properties derived from Exp. A, such as sea level height anomaly (Z), temperature
(T), vertical velocity (W), Brunt-Väisälä frequency (N), and horizontal velocity (U and V),
were examined and are presented in Figure 6. These phenomena were a result of changes
in the wind field induced by OWFs, as explained earlier in the text. With the exception of
the time-averaged N, which was computed over the last 12 days, all other properties were
time-averaged over the preceding 18 days. N is described by the following equation:

N =

(
− g

ρ0

dρ

dz

) 1
2
, (5)

where g is the gravitational acceleration, ρ0 is the equilibrium density, and dρ/dz is the
change in density with height.
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Figure 6. Horizontal and vertical distributions of multiple properties. The color contours/arrows
in the top/bottom layer indicate the horizontal distribution of Z/U and V. The 3D colored surface
shows the distribution of W. The color contours and the black isolines in the background represent
the vertical distributions of T and N (the position is also shown as the yellow line in Figure 1a). All
anomalies are normalized between −1 and 1.
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The positive net ∆Hml is attributed to the southward Ekman transport. In the northern
region, downwelling leads to water subduction, which is then transported southward.
This process leads to horizontal volume convergence in the southern region of the wake,
eventually enhancing upwelling here. The reason for the spatially unbalanced ∆Hml is
illustrated in Figure 7. The reversal of wind direction leads to upwelling/downwelling
occurring in the north/south, while the Ekman transport also reverses northward. Despite
these changes, the positive ∆Hml remains more prominent than the negative ∆Hml , as
verified in the experiments with eastward winds (Exp. F).
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Figure 7. Schematic of the spatially unbalanced ∆Hml .

The nonlinearity of ∆Hml evolution is mainly governed by the gradual increase of N.
Affected by the upwelling, simulations demonstrate that N is more significant in the upper
layer than in the lower layer, indicating high vertical stability in the upper ocean. A stable
ocean is capable of slowing down the rate of ∆Hml , as demonstrated in the comparison
between Exp. A and Exp. D.

3.5. Implications in China’s Adjacent Waters

Based on the analysis above, it is evident that the theory (Equation (3)) overestimates
the wind wake impacts. This is because the upwelling is temporally constant based on
Equation (3), but the rates of the thermocline rising/falling gradually slow down according
to the simulations. To improve the estimation in China’s adjacent waters, we revised the
baroclinic estimation. As suggested by the numeric experiments, the upwelling slows
down when the thermoclines approach the sea surface. We assumed that the velocity of
the upwelling (W′) can be expressed by W ′ = r0rwbc, where wbc is the estimation from
the baroclinic theory, r is a thermocline-depth-dependent modification factor, and r0 is a
constant to represent the difference between the theoretical estimation and the simulated



J. Mar. Sci. Eng. 2023, 11, 2020 11 of 16

upwelling. When the thermocline is deep, the difference is small, so r0 is close to 1. By
observing the simulations, we designed a function of r:

r(h) =


0 h < 3.8

Ah2 + Bh + C 3.8 ≤ h < 8.8
1 8.8 ≤ h

, (6)

where h is thermocline depth in meters. A, B and C are three undetermined coefficients.
They were obtained by fitting a simulation which were as same as Exp. A, except for
h0 = 10.25 m. We used A = −0.018, B = 0.431, and C = −1.373 in the following analysis.
The fitted curve of r(h) and the simulated r can be seen in Figure 8. We set r0 = 0.727, as
suggested by the simulations.
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The theoretical estimations of the thermocline depth changes and the revision based
on simulations are demonstrated in Figure 9. Using gridded temperature and wind data
(averaged in June, July, and August), we calculated wbc based on Equation (3), then obtained
the theoretical estimations for the maximum ∆Hml within one month by multiplying wbc
by 30. The revised estimations were obtained by modifying the theoretical ∆Hml based on
Equation (6). Firstly, it shows that the high ∆Hml is mainly concentrated in the nearshore
waters of Zhejiang and Jiangsu. The other highly impacted area is the Taiwan Strait, as
well as the areas located to the northwest of the Bohai Sea. The theoretical maximum
∆Hml is higher than 4 m. On the contrary, the outcomes of the model revision exhibit a
notable disparity when compared to the estimates derived from the baroclinic theory. This
discrepancy is particularly pronounced in regions characterized by high ∆Hml , where the
differences exceed 3 m. The majority of areas exhibit disparities of approximately 1 m
(Figure 9c). Figure 9d,e illustrate the number of days required for the thermoclines to ascend
by 1.5 m. In the nearshore waters of Zhejiang and Jiangsu, as well as in the Taiwan Strait
and the Bohai Sea, the model revision lags behind the pure theoretical estimations by almost
10 days in the time needed (Figure 9f). Considering that the theoretical estimation is less
than 20 days in these regions (Figure 9d), the relative differences from two estimations are
significant. This is the combined result of the active upwelling and the shallow thermoclines
(Figure 10) in these regions.
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Figure 9. Distribution of the maximum ∆Hml induced by OWF wakes in 30 days and the time of the
thermoclines to ascend by 1.5 m in China’s adjacent seas. (a) ∆Hml of the theoretical estimations from
baroclinic theory. (b) ∆Hml of the implication from the simulations. (c) ∆Hml differences between
(a,b). (d) Time required for thermoclines to ascend by 1.5 m according to the theoretical estimations
from baroclinic theory. (e) Time required for thermoclines to ascend by 1.5 m according to the
implications from the simulations. (f) Time differences between (d,e).
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4. Discussions

It should be noted that although Exp. A–H use a fixed water depth of 20 m, this
parameter is enough to be used to analyze the target phenomenon. On the one hand,
offshore wind power installations are predominantly located in shallow water areas [4]. On
the other hand, the results of our numerical experiments indicate that when the thermocline
is deep, its vertical velocity is close to the theoretical estimations (Figure 9, r~1, when
h > 8.8). Consequently, the revised thermocline depth changes in the surrounding seas
adjacent to China are reasonable.

This study explores the upwelling/downwelling dipole prompted by OWFs. The
fundamental pattern of the dipole structure aligns with the previous studies based on both
the ocean general circulation model [34] and the unstructured grid model [42]. Some in situ
observations have demonstrated large-scale structural change in the stratification strength
surrounding OWFs, indirectly affirming the potential impacts predicted by the theory
and simulation. However, there remains a notable absence of long-term measurements
of seawater vertical velocity beneath the wind wakes of OWFs. Further investigation is
required to fully comprehend these target impacts.

The net upwelling induced by wind wakes is likely to play an essential role in regulat-
ing the marine ecosystem around OWFs. The upwelling transports nutrients from deep
seawater to the surface, promoting marine ecosystem productivity. These nutrients are
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essential for the growth of phytoplankton and contribute to carbon sequestration in the
ocean. More importantly, these nutrients facilitate the operations of MCFs. The colocations
of OWFs and MCFs have the potential to promote the growth of seaweed and shellfish
via the ecological enhancement induced by the upwelling, thus improving economic ben-
efits. A joint operation of the energy and culture sectors should take full advantage of
the upwelling and avoid disadvantages associated with the downwelling. It should be
noted that the net upwelling occurs on the right side of the prevailing wind direction in the
northern hemisphere.

Some phenomena associated with the wind wake effect have not been included in this
study. For example, the wind wake is constant in time. Air–sea coupling simulations are
necessary to conduct detailed investigations regarding the integrated process. Additionally,
we did not focus on wave and tidal effects associated with wind wakes in this study. A
model combined with the wave, tide, and ecological modules will be conducted in the
future to fill the gap.

5. Conclusions

This study confirms that OWFs have a significant impact on ocean stratification. Wind
wakes induced by OWFs are capable of generating upwelling or downwelling. The basic
pattern of the marine response aligns with the barotropic and barocline theory. However,
the simulation reveals that the changes in thermocline depth due to the wake effect has
obvious nonlinear spatiotemporal variations, which cannot be represented by the theoretical
estimations. The physical mechanisms of the variations can be explained as follows: On
the one hand, the horizontal Ekman transport is responsible for the spatially unbalanced
thermocline depth changes. Thus, the integrated effect of wind wakes is net upwelling.
On the other hand, the changes in stratification from upwelling suppress the thermocline
rising as it approaches the sea surface. These two counterparts interact with each other,
leading to a nonlinear ocean response evolution.

This study provides an estimation of the wind wake effect on marine stratifications in
China’s adjacent waters. For the regions studied, such as the Bohai Sea, Yellow Sea, nearshore
waters of the East China Sea, and the Taiwan Strait, baroclinic theory overestimates the target
marine response. According to the theory, the thermoclines ascend to the surface within 30
days. On the contrary, the maximum thermocline changes revised by the simulations are less
than 1.5 m in these areas. In the open seas of the Yellow Sea, the East China Sea, and the South
China Shelf, the simulations are close to the theoretical calculations.

The study provides insights into the environmental effects of OWFs. It lays the
foundations for conducting regional simulations with high resolutions at the specific bays
or waters where OWFs are going to be constructed. The estimations can be used to design
the marine observation scheme, together with data calibration and verification.
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