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Offshore wind farm 
operation contributed 
to a slight improvement 
in seawater quality 
along the Jiangsu Coast, China
Zhudeng Wei 1*, Minyan Wang 1, Yang Gao 1, Wenzheng Yu 1*, Aiqing Jia 2, Zhiyuan You 3 & 
Zhihong Wang 4

The rapid growth of offshore wind farms (OWFs) is driven by concerns for energy security and climate 
change mitigation. However, their impact on marine environments remains poorly understood due to 
limited research. This study analyzes the effects of an OWF along China’s Jiangsu Coast on seawater 
quality using data from different development phases. Results show the major pollutants were 
different across phases. Heavy metal pollution reached alert levels during construction compared 
to the safe levels observed in the pre-construction and operational phases, mainly due to increases 
in Pb, Cd, and Hg concentrations. Eutrophication was mild throughout all periods but exhibited a 
continuous decrease, primarily attributed to reductions in PH and COD concentrations. As a result, the 
comprehensive pollution level during construction was increased, but it was improved to a clean level 
during the operational phase. Besides, significant variations were observed in the spatial distribution 
patterns of major pollutant indices across different scenarios. These changes may stem from a 
combination effect of land-based pollution, aquaculture, OWF-induced disturbances to atmosphere 
and hydrodynamics, OWF-related drain and leakage contamination, and marine management 
policies. Understanding these effects informs OWF optimization, rational wind resource utilization, 
and marine ecology protection.

Keywords  Offshore wind farm, Surface seawater pollution, Environmental impact assessment, Renewable 
energy, Jiangsu coastal area

The development of renewable clean energy is driven by energy security and the mitigation of climate change. 
Wind power has become one of the most important sources of renewable energy globally, with global wind 
electric capacities growing by 70% between 2015 and 20191,2. The total installed capacity of global wind energy 
reached 1 TW by the end of 2023, and it is expected to add 680 GW of capacity in the next 5 years3. For harness-
ing wind energy, offshore wind farms (OWFs) possess distinct advantages and greater developmental potential 
compared to onshore wind farm. For instance, offshore wind is usually stronger and less variable4. It witnessed 
explosive growth of global offshore wind turbines since the twenty-first century5. It is evident that OWF will 
play an increasingly important role in global energy structure transformation and the achievement of carbon 
emissions reduction and neutrality goals.

With the rise of OWFs, attentions have been drawn to its impact on the marine environment. Numerous stud-
ies have noticed and explored the effects of wind farms on species population and structure6,7, species migration8, 
marine ecosystem and services9,10, marine hydrology11, landscape patterns12, and the climate environment13,14. 
These impacts are primarily manifested through various factors, including collision risk, habitat destruction, 
barrier effects, alterations in hydrodynamic and circulation conditions, visual and noise pollution, as well as 
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electromagnetic-field effects14–16. Regarding the methodology for evaluating the impacts of OWFs, scholars have 
devised various approaches, spanning from field investigations17 to ecological modeling18, scenario analysis7, 
mathematical statistics19, GIS technology20, and numerical simulation13,21. Additionally, more intricate compre-
hensive frameworks and conceptual models, such as the DPSIR approach, have been introduced specifically for 
assessing the environmental impacts of OWFs15,22. Nevertheless, researchers acknowledge that the impact of 
OWFs construction and development on the marine environment is not yet well assessed nor understood10,14–16.

Furthermore, it is surprising that only a limited number of studies have focused on the influence of OWFs on 
seawater quality, which serves as the fundamental environment for marine life and ecosystems. The disruption 
of seawater quality by OWFs can have far-reaching consequences, impacting not only the marine water environ-
ment but also marine biology, sedimentation, fisheries, and maritime transportation. Existing literature reveals 
that OWFs structures can pose risks to seawater quality, affecting factors ranging from temperature to turbid-
ity, salinity, oxygen levels, and the concentration of nutrients and contaminants 17. The construction process of 
OWFs can resuspend seabed sediments, reducing water transparency and adversely affecting marine organisms12. 
Additionally, petroleum contamination and accidental spills during construction and operation can elevate 
chemical oxygen demand and petroleum concentrations12. Corrosion emissions and galvanic anodes may also 
release chemicals, increasing the concentration of certain metal ions23. Given the significance of understanding 
the effects of OWFs on water quality, it is concerning that many aspects of this impact remain unknown, similar 
to other aspects of OWFs influence24. Some studies suggest that the impact on the marine environment from 
OWFs may be short-term15. Hong et al. have demonstrated a benign water quality during the operation of OWFs 
in the Pearl River Estuary, China17. However, others emphasize the need for quantitative studies to distinguish 
between positive and negative effects, compare impacts across different development phases, and assess cumula-
tive long-term and large-scale impacts14. Achieving these goals necessitates reliance on long-term monitoring 
data15,16. Crucial questions remain unanswered in term of water quality evaluation: What pollutants do OWFs 
mainly affect seawater quality? Are there differences in the effects of different pollutants on the seawater quality 
during construction and subsequent operation? Have the spatial patterns and diffusion mechanisms of pollution 
changed during different scenarios? Answering these questions will deepen our understanding of environmental 
pollution distribution and diffusion mechanisms under the influence of OWFs, ultimately supporting the rational 
development and utilization of wind resources. It is important to note that these patterns may vary depending 
on situations such as the study area.

This study focuses on a specific OWF located in the Jiangsu coastal area. We developed water quality evalu-
ation indices using data collected from 20 surrounding surface seawater quality monitoring stations. Three 
scenarios corresponding to pre-construction, construction, and operation phases have been devised to com-
prehensively assess the impact of the OWF on marine water quality over time, employing mathematical models 
and GIS technology. We intend to clarify the pollution levels of different types of pollutants, the spatial distribu-
tion patterns of pollution, and the dominant ecological risk factors. This study aims to better understand the 
environmental impact of OWFs development, thereby helping governments or enterprises to take measures for 
coordinated marine protection and wind energy utilization.

Data and methods
Study area
The study area is located in the offshore waters near Rudong County, Jiangsu Province, China (Fig. 1). It boasts 
favorable geographic conditions and abundant wind energy resources. The coastal terrain is predominantly 
plains, accounting for over 98.8% of the total area, including the Yellow Sea alluvial plain, the front edge plain 
of the Yangtze River Delta, and coastal sand spits. The seabed elevation around the OWF ranges from -3.7 to 
15.3 m, sloping gradually from west to east. Influenced by the monsoon climate and coastal terrain, current and 
tidal patterns resulting in complex hydrological conditions25.

The central position of the wind farm is approximately 25 km offshore, with a polygonal layout compris-
ing 38 wind turbines. Each turbine has a capacity of 4.0 MW, with a total installed capacity of 152.0 MW. The 
spacing between turbine rows ranges from 830 to 1360 m, while the spacing between rows is 1060 to 1130 m. 
The theoretical annual electricity generation of the wind farm is 61,255 million kWh, with an average wake loss 
coefficient of 6.79%. The large area occupied by the OWF poses a significant threat to the marine environment. 
Given its proximity to tidal flats, marine aquaculture areas, and marine biodiversity protection zones, changes 
in water quality within the project area may further affect surrounding ecological environments, which are 
relatively sensitive.

Data sources
Around the OWF, a total of 20 surface water quality monitoring stations have been established. These stations 
are generally parallel to the coastline, distributed in a north-northwest direction (see Fig. 1). Monitoring is 
conducted once a year in spring. Considering the completeness of the data, this study primarily extracts ten 
representative water quality parameters, including chemical oxygen demand (COD), petroleum-based pollut-
ants (PET), total inorganic nitrogen (TIN), phosphate (PH), lead (Pb), zinc (Zn), copper (Cu), cadmium (Cd), 
mercury (Hg), and arsenic (As). Data from pre-construction (2015), construction phase (2016), and operational 
phase (2018) were meticulously collected and rigorously analyzed to assess the environmental impact of OWF 
under various scenarios.

Methodology
Among the methodologies of OWF environmental impacts evaluation, the mathematical models are the most 
widely used for water quality assessment19,26,27, as they provide a macroscopic, comprehensive assessment in 
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cases with numerous evaluation indicators. This method is relatively straightforward and ensures systematic 
and comprehensive evaluation results with good hierarchical structure. This study primarily conducts seawater 
quality assessments based on mathematical models of the index method.

(1)	 Single-factor pollution index (P) and comprehensive water quality index (WQI)

	   In which, Pij​ represents the single-factor pollution index of the ith pollutant at the jth monitoring site; Cij​ 
denotes the measured concentration of the ith pollutant at the jth monitoring site (mg/L); Si​ indicates the 
threshold of environmental quality standard for the ith pollutant, with reference to the Class I standard in 
the "Water Quality Standards for Seawater" of China (GB3097—1997); WQI stands for the comprehensive 
water quality index; n represents the number of all evaluation indicators19.

	   The standard threshold values for each indicator are presented in Table 1. The assessment grades adhere 
to the pollution classification standards proposed by Luo et al. (Table 2) 28.

(2)	 Eutrophication Index (EI)

	   In which, EI represents the eutrophication index, COD, TIN and PH is the measured concentration of 
chemical oxygen demand (mg/L), total inorganic nitrogen (mg/L), and phosphate (mg/L), respectively 26.

	   The evaluation criteria are shown in Table 3.
(3)	 Heavy Metal Pollution Index (HPI)

	   In which, Pi represents the single-factor pollution index, Ci denotes the measured concentration of 
heavy metal i (mg/L), and Si indicates the corresponding standard threshold value (mg/L), referencing the 
Class I standard of the "Water Quality Standard for Seawater" (GB3097-1997) in China. Pn is the integrated 
heavy-metal pollution index (HPI), max(Pi) and ave(Pi) denotes the maximum value and average value of 
single-factor pollution index for heavy metals, respectively 27.

	   The evaluation standards for heavy metal pollution are presented in Table 4.

(1)Pij = Cij/Si

(2)WQI = 1

n

∑n
i=1

Pij

(3)EI = COD×TIN×PH
4500

(4)Pi=
Ci
Si

(5)Pn=

√

max(Pi)
2
+ave(Pi)

2

2

Fig. 1.   Distribution of offshore wind farm and stations. The map is created using ArcGIS (Version 10.8), and 
the background satellite imagery is sourced from Landsat 8. (https://​www.​gsclo​ud.​cn/​sourc​es/​acces​sdata/​411?​
pid=​263).

https://www.gscloud.cn/sources/accessdata/411?pid=263
https://www.gscloud.cn/sources/accessdata/411?pid=263
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Spatial interpolation has become one of the important methods for gridding discrete site data27. The paper 
uses radial basis function interpolation in the ARCGIS spatial analysis module to derive continuous spatial dis-
tributions of pollution indices from data collected at 20 monitoring stations. This visualization aids in analyzing 
the spatiotemporal characteristics of marine water quality more intuitively. Furthermore, there may be differ-
ences in pollution sources and mechanisms of pollutant distribution and diffusion in different scenarios. This 
study distinguishes three different scenarios to compare and analyze the water environmental effects of OWF. 
Among them, S0 represents the baseline scenario, belonging to the pre-construction period, which represents 
the environmental background state without human intervention of OWF construction. S1 represents the con-
struction period scenario, representing the environmental impact status dominated by the construction of OWF. 
S2 represents the operational period scenario, representing the environmental impact status dominated by the 
operation and management activities of OWF in the study area.

Results and analysis
Variation characteristics of single‑factor pollution levels in seawater
Figure 2 compares the content characteristics of various single-factor pollutants in the surface seawater during 
different periods. In S1, compared to S0, the mean concentration of PET, TIN, PH (P ≤ 0.01), Pb, Cd (P ≤ 0.001), 

Table 1.   Seawater quality standards (unit: mg/L).

Indicator Class 1 standard threshold Reference standard

COD 2

“Water Quality Standards for Seawater” in China (GB3097—1997)

TIN 0.2

PH 0.015

PET 0.05

Cu 0.005

Pb 0.001

Zn 0.02

Cd 0.001

Hg 0.00005

As 0.02

Table 2.   Classification of WQI evaluation levels.

WQI Pollution level Evaluation grade

WQI<0.75 1 Clean

0.75 ≤ WQI < 1 2 Slightly polluted

1 ≤ WQI < 1.25 3 Moderately polluted

WQI ≥ 1.25 4 Severely polluted

Table 3.   Classification of EI evaluation levels.

EI Pollution level Evaluation grade

EI < 1 1 Oligotrophic

1 ≤ EI < 3 2 Mild eutrophication

3 ≤ EI < 9 3 Moderate eutrophication

EI ≥ 9 4 Severe eutrophication

Table 4.   Assessment standards for seawater heavy metal pollution.

Pi Pn Evaluation grade

≤ 1 ≤ 0.7 Safe

1–2 0.7–1.0 Caution

2–3 1.0–2.0 Mild pollution

> 3 > 2 Severe pollution
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and Hg  (p ≤ 0.05) increased, while COD (p ≤ 0.05), Cu (p ≤ 0.05), Zn (P ≤ 0.001) and As (p ≤ 0.001) decreased 
(Table 5). Compared to S1, the mean concentration of COD, TIN, Pb, Zn (P ≤ 0.001), and As (P ≤ 0.001) in S2 
increased, while PET, PH, Cu, Cd, and Hg all decreased statistically significant (P ≤ 0.001) (Table 5). Compared 
to S0, the mean concentration of TIN, Pb, Cd, and Zn (P ≤ 0.01) in S2 increased, while PET (P ≤ 0.001), COD, PH 
(p ≤ 0.05), Cu (P ≤ 0.001), Hg, and As decreased (Table 5). Cu was the only parameter that showed a continuous 
decrease in concentration. Most indicators increased during the construction phase and then return to baseline 
levels or even lower during the operational phase, with the exception of Zn.

The above results suggest preliminarily that during the construction phase of the OWF, there was a high 
likelihood of exacerbating the rise in PET concentration, TIN pollution, PH pollution, localized heavy-metal 
Pb contamination, and elevated Cd and Hg concentrations. On the other hand, there was a possibility of ben-
efiting the concentration decrease in COD, Cu, Zn, and As. During the operational phase, it might lead to an 

Fig. 2.   Statistical characteristics of indicator concentrations at different stages.

Table 5.   t-test for single-factor pollution index between different stages. The asterisk indicates the significance 
level, ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05.

Contrast PET COD TIN PH Cu Pb Cd Zn Hg As

S0:S1 − 1.15 2.67* − 0.9 − 3.33** 2.72* − 0.46 − 6.89*** 7.44*** − 2.29* 5.21***

S1:S2 11.94*** − 0.68 − 0.39 4.07*** 4.91*** − 0.51 6.47*** − 10.88*** 3.74*** − 6.96***

S0:S2 11.53*** 1.39 − 1.19 2.3* 10.42*** − 1.34 − 0.01 − 2.85** 1.15 0.49
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exacerbation of TIN pollution and an increase in Zn concentration, while favoring the mitigation of PH pollution 
and the concentration decrease in PET, Cu, and Cd.

The single-factor pollution index further reveals the concentration levels of various pollutants (Fig. 3). Across 
stages S0 to S2, the surface water concentrations of PET, COD, Cu, Cd, Zn, Hg, and As at all sites were lower 
than the first-class standards set by "Seawater Quality Standard" (GB3097-1997). However, the concentrations of 
PH at all sites and almost all sites’ concentrations of TIN exceeded the first-class standard (with most TIN levels 
exceeding the fourth-class standard). Additionally, the Pb concentrations at some sites exceeded the first-class 
standard (with 2, 4, and 5 sites exceeding the standard in S0, S1, and S2, respectively). Thus, the baseline values 
for PH and TIN concentrations in the study area were significantly elevated. In S0 (Fig. 3), the main pollutants 
in surface water were TIN (19 sites), pH (20 sites), Cu (1 site), and Pb (2 sites). In S1, they were TIN (20 sites), 
PH (20 sites), Pb (4 sites), and Hg (3 sites). In S2, they were TIN (20 sites), PH (9 sites), and Pb (5 sites).

Comparing different stages, the decrease in PET and Cu concentrations in S2 compared to S0 and S1 was 
more pronounced at most sites. Compared to S0, the decrease in COD in S1 mainly occurred at sites S1, S3, S9, 
S14, and S16–S17. There were significant differences in the increase in TIN concentrations between S1 and S0. 
For PH and Cd, compared to S0, most sites showed a general increase in concentrations in S1, but then decreased 
to S0 levels in S2. The Pb pollution in S1 compared to S0 mainly occurred at sites S6–S9, S11, S15, and S18; 

Fig. 3.   Single-factor pollution index at different stages for each site.
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compared to S0, the increase in concentration in S2 mainly occurred at sites S5, S8–S11, S13–S14, and S19–S20. 
For Zn, the concentrations at most sites significantly decreased in S1 compared to S0, while they significantly 
rebounded in S2 compared to S1, with the most significant increases observed at sites S5, S7, and S19–S20. The 
increase in Hg concentration in S1 compared to S0 was most pronounced at sites S1–S3, S15–S16, and S19–S20. 
For As, the most pronounced decrease in concentration relative to S0 occurred at sites S1–S7. In summary, the 
OWF’s effects on PET, PH, Cd, Cu, and Zn exhibited good consistency among sites across different stages, while 
other factors showed significant differences among sites at each stage.

Characteristics of water eutrophication
The EI elucidates the degree of eutrophication in seawater around OWF. The mean values of EI from the 20 sites 
indicate that S0, S1, and S2 had mean values of 2.62, 2.59, and 1.92, respectively, all indicating mild eutrophica-
tion (Table 3). However, there was a decreasing trend in EI, particularly during the operational phase, where the 
index showed the most significant decrease (see Table 6). The fluctuation range of EI among the 20 sites in S2 
was 0.17–4.23 mg/L, much smaller than that of S0 and S1. These results suggest that there was a baseline mild 
eutrophication phenomenon in the study area, and the construction phase of OWF did not significantly exac-
erbate water eutrophication in general. Conversely, the operational phase helped alleviate the degree of water 
eutrophication to some extent. Combined with the analysis in the previous sections, this was primarily achieved 
by reducing COD and PH concentrations to mitigate moderate eutrophication.

The results from spatial interpolation based on EI values ​reveal significant differences in the spatial patterns of 
water eutrophication at different stages (Fig. 4). Prior to the construction of the OWF, moderate eutrophication 
in the study area was primarily concentrated in the western coastal regions, exhibiting an overall spatial pattern 
of moderate, mild, and oligotrophic eutrophication from northwest to southeast. During S1, moderate eutrophi-
cation remained concentrated in the western coastal areas but with a reduced extent (Table 6), accompanied 
by a shift in spatial morphology. From southwest to northeast, there was an overall transition from moderate 
to mild and oligotrophic eutrophication. In S2, the spatial pattern transformed again, gradually transitioning 
from moderate eutrophication around the OWF to mild and oligotrophic eutrophication in the outer periphery. 
The extent of moderate eutrophication significantly decreased (Table 6). Comparing the three stages, the most 
pronounced reduction in EI occurred in areas near the coastline, suggesting a potential correlation with the 
socioeconomic placement of the OWF.

Assessment of heavy metal pollution
Comparing the average single-factor pollution indices from S0 to S2, Zn, Pb, and Cd generally rose in surface 
seawater, while Cu generally fell (Fig. 3). From the perspective of the HPI evaluation, the mean values of Pn 
in S0, S1, and S2 at 20 stations were 0.664, 0.705, and 0.634, respectively. Overall, there is a trend of initially 
increasing and then decreasing, with the evaluation level of heavy metal risk changing from safe to caution and 
then returning to safe. This can also be verified by the changes in the proportion of stations and area in Table 6. 
These results indicate that the background heavy metal content in the study area was relatively low, but the heavy 
metal pollution level increased during the construction period, mainly through the increase in Pb, Cd, and Hg 
concentrations.

From the perspective of spatial distribution (Fig. 5), prior to the construction of the OWF, the high concen-
tration zones of heavy metals in the study area were primarily located in the northwest region near the coastal 
area, decreasing from northwest to southeast. This distribution pattern was broadly similar to that of water 

Table 6.   Proportion of stations and area with different evaluation results.

Stage

Oligotrophic Mild eutrophication Moderate eutrophication Severe eutrophication

Site Area Site Area Site Area Site Area

EI

 S0 20% 3.3% 45% 67.1% 35% 29.6% 0 0

 S1 20% 6.5% 40% 66.7% 40% 26.8% 0 0

 S2 20% 13.9% 55% 79.3% 25% 6.9% 0 0

Stage

Safe Caution Mild pollution Severe pollution

Site Area Site Area Site Area Site Area

HPI

 S0 75% 74.7% 25% 25.3% 0 0 0 0

 S1 45% 53.7% 45% 41.4% 10% 4.9% 0 0

 S2 70% 81.4% 30% 18.6% 0 0 0 0

Stage

Clean Slight pollution Moderate pollution Severe pollution

Site Area Site Area Site Area Site Area

WQI

 S0 50% 57.1% 35% 34.8% 15% 8% 0 0

 S1 30% 22.6% 65% 77.2% 5% 0.2% 0 0

 S2 65% 80.2% 35% 19.8% 0 0 0 0
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eutrophication, indicating a significant influence of land on seawater quality. During S1, areas of mild heavy 
metal pollution were mainly distributed on both sides of the project area, with the left side exhibiting more severe 
pollution. Overall, there was an increase in heavy metal concentrations, with the areas of caution and mild pol-
lution accounting for approximately 47% of the study area (Table 6). A shift in spatial morphology occurred. 
In S2, the spatial pattern transformed again, with the relatively high-value zones around the OWF gradually 
transitioning to lower-value areas outward. The areas of mild pollution disappeared, and the range of caution 
levels decreased, expanding the safety level coverage to 81.4% (Table 6). This indicates that during the operational 
period, the risk of heavy metal pollution from the OWF was relatively low and might contribute to alleviating 
coastal seawater heavy metal pollution. However, attention should be paid to the heavy metal pollution brought 
by the construction period in the surrounding areas of the OWF.

Fig. 4.   Spatial patterns of seawater eutrophication index at different stages (a: S0, b: S1, c: S2).

Fig. 5.   Spatial patterns of heavy metal pollution index in seawater at different stages (a: S0, b: S1, c: S2).



9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:20845  | https://doi.org/10.1038/s41598-024-71450-y

www.nature.com/scientificreports/

Comprehensive pollution assessment
The WQI index is a popular tool that aids in revealing the comprehensive pollution status of various types of 
pollutants. Statistics indicate that the average WQI values for S0, S1, and S2 across 20 stations were 0.754, 0.806, 
and 0.697, respectively. During S0 and S1, the overall seawater quality was characterized by mild pollution, 
whereas it reached a clean level in S2. The predominant pollutants contributing to seawater quality in S0 were 
ranked as follows: TIN > PH > Cu > PET > Zn > COD > Pb. In S1, the ranking shifted to TIN > PH > PET > Pb > C
u > Hg > COD. Meanwhile, in S2, the ranking was TIN > PH > Pb > Zn > COD > PET > Cu. Thus, it is evident that 
the primary pollutants in the surface seawater of the study area were TIN and PH, with slight variations in the 
influence of PET, Cu, Pb, Zn, and COD across different stages. Compared to the 50% in S0, the proportion of 
stations classified as clean had risen significantly to 65%, whereas those of mild level had fallen to 35% from 65% 
in S1, with no instances of moderate pollution or higher (Table 6).

From the spatial pattern depicted in Fig. 6, in S0, the WQI exhibited a spatial pattern of decreasing intensity 
from northwest to southeast, with pollution primarily concentrated near the northwest coastal areas. During 
S1, the WQI shifted to a decreasing trend from southwest to northeast, aligning closely with the pattern of EI. 
However, the extent of mild pollution significantly expanded, reaching 77.2%, an increase of 42.4% compared to 
S0 (Table 6). In S2, the spatial pattern of the WQI transformed as the mild pollution area on the southwest side 
of the OWF gradually transitioned towards cleaner areas on the periphery, resulting in an overall reduction in 
spatial heterogeneity (Fig. 6c). The area classified as clean expanded to 80.2% (Table 6). These findings indicate 
that from pre-construction to the construction phase, the areas classified as clean, mild pollution, and moderate 
pollution decreased by 34.5%, increased by 42.4%, and decreased by 7.8%, respectively. From pre-construction to 
the operational phase, the areas classified as clean, mild pollution, and moderate pollution increased by 23.1%, 
decreased by 15%, and decreased by 8%, respectively. The operation of the OWF contributed to the overall 
improvement of seawater quality in the region, particularly in mitigating the previously observed high pollution 
levels in the northwest coastal areas of the study area.

Discussion
Mechanisms of pollution formation and diffusion at different phases of OWF
In contrast to many studies relying on qualitative analysis of OWFs, this study utilizes GIS and mathematical 
models to quantitatively assess the marine water quality impact of OWF along the Jiangsu coast across different 
scenarios. This aligns with the research approach advocated by prior studies, which employed a Before-After/
Control-Impact methodology across the three life stages of OWFs to gain insights into their impact on the marine 
environment15,29. The findings reveal significant differences in the impact on marine water quality environment 
under different scenarios, whether in terms of individual pollutant concentrations or composite pollution indices. 
Overall, the adverse effects of OWF on the seawater environment primarily occurred instantaneously during the 
construction phase. Previous studies have similarly identified a pattern of wind farms having greater impacts 
on organisms during construction than subsequent operation7. However, the impact of wind farms during the 
operational phase remains highly controversial. In contrast to the prevailing belief that adverse effects would 
gradually diminish or revert to baseline levels post-construction15–17, the present study further reveals that 
operational OWF can contribute to a slight enhancement of seawater quality above baseline conditions.

Fig. 6.   Spatial pattern of comprehensive pollution indices in seawater during different stages (a: S0, b: S1, c: S2).
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In terms of the sources and diffusion mechanisms of pollutants, various pathways during the construction 
phase may lead to water pollution8,10. The concentrations of PET, TIN, PH, Cd, and Hg were highest or elevated 
during the construction phase. This was because activities during OWF construction might lead to increased 
input of petroleum substances and nutrients (such as nitrogen and phosphorus) into the seawater, while also 
potentially releasing heavy metals such as Cd and Hg15,16. The increase in concentrations of Pb, Cd and Hg was 
the main reason for the significant increase in the comprehensive pollution risk of heavy metals during the con-
struction phase. The concentrations of Zn and Pb were highest during the operational phase, likely related with 
normal operation and maintenance of wind power equipment. After OWF was operational, Zn was released into 
the water from galvanic anodes24. Gomiero et al. found the galvanic anodes as a source for Zn and Cd emission 
and accumulation in the mussels from an offshore gas platform in Adriatic Sea30. Other studies found that dis-
solved Zn initially increased and then gradually decreased through sorption by particulate matters and water 
dilution process31. Additionally, Zn and Pb were commonly used in corrosion protection and coating materials, 
which could release into the seawater when these materials were eroded by wind or corroded by seawater24. It is 
estimated that an OWF can emit 2000 kg zinc per year if assume that it consists of 80 OWT monopiles and one 
offshore survival system23. The concentration of Cu decreased significantly over time, likely due to Cu pollution 
mainly originating from industrial emissions along the coastal areas and inputs from inland rivers32,33. Cu metal 
is relatively easy to precipitate in weak alkaline seawater environments. After the construction of OWF, enhanced 
control and governance of the surrounding environment might contribute to the alleviation of Cu pollution.

It is necessary to consider the environmental impact of OWF in the context of the existing pressures (i.e. 
maritime traffic, chemical pollution, aquaculture development, fishery). The overall baseline water quality con-
dition in the studying area was mild pollution, with the highest concentrations of TIN and PH exceeding the 
environmental quality standard, closely related to the natural and social backgrounds of the marine area itself 
33. The study area is located in the northern part of the Yangtze River Delta, one of the most economically 
developed regions in China, which continuously brings pollution sources and substances to the surrounding 
marine areas34. Coastal areas have extensive intertidal zone and mudflat wetland ecosystems, playing important 
ecological service functions. Although this enables some purifying effect on pollution, in recent years, ecological 
landscapes have shown obvious fragmentation due to factors such as aquaculture, leading to a decline in eco-
logical functions35. The marine areas near the study area have been planned for multiple function zones ranging 
from mudflat aquaculture to port area, wind energy exploration, navigation area, anchorage area, and fishing36. 
These factors may be the main reasons for the severe excessive concentrations of TIN and PH in the study area, 
leading to water eutrophication.

Conversely, during the construction and operational phases, the EI index of the seawater continued to decline. 
This seems to contradict the report that OWF structures can contribute in nutrient concentration and primary 
production through a localized vertical mixing21. In the case study of the southwest Baltic Sea, Janßen et al. found 
that OWF structures could facilitate buildup of biomass and potentially intensify eutrophication, especially in 
already rich in nutrients and semi-enclosed water bodies37. However, it is suggested that a site for OWF with suf-
ficient water renewal could mitigate eutrophication problems37. The coastal waters of Jiangsu Province, an open 
sea area with strong tides and ocean currents, may play a significant role in mitigating water eutrophication near 
OWF. Study on the North Sea indicated that annual primary production rate could change ± 10% as the result 
of stratification and generated wind wakes by OWFs13. Wang et al. proposed that the Rudong OWF could influ-
ence the structure and energy flow of coastal ecosystems18. Following construction, coastal ecosystems tended to 
develop towards higher maturity with higher energy throughput, ecosystem activity, and recycling capability18. 
This led to increased primary production, biomass, and fish production, indicating a potential “reef effect”16. 
It might be conducive to the absorption of excessive nutrients. Another important reason was likely due to the 
increased control and governance intensity of the surrounding ecological environment and aquaculture after 
the planning and construction of OWF36. Because poor marine water environments may also cause pollution or 
erosion effects on wind power facilities.

Under different scenarios, the spatial patterns of seawater quality environments had undergone significant 
adjustments, and the influencing factors and mechanisms might be more complex. Before the construction of 
OWF, the concentrations of various pollutants generally showed a spatial pattern of decreasing from northwest 
to southeast, which might be related to three main factors. First, it was the influence of land-based pollution 
inputs in the western part of the study area. Second, it was related to the control of regional tidal flow and cur-
rent systems. The study area is located in the southern part of the radiating sandbar sea area, with complex and 
changeable terrain, mainly controlled by the eastward advancing tidal waves of the East China Sea, and the tidal 
flow effect is significant25,38. The tidal flow mainly exhibits a reciprocating flow pattern, with the main flow direc-
tion consistent with the coastline or groove direction. The dominant flow direction during rising tide is NWW, 
and during falling tide, it is SEE. The maximum flow velocity in the area ranges from 1.02 to 1.32 m/s, with the 
flow velocity decreasing with increasing water depth25. The above tidal flow system controlled the migration and 
diffusion of pollutants. Third, it was related to the typical monsoon atmospheric environment of eastern China, 
influenced by southeast winds in summer and northwest winds in winter. The above tidal flow system is closely 
related to the monsoon circulation system controlling the area.

During the construction and operational phases, the spatial patterns of water quality environments evolved 
from high-value areas around the southwest or engineering areas to decreasing towards the northeast or periph-
ery. This phenomenon might be associated with the hydrodynamics and climatic disturbance effects of wind 
turbine and bases, which could influence the oceanic flow system or atmospheric circulation11,15. In areas with 
widespread deployment of wind farms, wind energy is efficiently converted into electricity through wind turbine 
blades. This can distort energy flow and circulation. For instance, wind farms can result in wind distortion over 
a radius of 5–20 km11. In some case, wind wakes caused by OWF can extend downwind of wind-farm arrays 
by 60 km or more14. A decrease in wind speed may weaken the ocean–atmosphere interaction. This on the one 
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hand reduces the accumulation of pollutants downwind, and on the other hand may lead to a weakening verti-
cal mixing, thereby reducing the water eutrophication downwind. Recent result based on ocean-atmospheric 
numerical models implies that wind speed changes are found to reduce upwelling on the inshore side of OWFs 
and increase upwelling on the offshore side13. This may help explain why pollutants begin to accumulate on both 
sides of the OWF perpendicular to the prevailing wind direction (Fig. 4c, 5c and 6c). However, further research 
and validation are needed on the mechanisms mentioned above.

Implication and limitation
The current findings highlight the necessity for regulated construction processes in OWF development, particu-
larly targeting pollutants like excessive TIN, PH, and Pb at their sources. Additionally, emphasis should be placed 
on Zn’s impact on seawater quality, necessitating mitigation measures during OWF operation. Optimizing spatial 
allocation and layout in harmony with regional environmental features, alongside pre-emptive environmental 
effect simulations, can mitigate adverse water impacts during construction and operation. Concurrent environ-
mental monitoring and protection measures undertaken by either government or enterprises in the surrounding 
region during the development of OWFs will aid in pollution control. If OWFs’ potential to reduce eutrophication 
can be validated in mechanism, integrating them with marine aquaculture, fostering locally adapted species, 
becomes vital39,40. This synergy can amplify benefits across aquaculture, seawater quality enhancement, and 
OWF development for the Jiangsu Coast.

The present study, limited to ten representative seawater quality indicators, may compromise the compre-
hensiveness of its evaluation. Given the seasonal fluctuations in seawater quality and the study’s focus on spatial 
patterns and water quality comparisons across OWF development stages based solely on autumn samples, it 
lacks representation for capturing long-term, continuous changes. Future endeavors can incorporate longer-term 
observations to enhance seasonal comparisons, which is crucial for assessing the long-term impact of OWF 
operations on seawater quality. Moreover, the intricate OWF-ocean–atmosphere interaction and its influence 
on pollutant transport and diffusion across spatiotemporal scales pose a formidable challenge, necessitating 
further quantitative research.

Conclusion
This study assessed the impact of an OWF along the Jiangsu coast on marine water quality at different stages. 
Before construction, surface seawater quality was mildly polluted, mainly due to TIN, PH, Pb, and Cu. During 
construction, Ph, Cd, and Hg increased significantly, while PET, TIN, and Pb (locally) concentrations rose obvi-
ously, and COD, Cu, Zn, and As decreased significantly. The main pollutants were TIN, PH, Pb, and Hg. During 
operation compared to pre-construction period, concentrations of PET, PH, Cu, and Cd significantly decreased, 
while Zn concentrations significantly increased. Additionally, concentrations of TIN and Pb also showed an 
obvious increase. The main pollutants were found to be TIN, PH, and Pb.

Construction phase of the OWF did not worsen seawater eutrophication but increased heavy metal pollution, 
particularly Pb, Cd, and Hg contaminations. Conversely, operational phases alleviated eutrophication, mainly 
by reducing PH and COD concentrations. Comprehensive pollution levels increased during construction but 
remained mild overall, similar to the pre-construction phase. However, water quality improved to a clear level 
during operation. Spatially, the spatial patterns of various pollution types varied significantly across different 
stages. Before the OWF construction, the spatial patterns of EI, HPI and WQI generally showed a decreasing 
trend from northwest to southeast, with pollution concentrated mainly in coastal areas near the northwest. Dur-
ing the construction phase, it evolved into a gradual decrease from high-value areas near the southwest or around 
the construction area towards the northeast, accompanied by intensified pollution and a significant expansion of 
the polluted area. In the operational phase, the spatial patterns of various indices shifted towards a decrease from 
high-value areas near the southwest or around the wind farm towards the periphery, with a general reduction 
in spatial heterogeneity and a notable expansion of the area with clean water quality. The changes in pollutant 
concentrations and spatial evolution characteristics mentioned above may be closely related to comprehensive 
effects from factors such as oil spills, discharge of construction wastewater, release of pollutants from power 
generation equipment, land-based pollution, marine aquaculture, OWF-ocean–atmosphere interaction, and 
marine management and protection policy.

Data availability
The data in this study can be obtained by contacting the author Wei, Zhudeng, weizhudeng@126.com.
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