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Abstract: With the intensification of global warming, the distribution of marine renewable 11 

energy resources are changing. In this study, the wind and wave energy resources in the coastal 12 

waters of China under four combined climate change scenarios and the Shared Socioeconomic 13 

Pathways (SSPs), namely SSP126, SSP245, SSP370, and SSP585 are investigated. The wind data 14 

from the latest Coupled Model Intercomparison Project (CMIP6) climate model is analysed with 15 

Multi-model ensemble (MME) approach, which is consequently used to generate the wave data by 16 

the FVCOM-SWAVE wave model for historical conditions (2000-2014) and further climate 17 

scenarios (2080-2100). The impact of the climate change scenarios on the wind and wave energy 18 

generation performance is also assessed using the Total Harmonic Distortion (THD) index. The 19 

results indicate that with the increase of the greenhouse gas emissions, the wind energy increases in 20 

the northern South China Sea, the Bohai Sea and the Yellow Sea, and the wave energy increases in 21 

the Bohai Sea, the Yellow Sea and the northern South China Sea, while a slight decrease is found in 22 

the southern South China Sea. The performance of the wind and wave energy generation is affected 23 

by the future climate change scenarios, where the wind energy generation is found to be more stable 24 

than the wave energy at the study site. The results from this study provide useful guidance for the 25 

future deployment of wind and wave energy in the China’s coastal waters. 26 

Keywords: climate change; CMIP6; China seas; wave energy; wind energy 27 
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1. Introduction 28 

The greenhouse gas emission is evidenced as the main factor to cause the global warming and 29 

climate change. Use of clean energy is one of the important ways to reduce greenhouse gas emission 30 

and mitigate the impacts of climate warming [1]. Marine clean energy mainly includes offshore 31 

wind energy, ocean thermal energy, tidal range energy, tidal current energy and wave energy. 32 

Amongst, offshore wind and wave energy have attracted much attention in many countries because 33 

of their abundant resources, high energy density, and the advantage of not occupying land areas [2-34 

3]. In terms of energy potential, wind energy has the best potential, with offshore wind farms already 35 

being widely developed around the world [4]. Wave energy is the sum of kinetic and potential energy 36 

on the ocean surface, the total reserves of which are much larger than solar and wind energy in some 37 

areas (e.g. Baltic Sea and the Danish part of the North Sea as reported in [5]), with the advantages 38 

of having less impact on the environment, wide availability and no need for immigration amongst 39 

others. With the continuous development of its economy, China increasingly demands more energy, 40 

especially clean energy [1]. China has a long coastline, with broad distributions and abundant ocean 41 

clean energy resources. However, the spatial and temporal distributions of wind and wave energy 42 

resources vary significantly. Therefore, to help the development of wind and wave energy in China, 43 

it is necessary to understand their distribution characteristics for fully evaluating the economic and 44 

technical feasibility [6-9].  45 

Generally, the distribution of wind and wave energy resources could be evaluated using the 46 

local wind and wave data, which can be categorized to four types as described below: 47 

• Type I (based on regional observation data): A large number of researchers have 48 

conducted statistical analysis of regional wind and wave energy based on observation data, for 49 

example, in the Llobregat Delta [10], the United States [11] and the west coast of Sweden [12], and 50 

China [13]-[14]. Because the construction of meteorological and oceanic observation stations is 51 

costly and tedious, the temporal and spatial resolution of observation data is relatively low, which 52 

hinder the relevant research. 53 

• Type II (based on satellite data): With the development of satellite technology, researchers 54 

have started to use satellite datasets to investigate the distribution of wind energy and wave energy 55 

resources, for example, in India [15], Canadian waters [16], Vietnam [17], southeast Australia [18], 56 
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Indonesia [19] and Globally [20]. In addition, Hong et al. [21] used geographic information systems 57 

(GIS) to investigate the available offshore wind energy resources within China's exclusive economic 58 

Zone. Wang et al. [22] used the AVISO multi-satellite altimeter data to explore the wave feature of 59 

Chinese coastal waters, showing that the wave energy is larger in the north-central part of the South 60 

China Sea, the Luzon and Taiwan Straits, with a strong seasonality being more abundant in autumn 61 

and winter seasons.  62 

• Type III (based on reanalysis data): Reanalysis data is a kind of combination of the 63 

observation data and satellite (or numerical modelling) data. For example, the reanalysis wind and 64 

wave data provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) and 65 

National Oceanic and Atmospheric Administration (NOAA) are widely used. The reanalysis data 66 

have been used for the assessment of wind and wave energy in different regions worldwide, as those 67 

in Indian [23-24] and central Mediterranean Sea [25-26]. These data have also been used extensively 68 

in studies in the Chinese coastal waters. Wen et al. [27] analysed the spatial and temporal 69 

characteristics of wind resources in the South China Sea based on the Japanese 55-year reanalysis 70 

(JRA-55) dataset. Ding et al. [28] analyzed the distribution of significant wave height, wave period, 71 

and the other wave characteristics in the South China Sea by analyzing 37 years of ERA-interim 72 

high-resolution (0.125°×0.125°) wave data and evaluated the wave energy resources based on the 73 

wave parameters. Sun et al. [29] verified the ERA5 wave data in Chinese waters with buoy data, 74 

and analyzed the long-term trends of wave energy distributions along the Chinese coastline using 75 

the ERA5 wave data, indicating that the East China Sea and the South China Sea are the most 76 

suitable sea areas for wave energy development.  77 

• Type IV (based on numerical simulations): With the development of computational 78 

technology, more researchers have studied the global wind and wave energy through numerical 79 

modeling [30]. Christie et al. [31] evaluated the wave energy in the Canary Islands using SWAN 80 

model. Langodan et al. [32] assessed the potential of wind and wave energy in the Red Sea based 81 

on the Weather Research and Forecasting (WRF) model and the WAVEWATCH III (WWIII) model 82 

respectively. Kilcher et al. [33] used the WWIII model driven by NOAA's wind field to obtain wave 83 

energy distribution along the US west coast. In China, Li et al. [13] used the regional climate model 84 

COSMO-CLM (CCLM) to construct a wind hindcast at 100 m height over the Bohai and the Yellow 85 

Sea for 35 years (1979-2013) and then assessed the distribution of wind energy resource. Wang et 86 
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al. [34] used the WRF and WWIII model to simulate 30-year wind and wave fields in the South 87 

China Sea and then assessed the wind and wave energy resources in the study region. Zheng et al. 88 

[35] assessed the wind energy and wave energy resources in the China Sea by WWIII model. Wang 89 

et al. [36] used the atmospheric model WRF to conduct a continuous simulation of wind field in the 90 

Bohai Sea to determine the wind energy resources from 1995 to 2014, and then used the wave model 91 

SWAN to simulate the waves in the same time for wave energy assessment. 92 

Most of the existing studies on the distribution of ocean clean energy, especially the wave 93 

energy, are based on historical data and model simulations. However, whilst the use of clean energy 94 

can mitigate climate warming, the changing climate can influence the distribution of clean energy 95 

distributions [37]-[38], therefore considering the impacts of climate change in assessing marine 96 

clean energy becomes important.  97 

As the future distribution of wind and wave resources depends on the changes in local wind 98 

speeds and waves, the Coupled Model Intercomparison Project (CMIP) is a commonly-used tool 99 

for the analysis of the meteorological and oceanic factors under the changing climate. CMIP is an 100 

international collaborative project initiated by the World Climate Research Programme (WCRP), 101 

which has gone through a number of phases with the most recent Phase 6 (CMIP6). In the previous 102 

phase of the CMIP, CMIP5 contains more than 50 models from more than 20 model groups 103 

worldwide for the climate change projection based on the Representative Concentration Pathway 104 

(RCP), typically using four pathways: RCP2.6, RCP4.5, RCP6.0, and RCP8.5, to represent the 105 

radiative forcing values ranging from low to high [39]. With the data provided by CMIP5, many 106 

studies have been carried out for the wind and wave climate and energy resources exploitation 107 

around the world. To understand the wind and wave climate, Erikson et al. [40] used CMIP5 wind 108 

field data from two radiative forcing scenarios RCP4.5 and RCP8.5 to project future wave parameter 109 

changes in the Northeast Pacific Ocean. Shope et al. [41] analysed changes in the extreme wave 110 

climate of tropical Pacific islands in the 21st century under the RCP4.5 and RCP5.8 scenarios. 111 

Hemer et al. [42] assessed the global wave climate using CMIP5 data. Based on the future wind and 112 

wave data, Zheng et al. [43] compared the global wind energy characteristics for the years 2080-113 

2099 (future) and 1980-1999 (past). Rusu et al. [44] assessed the wave energy in the Black Sea at 114 

the end of the 21st century. 115 

Following the latest updates of CMIP, as one of the sub-programs of CMIP6, ScenarioMIP 116 
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combines and integrates the future global average radiative forcing level and the level of economic 117 

development corresponding to the radiative forcing with the Shared Socioeconomic Paths (SSPs) 118 

[45]. For example, SSP126, SSP245, and SSP585 are the new versions of the scenarios combining 119 

RCP2.6, RCP4.5, and RCP8.5 with SSP1, SSP2, and SSP5 respectively, whilst SSP370 represents 120 

a sustainable development scenario for land-use changes and emissions (especially SO2) [46]. 121 

ScenarioMIP provides many global large-scale oceanic and atmospheric variables relevant to the 122 

construction of climate change, taking into account the impacts of climate change on renewable 123 

energy. CMIP6 aims to understand past, present and future climate change by collecting and 124 

comparing simulation results from various Global Climate Models (GCMs). The results of CMIP6's 125 

simulations of the current climate and future climate projections at each stage provide the 126 

corresponding information basis for the reports of the United Nations Intergovernmental Panel on 127 

Climate Change (IPCC) [47]. Thus, the CMIP6 dataset is widely used to predict atmospheric and 128 

oceanic variables under climate change. Globally, Lemos et al. [48] used the SSP585 data from EC-129 

Earth GCM to study the effect of different model parameterizations on the current global wave 130 

climate description. Jiang et al. [49] established a global 3-hourly wind-wave and swell data for 131 

wave climate and wave energy resource research from 1950 to 2100 based on CMIP6 data and 132 

several wave models. Ibarra-Berastegui et al. [50] analysed future global offshore wind and wave 133 

energy trends under the SSP126 and SSP585 scenarios using two CMIP6 models (EC-Earth3 and 134 

ACCESS-CM2) dataset, and the study showed that only 10-15% of coastal wind and wave generated 135 

theoretical electricity will change significantly. Meanwhile, many scholars have conducted studies 136 

using CMIP6 data to analyse the impact of climate change on regional wind and wave power 137 

potential, such as in Europe [51], North America [52], the Black Sea [53] and Gulf of Oman[38], 138 

etc.  139 

China has abundant offshore wind energy along its coasts, especially in southern Zhejiang, 140 

Fujian and eastern Guangdong Provinces [54], and has high potential of wave energy in the South 141 

China Sea and the East China Sea, particularly in autumn and winter seasons [29]. Considering the 142 

influence of changing climate, Zheng et al. [55] analyzed the wave energy distribution in China’s 143 

coastal waters using the WWIII wave model driven by CMIP5 wind data. Using the CMIP6 data, 144 

Zhang et al. [56] applied a downscaling method to study China's offshore wind energy resources in 145 

the 21st century. In general, studies on the future wind and wave energy under the climate change 146 
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in China seas are scarce, especially under the scenarios provided by CMIP6. Although some of the 147 

global scale studies could reflect the offshore clean energy distribution in China seas, their spatial 148 

resolutions were rather low to meet the needs for regional energy plan, especially in the nearshore 149 

regions. To guide the future plan of offshore energy development in China, the future wind and wave 150 

energy distribution in the China seas is worth investigating under the latest scenarios with the 151 

combined climate and shared socioeconomic pathways. 152 

In this study, the wind field under four scenarios: SSP126, SSP245, SSP370, and SSP585, 153 

provided by the CMIP6, are used to drive the FVCOM-SWAVE wave model in an attempt to gain 154 

further understanding of the long term impacts of climate change on wind and wave energy 155 

distributions in China’s coastal waters. The paper is organized as follows. Section 2 describes the 156 

data, numerical models and analysis methods. Section 3 is the assessment of future distribution and 157 

changing trends of wind speed, wave parameters, and wind and wave energy resources based on the 158 

data obtained. Section 4 is the future wind and wave energy distribution and their changing trends 159 

in the coastal regions of China. Section 5 is an evaluation of the performance of wind and wave 160 

energy generation in China’s coastal waters, focusing on the impacts of climate change. Followed 161 

in Section 6 is the conclusion. 162 

2. Materials and methods 163 

2.1 Wind Data 164 

2.1.1 ERA5 reanalysis wind data 165 

ERA5 is the fifth generation of reanalysis products developed by the European Centre for 166 

Medium-Range Weather Forecasts (ECMWF). ERA5 contains 28 atmospheric assimilation systems 167 

and provides hourly, daily, and monthly atmospheric, land, and oceanic variables on a global scale 168 

with a spatial resolution of 0.25° from 1950 to the present day, and is highly reliable reanalysis 169 

information for studies related to mean and extreme wind speed, therefore, it is widely used around 170 

the world [57]. In this study, the hourly 10 m wind speed in ERA5 reanalysis data are used to validate 171 

the CMIP6 historical wind speed data from 2000 to 2014. 172 



 

 7 

2.1.2 CMIP6 Climate model  173 

CMIP6 has the largest number of participating models, the best-designed scientific 174 

experiments, and the most comprehensive modeling data provided since the implementation of the 175 

CMIP program [58]. As the sub-program of CMIP6, ScenarioMIP conducted a new series of future 176 

long-term (century timescale) integrations, incorporating input from climate science and integrated 177 

assessment modeling communities. These data were generated by an updated version of the Global 178 

Climate Models (GCMs) and driven by a set of emission and land use scenarios based on the new 179 

SSPs methodology, which reflects climate evolution trends based on different climate change 180 

scenarios and climate policies [58]. These new scenarios are based on a matrix utilizing the SSPs 181 

and forcing levels of the RCPs as axes [59]. ScenarioMIP is divided into core experiment Tier-1 and 182 

Tier-2 experiments based on their relative priorities and contains eight groups of future scenario 183 

experiments.  184 

This study mainly adopts the research data related to the core experiment Tier-1, which 185 

includes primarily four SSPs, namely SSP126, SSP245, SSP370 and SSP585, as shown in Table 1. 186 

Among them, SSP126 is the optimistic scenario, which represents a scenario of sustainable socio-187 

economic development with low radiative forcing of about 2.6 W/m2 by 2100. SSP245 and SSP585 188 

represent medium and negative climate scenarios, with intensified emission. SSP245 assumes a 189 

world following contemporary social, economic, and technological trends, with uneven 190 

development among countries and slow progress in achieving sustainability goals. The CO2 191 

emission is projected a growth until 2040, then a steadily declination until the end of the century, 192 

with radiative forcing peaking at 4.5 W/m2 by 2100, corresponding to a global mean air temperature 193 

increase of about 2.5℃ from the pre-industrial era and 1.5℃ from the current era. SSP585, based 194 

on fossil-fueled development with strong investments in health and education, results in high global 195 

energy demand from energy-intensive lifestyles. This leads to rapid economic growth and 196 

environmental degradation. It projects strongly growing CO2 emission until 2080, then slightly 197 

declining until the end of the century, with radiative forcing peaking at 8.5 W/m2 by 2100, resulting 198 

in a global mean air temperature increase of about 5℃ from the pre-industrial era and 4℃ from 199 

the current era. SSP370 is a new radiative forcing scenario, which represents a sustainable land-use 200 

change and high emissions (especially SO2), with a stabilized radiative forcing of about 7.0 W/m2 201 
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in 2100. CMIP6 provides wind speed data with daily intervals. In total the wind data of 16 GCMs 202 

are selected and compared in this study, as shown in Table 2 . 203 

Table 1 Key information of scenarios 204 

Scenarios Shared Socioeconomic Pathway Emission Level Radiative Forcing Level 

SSP126 Sustainability Low emissions 2.6 

SSP245 Middle of the Road Middle emissions 4.5 

SSP370 Regional Rivalry Medium to high emissions 7.0 

SSP585 Fossil-fueled Development High emissions 8.5 

 205 

Table 2  Key information of CMIP6 models 206 

No Model Name Region Grid Model Provider 

1 ACCESS-CM2 Australia 144×192 Commonwealth Scientific and Industrial Research Organization and 

Bureau of Meteorology 2 ACCESS-ESM1-5 Australia 145×192 

3 BCC-CSM2-MR China 160×320 Beijing Climate Center 

4 CMCC-CM2-SR5 Italy 192×288 

Euro-Mediterranean Center on Climate Change 

5 CMCC-ESM2-0 Italy 192×288 

6 EC-Earth3-Veg-LR European Countries 160×320 EC-Earth-Consortium (12 European countries) 

7 GFDL-ESM4 America 288×180 Geophysical Fluid Dynamics Laboratory 

8 IITM-ESM India 94×192 Indian Institute of Tropical Meteorology Pune 

9 INM-CM4-8 Russia 180×120 

Russian Institute for Numerical Mathematics Climate Model 

10 INM-CM5-0 Russia 180×120 

11 IPSL-CM6A-LR France 144×143 Institute of Pierre Simon Laplace 

12 MIROC6 Japan 256×128 

Atmosphere and Ocean Research Institute, National Institute for 

Environmental Studies, Japan Agency for Marine-Earth Science and 

Technology 

13 MIROC-ES2L Japan 320×128 

University of Tokyo, National Institute for Environmental Studies, and 

Japan Agency for Marine-Earth Science and Technology, Japan 

14 MPI-ESM1-2-HR Germany 192×96 

Max Planck Institute for Meteorology 

15 MPI-ESM1-2-LR Germany 192×96 

16 MRI-ESM2-0 Japan 160×320 Meteorological Research Institute 
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2.2. Numerical model 207 

2.2.1 Wave model description 208 

The FVCOM-SWAVE wave model developed at the University of Massachusetts [60] is 209 

applied in this study. It is the wave module of the ocean model FVCOM [61] which could be 210 

conveniently coupled with the other modules in the FVCOM modeling framework, to modelling the 211 

wave-current interaction, sea temperature and salinity, water quality, etc. The uncoupled wave-only 212 

mode is used in this study, but it can be easily coupled with other module in the future work. 213 

FVCOM-SWAVE is an unstructured-grid finite-volume version converted from the widely used 214 

wave model SWAN [62]. The main governing equation is the spectral action balance equation. 215 

 
∂𝑁

∂𝑡
+ ∇ • [(𝐶𝑔 + 𝑉)𝑁] +

∂𝐶𝜎𝑁

∂𝜎
+

∂𝐶𝜃𝑁

∂𝜃
=

𝑆𝑡𝑜𝑡

𝜎
 (1) 216 

where 𝑁 is the wave action density spectrum, 𝑡 is the time, 𝜎 is the relative frequency, 𝜃 is the 217 

wave direction, 𝐶𝜎and 𝐶𝜃are the wave propagation velocities in spectral space (𝜎,𝜃), 𝐶𝑔 is the 218 

group velocity, and 𝑁 is the ambient water current vector. 𝑉 is the source-sink term defined as: 219 

 𝑆𝑡𝑜𝑡 = 𝑆𝑖𝑛 + 𝑆𝑛𝑙3 + 𝑆𝑛𝑙4 + 𝑆𝑑𝑠,𝑤 + 𝑆𝑑𝑠,𝑏 + 𝑆𝑑𝑠,𝑏𝑟 (2)   220 

where 𝑆𝑖𝑛 is the function for wind-induced wave growth, 𝑆𝑛𝑙3 is the nonlinear transfer of wave 221 

energy from three-wave interactions, 𝑆𝑛𝑙4 is the nonlinear transfer of wave energy from four-wave 222 

interactions, 𝑆𝑑𝑠,𝑤 is the wave decay from white capping, 𝑆𝑑𝑠,𝑏 is the wave decay from bottom 223 

friction, and 𝑆𝑑𝑠,𝑏𝑟 is the wave decay from depth-induced wave breaking. 224 

2.2.2 Model setup 225 

A China seas model is established based on the FVCOM-SWAVE model which covers the 226 

Bohai Sea, the Yellow Sea, the East China Sea, the South China Sea and some of the adjacent sea 227 

areas as shown in Fig. 1. The model uses an unstructured mesh with 12,480 nodes and 23,832 228 

elements. The resolution of the open boundary is 0.45° and the resolution of the coastline is 0.15°. 229 

Bathymetric data is obtained from the General Bathymetric Chart of the Oceans (GEBCO) 30 arc-230 

second global bathymetric dataset, with corrections at the nearshore areas using available ocean 231 

maps and then interpolated onto the model grid. The daily wind data which interpolated to 0.25° 232 

grid is used as the surface boundary to obtain the wave elements (wave height and wave period) by 233 
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performing wave-only simulations.  234 

 235 

Fig. 1 Schematic diagram of the wave model: (a) water depth (m); (b) computational grid 236 

In wave simulations, wind-induced wave growth encompasses both linear growth as described 237 

by Cavaleri and Rizzoli [63] and exponential growth as outlined by Komen et al. [64]. The 238 

interactions between triple and quadruple waves are modeled using the Lumped Triad 239 

Approximation (LTA) introduced by Eldeberky [65] and the Discrete Interaction Approximation 240 

(DIA) proposed by Hasselmann et al. [66], respectively. White-capping dissipation is applied using 241 

the formula provided by Komen et al. [64]. Bottom friction dissipation is modeled according to the 242 

Madsen form developed by Madsen et al. [67]. Additionally, wave breaking induced by depth is 243 

addressed through the bore-based model proposed by Battjes and Janssen [68]. 244 

2.2.3 Model Validation 245 

As for model validation, the computed significant wave heights (Hs) driven by the ERA5 246 

reanalysis wind data are compared with the measured data at three deep water observation stations, 247 

i.e. Pratas Station (2600 m depth), Taitung Station (2600 m depth) and Taitung Ocean Station (5600 248 

m depth), as shown in Fig. 2. It can be seen that the Hs generated by the ERA5 wind field are 249 

generally consistent with the observed data. However, it is obvious that the wave heights simulated 250 

during the tropical cyclone period are underestimated. This is due to that the ERA5 reanalysis wind 251 

data lacks the large wind speed during tropical cyclones [69]. As the CMIP data is also calculated 252 

by the climate model without the correction of observations, the CMIP6 wind could also 253 

underestimate the wind speed during tropical cyclones. Since wind and wave energy converters do 254 

Pratas

Taitung

Taitung Ocean

A

B

C

D

Bashi Strait

Spratly Islands

Zhongsha Islands

Leizhou Penisula

estuary of the Yangtze River

(a) (b)

Taiwan Island
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not normally operate during the tropical cyclone period for a safe reason, the wind and wave data 255 

obtained in this study could be effectively used to analyze future wind and wave energy distribution. 256 

 257 

 Fig. 2 Comparison of measured (OBS) and simulated wave heights (driven by ERA5 wind) at 258 

Pratas, Taitung Ocean, and Taitung Stations. 259 

2.3 Data simulation capability 260 

Due to the differences in the simulation ability of different GCMs in CMIP6 for different 261 

regions, it is necessary to validate those models before applying them in the study region. Using the 262 

ERA5 wind data as the reference, the simulation ability of 16 single models from the CMIP6 during 263 

the year 2000 to 2014 are evaluated. For consistency, the hourly ERA5 data is averaged to generate 264 

the daily average. 265 

Taylor diagram is used for the standard deviation (𝜎), centred root mean square errors (RMSE) 266 

and correlation coefficients (R) of multiple variables in the same polar coordinates to visually 267 

compare the simulation capabilities of the different models [70], which can be calculated using the 268 

following formulas: 269 
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 𝜎 = √1

𝑁
∑ (𝑓𝑖 − 𝑓)

2
𝑁
𝑖=1

 (3)270 

  271 

 𝑅𝑀𝑆𝐸 = √1

𝑁
∑ [(𝑓𝑖 − 𝑓) − (𝑟𝑖 − 𝑟)]

2
𝑁
𝑖=1

 (4) 272 

 273 

 𝑅 =
1

𝑁
∑ (𝑓𝑖−𝑓)
𝑁
𝑖=1 (𝑟𝑖−𝑟)

𝜎𝑓𝜎𝑟
 (5) 274 

where 𝑁 is the number of total samples;  𝑓 and 𝑟 denote the mean values of 𝑓 and 𝑟;  𝜎𝑓 and 275 

𝜎𝑟 are their standard deviations. 276 

The Taylor diagrams of the wind speed of 16 selected GCMs in comparison with ERA5 wind 277 

field are shown in Fig. 3. The simulation capability of these models in two different region scales 278 

are evaluated. One is the extended model domain containing land and ocean between longitude 100279 

˚E to 140˚E and latitude 0˚N to 45˚, which corresponds the original area of downloaded wind data 280 

(not shown here), and the other is the model domain of China seas as shown in Fig. 1. It is clear in 281 

Fig. 3 that different GCMs have similar performance in the extended domain, but show variate in 282 

the China seas domain. This indicates that the simulation capacity of wind data in different GCMs 283 

may have larger differences above the sea than the land. Finally, five GCMs (BCC-CSM2-MR, EC-284 

Earth3-Veg-LR, GFDL-ESM4, MPI-ESM1-2-HR, and MRI-ESM2-0, abbreviated to BCC, EC, GF, 285 

MPI, MRI respectively and marked in red in Fig. 3 with better simulation ability in this study domain 286 

are selected to drive the FVCOM-SWAVE wave model to generate the wave fields in this study.  287 

 288 

Fig. 3 Taylor diagram of wind speed for CMIP6 comparing with ERA5 values for the historical 289 

period of 2000-2014: (a) extended domain between 100°E ~ 140°E and 0°N ~ 45°N , (b) the 290 

(a) (b)
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study area as shown in Fig. 2 (“Ref” denoting the reference fields of the ERA-5 reanalysis wind 291 

speed) 292 

 293 

 The wave model is driven by the wind speed data of the selected 5 CMIP6 GCMs as 294 

introduced in Section 2.1, with a spatial resolution of 0.25°×0.25° and a time resolution of 1 day. 295 

The time period of 2000-2014 is used to represent the historical condition. As different SSPs are 296 

defined according to the radiative forcing peaking by 2100, the time period of 2080-2100, which 297 

could guide a long-term plan of energy development under the climate change, is used to represent 298 

the future condition, for an effective use of computing resources. Also, the wave model is driven by 299 

the ERA5 wind for the historical time period (2000-2014) for validation. The model output 300 

parameters include the Hs and peak period, with an output time interval of 1 h. The detailed set-up 301 

of different numerical experiments could be seen in Table 3. 302 

 303 

Table 3 Numerical experiments 304 

experiments Model name Time Scenarios Input variable Frequency 

validation ERA5 2000-2014 Historical vas, uas daily 

Historical 

BCC-CSM2-MR(BCC) 2000-2014 

Historical vas, uas daily 

EC-Earth3-Veg-LR(EC) 2000-2014 

GFDL-ESM4(GF) 2000-2014 

MPI-ESM1-2-HR(MPI) 2000-2014 

MRI-ESM2-0(MRI) 2000-2014 

MME 2000-2014 

Future 

BCC-CSM2-MR 2080-2100 

SSP126 

SSP245 

SSP370 

SSP585 

vas, uas daily 

EC-Earth3-Veg-LR 2080-2100 

GFDL-ESM4 2080-2100 

MPI-ESM1-2-HR 2080-2100 

MRI-ESM2-0 2080-2100 

MME 2080-2100 

 305 

Multi-model ensemble (MME) of data not only reduces the amount of computation, but also 306 
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effectively reduces the excessive influence of a single mode on the results. The wind data in 5 307 

selected GCMs with relatively good simulation capability are used to drive the wave model from 308 

2000 to 2014 for wave prediction, and then the MME of these five wave datasets are calculated and 309 

used for analyzing future changes in wave characteristics. Fig. 4 shows the Taylor diagrams of 310 

historical wind speed and Hs of five selected GCMs and their MMEs. It is obvious that the wind 311 

speed and Hs of the five GCMs are well simulated in the modelling area, and the MME of wind 312 

speed and Hs are more consistent with the historical data than the single model. It is worth noting 313 

that when dealing with the wind speed data for the input of wave model, two trials are conducted, 314 

i.e., driving the wave model using the MME of wind speed or driving the wave model using the 315 

wind speed of single GCMs and then create the MME of waves. It is found that the waves driven 316 

by the wind speed MME is obviously underestimated, for both Hs and wave period, thus the wave 317 

data used in this study is driven by the wind speed of single GCMs. Finally the MME of waves is 318 

calculated and used for the following analysis. 319 

 320 

 321 

Fig. 4 Taylor diagram for simulations and reference values of Hs (Blue) and offshore wind speed 322 

(green) in China seas for the historical period of 2000-2014 based on 5 selected GCMs. MME (Red 323 

for wave and black for wind) denotes the multi-model ensemble, and “Ref” denotes the reference 324 

fields of ERA5 325 
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 326 

2.4 Factors to assess the energy reserves  327 

Since the installation height of offshore wind turbines (WT) are usually 100 m, the 10 m wind 328 

speed data from the CMIP6 model is converted to that at the 100 m height for computing the wind 329 

power density (WPD), with the following equation: 330 

 𝑣100 = 𝑣10(
𝑧2

𝑧1
)𝑎 (6) 331 

where 𝑣100 is the wind speed (m/s) at a height 100 m; 𝑣10 is the wind speed at 10 m; 𝑧1 and 𝑧2 332 

equal to the 10m and 100m respectively which are the height of the wind speed; 𝑎 is an empirically 333 

derived coefficient, which is equivalent to 0.1 for a stable ocean atmosphere [71]. 334 

WPD is most widely used in wind energy resource assessment, and it is calculated from wind 335 

speed following the equation [72]: 336 

 𝑊𝑃𝐷 =
1

2
𝜌𝜈𝑖

3 (7) 337 

where 𝜌 is the air density (1.225 kg/m3 at 288.15 K and 1000 hPa) and 𝑣𝑖 is the wind speed at 100 338 

m. 339 

Wave energy density (WED) is an important metric for assessing regional wave energy 340 

resource, and the following empirical formula is commonly used for WED calculations in deepwater 341 

regions: 342 

 𝑊𝐸𝐷 = 0.49𝐻𝑠
2𝑇𝑒 (8) 343 

where 𝐻𝑠 is the significant wave height and 𝑇𝑒 is the wave energy period, which is obtained from 344 

the FVCOM-SWAVE model output of the peak wave period 𝑇𝑝, with the following relation: 345 

 𝑇e = 𝛼𝑇𝑝 (9) 346 

where 𝛼 = 0.9 is adopted according to the previous study [69].  347 

Representative wave converter device (WEC) and WT are selected for future energy analysis 348 

of the selected locations along the coasts. The AquaBuoy WEC is selected according to the water 349 

depth of selected locations. Fig. 5(a) shows the selected power matrix of AquaBuoy WEC system, 350 

with the matrix numbers representing the expected output power of the unit at the corresponding Hs 351 

and wave energy period (𝑇𝑒 ). For the available wind energy, the SWT-3.6-120 WT is selected 352 

because its hub height is site specific. Fig. 5(b) presents the power curves of the offshore WT [62]. 353 



 

 16 

The detailed parameters of these two converters are listed in Table 4. The selection of different 354 

converters must influence the calculated energy reserves, thus the comparisons between wind and 355 

wave energy in this study are based on the energy density, while the total energy reserves calculated 356 

using the representative converters are used for a trend analysis for single wind/wave energy 357 

resource under the climate change. 358 

 359 

Fig. 5. Power output for selected (a) wave energy converter and (b) wind turbines (adopted from 360 

[73]). 361 

 362 

 363 

 364 

Table 4 Parameters of WT and WEC (adopted from [73]) 365 

Offshore Wind Turbines Wave Energy Converters 

Systems SWT-3.6-120 Systems Aqua Buoy 

Rated capacity(kW) 3600 Rated capacity(kW) 250 

Hub height(m) 90 or site specific Water depth(m) 20-50 

Cut-in value(m/s) 3 Category Point absorber 

Rated Wind speed(m/s) 12.5   

Cut-out value(m/s) 25   

 366 

To evaluate the performance of the wind and wave energy generation, the Total Harmonic 367 

Distortion (THD) index is applied in this study [74] as, 368 

 𝑇𝐻𝐷 =
𝜎

x̅
 (10) 369 

where σ and x represent the standard deviation and average value of x, respectively. Eq. 10 can 370 

be used for the wind and wave energy. THD is an index of the quality of power delivered to the 371 

energy grid, and is used to assess the smoothness of power at a particular site. Therefore, smaller 372 

THD values indicate more stable power quality [62].  373 

(a) (b)
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  374 

3.  Future variability of wind and wave energy 375 

3.1 Long-term variation of wind speed   376 

 To determine the potential wind and wave energy, wind speed is the key parameter, therefore 377 

the long-term variation of the wind speed over both the extended domain and the study site as it is 378 

provided is first conducted here on four SSP scenarios, namely, SSP126, SSP245, SSP370 and 379 

SSP585, using linear regression analyses. Fig. 6 shows the changes of the mean wind speeds over 380 

the period of 2015-2100. In Fig. 6(a), the long-term change of mean wind speed for SSP126 shows 381 

a slightly increasing trend, and SSP245 remains almost unchanged. For SSP370 and SSP585, the 382 

long-term changes of mean wind speed show a significant decreasing trend. However, as shown in 383 

Fig. 6(b), the trend in China seas domain (this study site) shows a similar trend for the SSP126 and 384 

SSP370 scenario, but the long-term change of the mean wind speed in the area for SSP245 shows 385 

an increasing trend while SSP585 remains unchanged. The linear regressions are statistically 386 

significant at a level of 5%. 387 

 388 

(a)

(b)
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Fig. 6 Regional mean wind speed (WS) during 2015-2100 in: (a) extended domain (100°E ~ 140°E 389 

and 0°N ~ 45°N); (b) this study area (as shown in Fig. 2) 390 

 391 

In addition, the spatial linear regression trends for wind speed over the extended domain for 392 

the period of 2015-2100 are shown in Fig. 7, The overall trend is relatively insignificant, with the 393 

change of wind speed at most area over the domain falling within the range of -0.005 to 0.005 m/s 394 

per year and passing the 0.05 significance test. However, the wind speed in the coastal waters 395 

exhibits an increasing trend in the East China Sea with emissions intensified, but decreasing further 396 

afield in the ocean, except for that decreases in SSP370 scenario, indicating its implication on the 397 

potential wind and wave energy in the area in long term. 398 

 399 

 400 

Fig. 7 Linear regression of annual wind speed (WS) change in China seas during 2015-2100. The 401 

blank areas represent the grid points not passing the 0.05 significance test. 402 

3.2 Distribution of wind speed and wave height  403 

Focusing on China’s coastal waters (as shown in Fig. 1), the future variability of wind speed and 404 

Hs are also analyzed on the MMEs of wind and wave, where the wind data is interpolated to the 405 
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same grid as the wave data. The multi-year (2080-2100) mean wind speed for different SSPs in the 406 

study areas are shown in Fig. 8. The multi-year mean wind speed in all climate scenarios are greater 407 

than 6 m/s in most of the study area and roughly 5 m/s nearshore. Highest sea surface wind speed 408 

is found in the South China Sea, with the mean wind speed being over 8 m/s. The bottom panels of 409 

Fig. 8 display the difference of wind speed between future scenarios (2080-2100) and historical 410 

condition (2000-2014), with the positive values indicate an increase trend in the future and negative 411 

values indicate a decrease trend. It is worth noting that all scenarios show an increase trend with the 412 

change of wind speeds in the north part of the South China Sea in the future, with emissions 413 

intensified. The opposite trend is observed in the East China Sea and the southern South China Sea, 414 

especially in the SSP585, where wind speeds in the East China Sea decrease by more than 0.2 m/s. 415 

Comparing the projections of other SSPs, SSP370 shows a significantly decrease trend in the waters 416 

around the estuary of the Yangtze River and Leizhou Peninsula, which is opposite to the change of 417 

other SSPs. The nearshore areas (under 50 m water depth) show relatively small variations (within 418 

±0.1 m/s in general). 419 

 420 

Fig. 8 The multi-year (2080-2100) mean wind speed for different future scenarios (top panels) and 421 

their differences (bottom panels) with historical data  422 

 423 

Fig. 9 shows the distribution of multi-year mean Hs under four SSPs from 2080-2100 with 5 424 

selected GCMs respectively. It can be seen that the maximum Hs is greater than 1.6 m in the southern 425 

part of Taiwan Island in all 5 GCMs, among which the GF and MRI show that the maximum Hs can 426 

be over 1.8 m. Most of the GCMs show that the Hs in the South China Sea exceeds 1.4 m, while 427 

only the MPI have lower value (in the range of 1.2-1.4 m). Since different GCMs could have 428 

SSP126 SSP245 SSP370 SSP585
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relatively large diversity, also shown in Fig. 4, the MME data of Hs for the five GCMs is established 429 

to reduce the excessive influence of a single model on the simulation results.  430 

 431 

Fig. 9 Multi-year (2080-2100) mean Hs for different future scenarios with 5 selected GCMs 432 

 433 

Based on the MMEs, Fig. 10 shows the spatial distribution of the multi-year (2080-2100) mean 434 

Hs under different scenarios and their difference between historical data (2000-2014). The mean Hs 435 

in the South China Sea and the southern part of Taiwan Island under the four SSPs are up to 1.4 m, 436 

while Hs in the majority of the Bohai Sea are in the range of 0.4-1 m. The Hs in majority of the 437 

Yellow Sea is over 1 m. As shown in the bottom panels of Fig. 10, there is no significant decrease 438 

in Hs in the SSP126. The SSP245 shows no apparent change in Hs compared to the historical 439 
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scenario. The results of SSP370 indicate that majority areas in the southern South China Sea and 440 

the East China Sea are on a decreasing trend. SSP585 on the other hand are characterized by a clear 441 

trend in the study area, especially in the South China Sea, with an increasing trend in the near 442 

continent and a decreasing trend in the southern South China Sea.  443 

 444 

 445 

Fig. 10 Spatial distribution of the multi-year (2080-2100) mean Hs under different scenarios (top 446 

panel) and their difference between historical data (bottom panel); The positive value of the 447 

difference indicates an increase in Hs 448 

3.3 Wind power density (WPD) 449 

The WPD are estimated using the local wind speed using Eq. 7. Fig. 11 shows the multi-year 450 

mean WPD for four SSP scenarios from 2080 to 2100 and their difference to the historical value in 451 

the study area. The top panels of Fig. 11 shows that the maximum WPD is located in the South 452 

China Sea, near the Bashi Strait, reaching approximately 650 W/m2. Similar to the multi-year mean 453 

wind speed, the multi-year mean WPD in the study area also shows a gradual increasing trend from 454 

nearshore to deep water area. The bottom panels of Fig. 11 shows the differences of mean WPD 455 

between future scenarios and historical values. To the end of the 21st Century, SSP126 projects 456 

small changes in most areas of the study site, with only significant increase of about 5% in the 457 

Yellow Sea. However, for the scenarios, the results show that climate change scenarios can 458 

significantly impact on the distribution of wind energy in the study site. In the long-term future, the 459 

WPD decrease is clearly enhanced in other climate scenarios compared to the SSP126. This is 460 
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particularly noticeable in the eastern East China Sea and the southern South China Sea, where WPD 461 

is projected to decrease over 15 W/m2. In contrast, the WPD in the northern part of the South China 462 

Sea shows an increase trend, by approximately 20 W/m2. The wind energy reduction is found in the 463 

southern South China Sea and the eastern East China Sea as emissions increase. For SSP585, the 464 

spatial patterns of the projected WPD changes are very similar to the SSP245 distribution but with 465 

higher magnitudes. SSP585 projects an increase of WPD in the northern part of the South China 466 

Sea, with the opposite trend in the eastern East China Sea and the southern South China Sea. Except 467 

for the northern South China Sea, SSP370 projects remarkable wind energy diminishes in the study 468 

areas, with an average decrease of more than 10 W/m2. Comparing the four SSPs indicates the 469 

changing trends of SSP245 and SSP585 a similar pattern, while SSP126 and SSP370 show a 470 

diversity, which may be caused by the different land use and radiative forcing when produce the 471 

original data. Thus, when analyzing the effects of climate change on the change of meteorological 472 

and oceanic factors using CMIP data, the SSP245 and SSP585 could be selected as the 473 

representative scenarios as initial estimation, which have already been utilized in many previous 474 

studies [75-76].  475 

 476 

Fig. 11 Spatial distribution of the multi-year (2080-2100) mean WPD under different scenarios 477 

(upper panel) and their difference between historical data (bottom panel); The positive value of the 478 

difference indicates an increase in WPD 479 

 480 

To quantitatively understand the change of WPD in different emission scenarios, based on the 481 

results shown in Fig. 11, the regional mean WPD in the Bohai Sea, the Yellow Sea, the East China 482 

Sea and the South China Sea are calculated, and the percentage differences of the regional mean 483 
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WPD of different scenarios to the historical situation are also calculated. As shown in Fig. 12, it can 484 

be seen that SSP245 and SSP585 have a similar trend which indicates an increase in WPD with the 485 

increase of emission except for the South China Sea. The northern and southern part of the South 486 

China Sea have obviously an opposite trend, thus this area should be considered separately, the same 487 

for the western and the eastern East China Sea. Among them, WPD in the eastern East China Sea 488 

and the southern South China Sea decreases with the emission intensified; on the contrary, in the 489 

western East Sea and the northern South China Sea, WPD increases. Considering the negative 490 

climate scenarios (SSP585) with the highest emission, the Bohai Sea has an increase of 4.3%, which 491 

is the highest. The Yellow Sea and the East China Sea both have an increase of 3.4%, while the 492 

South China Sea has a decrease of 1.5%. Focusing on the representative SSPs, i.e., SSP245 and 493 

SSP585, the results indicate that, if global warming continues to intensify, the wind energy in the 494 

Bohai Sea, the Yellow Sea and the western East China Sea may increase. 495 

 496 

 497 

Fig. 12 The difference of the regional mean WPD (in the Bohai Sea, the Yellow Sea, the East China 498 

Sea and the South China Sea) under different scenarios from the historical data (in percentage) 499 

 500 

3.4 Wave energy density (WED) 501 

 Based on the 21-year wave data generated by the FVCOM-SWAVE model (the MME of five 502 

selected GCMs), the potential WED are calculated using Eq. 8. Fig. 13 shows the multi-year mean 503 
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WED for the four SSPs in the study area. It can be seen that the maximum WED for all climate 504 

scenarios occurs in the southern waters of Taiwan Island, with the highest value of about 14 kW/m. 505 

The WED decreases from the areas of deep water to the land. Comparing the results for the future 506 

climate scenarios to the historical values, the SSP126 shows an increase of WED in the east of China 507 

seas, while very different results are obtained for SSP245 from the SSP126. For SSP245, the WED 508 

in the Yellow Sea and the Bohai Sea remains unchanged and in the far east of East China Sea, it 509 

shows a significant decrease, but an increase in the north of South China Sea. Same as the wind 510 

energy, WED of SSP370 show an overall decrease in the study area, significantly different from the 511 

those for other climate scenarios. 512 

 513 

 514 

Fig. 13 Spatial distribution of the multi-year (2080-2100) mean WED under different scenarios 515 

(upper panel) and their difference from the historical data (bottom panel); The positive value of the 516 

difference indicates an increase in WED 517 

 518 

Following the same analysis for the WPD, the percentage differences of regional mean WPD of 519 

different future scenarios to the historical values are estimated, as shown in Fig. 14. Focusing on the 520 

SSP245 and SSP585, the WED increases by 3.8% and 6.0% in the Bohai Sea, and by 5.7% and 8.6% 521 

in the Yellow Sea, but increases by 0.4% and 1.9% in the East China Sea. The proportion of wave 522 

growth is higher than the wind growth in these areas. The WED in the South China Sea shows a 523 

different pattern. In the SSP245 and SSP585, the WED increases by 4.2% and 3.2% in the South 524 

China Sea, while the WPD in the same scenarios decreases. Same as the wind energy, the southern 525 

and northern part of the South China Sea have opposite trends. The results shown in Fig. 13 and Fig. 526 

SSP126 SSP245 SSP370 SSP585
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14 also indicate that the SSP245 and SSP585 are more representative than other SSP scenarios when 527 

studying the change of meteorological and oceanic factors under climate change. 528 

 529 

 530 

Fig. 14 The difference between the regional mean WED (in the Bohai Sea, the Yellow Sea, the East 531 

China Sea and the South China Sea) under different SSPs from the historical condition (in 532 

percentage) 533 

 534 

The seasonal distribution characteristics of WED are further analyzed using the MME of waves. 535 

As shown in Fig. 15, wave energy is richer in autumn and winter than in spring and summer. The 536 

wave energy maxima in autumn are mainly located in the Bashi Strait and the waters around the 537 

Zhongsha Islands, with a maximum value of about 20 kW/m. Possibly due to the influence of the 538 

northeast monsoon, the wave energy maxima in winter move from the southern part of Taiwan 539 

Island to the southwestern part of the South China Sea in autumn, and the mean WED are all over 540 

14 kW/m, with the maximal area located in the southern South China Sea, reaching 24 kW/m. The 541 

WED in the South China Sea in winter increases by about 40% compared to autumn. Generally 542 

speaking, the difference of WED in the Bohai Sea is negligible in all seasons, while that in the East 543 

China Sea and the South China Sea is significant. Comparing the seasonal WED for the four climate 544 

scenarios, with the intensification of climate change, there is a slight downward trend in the East 545 

China Sea and the Yellow Sea, while a slight increase in the South China Sea and the Bashi Strait. 546 
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It is worth noting that the WED in the Bashi Strait decreases with the intensification of emissions 547 

in autumn, while the opposite in the Zhongsha Islands.  548 

 549 

 550 

Fig. 15 The seasonal distributions of multi-year mean WED (kW/m) in the study site under different 551 

SSPs (MME). 552 

4. Wind and wave energy in coastal regions 553 

4.1 Long-term variation of wave height  554 

Considering economic factors, the construction difficulty and water depth requirements of 555 

offshore wind farms, to gain a better understanding of the wind and wave energy characteristics in 556 

different coastal locations under different climate scenarios, 4 locations in the different coastal areas 557 

are selected to analyse offshore potential clean (wind and wave) energy based on existing offshore 558 

energy farm parameters and economic suitability and other principles [77]. Those selected locations, 559 

spring

summer

autumn

winter

SSP126 SSP245 SSP370 SSP585



 

 27 

as listed in Table 5 and illustrated in Fig. 1, represent the potential sites for clean energy development 560 

within their respective coastal regions, i.e. the Bohai Sea, the Yellow Sea, the East China Sea and 561 

the South China Sea. 562 

Table 5 Details of 4 selected locations 563 

Location Location Lon Lat Depth (m) 

A Bohai Sea 119.25°E 38.50°N 22.36 

B Yellow Sea 120.50°E 35.75°N 31.95 

C  East China Sea  121.25°E 27.50°N 29.09 

D South China sea 112.75°E 21.25°N 42.05 

 564 

First, the long-term variations of annual mean and maximum Hs for historical and future 565 

periods at the selected locations are analyzed. Fig. 16. shows the comparison of the long-term trends 566 

between SSP245 and SSP585. For SSP585, a decreasing trend of mean Hs is observed at all of the 567 

selected locations, which is in line with the results in many global scale studies [50]. For SSP245, 568 

there is no significant change of the trends in the mean Hs, although a slightly decrease at location 569 

A and increase at location C are observed. The changing trends of historical period and future period 570 

are obviously different, especially for the SSP245 scenario. For the maximum Hs, the results over 571 

historical period generally show an increasing trend at all selected locations. However, for the future 572 

period, except for location A under SSP245 and location B at SSP585 with an increasing trend 573 

observed, a decreasing trend is observed at all other locations. It should be noted that due to the 574 

limited computing resources, the wave data simulated is relatively short for the trend analysis, which 575 

could be improved by using the more advanced wave models or machine learning approach [78] in 576 

the future research.  577 
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 578 

Fig. 16 Long-term variations of mean and maximum Hs for historical and future periods at 4 579 

selected locations for the historical and future periods under the SSP245 and SSP585. Dotted lines 580 

represent the 95% confidence bound. 581 

4.2 Distribution of future wind and wave energy in the coastal regions 582 

Fig. 17 shows the multi-year mean WPD and WED at selected locations. It can be seen that the 583 

WPD and WED in most regions have smaller variations under different climate scenarios. All 584 

representative locations exhibit relatively constant wind energy distribution patterns. The multi-year 585 

mean WPD is highest at location D, with over 300 kW/m2, and lowest at B, with about 210 kW/m2, 586 

located in the South China Sea and the Bohai Sea, respectively. The WPD at location A and location 587 

C are seen less affected by climate change, with the maximum difference of 7%. However, the 588 
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distribution of WED is quite different. WED is found to be high in the East China Sea and the South 589 

China Sea, with the highest offshore wave energy generation found at location D. Affected by the 590 

terrain and depth of water, locations A and B have less nearshore wave energy potential, only 15% 591 

of those in location D. Fig. 17 depicts that WED in the China seas is high in the south and low in 592 

the north. The South China Sea has the most abundant wave energy resources. In terms of offshore 593 

wind energy development, the most suitable areas are in the Bohai Sea, the South China Sea, and 594 

the East China Sea. Regarding wave energy development, the more desirable areas are the South 595 

China Sea and the East China Sea. 596 

 597 

Fig. 17 Multi-year mean (a) WPD; and (b)WED at the selected locations. 598 

 599 

Fig. 18 shows the distribution of sea state for climate scenarios SSP245 and SSP585 at 4 600 

selected locations (A, B, C and D), taking into account the joint distribution of Hs and Te. The 601 

numbers in Fig. 18 indicate the duration (in hours) with a given Hs and Te annually (multi-year 602 

mean in 21 years). Meanwhile, the colours indicate their contribution (in percentage) to the total 603 

annual wave energy. As shown in Fig. 18, climate change has a relatively small impact on the 604 

nearshore sea state, with no significant change in the sea state at any of the 4 selected locations 605 

between SSP245 and SSP585, with a slightly increasing trend in Hs and Te with increasing emission. 606 

For coastal areas of China, the sea states of selected locations A and B have Hs of less than 1 m and 607 

Te between 2 and 4 s, contributing the most to the total wave energy. A wider distribution of sea 608 

state for wave energy generation can be seen at C and D, with the Hs between 1 and 2 m and Te 609 

between 5 and 7 s contributing most to the wave energy. Even though locations C and D have greater 610 

Hs and Te which generate more power, their complex sea state distribution necessitates optimization 611 

Location Location
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of the design of the WECs. Despite the concentration of sea state at locations A and B, the Hs and 612 

Te are lower and, therefore less power can be generated using the selected WEC.  613 

 614 

Fig. 18 Bivariate distribution of wave power density over significant wave height and energy period 615 

at 4 selected locations. 616 

 617 

Suitable wind and wave energy generation locations are analyzed through selected WTs and 618 

WECs. Fig. 19 shows the multi-year mean total energy output of waves and winds at 4 selected 619 

locations for four future scenarios based on the selected WT and WEC introduced in section 2.4. 620 

The results show that the potential for offshore wind energy is much greater than that of wave energy 621 

which is mainly due to the higher energy exchange efficiency and rated power of selected WT than 622 
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WEC. Four selected locations have plenty wind energy resources, especially at locations A, C and 623 

D. For wave energy, locations C and D (along the East China Sea and the South China Sea) have 624 

higher energy reserves than A and B (Yellow and Bohai Seas). Thus, to select the potential site for 625 

wave energy generation, the coastline of the East China Sea and the South China Seas could be good 626 

options. Location C has the most significant wave energy potential under the SSP126 climate 627 

scenario, and all climate scenarios have a slightly rise compared to the historical scenario except for 628 

the SSP370, which has a much lower wave energy potential than the historical scenario. Conversely, 629 

at location D, only the SSP245 and SSP585 increased compared to the historical scenario, and the 630 

SSP126 declined by 8%. Different climate scenarios have different impacts on each sea area. The 631 

total wind energy in location A is less affected by climate change. It is worth noticing that the Yellow 632 

Sea has the least wind energy resource. The South China Sea has the wealthiest wave energy 633 

resource, while the Bohai Sea and the Yellow Sea are poorer. 634 

 635 

 636 

Fig. 19 Multi-year mean total energy output of: (a) wind; and (b) wave energy. 637 

 638 

Furthermore, the difference of total wind and wave energy output between four SSPs and the 639 
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historical condition at the selected locations are estimated (in percentage), as shown in Fig. 20. 640 

Focusing on the results of SSP245 and SSP585, for the wind energy, there is a slightly increasing 641 

trend in the Bohai Sea, the East China Sea and the South China Sea comparing to the historical data. 642 

The difference between SSP245 and SSP585 is insignificant. The SSP370 scenario shows a 643 

significant decrease in all areas. The change in percentage of the total wave energy is significant, 644 

especially in the Yellow Sea, due to the small base value in the Bohai Sea and the Yellow Sea. For   645 

SSP245 and SSP585, the wave energy potential will be higher under the climate change, except for 646 

that in the Bohai Sea, where the total wave energy in SSP245 and SSP585 are similar. In general, 647 

the combined wind and wave energy potential will increase to some extent in coastal waters of China 648 

when the global emission increases. 649 

 650 

 651 

Fig. 20 The difference between the annual total power output during 2081-2100 under different 652 

SSPs from the historical conditions during 2000-2014 (in percentage) 653 
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5. Performance of wind and wave energy generation  655 

Two criteria proposed by Rusu et al. [73] are adopted in this study to evaluate the performance 656 

of wind and wave energy generation in China. First, the wind and wave power density are classified 657 

in 7 classes, from C1 to C7, to indicate the energy potential from poor to superb as listed in Table 6. 658 

Fig. 21 shows the classification of multi-year mean WPD and WED. As the WT and WEC are 659 

currently constructed in the relatively shallow water area (the floating WT currently can be installed 660 

in a water depth of generally no more than 120 m), only the classification of multi-year mean WPD 661 

and WED in areas within 200m water depth are shown. The results show generally that the WED 662 

along the China’s coasts is between C1 and C2, while the WPD varies from C1 to C7, with the high 663 

WED resources in the relatively deep water areas. This indicates that China's offshore wind energy 664 

resources are more abundant than wave energy resources. The distributions of the classifications are 665 

found to have similar patterns in the historical scenarios, SSP245 and SSP585. Therefore, the wind 666 

farm may remain as the main stream of offshore clean energy development for China in the future. 667 

  668 

Table 6 Classification of WPD and WED (adopted from [73]) 669 

Wind/Wave power 

Classification 

Energy potential WPD (in W/m2) WED (in kW/m) 

C1 Poor <126 <5 

C2 Marginal 126 - 201 5-25 

C3 Fair 201-258 25-50 

C4 Good 258-326 50-100 

C5 Excellent 326-390 100-200 

C6 Outstanding 390-509 200-500 

C7 Superb ≥509 ≥500 

 670 
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 671 

Fig. 21 The distribution of multi-year mean WPD and WED classes  672 
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stable than wave energy at all locations historically and in the future. The results provide useful 691 

guidance for the development of wind and wave energy generation in China’s coastal waters in the 692 

medium and long term. 693 

 694 

 695 

Fig. 22 THD values of (a) wind; and (b) wave energy at the selected locations under different 696 

scenarios and historical conditions 697 
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6. Conclusions 707 

In this study, the change of the future wind and wave energy in China seas are assessed with 708 

four CMIP6 climate change scenarios: SSP126, SSP245, SSP370 and SSP585. The wind speed of 709 

16 Global Climate Models (GCMs) in CMIP6 are first compared and it is found that BCC-CSM2-710 

MR, EC-Earth3-Veg-LR, GFDL-ESM4, MPI-ESM1-2-HR, MRI-ESM2-0 have the best 711 

performance in generating the wind field on China seas. The FVCOM-SWAVE wave model is then 712 

driven by the wind fields generated to simulate wave characteristics over the historical (2000 -2014) 713 

and future (2080-2100) periods under 4 climate change scenarios. The multi-model ensemble (MME) 714 

approach, which can better reflect the distribution of wind and wave in the Chinese coastal waters 715 

than using any single CMIP6 GCMs, is applied to the simulated wind speed, significant wave height 716 

and wave period to investigate the wind and wave energy resources in the China seas. 717 

 The results show that as the emission intensifies, the wind speed in the northern South China 718 

Sea increases noticeably, less so in the Bohai Sea and the Yellow Sea, and the opposite trend is 719 

observed in the southern South China Sea. The wave height is found to have a decrease trend in 720 

most of the deep water areas, which appears to align with the global trend. The wind power density 721 

(WPD) in general exhibits a similar distribution pattern of the wind speed. The wave power density 722 

(WED) is found to decrease in the East China Sea and the southern South China Sea, but slightly 723 

increase in the Bohai Sea, the Yellow Sea and the northern South China Sea, with a general trend of 724 

decrease northwards and landwards. The distribution of WED has prominent seasonal 725 

characteristics, with more energy being available in autumn and winter seasons and less in spring 726 

and summer seasons. 727 

Comparing the results for four climate change scenarios indicates that the changes of wind and 728 

wave energy potentials under SSP245 and SSP585 follow a similar pattern, but some diversities are 729 

found for SSP126 and SSP370, which may be caused by the different land use and radiation forcing. 730 

Thus, the SSP245 and SSP585 scenarios appear to be more representative.  731 

The performance analysis of wind and wave energy generation through the THD values 732 

indicates that the wind energy has a better stability in addition to the abundance in China’s coastal 733 

waters, which may lead to a dominant position of wind energy in the marine clean energy 734 

development in the future. It can also help the selection of the suitable sites for the development of 735 
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co-generation systems of wind and wave energy in the region in the future for a more effective use 736 

of the energy and a safer operation of wind turbine. 737 

The results of this study can provide valuable guidance for the future deployment of wind farms 738 

and wave energy generation systems in China. It is worth noting that effect of sea level rise, which 739 

could affect the tide and wave characteristics is not included in this study.  740 
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