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Abstract

:

For decades, the western North Pacific (WNP) has been commonly indicated as a region with high vulnerability to oceanic and atmospheric hazards. This phenomenon can be observed through general circulation model (GCM) output from the Coupled Model Intercomparison Project (CMIP). The CMIP consists of a collection of ensemble data as well as marine surface winds for the projection of the wave climate. Wave climate projections based on the CMIP dataset are necessary for ocean studies, marine forecasts, and coastal development over the WNP region. Numerous studies with earlier phases of CMIP are abundant, but studies using CMIP6 as the recent dataset for wave projection is still limited. Thus, in this study, wave climate projections with WAVEWATCH III are conducted to investigate how wave characteristics in the WNP will have changed in 2050 and 2100 compared to those in 2000 with atmospheric forcings from CMIP6 marine surface winds. The wave model runs with a 0.5° × 0.5° spatial resolution in spherical coordinates and a 10-min time step. A total of eight GCMs from the CMIP6 dataset are used for the marine surface winds modelled over 3 h for 2050 and 2100. The simulated average wave characteristics for 2000 are validated with the ERA5 Reanalysis wave data showing good consistency. The wave characteristics in 2050 and 2100 show that significant decreases in wave height, a clockwise shift in wave direction, and the mean wave period becomes shorter relative to those in 2000.






Keywords:


wave projection; marine surface winds; CMIP6; western North Pacific












1. Introduction


Knowledge of wave characteristics is of great importance for marine activities, coastal environments, weather forecasts, and climate change. For instance, significant wave height (Hs), mean wave direction (θ), and mean wave period (Tmn) are commonly used for yachting, fishing, shipping, tourism, and other leisure activities [1]. A wide range of factors, including swell height, fetch, and wavelength, also influence the quality of surfing [2]. Optimal marine transportation and navigation depends on wind wave estimation and simulation [3]. Statistical wave information has become useful in ocean engineering, e.g., for the operation of offshore oil and gas platforms [4] and for the conversion of wave energy to contribute to demands for electricity [5].



Approximately 10% of the global population lives within 20 km of the coastline, and much of this area is lower than 20 m above sea level [6]. Sedimentation and erosion processes due to incoming waves likely affect shore environments and beach morphologies. Shoreline positions are sensitive to directional changes in the waves [7]. Storm surges resulting from high waves and atmospheric pressure [8] can destroy numerous properties and have economic impacts on coastal life, and recovery can take decades [9]. Therefore, comprehensive studies of wind wave characteristics have become crucial for public safety and to minimize the impacts of disasters.



At the global scale, waves play a major role in climate change since oceanic and atmospheric circulation are inseparable. Inversely, climate change also plays a major role in waves. However, how climate change impacts waves, how they have changed over the last century, and how they will change in the future is questionable. Furthermore, if the waves do change in the future, scientific questions arise as to how much these future changes can be predicted and with which level of confidence. Whether the changes are due to the natural variability of the climate or are due to anthropogenic effects must also be investigated. Moreover, the ocean is capable of absorbing or releasing CO2 through wave breaking and white capping [10]. The ocean has its own capacity to absorb emitted gases, but the time that it reaches this peak remains unknown. These findings highlight the importance of studying future wave changes and wave climate projections and its use in a wide range of applications.



Wave climate study demands high-quality wind data with fine temporal and spatial resolutions [11]. Reanalysis datasets and remote sensing products are commonly utilized for past and present data analysis, while the Coupled Model Intercomparison Project (CMIP) dataset is available for modelling historical and future conditions. Reanalysis has the advantages of global coverage and long-term time series data. Historical data from CMIP have been validated by in situ measurements with strong confidence, as shown in many studies [12,13,14]. Numerous model ensembles and future scenarios exist to minimize the uncertainty of projections since there is no future record for reference. CMIP has been used to address environmental and social issues for the upcoming decades [15], including for projections of wave climate [16,17,18,19,20].



Future changes in the multimodel averaged Hs in summer and winter have been projected by applying surface forcing from the CMIP3 dataset and data derived from five independent studies [16]. Global wave modelling was conducted for two time slice experiments with 1979–2009 as the present climate period and 2070–2100 as the future climate period. The projection results show a decrease in Hs over a large area (25.8% of the global ocean) and consistent increases in smaller areas (7.1% of the global ocean). The western North Pacific (WNP) region faces decreasing mean Hs at the end of the century in the projection. This study focuses on wave characteristics instead of extreme waves. Other studies forecast a decrease in the mean and maximum Hs in the South Pacific region in 2100, mainly due to a decrease in the frequency of large tropical cyclones, particularly in boreal winter, while the resulting Hs in the Northern Hemisphere from wave modelling varies with different external forcings from the CMIP3 GCMs [17]. Wave height reduction generally has a linear relationship with projected wind changes in CMIP3 [21]. However, the low temporal and spatial resolutions of surface winds from CMIP3 have limited applications for wind wave studies in shallow coastal environments with complex geometries.



CMIP5 climate models, which have higher spatial resolutions than those from CMIP3, have been applied to observe annual/seasonal extreme wave height changes [18]. Statistical projections of wave characteristics over 6 h were derived from surface winds over 6 h from a number of CMIP GCMs. Significant increases in ocean wave heights were found in the eastern tropical Pacific and at high latitudes of the Southern Hemisphere, and a similar result was found in CMIP3. However, the Hs projection based on CMIP5 input shows more extensive increases than that based on CMIP3 input [18].



CMIP5 has also been used to analyse the implications of global climate change on a regional-scale stormwave climate [19]. Monthly and seasonal changes in the storm wave climate were observed using surface forcing from one GCM in CMIP5 with different future sea surface temperature (SST) conditions. Statistically significant changes in storminess are unlikely to occur in the seas near the United Kingdom. However, an analysis of wave climate changes in the WNP region shows that tropical cyclones, which are sensitive to SST, change their behaviour and influence summertime wave height [20].



The WNP is renowned for its maritime activity, particularly in shipping and transportation [22]. On the other hand, many casualties have occurred in the WNP from typhoons and extreme winds since this region is prone to variability and changes in the wind wave climate [23]. In recent years, although the frequency of oceanic and atmospheric hazards in this region has decreased, the intensity of these hazards has slightly increased or has likely remained the same [24,25]. Advanced information, particularly prospective information on marine surface wind and waves in the WNP, is desirable for long-term weather and extreme event prediction.



Therefore, the objectives of this study are to project the wave characteristics in the WNP in 2050 and 2100. The changes in wave characteristics from the present wave climate to medium-term and long-term scenarios are also assessed. The improved climate dataset, the CMIP6 [26], was composed to answer the remaining issues in the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) [27]. As a consequence, our study focuses on projecting wave characteristics in the WNP by implementing marine surface winds from the CMIP6 multi-model ensemble. We use data modelled over 3 h in a dynamic approach by considering extreme winds and typhoons that change drastically in a short time. The ERA5 [28] reanalysis dataset is used as a reference, although considerable deviations from observations still appear. Finally, we discuss the changes in wave characteristics in the context of previous studies.



The paper is organized as follows: Section 2 describes the materials and method used in this study, and the results and discussions are given in Section 3 and Section 4, respectively, which are followed by the conclusion in Section 5.




2. Materials and Method


2.1. Datasets


As described, marine surface winds were retrieved from CMIP6 for wind wave modelling. The finest temporal wind dataset in CMIP, a dataset modelled over 3 h, was used to stimulated wave propagation in the wave model. The resolution of the CMIP spatial grid varies between ~1° and 2.5°. Historical data were retrieved for 2000, while 2050 and 2100 were targeted as the medium-term and long-term future scenarios, respectively. The Atmospheric Model Intercomparison Project (AMIP) in the CMIP includes historical data combined with SST and sea ice concentration in the model experiment [29,30]. The model ensembles used for surface wind forcing in wave modelling are shown in Table 1. Each GCM in the CMIP6 has a different number of ensembles. Each ensemble is distinguished by a variant label, which is indicated with the <r>, <i>, and <p> indices. The label defines the realization number, the initialization method indicator, and the perturbed physics that are explained in the CMIP6 model output requirements [31]. However, the newest CMIP6 put an additional variant called the forcing index or <f> at the end of its variant label.



The shared socioeconomic pathway (SSP) scenarios SSP2-4.5 and SSP5-8.5 in CMIP6 are commonly inspected for middle and extreme cases, respectively, based on additional radiation and mitigation-adaptation challenges in the future. Even though radiation continues to increase until the end of the 21st century, the global emissions decrease in the SSP2-4.5 scenario, while in SSP5-8.5, they only slightly decrease from their peak [32]. All ensembles can be accessed at the Earth System Grid Federation (ESGF) website (https://esgf-node.llnl.gov/search/cmip6/, accessed on 16 July 2021).



The ERA5 hourly dataset with a 0.5° × 0.5° grid resolution for 2000 was retrieved as the reference. The mean wave direction, mean wave period, and mean significant height of the combined wind waves and swell were collected at every hour of each day for wave validation (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels, accessed on 16 July 2021).



Wave propagation from the source is not only dependent on its force but is also affected by bathymetry, particularly in shallow water. The General Bathymetric Chart of the Oceans 2019 (GEBCO_2019) bathymetry, as the latest global bathymetric product with a 15 arc-second grid, was retrieved and used in the wave modelling [33,34]. Global self-consistent hierarchical high-resolution geography (GSHHG) data were applied in the model as the displayed boundaries [35]. The GSHHG data can be retrieved from https://www.soest.hawaii.edu/pwessel/gshhg/ (accessed on 16 July 2021). The bathymetry and shoreline for the wave modelling domain are plotted in Figure 1.




2.2. Wave Modelling


Wave characteristics were simulated by WAVEWATCH III v5.16 (WWIII) based on the energy balance equation and the Eulerian approach [36]. It is widely used in theoretical studies and practical applications for wind–wave processes and operational forecasts at both the global and regional scales. The balance equation is described by   D N / D t = S / σ  , where   D N / D t   is the total derivative,   N  (  k , θ  )  ≡ F  (  k , θ  )  / σ   is the action density spectrum, and S represents the net source and sink terms for the spectrum  F .  k ,  θ , and  σ  are the wavenumber, direction, and relative frequency, respectively. The balance equation for the action density used in WWIII takes the following conservative form


    ∂ N   ∂ t   +  ∇ x  ·  (   C g  + U  )  N +  ∂  ∂ k    k ˙  N +  ∂  ∂ θ    θ ˙  N =  1 σ   (   S  i n   +  S  n l   +  S  d s   +  S  d b   +  S  b o t    )   



(1)






   k ˙  = −   ∂ σ   ∂ d     ∂ d   ∂ s   − k ·   ∂ U   ∂ s    



(2)






   θ ˙  = −  1 k   [    ∂ σ   ∂ d     ∂ d   ∂ m   − k ·   ∂ U   ∂ m    ]   



(3)




where  k ,  d , and  U  are the wavenumber vector, the mean water depth, and the depth-and time-averaged current velocity, respectively.    C g    is given by    c g   , the group velocity, and  θ .  s  is a coordinate in the direction of  θ , and  m  is a coordinate perpendicular to  s . The left-hand side of Equation (1) represents the evolution of the wave density spectrum,  N , which considers linear wave propagation as a result of physical processes on the right-hand side. The physical processes are mainly the wind input from the atmosphere,    S  i n    ; the nonlinear wave–wave interactions within the spectrum,    S  n l    ; the wave energy dissipation due to whitecapping,    S  d s    ; and the wave decay due to bottom friction in shallow water,    S  b o t    . For extremely shallow water, the wave energy dissipation due to depth-induced breaking,    S  d b    , is introduced from WWIII version 3.14 [37,38].




2.3. Wave Model Setups


Wind–wave simulation was conducted for the WNP, defined as 110° E–170° E and 10° N–60° N (Figure 1). The domain was enlarged by 5° surrounding the WNP region as a buffer zone to avoid boundary issues since there was no external boundary input imposed, for example, from a global wind wave model. The computational domain consisted of a total of 141 × 121 grids with a 0.5° spatial resolution. Bathymetry data and CMIP6 marine surface winds were also interpolated onto the half-degree resolution grid space. The spectral grid was composed of 24 directions and 25 frequencies exponentially spaced from 0.04118 Hz with an increment of 10%. The maximum global time step, the maximum Courant–Friedrichs–Lewy (CFL) time steps for x-y and k-theta, and the minimum source term in WWIII were determined to be 1800, 950, 900, and 600 s, respectively.



Each scenario used an identical parameter setting that could be tuned by the user. Nonlinear wave interactions   (  S  nl   : NL 1 )   were modelled through the discrete interaction approximation (DIA), which was originally developed for spectra [39,40]. The linear input   (  S  ln   : LN 1 )   of Cavaleri and Malanotte-Rizzli [41] allows the consistent spin-up of a model and improves the initial wave growth behaviour. The parameterization of Tolman [42], which was adjusted by Ardhuin et al. [43], was used (   S  bot   : BT 4  ) for the bottom friction. The bottom friction was adjusted from the Shoaling Waves Experiment (SHOWEX) measurements on the North Carolina continental shelf. Depth-induced breaking algorithms used the approach of Battjes and Janssen [44], which assumes that all waves exceeding a threshold height will break. A Miche-type criterion [40] was used to define the maximum wave height (   S  db   : DB 1 / MLIM  ). The shoreline reflection setting was activated in the model. Additional source terms were switched off, such as bottom scattering   (  S  sc   : BS 0 )  , damping and scattering by sea ice   (  S  ice   : IS 0    IC  0 )  , and user-defined source terms   (  S  xx   : XX 0 )  .



The model was compiled with the ST4 source term package, which includes flux computation (FLX0, STAB0) [45]. ST4 was chosen after sensitivity tests by comparing the resulting wave characteristics with other source terms. The propagation used a third-order propagation scheme (UQ) that is accurate in both space and time. Additionally, Tolman’s averaging technique (PR3) was used for spatial averaging [46]. The parameter settings that were used were similar to the global and East Pacific model produced by the National Oceanic and Atmospheric Administration (NOAA) (https://polar.ncep.noaa.gov/waves/implementations.php, accessed on 16 July 2021), except for that the reflection term was switched on. The summary of model setups is presented in Table 2.



The results of wave characteristics modelled over 3 h were produced from the WWIII modelling, and each wave characteristic from each ensemble was averaged and compared to each scenario in a spatial map. For validation, the resulting wave characteristics were compared to the ERA5 wave output. Finally, historical (2000) and future (2050 and 2100) multimodel mean significant wave heights (mean Hs), maximum significant wave heights (extreme Hs), mean wave directions, and mean wave periods could be obtained.





3. Results


3.1. Wave Validation


The validation of the WWIII model was accomplished with 3-h surface wind model from 8 ensembles of CMIP6 for 2000 (Figure 2). The wave outputs were then compared with the reference wave characteristics retrieved from ERA5. The model and reference show similar patterns for mean Hs. Higher Hs is found off eastern Japan, with an average of 3 m, than in other regions. The other regions have mean Hs of 2–2.5 m, and smaller Hs are discovered near coastal areas. The model Hs are approximately 0.1–0.4 m higher than the reference Hs in some regions, such as the northern part of the Philippines, the Japan/East Sea, and the Sea of Okhotsk (50°–60° N and 140°–150° E). In regions closer to the centre of the Pacific and in coastal areas, the model Hs are 0.1–0.4 m lower than those of the reference.



Generally, wave directions have small differences between the model and the reference. Waves from the simulation propagate in a more clockwise direction than the waves in the reference, particularly in the eastern part of the domain. Positive differences indicate that the wave direction in the model is shifted more in the clockwise direction, while negative values indicate the opposite. The angle differences are not wide, approximately 10°–50° at each grid. For an easier comparison, black vector arrows were placed on the graph. The reference shows a mean wave period of 8 s in the WNP, but some parts of the domain have a wave period of 5 s, particularly in the Japan/East Sea region. Obstacles and different seabed features can influence the wave period. The model produces shorter periods, with a range of 0.5–2 s, than the reference. Considering the validation results, the WWIII model settings can be used further to simulate future wave projections.



The wave simulation validation was only performed for 2000. Indeed, a more extended simulation represents the wave pattern with higher confidence. Therefore, the results are also compared to those from the study of Hemer et al. [16]. They show an averaged multimodel annual Hs from 1979–2009, which represents the present climate in the global domain. The region east of Japan has Hs of approximately 3 m, while the rest of the WNP domain has Hs of approximately 2–2.5 m. The average Hs from this study, even though they consist of only a 1-year simulation, are similar to their pattern from 30-year simulation, and the values are not much different, such that the 30-year result shows that the average Hs is approximately 1.5–3 m, whereas the 1-year simulation of this study depicts an average Hs of 1.5–3.25 m. The mean wave period in the WNP is approximately 6–8 s; however, the results of this study produce a shorter wave period of approximately 1–1.5 s depending on the location of the domain. Their results show a clear distinction in the wave direction along 30° N. The results of this study show that waves propagate to the west, the Japan coast, and the northern domain. The main differences between the two studies are the total ensembles that are involved in the simulations. They consider 20 ensembles for Hs and five ensembles for wave direction and period from other studies, including CMIP3.




3.2. Historical and Future Wave Characteristics


The wave characteristic results of the WWIII simulation are shown in Figure 3, Figure 4, Figure 5 and Figure 6. Wave time series were simulated for one-year periods (2000, 2050, and 2100) from 8 ensembles with a 3-h atmospheric dataset. The exact values are shown for the AMIP scenarios in Figure 3, Figure 4, Figure 5 and Figure 6, while the other panels in the figures show the differences between each future scenario and the historical AMIP scenario. For Hs, a positive (negative) value indicates a higher (lower) Hs in the future. For the future wave direction, positive (negative) means that waves will shift more clockwise (counterclockwise). A positive mean wave period indicates a longer wave period in the future, and vice versa. In the medium-term (2050) and the long-term (2100) scenarios, changes are observed, although the values are not significant.



The average Hs in 2000 reached 3.5–4 m in eastern Japan and were between 30° and 50° N and 150° and 170° E (Figure 3). The rest of the region had an average Hs of 1.5–2 m. The white colour indicates regions with small changes in the future compared to the AMIP scenarios. In the medium-term scenario of SSP2-4.5 (Figure 3b), wave heights decrease by approximately 0.1–0.5 m. The largest decreases occur in the area between Taiwan and the Philippines (20° N and 115°–130° E). However, wave heights increase by up to 0.1 m in the Japan/East Sea and the northern domain and by up to 0.2 m in the southeastern domain of the WNP. In 2100 (Figure 3c), the area with decreasing Hs extends farther to the north; moreover, the region with increasing Hs surrounding Japan decreases spatially. Additionally, the area with the largest decreases becomes smaller spatially. The future wave heights remain the same as the historical wave heights in the southeastern domain. The increasing Hs in the Pacific is followed by the higher wind speed output from the CMIP6 [30].



In the medium-term scenario of SSP5-8.5 (Figure 3d), the decrease in Hs has a similar pattern to that in the SSP2-5.4 long-term scenario. A small region with a 0.3 m reduction is discovered at approximately 32° N and 160° E in the SSP5-8.5 medium-term scenario and is larger in the SSP5-8.5 long-term scenario. In the long-term output (Figure 3e), almost the entire WNP faces decreasing Hs. The southeastern region of the WNP study domain encounters a decreasing Hs, which is different than the rest of the scenario. Generally, the mean Hs will decrease in the future, although the value is not substantial.



The waves north of 20° N propagate to the north and northeast, while in the southern domain of the WNP, they propagate to the west (Figure 4a). Waves from the Pacific likely propagate to the Japan coast. For the average direction in medium-term scenarios, in either SSP2-4.5 or SSP5-8.5, waves tend to shift more clockwise by approximately 5°–20°. Only a small part of the WNP has a wave direction that turns more toward the counterclockwise direction, i.e., the northern part of Japan and the region located at 150°–170° E and 15°–25° N. The wave direction changes by −30° or more in the complicated geometric area among the islands of the Philippines in the medium-term projections. However, due to the unreliable grid size between those islands, it is difficult to further analyse this result.



In the long-term projections, average waves still shift clockwise. Significant changes were discovered south of Japan in the SSP2-4.5 scenario (Figure 4c) and in the east of Japan (EJ) subregion for the extreme scenario of SSP5-8.5 (Figure 4e). The rest of the WNP is dominated by changes in wave directions of approximately 5°–15° clockwise. The area close to the central Pacific has wave direction changes of 20°–25°. The wave direction in the small region south of Japan in the SSP2-4.5 medium-term scenario (Figure 4b) shifts 5° more clockwise in the long-term scenario (Figure 4c). A large region with extreme shifts averaging +20° was found east of Japan under the SSP5-8.5 long-term scenario (Figure 4d).



The average wave period in 2000 was approximately 7 s for most regions in the WNP (Figure 5a). However, in the Japan/East Sea and the inner part of the Yellow Sea, the period was lower by approximately 4.5–5.5 s. In the SSP2-4.5 medium-term scenario, the mean wave period decreased by 0.2 s south of Japan and decreased more in the region closer to the Philippines (Figure 5b). Some areas in the northern part of the WNP study domain and to the west of Japan have increases in the wave periods. The region with increases in the wave periods is smaller in 2100 (Figure 5c) than in 2050. In the extreme medium-term scenario (Figure 5d), the areas with a decreasing wave periods of 0.2 s and 0.3 s (shown by light blue colour) are wider than those in the SSP2-4.5 scenario. A different SSP scenario in the same year gives a different mean wave period, whereas the extreme case produces a lower value. In the SSP5-8.5 long-term projection (Figure 5e), the region south of Japan has a mean wave period reduction of 0.3 s. Moreover, a −0.5 s period change is found in the northern part of the WNP study domain.



In the future, the mean wave period decreases by 0.1–0.5 s, although the wave period remains the same or increases in a small region. There is no substantial difference between the medium-term and long-term scenarios, and the only change is in the distribution of the area with a decrease in wave period. The region with a shorter wave period disperses more to the centre of the WNP domain. The region in the southeastern domain has a mean wave period that decreases by 0.5 s in every scenario.



The observed extreme significant wave height was determined by calculating the annual maximum Hs from the WWIII output (Figure 6). The arrows in Figure 6 show the average wave direction since it is not wise to show the maximum or minimum angle at each grid. In 2000, an extreme wave was found in the southern part and in the eastern part of the WNP (Figure 6a). The annual maximum Hs can be 18 m. In each future scenario, the maximum Hs shifts to the northern part of the domain. The red region, which indicates Hs of approximately 14–18 m, is found east of Japan, although the southern part of the WNP still has high Hs.



In the medium-term scenario of SSP2-4.5 (Figure 6b,d), the maximum Hs region still exists in the eastern part of the WNP domain. However, the highest Hs south of Japan is reduced to 8–10 m, although Hs of 14 m is found in this area in the SSP5-8.5 medium-term scenario. There was no difference in the high Hs region east of Japan between the medium-term and long-term scenarios (Figure 6c,e). In the long-term scenario, the wave heights in the eastern part of the WNP seem to decrease by approximately 0.5–1 m. However, there are some extreme Hs that propagate directly to Japan (Figure 6e).



Further, the projected monthly and seasonal wave characteristics for both scenarios in 2050 and 2100 can be found in Supplementary Material.





4. Discussion


The multimodel ensemble averaged Hs in 2050 and 2100 is 0.1–0.5 m lower than that in the historical model. The results around Japan are consistent with Shimura et al. [47]. The projected decreases in Hs have a high degree of confidence since the projected future changes are highly consistent among the ensemble results. Shimura et al. projected a decrease in wave height in the central North Pacific along 30°–40° N. However, the mean Hs in this study increases by approximately 0.2 m in the region close to the centre of the North Pacific. There is a difference in wind input over the WNP region between this study and that of Shimura et al. Undeniably, certain GCMs carry more uncertainties and anomalies for wind datasets. Moreover, particular phenomena such as extreme winds or tropical cyclones cannot be considered with 3- or 6-h surface winds. Therefore, the Hs results in this study close to the central North Pacific are slightly different. Decreasing wave heights correspond to positive changes in the West Pacific (WP) pattern (climate indices) [47].



Wang et al. [18] derived 20 ensembles from CMIP5 to investigate the annual mean and maximum Hs at the global scale. The historical average Hs in the WNP region is around 1.5–3 m. They are validated with ERA40 and ERA-Interim. Although our model produces higher mean Hs (up to 0.5 m higher), the Hs pattern is similar. A higher Hs is located in the east of WNP and continues to decrease close to southwest part of the domain. Wave height in the future in the Northern Hemisphere is likely to decrease, while a significant increase will occur in the tropics (especially the eastern tropical Pacific) and the Southern Hemisphere high latitudes (south of 45°). The wave height changes were primarily driven by the changes in the marine surface wind and the increase in the spatial sea level pressure. Almost in the WNP region (above 25° N), the annual mean Hs will decrease up to 0.2 m in the future; meanwhile, in the southern part of the WNP (10°−25° N), Hs is slightly increasing by approximately 0.06 m. Our future projection shows a similar range of Hs changes, but some areas show noticeable differences, such as the decreasing Hs (up to 0.5 m) in the northern part of the Philippines and the increasing Hs (0.1 m) around Japanese islands. The differences in CMIP marine surface wind, input resolution, and wave model grid might be one of the reasons for this.



High resolution of future wave projection in global coverage was investigated by Timmermans et al. [48], although the atmospheric model was mainly from CAM5, one of the CMIP5 products. The wave model of 1° and 0.25° was compared. The higher resolution showed more variation in the future projection (RCP8.5) around the WNP region. In the results of the 0.25° model, the increasing and decreasing areas were very close and alternated. In contrast, Shimura et al. [20], Wang et al. [18], and this study show more distinctive contours in displaying Hs changes due to the use of a coarser grid.



A global wave climate ensemble were also performed and stored under Coordinated Oean Wave Climate Project (COWCLIP) Phase 2. The COWCLIP comprises 155 ensembles obtained from ten CMIP5 wave climate studies. Morim et al. [49], validated each wave ensemble with satellite measurements (wave heights only) between 1991−2017. It was shown that the ensemble had good correlation with references (correlation above 0.9) with a centred root mean squared under 0.5 m and a normalized standard deviation of approximately 1 m. The WWIII main model setting that was used was not different from the configuration of this study. From their results, it is known that the CMIP ensemble is reliable enough to calculate historical scenarios.



It is expected that different future scenarios would lead to the appearance of different wave characteristics. However, it was found that the marine surface wind output from CMIP have not been much different over the decades [30]. The results of the wave characteristic analyses from the SSP2-4.5 and SSP5-8.5 scenarios are not significantly distinct. This result is very different from the temperature or emission projections, which can clearly distinguish between each future scenario [50].



Even though the wave height can decrease, the mean sea level continues to increase year by year. The mean rate of global average sea level rise was 1.5 to 1.9 mm/year between 1901 and 2010, 1.7 to 2.3 mm/year between 1971 and 2010, and 2.8 to 3.6 mm/year between 1993 and 2010 [51]. For example, long term wave scenarios with and without sea level rise were investigated locally by Chini et al. [52]. The effect of sea level rise leads to an increase in inshore wave height in shallow waters. Due to sea level rise, a significant wave height with a 100-year return period without sea level rise becomes more frequent. Additionally, shorelines that are currently protected by sandbanks are more likely to face waves with a higher proportional increase in height. Thus, the analysis should consider sea level rise in future scenarios.



The multimodel ensemble projection of wave climate considers CMIP6 marine surface wind as the only primary forcing. However, other factors such as sea level variation, tides, river run-off, ice, and ocean currents can affect waves and wave climate. Additionally, other reanalysis data should be considered as references. Longer-term simulations can represent additional aspects of the wave climate. Hemer et al. [16] simulated over 30 years, while this study considered only a one-year simulation. Although the mean wave characteristics are still similar when both are compared, a longer simulation with a higher spatial resolution will provide other insights into wave characteristics.



The uncertainty comes from ensemble forcing, the quantity of GCMs, downscaling methods, and model physics parameterizations [16]. Increasing the forcing of the simulation might solve this matter, but the question is how significant other forcings are in wave behaviour in the WNP region. Increasing the number of GCMs can sometimes increase uncertainty. Thus, careful investigation of the available GCMs and their output is needed to reduce the uncertainty. The resolution in wave climate simulation is still coarse to reflect the shallow coastal zone and environment, although 0.5° is sufficient for regional wave modelling. Previous studies and reanalysis implemented various spatial resolutions, for example, 0.5° in ERA5, 0.75° in ERA-Interim, 1° in Wang et al. [18], 1.5° in Hemer et al. [16], and 2.5° in Liu et al. [53] for global and regional applications. Obviously, observing a local or specific events (typhoons, storm surges, etc.) needs a smaller grid size. Therefore, a nesting method or multimodel downscaling is necessary to further consider a specific shallow water and coastal environment. The output produced by this study, i.e., waves and marine surface winds within the study domain, can be the input for finer model downscaling and be used for the estimation of wave power generation.



In this study, it is predicted that the mean significant wave height will decrease by 0.1 to 0.5 m, the wave direction will rotate clockwise by 5 to 25 degrees, and the wave periods will decrease by 0.1 to 0.5 s. It should be noted that the predicted changes are smaller than the typical errors in the validation, so they should be taken as indicating the expected wave and magnitude of change, but the models do not necessarily give absolute predictions of this accuracy.




5. Conclusions


Wave characteristics will change in the future. Based on the future scenarios of SSP2-4.5 and SSP5-8.5, the decrease in multimodel averaged Hs may reach 0.5 m. The mean wave direction is projected to shift more clockwise by up to 25°, while the mean wave period is projected to decrease by 0.1–0.5 s. The annual maximum Hs may reach 18 m or more; however, the region with largest increases in Hs will shift to the northeast. Several prior studies have projected future wave characteristics involving the CMIP 3 and 5 datasets [16,17,18,19,20,47]. This study illustrated analogous results in wave climate projections such as wave heights, wave periods, and wave directions in the WNP using CMIP6 marine surface winds as the latest climate dataset. Moreover, it can be a benchmark for further research to obtain a better result in analysing future wave climate in the same study region.



Comprehensive research is necessary to observe the wave climate over the WNP region. A global domain is worth investigating to see the global characteristics of the wave climate and their relationship with atmospheric climate indices. The specific area needs to be examined through a nesting method with initial and boundary inputs from global and regional model outputs. The coarse resolution used in global simulation hardly distinguishes some areas, i.e., islands and coastal regions, due to the size of the grid in the model. One method to overcome the resolution issue of global GCMs is the application of dynamic downscaling [54]. It will be worthwhile to investigate in more detail to determine the impact on the coastal environment and the coastal risk for sustainable coastal zone management and development.



In this study, a qualitative comparison between the AMIP scenario for 2000 and the future scenarios of 2050 and 2100 was made. Thus, the statistical assessment of model performance and significance could not be performed and remain as topics for further study. Additionally, in future work, long-term simulations are needed to investigate the annual, interannual, and decadal variability in wave characteristics due to climate change. Other limitations of this study such as the boundary condition from global wave climate modelling and the temporal resolution of atmospheric forcing (marine surface winds) over 3 h, and their effects should be investigated and improved in future work. In particular, extreme waves induced by tropical cyclones and extratropical cyclones cannot be simulated by 3-h global GCMs surface wind model.
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Figure 1. The western North Pacific (WNP) area as defined with a 5° enlarged domain. The bathymetry and shoreline over the WNP region are from the GEBCO_2019 grid and the GSHHG WNP region domain. In depth scale, 0 for the surface and 10,000 for the bottom. 
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Figure 2. Comparison of wave characteristics for 2000, such as the mean significant wave height, mean wave direction, and mean wave period, between the AMIP scenario result simulated by WWIII with the CMIP6 marine surface winds (left column) and the ERA5 reanalysis wave dataset (middle column) and the difference between the two (right column). 
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Figure 3. Mean significant wave height (Hs in m) results for (a) the AMIP scenario result for 2000 and the differences between the results of future scenarios and the AMIP scenario: (b) SSP2-4.5 medium-term, (c) SSP2-4.5 long-term, (d) SSP5-8.5 medium-term, and (e) SSP5-8.5 long-term scenarios. 
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Figure 4. Mean wave direction ( θ  in degrees) results for (a) the AMIP scenario result for 2000 and the differences between the results of future scenarios and the AMIP scenario: (b) SSP2-4.5 medium-term, (c) SSP2-4.5 long-term, (d) SSP5-8.5 medium-term, and (e) SSP5-8.5 long-term scenarios. 
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Figure 5. Mean wave period ( T  in seconds) results for (a) the AMIP scenario result for 2000 and the differences between the results of future scenarios and the AMIP scenario: (b) SSP2-4.5 medium-term, (c) SSP2-4.5 long-term, (d) SSP5-8.5 medium-term, and (e) SSP5-8.5 long-term scenarios. 
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Figure 6. Annual maximum significant wave height (max. Hs in m) results: (a) AMIP scenario result for 2000, (b) SSP2-4.5 medium-term, (c) SSP2-4.5 long-term, (d) SSP5-8.5 medium-term, and (e) SSP5-8.5 long-term scenarios. 
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Table 1. CMIP6 GCMs with a dataset modelled over 3 h used in wind wave modelling.
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Model

	
Spatial Resolution

	
Temporal Resolution

	
Ensemble






	
BCC-CSM2-MR

	
1.12° × 1.125°

	
3-h

	
r1i1p1f1




	
IPSL-CM6A-LR

	
1.267° × 2.5°

	
r1i1p1f1




	
MIROC6

	
1.4° × 1.40625°

	
r1i1p1f1




	
MPI-ESM1-2-HR

	
0.9375° × 0.9375°

	
r1i1p1f1




	
MRI-ESM2-0

	
1.12° × 1.125°

	
r1i1p1f1




	
NESM3

	
1.865° × 1.875°

	
r1i1p1f1




	
CNRM-CM6-1

	
1.4° × 1.40625°

	
r1i1p1f2




	
CNRM-ESM2-1

	
1.4° × 1.40625°

	
r1i1p1f2
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Table 2. Summary of numerical experiments with model setups and surface winds.
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Year

	
Scenario

	
Surface Wind (3 hourly)

	
WWIII Source Terms

	
Remarks




	
Wind Input (Sin)

	
Nonlinear Wave Interaction (Snl)

	
White Capping Dissipation (Sds)

	
Depth-induced Breaking (Sdb)




	
2000

	
historical

	
AMIP

	
linear input (Cavaleri and Malanotte-Rizzli [41])

	
discrete interaction approximation (DIA)

	
ST4 (Ardhuin et al. [45])

	
(Battjes and Janssen [44])

	
Bathymetry: GEBCO 15 arc-second data

Shoreline: GSHHG




	
2050

	
SSP2-4.5

	
8 ensembles from 8 GCMs

(Table 1)




	
SSP5-8.5




	
2100

	
SSP2-4.5




	
SSP5-8.5
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