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Abstract

:

Super Typhoon Nepartak (2016) was used for this case study because it is the most intense typhoon that made landfall in Taiwan in the past decade. Winds extracted from the Climate Forecast System version 2 (CFSV2) and ERA5 datasets and merged with a parametric typhoon model using two hybrid techniques served as the meteorological conditions for driving a coupled wave-circulation model. The computed significant wave heights were compared with the observations recorded at three wave buoys in the eastern waters of Taiwan. Model performance in terms of significant wave height was also investigated by employing the CFSV2 winds under varying spatial and temporal resolutions. The results of the numerical experiments reveal that the simulated storm wave heights tended to decrease significantly due to the lower spatial resolution of the hourly winds from the CFSV2 dataset; however, the variations in the storm wave height simulations were less sensitive to the temporal resolution of the wind field. Introducing the combination of the CFSV2 and the parametric typhoon winds greatly improved the storm wave simulations, and similar phenomena can be found in the exploitation of the ERA5 dataset blended into the parametric wind field. The overall performance of the hybrid winds derived from ERA5 was better than that from the CFSV2, especially in the outer region of Super Typhoon Nepartak (2016).
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1. Introduction


Typhoons are usually associated with extreme wind waves and storm surges, impacting navigational safety, infrastructure in nearshore and offshore waters (harbors, seawalls, lighthouses, etc.), and coastal habitats [1,2,3,4,5]. The oceanic and coastal hazards caused by typhoon-driven storm waves pose a greater threat to human life, property, and infrastructure than storm surges in Taiwan. This is particularly true when a super typhoon makes landfall in Taiwan. A typhoon is designated as a “super typhoon” when its wind speeds near the typhoon center exceed 114 kt (equivalent to 58 m/s) and its intensity reaches category 4 or 5 on the Saffir–Simpson scale [6]. A super typhoon ranks among the most destructive natural hazards worldwide because it produces high storm surges, large storm waves, and torrential downpours [7]. For instance, a seawall at a fishing port near the southeastern coastal waters of Taiwan was broken in 2018 by large storm waves from several typhoons (as shown in the upper-right panel of Figure 1); a lighthouse located in a fishing port in the southeastern offshore waters was destroyed by Super Typhoon Meranti-induced extreme storm waves in 2016 (as shown in the lower-right panel of Figure 1). Therefore, accurately predicting, simulating and hindcasting typhoon-induced storm wave heights is important for the prevention and mitigation of disasters in the ocean and along coasts [2,3,4]. Assessments of typhoon-generated extreme wave heights with different return periods are very useful for designing seawalls to protect boats, ships, nuclear power plants, and coastal critical infrastructures from wave impacts. Moreover, the strength evaluation of oil platforms and wind turbine supporting systems is highly dependent on simulating extreme waves accurately [8,9].



A comprehensive understanding of the ocean surface waves arising from extreme weather conditions is of great interest to coastal and ocean engineers and oceanographers. Many studies about predicting, simulating, or hindcasting typhoon-generated storm waves and storm surges have been carried out through numerical models because wave buoys cannot be deployed throughout an entire marine area [10,11,12,13,14]. A third-generation spectral wind wave model is mainly driven by wind fields and has been widely used to predict, simulate, and hindcast wave heights. Therefore, accurate wind forcing data are essential for predicting sea states with great accuracy, especially with extreme waves created by typhoons [4]. Moreover, improvements in wind forcing for wave-circulation models are believed to enhance the performances of large wave and large surge simulations [4,5,15].



The objective of the present study is to assess the effects of wind sources from different spatial and temporal resolutions on storm wave height simulation and to investigate the optimal hybrid typhoon winds through two approaches for the best performance of storm wave height simulation during Super Typhoon Nepartak in 2016. The paper is organized as follows: Section 2 describes the typhoon, observational data, bathymetry, wind forcing, and coupled wave-circulation model that were used in the present study. Section 3 presents the comparisons between the simulations and measurements for the significant wave height (SWH) time series using different wind fields. Section 4 provides a discussion of the results from a series of numerical experiments. Finally, a summary and conclusions are presented in Section 5.




2. Data and Methodology


2.1. Super Typhoon Nepartak (2016)


Super Typhoon Nepartak was the third most intense tropical cyclone worldwide in 2016. It initialized in the southern waters of Guam on 30 June and was subsequently named Nepartak by the Japan Meteorological Agency (JMA) after it had intensified into a tropical cyclone on 3 July. The Joint Typhoon Warning Center (JTWC) of the United States upgraded Nepartak to a category 4-equivalent super typhoon on 5 July and estimated that Nepartak had become a category 5-equivalent super typhoon the next day. Super Typhoon Nepartak reached its peak intensity approximately 835 km east-southeast of Taitung County, Taiwan, on 6 July; meanwhile, the JMA evaluated 10-min maximum sustained winds of 205 km/h and a central pressure of 900 hPa. Super Typhoon Nepartak made landfall in Taitung County and subsequently moved into the Taiwan Strait from Tainan County on 8 July. After that, Typhoon Nepartak continued moving inland into China as a tropical depression and dissipated on 10 July. According to the report from the Central Weather Burau (CWB) of Taiwan, Meranti was the most intense typhoon that had made landfall in Taiwan in the past 10 years (2010–2019). Figure 2 demonstrates the track and central pressure (intensity) of Super Typhoon Nepartak (2016).




2.2. Wave Buoy


The hourly SWH measurements recorded at three wave buoys by the CWB, Taiwan, in the eastern waters of Taiwan during Super Typhoon Nepartak (2016) were acquired to evaluate the optimal wind field for simulating typhoon-driven SWHs. The wave buoys record the SWH, wave direction and mean wave period, and wind speed and direction at 2 m height above sea level with a sampling frequency of 2 Hz, and an accuracy of ±10 cm for the SWH. The locations of the three wave buoys, namely, the Hualien, Taitung, and Taitung Ocean buoys, are shown in Figure 2, and their corresponding coordinates and water depths are listed in Table 1.




2.3. Description and Configuration of the Wave-Circulation Model


In the present study, the hydrodynamics of the waters surrounding Taiwan were simulated from 1 to 20 July 2016, by means of the semi-implicit cross-scale hydroscience integrated system model (SCHISM). The SCHISM was developed by Zhang et al. [16] with many improvements and enhancements from the original semi-implicit Eulerian–Lagrangian finite-element (SELFE) model, [17]. The SCHISM employs finite-element, finite-volume methods and hydrostatic and Boussinesq approximations to solve the shallow water equations. The SCHISM eliminates the Courant–Friedrichs–Lewy (CFL) stability restrictions due to the application of the semi-implicit schemes for all governing equations. The numerical stability constraints are further relaxed because the nonlinear advection terms in the momentum equations are treated with a Eulerian–Lagrangian method. The introduction of the no-mode-splitting technique in the SCHISM contributes to eliminating numerical errors regarding the splitting between internal and external modes [18]. SCHISM and SELFE have been widely used for simulating the inundation associated with storm surge [19,20,21], assessing the effects of sea-level rise on tidal current energy [22] and predicting flash floods in mountainous areas [23]. Typhoon-induced hydrodynamics can be well mimicked by depth integration, i.e., a 2D model; moreover, a 2D model requires fewer computing resources and less model execution time than a 3D model. Thus, a 2D model is preferred to a 3D model for storm surge, storm tide, and wind wave modeling, and the depth-integrated version of the SCHISM, SCHISM-2D, was used in the present study. A time step of 120 s and a Manning coefficient of 0.025 were set in the SCHISM-2D following [4,15], which are based on the numerical stability of the SCHISM-2D and the type of sea bottom material in Taiwanese waters.



The third-generation spectral wave model, called the wind wave model version III (WWM-III), was adopted in the present study since phase-averaged spectral wave models are capable of predicting and simulating sea state variations in the ocean [24]. Roland [25] overhauled not only the physics and numerical schemes of the WWM-II but also the computing efficiency of the model. The WWM-III solves the wave action equation on an unstructured grid by adopting the fractional step method proposed by [26]. The minimum and maximum directions for the simulation are 0° and 360°, respectively, while the number of directional bins is 36. The lowest and highest frequency limits of the discrete wave period are 0.03 and 1.0 Hz, respectively, which are partitioned into 36 frequency bins. The constant for computing waves breaking in shallow water areas is 0.78. The peak enhancement of 3.3 is according to the report from the Joint North Sea Wave Project (JONSWAP, [27]), and the bottom friction coefficient is set as 0.067 in the WWM-III. An efficient computation can be achieved through the employment of different time steps for hydrodynamic and wind wave models in a wave-circulation coupled modeling system, and therefore, a time step of 600 s was assigned to the WWM-III. This means that SCHISM-2D delivers the wind and depth-integrated velocities and water surface elevations to WWM-III; in addition, the wave radiation stresses for SCHISM-2D are used by the WWM-III at five hydrodynamic time intervals. The SCHISM-WWM-III has been successfully applied to generate potential storm wave hazards for Taiwan [2], evaluate the effect of the wind field on wind wave hindcasting [4], and quantify the nonlinear interactions of typhoon-induced storm tides. Details on the coupling procedures for the SCHISM-WWM-III can be found in [28].



The computational domain must be large enough to simulate storm waves and storm surges generated by typhoons traveling long distances from east to west of Taiwan. In the present study, coverage from 105°E to 140°E and 15°N to 31°N was created for the computational domain of the SCHISM-WWM-III. This area is composed of 276,639 unstructured grids and 540,510 triangular elements; coarse meshes with 20–40 km resolutions were arranged in the open ocean beyond the coastal region, while fine meshes with 200–400 m resolutions were distributed along the coastline of Taiwan and its offshore islands (as shown in Figure 3a). Using a higher resolution mesh is fundamental to an accurate simulation; however, the computing demand will increase as the mesh becomes finer. Additionally, the surf zones and shallow waters are well characterized with the mesh resolution developed in the present study (Figure 3b) according to the report from [29,30,31].



A global-scale and a local-scale dataset were incorporated into gridded bathymetric data for the SCHISM-WWM-III. The GEBCO-2019 grid is the latest global-scale bathymetric product, with a spatial resolution of 15 arcsecond, released by the General Bathymetric Chart of the Oceans (GEBCO) and has been developed through the Nippon Foundation-GEBCO Seabed 2030 Project. The local-scale dataset has a coverage from 100°E to 128°E and from 4°N to 29°N with a 200-m spatial resolution provided by the Department of Land Administration and the Ministry of the Interior in Taiwan. The combined two datasets were interpolated to represent the bottom elevation in the SCHISM-WWM-III (as shown in Figure 3c). The SCHISM-2D and WWM-III take advantage of sharing the same numerical mesh to enhance the computing efficiency.




2.4. Tidal and Atmospheric Forcing


2.4.1. Tidal Forcing


Eight main tidal constituents (M2, S2, N2, K2, K1, O1, P1, and Q1) were extracted from a regional inverse tidal model (China Seas and Indonesia, [32]) and served as the tidal boundary conditions in the SCHISM-WWM-III. Although the present study focused on wind wave simulation, an inverted barometer effect resulting from the variations in atmospheric pressure was also considered in the model.




2.4.2. CFSV2 Wind Field


The Climate Forecast System version 2 (CFSV2) is an upgrade of the Climate Forecast System (CFS) and was developed by the Environmental Modeling Center at the National Centers for Environmental Prediction (NCEP). The CFSV2 is a fully coupled model representing the interactions among the ocean, land, sea ice, and atmosphere with advanced physics, increased resolution, and refined initialization to improve the seasonal climate forecasts, which makes the CFSV2 superior to the CFS. Additionally, the same model was used in the CFSV2 and the NCEP CFS reanalysis (CFSR). The CFSV2 was implemented at NCEP as the real-time seasonal forecast system in March 2011 [33]; hence, NCEP started running the CFSV2 operationally to produce analyses and forecasts. The CFSV2 products are available at horizontal resolutions of 0.205°, 0.5°, 1.875°, and 2.5° with different time intervals.




2.4.3. ERA5 Reanalysis Wind Field


ERA5 is the fifth-generation, latest global climate atmospheric reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF). ERA5 is based on a recent ECMWF model cycle that includes coupling with ocean waves and a land model and utilizes the 4D-Var atmospheric assimilation method. ERA5 is created at a considerably higher resolution than ERA-Interim, thus replacing the widely used ERA-Interim reanalysis soon. The global hourly ERA5 atmospheric parameters are available from the Climate Data Store over latitude–longitude grids with a 0.25° by 0.25° resolution and over 137 levels in the vertical direction. The hourly ERA5 provides a more detailed evolution of extreme severe weather events and daily updates within 3 months of real time. ERA5 now covers the period from 1979 to the present; however, it will be extended from 1950 to the present by the mid-2020s.




2.4.4. Parametric Typhoon Wind Field


Many analytical parametric typhoon models have been developed to construct or reconstruct the wind and air pressure fields of typhoons for simulating storm waves and surges due to their simplicity [34,35,36,37,38,39,40]. The modified Rankine vortex (MRV) typhoon wind model proposed by [37] provides a more accurate wind field [41,42], which is satisfactory for ocean wave and storm surge modeling [4,37,43,44] and was therefore employed in the present study. A shape parameter α is used in the MRV model to adjust the distribution of typhoon wind speed (W) in the radial direction,


  W =  {       W  max      (   r   R  max      )   α     for    r <  R  max          W  max      (     R  max    r   )   α     for    r ≥  R  max          



(1)




where Wmax is the maximum wind speed, Rmax is the radius of maximum wind speed, and α is specified as 0.5 based on the results from [4,40,42]. Atkinson and Holliday [45] suggested an empirical relationship for Wmax and the central pressure of typhoons (Pc):


   W  max   = 3.44    (  1010 −  P c   )    0.644    



(2)







The radius of maximum wind speed (Rmax) can be described as a function of Wmax and the latitude of the typhoon’s center (φ):


   R  max   = 46.4 exp  (  − 0.155 ×  W  max   + 0.0169 × φ  )   



(3)








2.4.5. Hybrid Typhoon Wind Field


Combining the reanalysis or dynamic and parametric typhoon winds is believed to generate a better wind field in both the near-field and far-field regions of typhoons for storm wave and surge modeling [1,4,5,15,46,47,48]. Hence, two methods were applied to construct the hybrid winds from the CFSV2 and MRV and from the ERA5 and MRV. Method number 1 (H1) blends CFSV2 (or ERA5) and MRV directly through the following formula [1]:


   W  H 1   =  {      W P    r < 2  R  max        β  0.70  β   0.06       W P  +    (  1 − β  )    0.72    (  1 − β  )    0.28      W R    2  R  max   ≤ r ≤ 7  R  max          W R    r > 7  R  max         



(4)




where WH1 is the hybrid wind speed computed via Equation (4) and WP and WR are parametric typhoon and reanalysis winds, respectively.   β =    (    7 − r  /   R  max      )   / 5   , in which r is the radial distance from the center of the typhoon to an arbitrary point.



Method number 2 (H2) is recommended by [46] and can be expressed as follows:


   R 1  =  R  O P   − γ  R T   



(5)






   R 2  =  R  O P   +  (  1 − γ  )   R T   



(6)






   W  H 2   =  {      W P    r <  R 1       (  1 − λ  )   W P  + λ  W R     R 1  ≤ r ≤  R 2         W R    r >  R 2        



(7)




where ROP is the optimal radius with a minimum mean difference between WP and WR; RT is the width of the transition zone and γ is the empirical coefficient. For comparison with H1, RT and γ were given as 5 Rmax and 0.0, respectively, in the present study.   λ =    (  r −  R 1   )   /   (   R 2  −  R 1   )     . Details for the estimation of ROP are available in [46].





2.5. Model Performance Metrics


The model capacity for the simulation of the SWH time series during Super Typhoon Nepartak (2016) is quantified via three statistical indicators, i.e., the scatter index (SI), correction coefficient (CC) and HH (Hanna and Heinold [49]) indicators. Mentaschi et al. [50] suggested that the HH indicator provides more reliable and accurate statistical information for assessing the accuracy of numerical models. Thus, in addition to SI and CC, the HH indicator was adopted for evaluation of model performance. The three criteria are defined as:


  S I =      1 n    ∑  i = 1  n      [   (   S i  −  S ¯   )  −  (   O i  −  O ¯   )   ]   2      O ¯      



(8)






  C C =     ∑  i = 1  n    (   S i  −  S ¯   )   (   O i  −  O ¯   )          ∑  i = 1  n      (   S i  −  S ¯   )   2          ∑  i = 1  n      (   O i  −  O ¯   )   2         



(9)






  H H =       ∑  i = 1  m      (   S i  − O  )   2        ∑  i = 1  n    S i   O i         



(10)




where n is the total number of data points, Si is the simulation, Oi is the observation, and   S ¯   and   O ¯   are the mean values of the simulations and observations, respectively.





3. Results


The winds from the CFSV2 and ERA5, as well as winds from a combination of an MRV model with the CFSV2 and ERA5 through the different techniques were exerted on the SCHISM-WWM-III to simulate the SWHs during Super Typhoon Nepartak (2016). The effects of the spatial and temporal resolutions of the wind field on storm wave height simulation, and the model performance using the different hybrid wind fields were investigated by conducting several numerical experiments.



3.1. Effects of the Spatial Resolutions of Wind Fields on Storm Wave Simulation


The hourly CFSV2 winds with horizontal resolutions of 0.205°, 0.5°, and 1.875° were interpolated into the SCHISM-WWM-III. The instantaneous wind field distributions are illustrated in Figure 4a–c at resolutions of 0.205°, 0.5°, and 1.875°. Wind speeds from the hourly CFSV2 with a spatial resolution of 0.205° could reach 45–50 m/s around the near-field region of Super Typhoon Nepartak (2016) (Figure 4a); however, the wind speeds decreased dramatically when a coarser spatial resolution was used. The wind speeds of the hourly CFSV2 only reached 35–40 m/s (Figure 4b) and 20–30 m/s (Figure 4c) at 0.5° and 1.875° resolutions, respectively. Furthermore, the wind field obtained from the hourly CFSV2 with a lower spatial resolution shows a more random distribution (Figure 4b,c). The computed instantaneous SWHs corresponding to hourly CFSV2 winds with different spatial resolutions are demonstrated in Figure 4d–f. Storm waves exceeding 20 m driven by hourly CFSV2 winds at spatial resolutions of 0.205° and 0.5° could be found in the deep ocean (Figure 4d,e). Wave heights were only 8–10 m at the same time if imposing the hourly CFSV2 winds at horizontal resolution of 1.875° on the SCHISM-WWM-III (Figure 4c). Figure 5a–c shows the model-data comparisons for the SWH time series from the Taitung Ocean (Figure 5a), Taitung (Figure 5b), and Hualien (Figure 5c) buoys employing the winds from the hourly CFSV2 with different spatial resolutions. Similar to the results in Figure 4d–f, hourly CFSV2 winds at a higher spatial resolution led to the greater overestimation of storm wave heights. This phenomenon is obvious at the wave buoys near the track of Super Typhoon Nepartak (2016), i.e., the Taitung Ocean and Taitung buoys.




3.2. Effects of the Temporal Resolutions of Wind Fields on Storm Wave Simulation


To better understand the effects of wind temporal resolutions on wave modeling performance, wind fields from CFSV2 with a spatial resolution of 0.205° and temporal resolutions of 1, 2, 3, and 6 h were utilized for reproducing the SWHs during Super Typhoon Nepartak (2016). The instantaneous wind field distributions from CFSV2 with the same spatial resolution (0.205°) and different temporal resolutions are depicted in Figure 6a–d for temporal resolutions of 1, 2, 3, and 6 h, respectively. The variations in wind field from higher to lower temporal resolutions are insignificant except for a delay in time. Figure 6e–h expresses the distributions of simulated instantaneous SWHs corresponding to Figure 6a–d. The patterns of storm waves are insensitive to variations in the wind temporal resolution. Figure 7a–c shows the comparisons of the SWH time series between the modeled and measured values for the Taitung Ocean (Figure 7a), Taitung (Figure 7b), and Hualien (Figure 7c) buoys using winds from the 0.205° CFSV2 with different temporal resolutions. The comparisons shown in Figure 7a–c are dissimilar to those in Figure 5a–c. The storm wave simulations from different wind temporal resolutions are almost identical, except that a 2-m difference was present at the Taitung buoy if the spatial resolution of the wind field remained unchanged.




3.3. Effects of Hybrid Wind Fields on Storm Wave Simulation Through Different Superposed Techniques


Although the storm wave heights were overestimated using atmospheric forcing from the hourly CFSV2 with a spatial resolution of 0.205° (hereafter CFSV2_0.025D_1hr), CFSV2_0.025D_1hr could produce a more acceptable wind field distribution. Hence, the SWH computations were again calculated by employing the wind fields derived from merging CFSV2_0.025D_1hr and the MRV typhoon model by means of Equation (4) (hereafter CFSV2_0.025D_1hr_H1) and Equation (7) (hereafter CFSV2_0.025D_1hr_H2). The instantaneous wind field distributions from CFSV2_0.025D_1hr, CFSV2_0.205D_1hr_H1 and CFSV2_0.205D_1hr_H2 are represented in Figure 8a–c. As shown in Figure 8b,c, the region with the higher wind speed (45–50 m/s) decreased and was more concentrated around the center of Super Typhoon Nepartak (2016). Figure 8d–f illustrates the spatial distributions of the SWH reflecting wind forcing from CFSV2_0.025D_1hr, CFSV2_0.205D_1hr_H1 and CFSV2_0.205D_1hr_H2. The extent of extreme waves (16–20 m) decreased, which is particularly true when utilizing winds from CFSV2_0.205D_1hr_H2 (Figure 8f). Figure 9a–c clarifies the improvements in the SWH simulations using the hybrid typhoon winds for the Taitung Ocean (Figure 9a), Taitung (Figure 9b), and Hualien (Figure 9c) buoys. A mismatch between the computed and measured maximum SWH could be reduced from over 9 m to less than 2 m at the Taitung Ocean buoy for Super Typhoon Nepartak (2016).



The hourly reanalysis winds with a spatial resolution of 0.25° (hereafter ERA5_1hr) during Super Typhoon Nepartak (2016) obtained from the ECMWF were also blended with the MRV typhoon model via Equation (4) (hereafter ERA5_1hr_H1) and Equation (7) (hereafter ERA5_1hr_H2). Three wind fields were imposed on the SCHISM-WWM-III to reconfirm that the use of hybrid typhoon winds will greatly improve the storm wave height simulations. Similar to Figure 8a–f, the instantaneous wind fields of ERA5_1hr, ERA5_1hr_H1 and ERA5_1hr_H2 and their corresponding SWH distributions are displayed in Figure 10a–f. The wind speeds of the original ERA5_1hr for Super Typhoon Nepartak (2016) were extremely weak (<30 m/s, as shown in Figure 10a) and consequently led to a smaller storm wave height (<10 m, as shown in Figure 10d). The SWHs of Super Typhoon Nepartak (2016) driven by ERA5_1hr winds were even smaller than those induced by hourly CFSV2 winds with a spatial resolution of 1.875° (as shown green lines in Figure 5a–c). Exerting higher speed winds from ERA5_1hr_H1 and ERA5_1hr_H2 (40–45 m/s, as shown in Figure 10b,c) on SCHISM-WWM-III could cause larger storm waves (approximately 16 m, as shown in Figure 10e,f). Figure 11a–c depicts a comparison of the SWH time series between the simulations and measurements for the Taitung Ocean, Taitung, and Hualien buoys. Introducing a combination of the MRV typhoon wind and reanalysis product into a wave-circulation model significantly enhances the storm wave simulations in both the inner (Figure 11a,b) and outer (Figure 11c) regions of the typhoon. However, ERA5_1hr_H1 resulted in better SWH simulations than ERA5_1hr_H2 for the Hualien buoy (Figure 11c).





4. Discussion


The numerical experiments conducted in the present study show that the storm wave height simulations in both nearshore and offshore areas benefit from inputting the integrations of CFSV2 or ERA5 winds with the MRV typhoon model. The statistical analysis was implemented to quantify the simulation errors when using the CFSV2_0.205D_1hr_H2 and ERA5_1hr_H1 winds during Super Typhoon Nepartak (2016). Table 2 lists the SWH statistical parameters based on a model-data comparison for the Taitung Ocean, Taitung, and Hualien buoys, adopting winds from CFSV2_0.205D_1hr_H2. The minimum SI and HH and the maximum CC are 0.47, 0.32, and 0.97 for the Taitung Ocean buoy, while the maximum SI and HH and the minimum CC are 0.61, 0.45, and 0.92 for the Hualien buoy, respectively. The same statistical parameters are also listed in Table 3 for the utilization of winds from ERA5_1hr_H1. The overall performance of SWH simulations by the ERA5_1hr_H1 winds is slightly better than that by the CFSV2_0.205D_1hr_H2 winds. Figure 12a–f describes the scatter plots of computed SWHs versus measured SWHs for the Taitung Ocean (Figure 12a,d), Taitung (Figure 12b,e), and Hualien (Figure 12c,f) buoys with wind forcing from CFSV2_0.205D_1hr_H2 (Figure 12a–c) and ERA5_1hr_H1 (Figure 12d–f). The larger difference (simulation minus measurement range of 4–6 m) between the measurement of 7–11 m is detected at the Taitung Ocean and Taitung Buoys, as the differences are always less than 4 m at the Hualien Buoy. Table 4 and Table 5 summarize the percentage of model-data difference for different classes and buoys due to the introduction of winds from CFSV2_0.205D_1hr_H2 and ERA5_1hr_H1, respectively. The maximum percentage with a model-data difference larger than 2 m is only 3.03% (2.27% + 0.76%, as shown Table 5) for the Taitung buoy using the ERA5_1hr_H1 winds. Thus, the ERA5_1hr_H1 wind served as an optimal meteorological forcing for simulating SWHs by the SCHISM-WWM-II for Super Typhoon Nepartak (2016).



The SWH simulations driven by winds at a lower resolution are inferior to those generated by winds at a higher resolution. This phenomenon is particularly sensitive to variations in spatial resolution. The spatial distributions of the maximum SWH simulations for Super Typhoon Nepartak (2016) utilizing winds from the hourly CFSV2 with different spatial resolutions and from the CFSV2 with a spatial resolution of 0.205° and different temporal resolutions are illustrated in Figure 13a–f. The maximum SWHs attenuated obviously when the spatial resolution of the wind field was reduced from 0.205° to 1.875° (as shown in Figure 13a–c). The variations in the maximum SWH distribution are relatively small, even if the temporal resolution of the wind fields varies from hourly to 6 h (Figure 13a,d–f); moreover, the discrete maximum SWH distributions are more visible at a lower temporal resolution in the deep ocean (Figure 13e,f). Rusu et al. [51] and Van Vledder and Akpınar [52] suggested that the employment of winds with a higher spatial (mesh) resolution could improve not only typhoon wind filed but also the parameters resulting from the wave model in addition to the SWH. The statistical errors, such as bias, scatter index, and root-mean-square error, for the “SWH” and “spectral period” were usually decrease when the spatial resolution of wind is increased [52]. However, Rusu et al. [51] also recommended that the utilization of winds with a spatial resolution of 4.1 km (approximate 0.04°) is sufficient for simulating wind waves. Adopting winds in a very-high-spatial-resolution (e.g., 0.03°) atmospheric model is the best way to predict, simulate, or hindcast sea states; however, the computing demand increases. Therefore, the next best alternative is the use of a wind field resulting from the superposition of a moderate-spatial-resolution (e.g., 0.2°) atmospheric model and a parametric typhoon model.



Even though modeled and observed wind speed (at 10 m height above sea level) comparisons were implemented in many previous studies [5,48,51,52], the similar comparisons are difficult to conduct in the present study directly. This is because the anemometer on the Taitung Ocean, Taitung, and Hualien buoys is only 2 m above the sea level according to the report from the CWB of Taiwan. The simulations and measurements of wave direction and mean wave period were compared in order to reconfirm the efficiency of the hybrid typhoon winds for improving the wave parameters simulation. Figure 14 shows a model-data comparison for the wave direction (Figure 14a–c) and mean wave period (Figure 14d–f) at different wave buoys. The wave direction and mean wave period simulations were improved using the hybrid typhoon winds, which is particularly true for the mean wave period simulations when winds from ERA5_1hr_H1 were exerted on the SCHISM-WWM-III. Additionally, the storm wave heights from Super Typhoon Nepartak (2016) were simulated with the MRV model alone. As shown in Figure 11a–c (green lines), the utilization of the MRV winds matched the peak SWHs well in the inner region of the typhoon (Figure 11a,b for Taitung Ocean and Taitung buoys) but overestimated the SWHs in outer regions of the typhoon (Figure 11c for Hualien buoy).




5. Summary and Conclusions


In this study, winds from a global atmospheric product, CFSV2, and a global atmospheric reanalysis product, ERA5, as well as winds from a combination of the parametric typhoon model with CFSV2 and ERA5 via two hybrid methods (Equations (4) and (7)), were used as meteorological conditions for a coupled wave-circulation model called SCHISM-WWM-III. The time series of simulated SWHs during Super Typhoon Nepartak (2016) were compared with the observations measured at three wave buoys in the eastern waters of Taiwan. The storm wave heights were severely overestimated due to the presence of hourly CFSV2 winds with a spatial resolution of 0.205°. The hourly CFSV2 wind fields with spatial resolutions of 0.205°, 0.5°, and 1.875° were imposed on the SCHISM-WWM-III. The winds with a coarser spatial resolution usually generated the smaller SWHs. The sensitivity of the temporal resolution of the wind field to the storm wave height simulation was also examined by adopting CFSV2 winds with a spatial resolution of 0.205° and temporal resolutions of 1, 2, 3, and 6 h. However, the simulated SWHs were insensitive to the temporal resolution of wind.



The hourly ERA5 winds with a spatial resolution of 0.25° were applied to the wave-circulation model. Wind speeds acquired from ERA5 in the inner region of Super Typhoon Nepartak (2016) were extremely weak and therefore drove the storm wave heights by only half of the measurements. To overcome the overestimation or underestimation of storm wave height simulations, hybrid typhoon winds were proposed by blending parametric typhoon models (the MRV model) and hourly CFSV2 and ERA5 with spatial resolutions of 0.205° and 0.25°, respectively, by means of two methods. The results demonstrate that using the wind fields derived from the hourly CFSV2 merged with the MRV via Equation (7) could improve the simulations of large storm wave heights close to the track of Super Typhoon Nepartak (2016) but still overestimate the wave heights in the far field of the typhoon. The computed typhoon-generated large SWHs increased significantly, especially for the inner regions of the typhoon, due to the employment of hybrid winds from the hourly ERA5 incorporated with the MRV through Equation (4). Additionally, the timings of the peak SWHs, wave direction and mean wave period during Super Typhoon Nepartak (2016) could also be corrected and well matched by utilizing hybrid wind fields.



Although this study provides insight into the spatial resolution of the CFSV2 wind being more important than the temporal resolution for SWH modeling, a reasonable distribution of typhoon-induced maximum SWHs was created by introducing a wind field with a higher temporal resolution to the SCHISM-WWM-III. Using the hybrid wind fields from CFSV2 and ERA5 produced similar storm wave heights near the track of Super Typhoon Nepartak (2016); however, the simulations of storm wave height agreed well with the observations in both the near and far fields of typhoon by applying the blended winds from ERA5 only, which is particularly essential for successful storm wave computation. The findings of this study will greatly benefit the accuracy of the operational marine weather forecast system, the design of infrastructure in nearshore waters, and the prevention of coastal disasters. Moreover, the combination of a numerical atmospheric or reanalysis product with higher spatial and temporal resolutions with parametric typhoon winds is the optimal atmospheric condition for a coupled wave-circulation model to predict or hindcast storm wave height accurately.
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Figure 1. Typhoon-driven storm waves breached a sea wall (upper-right panel) and damaged a lighthouse (lower-left panel) in the southeastern waters of Taiwan (photo by the present study). 
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Figure 2. Track and central air pressures of Super Typhoon Nepartak in 2016 and the locations of wave buoys. The color of the solid circles represents the typhoon intensity as classified on the Saffir–Simpson scale (red: category 5; yellow: category 4; green: category 3; cyan: category 2; blue: category 1). 
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Figure 3. Entire computational meshes (a), enlargement of high-resolution unstructured grids for the southern coastal waters of Taiwan (b), and bathymetry (c). 
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Figure 4. Instantaneous wind field distribution from the hourly Climate Forecast System version 2 (CFSV2) with spatial resolutions of (a) 0.205°, (b) 0.5°, and (c) 1.875° and their corresponding SWHs (d–f) for Super Typhoon Nepartak at 11:00 on 12 July in 2016. 
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Figure 5. Model-data comparison for SWH time series at the (a) Taitung Ocean, (b) Taitung, and (c) Hualien buoys employing the winds from the hourly CFSV2 at different spatial resolutions. 
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Figure 6. Instantaneous wind field distribution from CFSV2 with a spatial resolution of 0.205° and temporal resolutions of (a) 1 h, (b) 2 h, (c) 3 h, and (d) 6 h and their corresponding SWHs (e–h) during Super Typhoon Nepartak at 11:00 on 12 July in 2016. 
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Figure 7. Model-data comparison for the SWH time series of the (a) Taitung Ocean, (b) Taitung, and (c) Hualien buoys employing the winds from CFSV2 with a spatial resolution of 0.205° and different temporal resolutions. 
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Figure 8. Instantaneous wind field distribution from the (a) hourly CFSV2 with a spatial resolution of 0.205°, (b) CFSV2_0.205D_1hr_H1, and (c) CFSV2_0.205D_1hr_H2 and their corresponding SWHs (d–f) for Super Typhoon Nepartak at 11:00 on 12 July in 2016. 
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Figure 9. Model-data comparison for the SWH time series the (a) Taitung Ocean, (b) Taitung, and (c) Hualien buoys employing winds from CFSV2 with a spatial resolution of 0.205°, CFSV2_0.205D_1hr_H1, and CFSV2_0.205D_1hr_H2. 
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Figure 10. Instantaneous wind field distribution from the (a) hourly ERA5, (b) ERA5_1hr_H1, and (c) ERA5_1hr_H2 and their corresponding SWHs (d–f) for Super Typhoon Nepartak at 11:00 on 12 July in 2016. 
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Figure 11. Model-data comparison for the SWH time series at the (a) Taitung Ocean, (b) Taitung, and (c) Hualien buoys employing the winds from ERA5_1hr, ERA5_1hr_H1, ERA5_1hr_H2, and modified Rankine vortex (MRV). 
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Figure 12. Scatter plot of computed versus measured SWHs at the (a,d) Taitung Ocean, (b,e) Taitung, and (c,f) Hualien buoys employing the winds from CFSV2_0.205D_1hr_H2 (a–c) and ERA5_1hr_H1 (d–f). 
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Figure 13. Spatial distribution of maximum SWHs driven by winds from the hourly CFSV2 with spatial resolutions of (a) 0.205°, (b) 0.5°, and (c) 1.875° and from CFSV2 with a spatial resolution of 0.205° and temporal resolutions of (d) 2 h, (e) 3 h, and (f) 6 h for Super Typhoon Nepartak in 2016. 
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Figure 14. Model-data comparison for the wave direction (a–c) and mean wave period (d–f) time series at the (a,d) Taitung Ocean, (b,e) Taitung, and (c,f) Hualien buoys employing the winds from CFSV2_0.205D_1hr, ERA5_1hr, CFSV2_0.205D_1hr_H2, and ERA5_1hr_H1. 
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Table 1. Information on wave buoys.
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	Buoy Name
	Longitude (°E)
	Latitude (°N)
	Water Depth (m)





	Taitung Ocean
	124.0742
	21.7664
	5610



	Taitung
	121.1450
	22.7240
	30



	Hualien
	121.6314
	24.0319
	21







Data source: The CWB of Taiwan.
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Table 2. Statistical parameters of SWH based on model-data comparison for different buoys using winds from CFSV2_0.205D_1hr_H2.
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	Buoy Name
	SI
	CC
	HH





	Taitung Ocean
	0.47
	0.97
	0.32



	Taitung
	0.50
	0.94
	0.33



	Hualien
	0.61
	0.92
	0.45
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Table 3. Statistical parameters of SWH based on model-data comparison for different buoys using winds from ERA5_1hr_H1.
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	Buoy Name
	SI
	CC
	HH





	Taitung Ocean
	0.39
	0.96
	0.28



	Taitung
	0.39
	0.92
	0.35



	Hualien
	0.36
	0.95
	0.31
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Table 4. Percentage of model-data difference for different classes and buoys using winds from CFSV2_0.205D_1hr_H2.
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	Buoy Name
	[−2,0)
	[0,2)
	[2,4)
	[4,6)





	Taitung Ocean
	67.48
	26.29
	4.34
	1.90



	Taitung
	64.02
	32.95
	2.27
	0.76



	Hualien
	85.12
	13.77
	1.10
	0.00
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Table 5. Percentage of model-data difference for different classes and buoys using winds from ERA5_1hr_H1.






Table 5. Percentage of model-data difference for different classes and buoys using winds from ERA5_1hr_H1.





	Buoy Name
	[−2,0)
	[0,2)
	[2,4)
	[4,6)





	Taitung Ocean
	77.51
	19.75
	1.08
	1.63



	Taitung
	76.89
	20.08
	2.27
	0.76



	Hualien
	88.71
	11.29
	0.00
	0.00
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