

  jmse-10-00192




jmse-10-00192







J. Mar. Sci. Eng. 2022, 10(2), 192; doi:10.3390/jmse10020192




Article



The Impact of Typhoon Intensity on Wave Height and Storm Surge in the Northern East China Sea: A Comparative Case Study of Typhoon Muifa and Typhoon Lekima



Junyan Wang 1,2,3,4, Dongxue Mo 1,2,3,4,*, Yijun Hou 1,2,3,4, Shuiqing Li 1,2,3,4, Jian Li 5, Mei Du 6[image: Orcid] and Baoshu Yin 1,2,3,4,*





1



Key Laboratory of Ocean Circulation and Waves, Institute of Oceanology, Chinese Academy of Sciences, Nanhai Road 7, Qingdao 266071, China






2



University of Chinese Academy of Sciences, Yuquan Road 19A, Beijing 100049, China






3



Laboratory for Ocean Dynamics and Climate, Pilot National Laboratory for Marine Science and Technology (Qingdao), Wenhai Road 1, Qingdao 266237, China






4



Center for Ocean Mega-Science, Chinese Academy of Sciences, Nanhai Road 7, Qingdao 266071, China






5



North China Sea Marine Forecasting Center of State Oceanic Administration, Yunling Road 27, Qingdao 266061, China






6



Department of Mathematical and Physics, Shijiazhuang Tiedao University, 17 Northeast Second Inner Ring, Shijiazhuang 050043, China









*



Correspondence: dongxuemo@qdio.ac.cn (D.M.); bsyin@qdio.ac.cn (B.Y.); Tel.: +86-0532-8289-8873 (D.M. & B.Y.)







Academic Editor: Han Soo Lee



Received: 18 January 2022 / Accepted: 28 January 2022 / Published: 31 January 2022



Abstract

:

A comparative study was conducted on typhoon intensity factors affecting the marine environment using two representative cases: Typhoon Lekima, which made landfall at Shandong Peninsula, the Northern East China Sea, and Typhoon Muifa, which did not. Using the ADCIRC and SWAN models, we developed a coupled numerical model and applied it to simulate the storm surge and destructive waves caused by typhoons. Three typhoon parameters—maximum wind speed, radius of maximum wind speed, and translation speed—were investigated through sensitivity experiments. The storm surge during the typhoon that made landfall showed a positive correlation with the distance of the typhoon’s center. The maximum significant wave height and storm surge had near-linear growth with a maximum wind speed but decreased with the growth rate of the radius of maximum wind. A rapid typhoon translation speed from 47 km/h to 60 km/h could cause a storm surge resonance phenomenon at the northern coast of the East China Sea.
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1. Introduction


Typhoons (also known as hurricanes in the Atlantic and northeast Pacific oceans) are among the most extreme meteorological systems in the world [1]. A storm surge is an unusual fluctuation of sea level that is often caused by strong meteorological processes [2,3,4]. Typhoon-induced storm surges are extremely destructive and can cause serious damage, especially in heavily developed and densely populated areas [5]. One of the most commonly used tools for numerically modeling storm surges and waves is hydrodynamic modeling, which has been used in New York City (USA) [6,7], the Gulf of Mexico (USA) [8,9], and the Bay of Bengal (Bangladesh) [10,11,12]. Along the southeast and northeast coast of China, a hydrodynamic model has also been used in Pearl River Estuary [13,14,15], Zhejiang Province [16,17], Shanghai [18,19], Taiwan [20,21,22,23,24,25], and Tianjin [26].



The Northern East China Sea, which includes the Bohai Sea and the Northern Yellow Sea, is extremely vulnerable to typhoons [26,27,28]. Between 1960 and 1997, 65 typhoons occurred in the Yellow Sea and Bohai Sea, including 22 typhoons that caused storm surges of more than 0.5 m at the Qingdao tidal gauges [29]. Between 2000 and 2020, 12 typhoons affected the Northern East China Sea (Figure 1), some of which made landfall at Shandong Peninsula and others that did not [30,31].



Typhoon Muifa (2011) and Typhoon Lekima (2019) were super typhoons that caused a substantial amount of damage in the Northern East China Sea [33]. Typhoon Muifa (2011) affected 3.65 million people, including 1.35 million people that were relocated. More than 600 houses collapsed, and more than 4800 houses were damaged, resulting in direct losses of almost 3.13 billion yuan. Typhoon Lekima (2019) passed over Shandong Peninsula and caused 33 million yuan in direct losses just in Wushan Town. In total, more than 14 million people were affected, and more than 2 million people were relocated. Typhoon Lekima caused the collapse of more than 15 thousand houses, as well as 57 deaths and 14 people going missing.



Typhoon Lekima was the strongest typhoon to make landfall on Shandong Peninsula, and Typhoon Muifa was the strongest typhoon to pass by Shandong Peninsula but not make landfall there. As shown in Table 1, 12 typhoons passed through the Northern East China Sea during 2000–2019. Nine of these made landfall on Shandong Peninsula, and three of them did not make landfall on Shandong Peninsula. The maximum wind speed of Typhoon Muifa and Typhoon Lekima reached 60 m/s. The maximum wind speed of Typhoon Fengshen, in the Northwest Pacific, was more than 40 m/s and lasted 186 h. The maximum wind speed of Typhoon Fengshen, in the Northern East China Sea, was 30 m/s. Both Typhoon Muifa and Typhoon Lekima both tracked due north. Therefore, we decided to use data from Typhoon Muifa and Typhoon Lekima to investigate a typhoon intensity and its effects in the Northern East China Sea.



Previous studies have determined that the maximum wind speed, radius of maximum wind, translation speed, and incident angle are important factors in numerically simulating typhoon-induced storm surges and significant wave heights [33,34,35]. Typhoon Muifa and Typhoon Lekima were chosen for comparison, because they had the same angle of incidence and similar paths, although one made landfall at Shandong Peninsula and the other did not. This study chose three characteristics as the typhoon intensity parameters: maximum wind speed, radius, and typhoon translation speed.



The remainder of the paper is organized as follows: Section 2 includes data resources and methodology, such as model description, model setup, experimental design, and methodology. Next, Section 3 presents the model verification and the results of the experiments. Section 4 contains the discussion of disaster-causing mechanisms, the effects of the three typhoon disaster factors, and a comparative study of the effects of a typhoon’s path. Finally, in Section 5, we summarize the main findings and provide guidance for government departments on preventing disasters and reducing damage.




2. Data and Methodology


2.1. Model Description


2.1.1. SWAN


The Simulation Waves Nearshore (SWAN) model was designed by the Delft University of Technology [36]. This model is a third-generation numerical simulation wave model for shallow water areas that has been widely used in recent years [37,38]. The control equation for SWAN can be used in a Cartesian coordinate system and a spherical coordinate frame. In a Cartesian coordinate system, it can be shown as the following equation:


    ∂ N   ∂ t   +  ∂  ∂ x    C x  N +  ∂  ∂ y    C y  N +  ∂  ∂ σ    C σ  N +  ∂  ∂ θ    C θ  N =    S  tot    σ  ,  



(1)




where t represents time; x and y are geographical coordinates;  θ  is the direction of wave propagation;  σ  is the relative frequency of a wave;  N  is wave action density; and    S  tot     represents sources and exports, including six processes, such as wind input, nonlinear energy transfer term caused by three waves interacting, nonlinear energy transfer term caused by four waves interacting, white hat dissipation, wave energy dissipation due to low friction, and energy dissipation of wave breaking due to shallower water depths. This model has widely applied in oceans around the globe [39,40,41,42,43,44]. Therefore, the SWAN model can simulate wave heights more accurately and reasonably.




2.1.2. ADCIRC


The Advanced Circulation (ADCIRC) model was developed by the University of North Carolina and Notre Dame University [45,46,47]. The ADCIRC model is an advanced hydrodynamic model that can be applied to computational domains encompassing coastal seas and small-scale estuarine systems. GWCEs (Generalized Wave Continuity Equations) were used in the ADCIRC model, which can be shown using the equations below:


    ∂ η   ∂ t   +   ∂ Hu   ∂ x   +   ∂ Hv   ∂ y   = 0 ,  



(2)






    du   dt   = fv − g   ∂  [  η +    P s       g ρ   0     ]    ∂ x   +    τ  sx   −  τ  bx      ρ 0  H   +    M x   H  ,  



(3)






    dv   dt   = − fu − g   ∂  [  η +    P s       g ρ   0     ]    ∂ y   +    τ  sy   −  τ  by      ρ 0  H   +    M y   H  ,  



(4)




where  η  is free surface elevation,  t  is time,  H  is the total depth of the water,  u  and      v    represent flow speed y in directions  x  and  y ,  f  is the Coriolis parameter,  g  is the acceleration of gravity,    P s    is pressure on sea surface,    M x    and    M y    are the diffusion terms of horizontal momentum in directions  x  and  y ,    τ  sx     and    τ  bx     are components of surface stress in directions  x  and  y , and    τ  sy     and    τ  by     are components of bottom stress in directions  x  and  y .



The ADCIRC model can acquire data on the water level and water flow using the finite element method in an unstructured triangular mesh grid. This method has been widely used in the simulation and prediction of storm surges [48,49,50,51]. The ADCIRC model provides a good simulation of a complex coast.




2.1.3. The Coupled Model


Typhoon surge and typhoon wave have interaction effects. In the SWAN + ADCIRC coupled model, the result of wind speed, water level, and water current in each grid point calculated from the ADCIRC model are the input of the SWAN model. The ADCIRC model is also influenced by wave radiation stress calculated from the SWAN model, which can be calculated from the equations below:


   τ  sx , wave   = −   ∂  S  xx     ∂ x   −   ∂  S  xy     ∂ y   ,  



(5)






   τ  sy , wave   = −   ∂  S  xy     ∂ x   −   ∂  S  yy     ∂ y   ,  



(6)




where    S  xx    ,    S  xy   ,   and    S  yy     are the wave radiation stresses.



Many studies have shown that an unstructured grid is appropriate for simulating hydrodynamic processes for an irregular coastline. The SWAN + ADCIRC coupled model runs on an unstructured grid and has been widely used in calculating storm surges and significant wave heights [38,50,51,52,53,54,55,56]. Therefore, in this study, we used the SWAN + ADCIRC model as our simulation model.





2.2. Model Setup


The wind field and pressure field data for Typhoon Muifa and Typhoon Lekima can be obtained from the fifth-generation European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis of the global climate (ERA5). The time resolution of this data was 1 h, and the spatial resolution was in 0.25 °  (approximately 30 km). ECMWF was wildly used in the numerical simulations [20,21,22,23,24,25,57,58,59]. Meng [60] compared the ERA5 product with the observations and found that ERA5 matched better than the ERA-Interim product in Shandong Province and the surrounding areas. Li [61] simulated a significant wave height and storm surge using the ERA5 reanalysis product and verified that the ERA5 product agreed well with the observations in the coastal seas of China. The large wave simulation of Typhoon Lekima was demonstrated by Hsiao [25] using the ERA5 product. Though hybrid methods, which combined the reanalysis product with a parametric typhoon model to obtain the typhoon wind field, have been used to simulate the marine dynamical processes in many studies [13,15,21,22,23,62], they were not applicable or fit less well than ERA5 in the Northern East China Sea. Therefore, this study used the ERA5 reanalysis product to build the wind forcing.



The coastline data were derived from the Global Self-consistent, Hierarchical, High-resolution Geography Database (GSHHG) coastline resources. The bathymetry data were provided by The General Bathymetric Chart of the Oceans (GEBCO), with a resolution of 30″. The buoy and tide gauge datasets used in this study are available from the corresponding author upon request.



In this study, the ADCIRC model was set to two-dimensional mode in a spherical coordinate frame.  β  planar approximation was used in Coriolis force. The initial water level and flow velocity was set to 0. The model’s only open boundary was driven by harmonic constants of the eight main astronomical constituents, including K1, K2, M2, N2, O2, P1, Q1, and S2. The SWAN model was set to the two-dimensional nonstationary mode. The initial condition H was set to zero. The coupled model output result was set to 1 h.



For Typhoon Muifa, the calculated time was from 0:00 on 4 August 2011 to 23:00 on 9 August 2011. For Typhoon Lekima, the calculated time was from 0:00 on 9 August 2019 to 23:00 on 13 August 2011.




2.3. Experimental Design


2.3.1. Maximum Wind Speed of Typhoons


According to previous studies [33,34], the maximum wind speed of a typhoon is one of the most important factors in affecting a typhoon-induced storm surge. The higher the maximum wind speed of a typhoon is, the more serious damage it may cause [14,15,33,34,35,63].



In this study, eight experiments on maximum wind speed were designed from Typhoon Muifa and Typhoon Lekima, respectively, to investigate the impacts of a typhoon that made landfall and a typhoon that did not make landfall using the results of the SWAN + ADCIRC model, which are shown in Table 2. In these sensitive experiments, the maximum wind speed (   V  max    ) of Typhoon Muifa and Typhoon Lekima were set at 10 m/s, 20 m/s, 25 m/s, 30 m/s, 35 m/s, 40 m/s, and 50 m/s. The normalized wind speed and modified wind forcing were calculated from the equations below:


     V ⇀    nor    (  r , t  )  =    V  max   −   V ⇀    (  r , t  )     V  max   −  V  min     ,  



(7)






   α =    V  exp      V  max       ,   



(8)






     V ⇀   ′   (  r , t  )  =    α  V ⇀     nor    (  r , t  )   



(9)




where     V ⇀    (  r , t  )    was the reanalysis winds,      V ⇀   ′   (  r , t  )    was the modified wind forcing,  t  was the time,  r  was the distance from the typhoon central to an arbitrary point.    V  max   = max  (   |    V ⇀    (  r , t  )   |   )    and    V  min   = min  (   |    V ⇀    (  r , t  )   |   )   .    V  exp     was the maximum wind speed in experiments 1–8 in the case of Typhoon Muifa and in experiments 18–25 in the case of Typhoon Lekima. Moreover, the typhoon center information of two hurricanes were extracted from the mean sea level pressure (MSL) of ERA5. Comparison results could indicate good agreement between the hourly extracted information and validation data from Japan Meteorological Agency (JMA), with an interval time of 6 h. Therefore, this study used hourly extracted typhoon road information.



Holland proved that a higher maximum wind speed value may appear when the typhoon center pressure is lower [51]. The relationship between the maximum wind speed and minimum central pressure in tropical cyclones has been proposed in previous studies [64,65], and Harper [66] concluded the form of pressure–wind models. Li [15] modified the central pressure using the relationship between    V  max     and typhoon center pressure. Therefore, a mathematical relationship can be inferred between the minimum pressure at the typhoon center and maximum wind speed around the typhoon center. This study used a formula relating the minimum central pressure and maximum surface winds in tropical cyclones, which was proposed by Knaff [67] and is shown below:


   V  max   = 2.3    (  1010 −  P c   )    0.76   ,  



(10)




where    P c    is the typhoon center pressure. Minimum pressures in the typhoon center are listed in Table 3.




2.3.2. The Radius of Maximum Wind


Typhoon size has an important impact on the disasters of wave and surge [35,68,69,70]. Irish [69] found that a storm surge could vary 30% within a reasonable range of radius of the maximum wind.



In this study, we chose the radius of maximum wind as the reference factor to study the impact of the typhoon size. As shown in Table 2, a modified wind field was calculated from the equations below:


  β =    R  exp      R  max     ,  



(11)






     V ⇀   ′   (  r , t  )  =   V ⇀    (   β r  , t  )   



(12)




where    R  max     was the maximum distance between the typhoon center and the location of maximum wind speed during Typhoons Muifa and Lekima, and    R  exp     was the radius of maximum wind in experiments 9–13 in the case of Typhoon Muifa and in experiments 26–30 in the case of Typhoon Lekima and set as 10 km, 20 km, 30 km, 40 km, and 50 km, respectively.




2.3.3. The Typhoon Translation Speed


A typhoon wind field is a vortex structure with strong horizontal shearing forces. The wave field and storm surge fields change due to the motion of the typhoon center and changes in the local wind field. Previous studies have shown that the translation speed of a typhoon could influence the height of the storm surge, the reaching time of the high surge, and the duration of flooding [34,63]. Zhong [35] halved and doubled the moving speed of Hurricane Isabel and in Chesapeake Bay and concluded that the duration of high water level is much longer than fast translation speed. Therefore, it is important to study the impacts of typhoon translation speed



Based on reanalyzed ERA data, the maximum translation speed of Typhoon Muifa and Typhoon Lekima were 30 km/h. In this study, the maximum typhoon translation speed of Typhoon Muifa and Typhoon Lekima were set as 7.5 km/h, 15 km/h, 30 km/h, and 60 km/h (Table 2). Modified wind fields were calculated from the equations below:


     V ⇀   ′   (  r , t  )  =   V ⇀    (  r ,  γ t   )   



(13)




where  γ  was set as 0.25, 0.5, and 2 when the typhoon translation speed is 25% slower, 50% slower, and 200% faster in experiments 14 and 31, 15 and 32, and 17 and 34.






3. Results


3.1. Model Validation


Typhoon Muifa (2011) was first reported as a tropical disturbance in the Northwest Pacific on 24 June 2011. Muifa was recognized as a typhoon on 30 June, with a trajectory from east of the Philippines to Okinawa-jima. Muifa was recognized as a super typhoon twice, on 30 June and 3 August. After 5 August, the trajectory of Typhoon Muifa went straight north. At 15:00 on 6 August, the center of Typhoon Muifa was at 31.8 N and 124.4 E, south of Shandong Province. On 8 August, Typhoon Muifa was downgraded to a tropical storm and made landfall northwest of North Korea. The trajectory and maximum wind speed of Typhoon Muifa are shown in Figure 2a.



Typhoon Lekima (2019) was recognized as a strong tropical storm by the National Meteorological Centre on 6 August. Typhoon Lekima passed through the South China Sea near the Japanese island of Miyako and made landfall at Zhejiang Province at 1:00 on 10 August. On 11 August, Typhoon Lekima left Jiangsu Province and moved to Shandong Province. On the same day, Typhoon Lekima made landfall at Qingdao. On 12 August, Typhoon Lekima passed over Shandong Peninsula and moved to Laizhou Bay. The Japanese Meteorological Agency then confirmed that Typhoon Lekima had disappeared. The trajectory and maximum wind speed of Typhoon Lekima are shown in Figure 2b.



The wind speed and significant wave height during Typhoon Muifa and Typhoon Lekima were successfully record by buoys whose locations are shown in Figure 3 (QF101, QF103, QF104, and QF114). The storm surges were successfully recorded at several stations near Shandong Province, whose locations are also shown in Figure 3 (HHG station, WFG station, LKO station, WMT station, and RZH station). Figure 4 shows the wind speed fitting result between the observed data and ERA5. Figure 5 and Figure 6 show the observed and simulated data of a significant wave height and storm surge. In brief, all these observed data were successfully measured in extremis when Typhoon Muifa and Typhoon Lekima passed by the Northern East China Sea.



Table 4 lists the absolute error and relative error between the observed data and ERA5 data on wind speed. The absolute error and relative error were calculated from the equation shown below:


  AE =  1 n    ∑   i = 1  n   |   x i  −  y i   |  ,  



(14)






  RE =  1 n    ∑   i = 1  n     |   x i  −  y i   |     x i    ,  



(15)




where    x i    is the ERA5 data,    y i    is the observed data,   and   n   is data length.



Table 5 lists the absolute error and relative error between the observed data and simulated data for a significant wave height. Table 6 lists the absolute error and relative error between the observed data and simulation data for a storm surge. These data imply that the model results fit the observed data. Therefore, the results imply that using ERA5 data in the Northern East China Sea is reasonable, as well as that the simulation results of the SWAN + ADCIRC model are convincing and could be used in sensitivity experiments.




3.2. Maximum Wind Speed


Previous work has shown that the wind input is important for model simulation [49]. The higher the maximum wind speed, the larger the area of significant wave height will be (Figure 7). In experiments based on Typhoon Muifa, an area with a significant wave height smaller than 4 m was distributed in the Yellow Sea when the maximum wind speed was lower than 30 m/s. A higher significant wave height was located to the west of the typhoon’s path. When maximum wind speed was greater than 30 m/s, the typhoon’s energy spread in a radial pattern from north of the Yellow Sea through the Bohai Strait into the Bohai Sea. As the maximum wind speed increased, the area with significant wave height above six meters increased rapidly in the Northern Yellow Sea and slowly in Haizhou Bay due to their topographies. Figure 8 presents a significant wave height over time at four buoys (QF101, QF103, QF104, and QF114). From Figure 8a–d, it can be seen that the time curve of a significant wave height had only one large pulse. The higher the wind speed, the greater the significant wave height. Though different maximum wind speed experiments led to different extreme values, their variation tendencies were similar. A strong wind force intensified the waves. The extreme values shifted to an earlier time as the maximum wind speed increased.



In experiments based on Typhoon Lekima, a higher maximum wind speed led to higher significant wave heights. This is the same pattern seen with Typhoon Muifa. However, the difference between experiments based on Typhoon Muifa and Typhoon Lekima was the area with a high value for a significant wave height occurred in the Bohai Sea and the Yellow Sea at the same time in the case of Typhoon Lekima. When the maximum wind speed was less than 25 m/s, a high value of a significant wave height occurred in both the Bohai Sea and the Yellow Sea. In the Bohai Sea, the area with the greatest significant wave height was between Bohai Bay and Laizhou Bay. This is because the path of Lekima passed through Shandong Peninsula. When the maximum wind speed was up to 30 m/s, two areas with a wave height above 5 m were combined through the Bohai Strait. During Typhoon Lekima, the maximum wind speed showed a strong positive with respect to a significant wave height (Figure 8), which was the same as the pattern seen during Typhoon Muifa. The greater the maximum wind speed value was, the greater the significant wave height. The experiments showed a similar variation tendency.



Figure 9a–d shows the spatial distribution of the storm surge during Typhoon Muifa. When the maximum wind speed was less than 25 m/s, the storm surge distribution did not change appreciably. When the maximum wind speed was between 30 m/s and 40 m/s, the storm surge increased in Korea Bay and Gyeonggiman. When the maximum wind speed was higher than 40 m/s, the storm surge in Korea Bay and Gyeonggiman continued to increase, and the surge in Haizhou Bay increased rapidly. Liaodong Bay, Bohai Bay, and Laizhou Bay had different levels of surging. In Figure 10e–h, the storm surge decreased at first and then increased when the maximum wind speed was less than 25 m/s (stations HHG, WFG, and LKO). However, when the maximum wind speed was greater than 25 m/s, the storm surge increased at first and subsequently decreased. At stations WMT and RZH, the maximum wind speed showed the same increasing pattern.



During Typhoon Lekima, the spatial distribution of the maximum storm surge showed that Bohai Bay, Laizhou Bay, and Haizhou Bay were strongly influenced by the growth of the maximum wind speed. The areas of high surge were larger when the maximum wind speed was higher. When the maximum wind speed was less than 30 m/s, only Bohai Bay and Laizhou Bay were influenced. Haizhou Bay was influenced slowly over time when the maximum wind speed was higher than 30 m/s. When the maximum wind speed reached 50 m/s, even the Korean Bay was influenced. As shown in Figure 10, the timing of the storm surge at all stations had the same change pattern. This observation clarified that the maximum wind speed has a positive relationship with the maximum storm surge.




3.3. Radius of Maximum Wind


The radius of maximum wind (RMW) is another factor important to a typhoon’s intensity [69]. As a typhoon’s RMW changes, so does the size of the area influenced as shown in Figure 11. In the case of Typhoon Muifa, the longer the RWM was, the larger the area of impact was. When the RWM of Typhoon Muifa was less than 10 km, the largest significant wave height was located in the middle of the Yellow Sea. When the RMW was higher than 10 km, Haizhou Bay was influenced slowly over time. The magnitude of the significant wave height was influenced not only by RMW but also by the topography. Figure 12 shows significant wave heights at buoys over time. It is clear that the maximum wind speed had a positive relationship with the RMW when the RMW was less than 20 km. In general, a larger typhoon leads to a greater significant wave height. Different buoys showed the same pattern. Due to the geographical location of buoys QF101 and QF103, the initial significant wave height was higher as the typhoon radius was larger. Meanwhile, buoys QF104 and QF114 did not show such a phenomenon. Moreover, the higher maximum significant wave height led to earlier time shifting.



In the simulations of Typhoon Lekima, it can be seen that the influenced area grew larger and stronger as the typhoon’s RMW grew larger. However, the significant wave height shown in Figure 12 shows that, though the influenced area shows a strong relative correlation with typhoon radius, two buoys had different patterns. At buoys QF101 and QF114, the maximum significant wave height occurred when Typhoon Lekima’s RMW was 40 km. However, at buoys QF103 and QF104, the maximum significant wave height occurred when the RMW of Typhoon Lekima was 30 km.



A typhoon’s RMW not only affects the wave height but also influences the storm surge. From the spatial distribution of the storm surge of Typhoon Muifa shown in Figure 13, it is clear that Haizhou Bay and Gyeonggiman were strongly influenced during the entire duration of the typhoon. The storm surge in these two areas became stronger as the RMW grew larger. Over time, the maximum storm surge had a positive correlation with the typhoon RMW. When the RMW was less than 10 km, the storm surge at all stations was barely influenced. When the typhoon RMW was greater than 10 km, the line of the storm surge plotted in Figure 14 had a similar variation trend. This is because the path of Typhoon Muifa passed through the Northern Yellow Sea. When the typhoon’s RMW was less than 20 km, the area influenced was too small to affect Shandong Peninsula. However, as the typhoon’s RMW grew larger, the observation stations recorded higher wind velocities, which led to a higher storm surge.



In the case of Typhoon Lekima, the spatial distribution of the storm surge in Figure 13 shows that Bohai Bay and Laizhou Bay were the areas most influenced over the entire duration of the typhoon. The storm surge in these two areas became larger and stronger as the maximum wind speed grew higher. At five stations, the results of the storm surge simulations did not show an increasing pattern as the results for Typhoon Muifa did. This was because the path of Typhoon Lekima passed over Shandong Peninsula, and the stations there were sensitive to the change in the wind field. However, the maximum value of the storm surge occurred in experiment 28. This conclusion confirmed the same pattern that occurred in the simulations of the significant wave height.




3.4. Translation Speed


The speed of a typhoon’s forward motion (translation speed) is another factor that could influence the typhoon intensity. Rego [71] showed that a hurricane’s forward speed is a significant parameter that has been overlooked in previous studies. A previous study of the Northern East China Sea also focused a little on the typhoon translation speed. From Figure 15, it is clear that the spatial distribution of the significant wave height was nearly the same in EXP14 and EXP15. When the typhoon’s speed was 30 km/h, the magnitude of the significant wave height in the Northern Yellow Sea decreased. As shown in Figure 16, other buoys showed a similar change pattern. The slower the typhoon’s speed, the longer the duration of s high significant wave height and the later the highest wave height occurred.



In the case of Typhoon Lekima, a slower typhoon speed led to a larger significant wave height. The spatial distribution of the significant wave height was nearly the same in EXP31 and EXP21. When the typhoon speed was 30 km/h, the significant wave height in Bohai and north of the Yellow Sea decreased dramatically. Other buoys showed a pattern similar to that seen with Typhoon Muifa.



The typhoon translation speed was one of the most important factors influencing the storm surge. In diagrams of the spatial distribution of the storm surge during Typhoon Muifa (Figure 17), the area affected by the storm surge in Haizhou Bay, Bohai Bay, and Laizhou Bay showed a strong negative correlation with the typhoon translation speed. The maximum value of the storm surge in Korea Bay and Gyeonggiman decreased when the typhoon speed increased. The area affected by the storm surge did not show a negative correlation with the typhoon speed. In Liaodong Bay, the maximum value of the storm surge and influenced area increased while the typhoon speed increased.



In the case of Typhoon Lekima, a faster typhoon translation speed was associated with a decrease in the maximum value of the storm surge in the areas affected in Haizhou Bay, Bohai Bay, and Laizhou Bay. However, in Liaodong Bay, the maximum value of the storm surge and the area influenced both increased. The reasons for this were as same as for the simulations of Typhoon Muifa. Figure 18 shows that a slower typhoon speed led to a higher maximum value of the storm surge, later occurrence of the highest value, and longer duration.





4. Discussion


4.1. The Impacts of Typhoon Parameters on Significant Wave Height


The plotting lines of the maximum significant wave height on the same buoys show the trends when one typhoon parameter was changed. In Figure 19a, all of the lines are close to linear in the simulations with a changing maximum wind speed in the case of Typhoon Muifa. Different buoys had large differences in the slope. In the case of Typhoon Lekima, the lines drawn based on data at different buoys showed a similar slope. Li [15] obtained the same results in the South China Sea during Super-typhoon Hato (2017).



Figure 19b,e show plots of the relationship between the maximum value of the significant wave height and typhoon radius. In Figure 19b, different lines in different buoys were all monotonously increasing and had a slowing growth trend. Since the center of Typhoon Lekima passed over Shandong Peninsula, the maximum significant wave height increased initially and then decreased.



Figure 19c,f show the relationship between the maximum value of significant wave height and typhoon speed. In the typhoon speed experiments, it was clear that the maximum significant wave height decreased in a nearly linear trend while the typhoon speed increased several times over.




4.2. The Impact of Typhoon Parameters on Storm Surge


An extreme disaster was caused not only by maximum value but, also, lasting-time during the typhoon process. Previous studies usually studied the maximum to measure the potential damages [15,63]. However, one single evaluation indicator may not evaluate the potential damages comprehensively. Therefore, a time accumulative effect of the storm surge was calculated as the Intensity Index in this study, which can be calculated from the equation below:


  ℐ =   ∫  0 t  f  ( t )  dt ,  



(16)




where   f  ( t )    is the storm surge in time series. This Intensity Index not only considers the height of a storm surge but also the time effect of typhoon impacts. Therefore, using Equation (16) was reasonable in this study.



Previous studies used systematic numerical experiments carried out in an idealized continental shelf–beach–land system to identify the role of waves in modeling storm surges. Wu [63] showed that the maximum storm surge increases almost linearly as the hurricane maximum wind speed increases. In order to explore the relationship between maximum wind speed and maximum storm surge, these two variables were plotted in Figure 20. In Figure 20a, simulations of the maximum storm surge and maximum wind speed are drawn as a broken line. It can be seen that all of the lines increase steadily. In the case of Typhoon Lekima, all the stations showed a positive, nearly liner relationship between the maximum wind speed and maximum storm surge. Due to their proximity to one another, the curves for the maximum storm surge at stations HHG, WFG, and LKO had the same variation pattern. The curves for the maximum storm surge at stations WMT and RZH had the same variation pattern. Figure 20d,j show that the intensity of Typhoon Muifa and Typhoon Lekima both had a positive relationship with the maximum wind speed. On Path 1, different stations show similar variation patterns with respect to the intensity of the storm surge. However, the results show that the intensity had a strong relationship with the location of Typhoon Lekima. Stations HHG, WFG, and LKO were located in Bohai Sea, which means the lines of these stations had faster growth rates than those of stations WMT and RZH, which were located in the Yellow Sea. These results also verified the experiments designed by Wu [63].



Figure 20b and h show the relationship between the typhoon radius and corresponding maximum storm surge. The maximum storm surge showed a positive correlation with the typhoon radius for Typhoon Muifa. However, the rate of increase declined as the typhoon radius became larger. The maximum storm surge over the duration of Typhoon Lekima had an extreme value. At station HHG, the maximum value occurred when the abscissa was 40 km. At stations WFG, LKO, WMT, and RZH, the maximum value occurred when the typhoon radius was 30 km. This difference was because the typhoon paths were different. Typhoon Muifa passed through the Yellow Sea and made landfall at Korea Bay. Typhoon Lekima passed over Shandong Peninsula. The radius of the maximum wind speed of Typhoon Lekima could surround Shandong Peninsula, while that of Typhoon Muifa could not. Due to their geographic positions, different stations showed different change rules. As shown in Figure 20e, stations RZH and WMT are located in the Yellow Sea. At station RZH, the intensity of Typhoon Muifa increased, while the typhoon radius expanded. At station WMT, the intensity of Typhoon Muifa increased initially and remained nearly unchanged. At other stations, where the typhoon radius and corresponding maximum storm surge had a strong positive correlation, the intensity increased initially and ultimately decreased. This is because the air pressure gradient force decreased, and the minimum storm surge decreased. The overall result showed a decreasing intensity. The intensity showed a strong correlation with the maximum storm surge in Typhoon Lekima. The pressure field of Typhoon Lekima did not have a negative influence on the typhoon progress.



Figure 20c,i show the relationship between the maximum value of the storm surge and typhoon speed. It can be seen that, despite the twists and turns in the middle because of the topography, overall, the maximum value of the storm surge and typhoon speed showed a slight negative correlation at station HHG. Therefore, a faster typhoon speed led to a lower storm surge. The intensity calculated from Equation (16) was plotted in Figure 20f,l. As the typhoon speed increased, the intensity of the typhoon declined dramatically at all the stations. During the progress of Typhoon Muifa, the variation tendency first decreased rapidly and then tended to be stable. Figure 20f,l show an exponential decrease in typhoon speed and storm surge during Typhoon Lekima.




4.3. A Comparative Study of Typhoons Muifa and Typhoon Lekima


Figure 21a plots a linear fitting curve with the maximum wind speed and maximum value of the significant wave data from all buoys. The slope of the lines was 0.09713 for Typhoon Muifa and 0.1978 for Typhoon Lekima, which indicates that the amplitude of the typhoon that made landfall on Shandong Peninsula was greater than that of the typhoon that did not make landfall on Shandong Peninsula. Figure 21d shows a linear fitting curve calculated from the maximum value of the storm surge data from all the buoys. The slope of the line was 0.0299 for Typhoon Muifa and 0.0957 for Typhoon Lekima. Therefore, the increase in the amplitude of Typhoon Muifa was greater than that of Typhoon Lekima. The same pattern was seen for the significant wave height. Figure 21g shows a linear fitting curve calculated based on the Intensity Index of the significant wave data from all the buoys. The slope of the line was 0.6844 for Typhoon Muifa and 2.744 for Typhoon Lekima, which could indicate that the Intensity Index of the storm surge for the typhoon that made landfall on Shandong Peninsula was more sensitive than that of the typhoon that did not make landfall on Shandong Peninsula.



Comparing the variation pattern of the RMW with the significant wave height for Typhoon Muifa and Typhoon Lekima in Figure 21b, it can be seen that the maximum value of the significant wave height increased initially and then decreased. It was because the radius of the typhoon maximum velocity expanded. However, the maximum value of the significant wave height continued to increase during Typhoon Muifa, because Typhoon Muifa crossed the Yellow Sea, and the maximum wind speed did not reach Shandong Peninsula. Figure 21e,h show the variation patterns of Typhoon Muifa and Typhoon Lekima with respect to the maximum storm surge and the Intensity Index. The maximum storm surge increased initially and decreased afterwards as the RMW grew larger. The Intensity Index of Typhoon Lekima had the same pattern as the RMW, because they had the same significant wave height. Since Typhoon Muifa made landfall far from Shandong Peninsula, the maximum storm surge was larger when the RMW was larger. The Intensity Index of Typhoon Muifa increasing initially and remained unchanged.



Figure 21c shows the variation patterns of the maximum significant wave height of Typhoon Muifa and Typhoon Lekima. As the typhoon’s movement speed increased, the maximum significant wave height decreased by less than one meter. Though Typhoon Muifa and Typhoon Lekima had different paths, they had the same variation patterns. The linear line of the storm surge in Figure 21f was calculated using the linear fitting least squares method to compare the patterns of Typhoon Muifa and Typhoon Lekima. The slope coefficient of the linear line for Typhoon Muifa was 0.02074, and for Typhoon Lekima, it was 0.05583. Compared to Typhoon Muifa, Typhoon Lekima was much more sensitive to the typhoon movement speed. With respect to the Intensity Index, Typhoon Muifa and Typhoon Lekima both showed an exponential decrease between the intensity and typhoon translation speed. When the typhoon translation speed was 7.5 km/h, the Intensity Index of Typhoon Lekima was much higher than that of Typhoon Muifa. When the typhoon translation speed increased, the Intensity Index of Typhoon Lekima decreased more rapidly than Typhoon Lekima and tended to have the same Intensity Index.




4.4. Resonance of the Storm Surge


In diagrams of the spatial distribution of storm surge (Figure 17), the area affected by the storm surge increased in Liaodong Bay when the typhoon translation speed increased. This is because an abnormal sea level rise will occur when an external disturbance moves into a bay and meets certain conditions [72,73]. According to Equation (17), it can be calculated that


    ∂ u   ∂ t   + g   ∂ η   ∂ x   = −  1 ρ    ∂  P a    ∂ x   +    τ a     ρ h    ,  



(17)






     ∂ 2  η   ∂  t 2    = gH    ∂ 2   (  η −   η ~    )    ∂  x 2    ,  



(18)




where     η ~   =    P ∞  −  P a     ρ g     , and    P a  =  P ∞  −  ρ g  η ~    .



If  V  is the typhoon translation speed, then



  η = η  ( ξ )   ,     η ~   =   η ~    ( ξ )   ,  ξ = x − Vt   and    V 2     ∂ 2  η   ∂  ξ 2    = gH    ∂ 2   (  η −   η ~    )    ∂  ξ 2     .



Finally, the storm surge level can be calculated as below:


  η =    η ~    1 −  (   v   C 0     )    ,  



(19)




where    C 0    2  = gH  ,  η  is the sea level, and  v  is the typhoon translation speed.



The sea level will elevate abnormally when the typhoon translation speed is close to    C 0   , which is also called the storm surge resonance phenomenon. In this study, the maximum translation speed was 60 km/h.    C 0    2  = gH   in the Bohai Sea and Northern Yellow Sea was between 47 km/h and 60 km/h (calculated from the mean depth of the Bohai Sea and the Yellow Sea). Therefore, in experiments 14–17 and 31–34, the maximum surge level increased rapidly along the Coasts of Liaodong Bay and Korea Bay. At Bohai Bay and Laizhou Bay, the typhoon translation speed accelerated, the integral of the wind stress with respect to time decreased, and the surge height showed a negative relationship with the typhoon translation speed.





5. Conclusions


This study chose the maximum wind speed, typhoon radius, and typhoon translation speed to calculate a typhoon intensity impact index. Forty experiments were designed, and the model results verified that using the SWAN + ADCIRC model for this task was reasonable.



In the maximum wind speed experiments, significant wave height results showed that the area influenced by the typhoon was larger when the maximum wind speed was higher. Furthermore, the maximum wind speed had a linear positive correlation with the maximum significant wave height. With respect to the storm surge, when the typhoon maximum wind speed was higher, the area affected by the typhoon was larger. The maximum storm surge and Intensity Index both had a near-linear positive correlation to the maximum typhoon wind speed.



In the typhoon radius experiments, both significant wave height results showed that the area influenced by the typhoon was larger when the typhoon radius was larger. The maximum significant wave height had a strong positive correlation with the radius when the typhoon radius was less than 20 km in the case of Typhoon Muifa. When the typhoon radius was larger than 20 km, the maximum significant wave height showed a slowing growth trend. In the case of Typhoon Lekima, the maximum significant wave height had a strong positive correlation with the radius when the typhoon’s radius was less than 30 km. When the typhoon’s radius was larger than 30 km, the maximum significant wave height showed a sluggish growth trend and even may have had a decreasing tendency. With respect to the storm surge, the results from both typhoons showed that the area influenced was larger when the typhoon radius was larger. In the case of Typhoon Muifa, the maximum storm surge increased in a nearly linear pattern when the typhoon radius expanded. The Intensity Index increased initially and then decreased when the typhoon radius was greater than 20 km. In the case of Typhoon Lekima, the maximum storm surge increased in a nearly linear pattern when the typhoon radius was smaller than 30 km. When the typhoon radius was larger than 30 km, the maximum storm surge decreased, because the typhoon wind field first increased then decreased from the typhoon center to the periphery. The Intensity Index had a similar pattern.



In the typhoon translation speed experiments, a fast translation speed triggered a storm surge resonance. The significant wave height on both paths showed that the area influenced by the typhoon was smaller when the typhoon was moving faster. The experiments with Typhoon Muifa and Typhoon Lekima showed a similar pattern in the significant wave heights and storm surges. When the typhoon translation speed was faster, the duration of the high significant wave height was longer. The maximum significant wave height did not change much with the typhoon translation speed. The Intensity Index decreased exponentially when the typhoon translation speed was rapid.
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Figure 1. Historical paths of typhoons that have passed through the Northern East China Sea from 2000 to 2019. Different colors represent different typhoon intensities, which were classified by the China Meteorological Administration, including TD (Tropical Depression), TS (Tropical Storm), STS (Strong Tropical Storm), and TY (Typhoon). Bathymetry is shown in blue in the background. The gray dash line is the dividing line between the Bohai Sea and the Yellow Sea. The black dash line is dividing line between the Northern East China Sea and the South Yellow Sea. Data of typhoon intensities are from CMA Tropical Cyclone Data Center [32]. 
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Figure 2. The maximum wind speed field vector diagram of (a) Typhoon Muifa and (b) Typhoon Lekima over the entire typhoon events. 
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Figure 3. Landforms of the Northern East China Sea. Locations of buoys (QF101, QF103, QF104, and QF104) and stations (HHG, WFG, LKO, WMT, and RZH) are marked. 
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Figure 4. Reanalyzed ERA data and observations of the wind speed of Typhoon Muifa (a–d) and Typhoon Lekima (e–h) at buoys (a,d) QF101, (b,f) QF103, (c,g) QF104, and (d,h) QF114. The red line represents observations, and the black line represents reanalyzed data from ERA5. 
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Figure 5. Simulation and observations of a significant wave height of Typhoon Muifa (a–c) and Typhoon Lekima (d–g) at buoys (a,d) QF101, (e) QF103, (b,f) QF104, and (c,g) QF114. The red line represents observations, and the black line represents reanalyzed data from ERA5. 
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Figure 6. Simulation and observations of the storm surge of Typhoon Muifa (a–e) and Typhoon Lekima (f–j) at stations (a,f) HHG, (b,g) WFG, (c,h) LKO, (d,i) WMT, and (e,j) RZH. The red line represents observations, and the black line represents simulations calculated with the SWAN + ADCIRC model. 
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Figure 7. Spatial distribution of a significant wave height when the maximum wind speed was (a) 10 m/s, (b) 20 m/s, (c) 30 m/s, (d) 40 m/s, and (e) 50 m/s based on Typhoon Muifa and (f) 10 m/s, (g) 20 m/s, (h) 30 m/s, (i) 40 m/s, and (j) 50 m/s based on Typhoon Lekima. 
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Figure 8. Significant wave height associated with the maximum wind speed over time at (a) QF101, (b) QF103, (c) QF104, and (d) QF114 for Typhoon Muifa and (e) QF101, (f) QF103, (g) QF104, and (h) QF114 for Typhoon Lekima. 
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Figure 9. Spatial distribution of the storm surge when the maximum wind speed was (a) 10 m/s, (b) 20 m/s, (c) 30 m/s, (d) 40 m/s, and (e) 50 m/s for Typhoon Muifa and (f) 10 m/s, (g) 20 m/s, (h) 30 m/s, (i) 40 m/s, and (j) 50 m/s for Typhoon Lekima. 
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Figure 10. Storm surge associated with the maximum wind speed over time at (a) HHG, (b) WFG, (c) LKO, (d) WMT, and (e) RZH for Typhoon Muifa and (f) HHG, (g) WFG, (h) LKO, (i) WMT, and (j) RZH for Typhoon Lekima. 
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Figure 11. Spatial distribution of the significant wave height when the RMW was (a) 10 km, (b) 20 km, (c) 30 km, (d) 40 km, and (e) 50 km based on Typhoon Muifa and (f) 10 km, (g) 20 km, (h) 30 km, (i) 40 km, and (j) 50 km based on Typhoon Lekima. 
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Figure 12. Significant wave height associated with RMW over time at (a) QF101, (b) QF103, (c) QF104, and (d) QF114 for Typhoon Muifa and (e) QF101, (f) QF103, (g) QF104, and (h) QF114 for Typhoon Lekima. 
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Figure 13. Spatial distribution of the storm surge when the RMW was (a) 10 km, (b) 20 km, (c) 30 km, (d) 40 km, and (e) 50 km based on Typhoon Muifa and (f) 10 km, (g) 20 km, (h) 30 km, (i) 40 km, and (j) 50 km based on Typhoon Lekima. 
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Figure 14. Storm surge associated with the RMW over time at (a) HHG, (b) WFG, (c) LKO, (d) WMT, and (e) RZH for Typhoon Muifa and (f) HHG, (g) WFG, (h) LKO, (i) WMT, and (j) RZH for Typhoon Lekima. 
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Figure 15. Spatial distribution of a significant wave height when the translation speed was (a) 7.5 km/h, (b) 15 km/h, (c) 30 km/h, and (d) 60 km/h based on Typhoon Muifa and (e) 7.5 km/h, (f) 15 km/h, (g) 30 km/h, and (h) 60 km/h based on Typhoon Lekima. 






Figure 15. Spatial distribution of a significant wave height when the translation speed was (a) 7.5 km/h, (b) 15 km/h, (c) 30 km/h, and (d) 60 km/h based on Typhoon Muifa and (e) 7.5 km/h, (f) 15 km/h, (g) 30 km/h, and (h) 60 km/h based on Typhoon Lekima.



[image: Jmse 10 00192 g015]







[image: Jmse 10 00192 g016 550] 





Figure 16. Significant wave height associated with the translation speed over time at (a) QF101, (b) QF103, (c) QF104, and (d) QF114 for Typhoon Muifa and (e) QF101, (f) QF103, (g) QF104, and (h) QF114 for Typhoon Lekima. 
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Figure 17. Spatial distribution of the storm surge when the translation speed was (a) 7.5 km/h, (b) 15 km/h, (c) 30 km/h, and (d) 60 km/h based on Typhoon Muifa and (e) 7.5 km/h, (f) 15 km/h, (g) 30 km/h, and (h) 60 km/h based on Typhoon Lekima. 
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Figure 18. Storm surge associated with the translation speed over time at (a) HHG, (b) WFG, (c) LKO, (d) WMT, and (e) RZH for Typhoon Muifa and (f) HHG, (g) WFG, (h) LKO, (i) WMT, and (j) RZH for Typhoon Lekima. 
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Figure 19. Variation in the maximum value of the significant wave height with (a–d) the maximum wind speed, (b–e) typhoon radius, and (c–f) typhoon translation speed for Typhoon Muifa/Lekima. 
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Figure 20. Variation in the maximum value of the storm surge (Intensity Index) with the (a–d) maximum wind speed, (b–e) typhoon radius, and (c–f) typhoon translation speed for Typhoon Muifa. Variation in the maximum value of the storm surge (Intensity Index) with the (g–i) maximum wind speed, (h–k) typhoon radius, and (i–l) typhoon translation speed for Typhoon Lekima. 
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Figure 21. Fitted curve between the maximum significant wave height and (a) maximum wind speed; (b) radius of the maximum wind speed; (c) typhoon translation speed, maximum storm surge, and (d) maximum wind speed; (e) radius of the maximum wind speed; (f) typhoon translation speed; the Intensity Index of the maximum storm surge; and the (g) maximum wind speed, (h) radius of maximum wind speed, and (i) typhoon translation speed. 
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Table 1. Maximum wind speed, strong wind duration, and landfall information for 12 typhoons that have passed through the Northern East China Sea. Data is from CMA Tropical Cyclone Data Center [32].
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	Typhoon Number
	Typhoon Name
	Maximum Wind

(m/s)
	Duration of Wind above 40 m/s (h)
	Duration of Winds above 60 m/s (h)
	Landfall on Shandong Peninsula





	200004
	Kai_Tai
	35
	0
	0
	N



	200209
	Fengshen
	55
	186
	0
	Y



	200509
	Matsa
	45
	66
	0
	Y



	200515
	Khanun
	50
	54
	0
	N



	200713
	Wipha
	55
	30
	0
	Y



	201105
	Meari
	30
	0
	0
	Y



	201109
	Muifa
	65
	144
	6
	N



	201210
	Damrey
	40
	6
	0
	Y



	201410
	Matmo
	42
	18
	0
	Y



	201810
	Ampil
	28
	0
	0
	Y



	201818
	Rumbia
	25
	0
	0
	Y



	201909
	Lekima
	62
	63
	3
	Y
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Table 2. Design of the sensitivity experiments. In each experiment, only one parameter was varied.






Table 2. Design of the sensitivity experiments. In each experiment, only one parameter was varied.





	
Typhoon

	
MUIFA

	
LEKIMA




	
Variate

	
Number

	
Value

	
Number

	
Value






	
Max Wind Speed (m/s)

	
1

	
10

	
18

	
10




	
2

	
20

	
19

	
20




	
3

	
25

	
20

	
25




	
4

	
30

	
21

	
30




	
5

	
35

	
22

	
35




	
6

	
40

	
23

	
40




	
7

	
45

	
24

	
45




	
8

	
50

	
25

	
50




	
Radius (km)

	
9

	
10

	
26

	
10




	
10

	
20

	
27

	
20




	
11

	
30

	
28

	
30




	
12

	
40

	
29

	
40




	
13

	
50

	
30

	
50




	
Translation Speed (km/s)

	
14

	
7.5

	
31

	
7.5




	
15

	
15

	
32

	
15




	
16

	
30

	
33

	
30




	
17

	
60

	
34

	
60











[image: Table] 





Table 3. Maximum wind speed and central pressure of the typhoons in the experiments of the maximum wind speed.
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	Maximum Wind Speed (m/s)
	10
	20
	25
	30
	35
	40
	45
	50



	Minimum Pressure (hPa)
	1003
	993
	987
	981
	974
	967
	960
	953
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Table 4. The absolute error and relative error between the observed data and ERA5 reanalyzed data for the wind speed at four stations (QF101, QF103, QF104, and QF114) during Typhoon Muifa and Typhoon Lekima. Significant digits are reserved to three decimal places.
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Typhoon

	
Typhoon Muifa

	
Typhoon Lekima




	
Station

	
Absolute Error (m)

	
Relative Error

	
Absolute Error (m)

	
Relative Error






	
QF101

	
1.014

	
0.221

	
−0.085

	
−0.003




	
QF103

	
−3.686

	
−0.565

	
−0.381

	
−0.035




	
QF104

	
−0.109

	
−0.108

	
−0.207

	
−0.123




	
QF114

	
0.681

	
0.094

	
−0.285

	
−0.076
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Table 5. The absolute error and relative error between the observed data and ERA5 reanalyzed data for a significant wave height at four stations (QF101, QF103, QF104, and QF114) during Typhoon Muifa and Typhoon Lekima. Significant digits are limited to three decimal places.






Table 5. The absolute error and relative error between the observed data and ERA5 reanalyzed data for a significant wave height at four stations (QF101, QF103, QF104, and QF114) during Typhoon Muifa and Typhoon Lekima. Significant digits are limited to three decimal places.





	
Typhoon

	
Typhoon Muifa

	
Typhoon Lekima




	
Station

	
Absolute Error (m)

	
Relative Error

	
Absolute Error (m)

	
Relative Error






	
QF101

	
−0.218

	
−0.693

	
−0.012

	
−0.113




	
QF103

	

	

	
−0.348

	
−0.318




	
QF104

	
0.136

	
0.214

	
−0.178

	
−0.090




	
QF114

	
0.255

	
0.276

	
0.184

	
0.139
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Table 6. The absolute error and relative error between the observed data and ERA5 reanalyzed data for a storm surge at five stations (HHG, WFG, LKO, WMT, and RZH) during Typhoon Muifa and Typhoon Lekima. Significant digits are limited to three decimal places.
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Typhoon

	
Typhoon Muifa

	
Typhoon Lekima




	
Station

	
Absolute Error (m)

	
Relative Error

	
Absolute Error (m)

	
Relative Error






	
HHG

	
−0.008

	
−7.845

	
−0.208

	
−3.31




	
WFG

	
−0.034

	
3.048

	
−0.207

	
0.010




	
LKO

	
0.014

	
0.515

	
−0.010

	
0.218




	
WMT

	
−0.032

	
0.261

	
0.028

	
6.524




	
RZH

	
−0.017

	
−4.639

	
0.078

	
−0.923
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