

[image: Effects of ocean states coupling on the simulated Super Typhoon Megi (2010) in the South China Sea]
Effects of ocean states coupling on the simulated Super Typhoon Megi (2010) in the South China Sea





ORIGINAL RESEARCH

published: 28 February 2023

doi: 10.3389/fmars.2023.1105687

[image: image2]


Effects of ocean states coupling on the simulated Super Typhoon Megi (2010) in the South China Sea


Minglin Zheng †, Ze Zhang †, Weimin Zhang *, Maoting Fan and Huizan Wang


College of Meteorology and Oceanography, National University of Defense Technology, Changsha, China




Edited by: 

Jinbao Song, Zhejiang University, China

Reviewed by: 

Li Yineng, South China Sea Institute of Oceanology (CAS), China

Jae-Hyoung Park, Pukyong National University, Republic of Korea

*Correspondence: 

Weimin Zhang
 weiminzhang@nudt.edu.cn










†These authors share first authorship


Specialty section: 
 This article was submitted to Physical Oceanography, a section of the journal Frontiers in Marine Science


Received: 23 November 2022

Accepted: 16 January 2023

Published: 28 February 2023

Citation:
Zheng M, Zhang Z, Zhang W, Fan M and Wang H (2023) Effects of ocean states coupling on the simulated Super Typhoon Megi (2010) in the South China Sea. Front. Mar. Sci. 10:1105687. doi: 10.3389/fmars.2023.1105687



Responses of the South China Sea (SCS) to a typhoon are complex due to the susceptible upper layer and active multiscale motions and thus need to be urgently resolved and validated in numerical simulations. A coupled atmosphere–ocean–wave model and various in-situ observations were applied to understand the strong interactions between Super Typhoon Megi (2010) and the SCS, especially the wave effects on typhoon simulation. Five sensitive experiments using different combinations of models were firstly conducted and compared to validate the effectiveness of the ocean coupling. Compared with WRF-only and ROMS-only outputs, the coupled experiments evidently improved the accuracy of typhoon intensity, the typhoon-induced cold wake, and significant wave height, along with the thermodynamical responses in the upper 400 m layer, including the near-inertial currents, the variation in ocean heat content, and mixed layer depth. However, the differences between WRF-ROMS and COAWST were slight, though the significant wave height was more than 9 m high in COAWST. Further analysis showed that the modification of heat flux, which could cancel out the effect due to the wave-induced surface roughness, is consistent with that of momentum flux in the wave-coupled experiment. This resulted in similar overall results. To further figure out the wave effects on typhoon and eliminate the contingency brought by the surface physical parameterization scheme, six experiments using three surface physical parameterization schemes were designed with and without wave coupling, separately. The sensible heat flux showed significant differences between three schemes, followed by the latent heat flux and the correspondingly changing momentum loss. Results support the above-mentioned conclusion that the typhoon intensity was determined by the net surface flux. Our findings highlight the necessity in using a high-resolution coupled atmosphere–ocean–wave model and proper surface physical parameterization, especially when coupling waves to make accurate regional numerical environment predictions.
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1 Introduction

Tropical cyclones (TCs) are extreme weather disasters that cause severe casualties and property damage to coastal areas worldwide, and are particularly frequent in the Western Pacific Ocean (WP) (D’Asaro et al., 2011). Under the context of the increasing ocean warmth with global warming, TC climates are changing, i.e., increasing in intensity and decreasing in frequency over the past 30 years (Kang and Elsner, 2015). Therefore, it is becoming even more important to improve the accuracy of forecasting TC track and intensity, as well as storm surges and ocean waves to support the mission of protecting lives and property in coastal regions. It is well-recognized that the TC intensity is strongly modulated by air–sea interactions due to the feedback of upper ocean response (Price, 1981) and the pre-existing ocean states, such as mesoscale eddies and pre-TC ocean mixed layer thickness topography (Jaimes and Shay, 2009). To improve forecasting, a better understanding of the effects of ocean states on simulations of TC is required.

The South China Sea (SCS), located on the edge of the Northwest Pacific Ocean (NWP), is an almost enclosed basin with narrow straits connecting both Pacific and Indian Oceans. With its highly complex topography and relatively unique meteorological and changing hydrological environments, the SCS is one of the most sensitive regions to weather and climate change in the Northern Hemisphere and an area with frequent TC activities (Wang et al., 2007). Since typhoon-induced wind stress may lead to significant changes in SCS circulation and near-inertial oscillation (Guan et al., 2014; Ko et al., 2014), frequent typhoons may further enhance the complexity of the ocean environment in the SCS conversely. The ocean responses to a typhoon over the NWP differs significantly from one that passes over the SCS since the mixed layer in the SCS is generally shallower than that in the NWP (Thompson and Tkalich, 2014; Mei et al., 2015) with the interactions between complex motion of various scales being more active, such as the strong internal tides (Guan et al., 2014). Therefore, more significant surface temperature variations can occur than in the deep open NWP (Qu et al., 1997). Unlike NWP, the complex background ocean environment in the SCS may have a complex modulation effect on the response of the upper ocean to typhoons, which increases the difficulty of forecast and has drawn much interest in decades (Chu et al., 2000; Tseng et al., 2010; Chen et al., 2012; Ko et al., 2014).

Typhoon Megi was among the most severe TCs in the SCS with a maximum 10-m wind speed of 72 m s−1. After passing through Luzon into the SCS, it took a large turn and followed an essentially northward track, and induced an intense cold wake (Ko et al., 2014) with a large size and a subcritically slow translation speed. Researchers have conducted various studies on the ocean response to Megi during this process. Through numerical simulation experiments by the ocean model three-dimensional Price-Weller-Pinke (3D PWP) only, and by controlling the TC size, translation speed, or ocean upwelling (Li and Wen, 2017; Pun et al., 2018), they noted that the noticeable sea surface cooling (SSC) in the upper layer of the SCS induced by Megi can be attributed to strong upwelling associated with vertical entrainments in the shallower thermocline. The characteristics of observed and simulated near-inertial oscillation and cold wake were also studied by a simply coupled atmosphere–ocean model (Guan et al., 2014; Ko et al., 2014). Wu et al. (2016) used the coupled WRF and 1D or 3D PWP model to simulate the process of Typhoon Megi in NWP and SCS, respectively, and the results show that the simulation in SCS could be close to the observation only in the 3D model, which indicates the importance of considering advection processes in simulation. These studies illustrate a strong interaction between Typhoon Megi and the ocean.

However, coupling of the ocean to the atmosphere could not be enough to understand the interactions between TCs. In order to understand the physical processes through the air–sea interface during extreme weather like typhoons in the SCS and to improve typhoon forecasting, high-resolution regional coupled atmosphere–ocean–wave models have been employed for extensive studies and found to effectively improve the simulation of wind speed, overall storm evolution and structure of TC, and the thermal and dynamical characteristics of the ocean response (Liu et al., 2012; Chen et al., 2013; Wu et al., 2018; Lim Kam Sian et al., 2020; Sun et al., 2021). Although coupling ocean state has been proven to be useful, the influence of coupling waves on simulated TC intensity is uncertain. Waves’ feedback onto TCs occurs through modulating upper ocean mixing (Zhou et al., 2019) as well as modifying the heat and momentum exchange between air and sea by generating sea sprays and adjusting sea surface roughness (Holthuijsen et al., 2012; Lim Kam Sian et al., 2020). When coupling waves under high wind conditions, stronger mixing may enhance ocean cooling and give negative feedback to TC intensity, while sea sprays produced by surface wave breaking might have a positive effect on TC intensity by increasing the heat flux to the atmosphere and reduction of drag coefficient (Liu et al., 2012; Chen et al., 2013). Therefore, the effect of coupling waves when simulating TCs needs to be further clarified (Liu et al., 2022).

In order to investigate the effects of fully atmosphere–ocean–wave coupling on simulated TC and understand how ocean states coupling improves the accuracy of simulation, we chose Typhoon Megi as the research object and set two groups of experiments, including five sensitive experiments using different combinations of component models, and six experiments using three surface physical parameterization methods in the MYNN scheme with coupled models. The rest of the paper is organized as follows. The data, methods used to optimize the simulation, and experiment settings will be described in Section 2. In Section 3, results and analysis will be provided to validate the effectiveness of coupling ocean states in simulating Megi by comparing experiments and observations. The discussion on the effect of coupling waves in typhoon simulation will be presented in Section 4. Conclusions and discussion will follow in Section 5.



2 Data and methods


2.1 Data

The data used in this paper include TC trajectories and intensities, satellite-derived sea surface temperature (SST) maps, atmospheric and ocean reanalysis, mooring observation, and Argo profiles.

TC information was obtained from the CMA Tropical Cyclone Data Center (China Meteorological Administration, https://tcdata.typhoon.org.cn/en/zjljsjj_sm.html), including the best track, locations of TC center, maximum sustained wind speeds, and minimum central pressure (Lu et al., 2021).

SST maps were retrieved from the Remote Sensing Systems [microwave and infrared merged OI SST product (MW+IR), https://www.remss.com/measurements/sea-surface-temperature/oisst-description/], which provides cloud penetrating daily SST with a resolution of 9 km × 9 km.

The HYCOM reanalysis results (GLBv0.08/expt_53.X) in the SCS were used to analyze the SSC. The data have a spatial resolution of 1/12° and a temporal interval of 3 h, which are available from https://www.hycom.org/data/glbv0pt08/expt-53ptx. The HYCOM reanalysis (GLBu0.08/expt_19.1) used to initialize the ocean conditions in ROMS was downloaded from https://www.hycom.org/data/glbu0pt08/expt-19pt1.

Temperature and salinity profiles were obtained from the Argo datasets passed through quality control, provided by the China Argo Real-time Data Center (http://www.argo.org.cn/). Four Argo floats (A1, A2, A3, and A4) near the track of Typhoon Megi were chosen, with details shown in Figure 1.




Figure 1 | Best track of Typhoon Megi (2010) and topography of the SCS (contour, black dashed line: −200 m and −1,000 m). Different colors of the curve and points stand for different intensities according to the Chinese National Standard for Grade of Tropical Cyclones. Magenta dots represent the positions of moorings (L1: 117°52.66’E, 21°06.57’N; R1: 118°25.61’E, 21°03.59’N), and red dots represent the positions of recorded Argo floats (A1: 118.8030°E, 18.6820°N; A2: 117.1080°E, 17.7550°N; A3: 117.2930°E, 17.3730°N; A4: 115.3280°E, 16.0760°N). The double maximum wind radius of Megi at 00 UTC on 22 October is indicated by the dashed magenta circle.



As part of the South China Sea Internal Wave Experiment (SCSIWEX), two moorings (L1 and R1) were deployed in the northern SCS (Figure 1) from August 2010 to April 2011 (Guan et al., 2014). The center of Typhoon Megi, as a severe typhoon, passed between moorings L1 and R1 at 00 UTC on 22 October, with a relatively slow translation speed of 2.4 m s−1 and a maximum sustained 10-m wind speed of 45 m s−1. Moorings L1 and R1 were approximately 38 km to the left and 26 km to the right of the typhoon track, respectively.

The moorings were equipped with 75 kHz ADCP (Acoustic Doppler Current Profilers) at approximately 400 to 500 m, as well as temperature chains, to measure upper ocean velocity, temperature, and salinity. All of the ADCPs sampled the upper ocean in 8-m bins and formed ensembles every 3 or 5 min. The sampling time interval of the temperature chain was 1 min, with 10-m vertical resolution. Thus, the moorings L1 and R1 contributed to the deeper layer observations, but mooring L1 was equipped only with ADCP and mooring R1 was equipped with both ADCP and temperature chain. Detailed information about each mooring is shown in Figure 1.



2.2 Model and experimental design


2.2.1 Atmospheric model: WRF

The WRF model is a non-hydrostatic, quasi-compressible atmospheric model, with many options available for each physical process, and has been widely used in numerical experiments and forecasts (Skamarock et al., 2008).

In this study, the WRF model was initialized at 00 UTC on 19 October 2010, on the basis of ERA5 reanalysis (Hersbach et al., 2017; Hersbach et al., 2020) with a 0.25° horizontal resolution and 1-h time interval. Terrain data from the University Corporation for Atmospheric Research (UCAR) with a 2-min horizontal resolution were also used to construct the initial and boundary fields. The nested two-way feedback grid was deployed, covering the SCS, from 105°E to 130°E and 8°N to 30°N. The resolution of the outer grid was 9 km and that of the inner grid was 3 km with moving nesting. There were 48 layers in the vertical direction of WRF with the model top of 50 hPa.

Due to the low resolution of ERA5 reanalysis data, the initial vortex of Typhoon Megi was generally weak and poorly positioned. To reflect the real initial vortex intensity and structure, the bogussing scheme, a revised technique (Davis and Low-Nam, 2001), was firstly used. It could detect the vortex by calculating the vorticity near the given location and remove the vorticity anomaly, and relocate an axisymmetric vortex based on the best track data.

To further improve the simulation for typhoon track and intensity, the spectral nudging (SN) technique (Waldron et al., 1996; Von Storch et al., 2000; Guo and Zhong, 2017) was further applied to horizontal winds for all layers of the ERA5 data. A nudging coefficient of 0.0002 s−1 was used for all the nudging variables. A wave number of 2 and 3 was used for the zonal direction and the meridional direction, respectively, and hence, waves with wavelengths equal to or greater than approximately 1,200 km were nudged. This approach considers small-scale information due to the interaction between large-scale atmospheric flows and small-scale geographical features (e.g., topography). Forcing is present at the side boundaries and in the interior and can be retained by adding a nudging term to the frequency domain, effective for large scales while not affecting small scales.



2.2.2 Oceanic model: ROMS

The ROMS model is a free-surface, terrain-following, three-dimensional ocean model that solves the hydrostatic primitive equations for momentum by using a split-explicit time-stepping scheme (Shchepetkin and McWilliams, 2005). A stretched terrain-following coordinate is used in ROMS to discretize the primitive equations over variable topography in the vertical direction. These coordinates allow higher resolutions over the study area.

The ROMS was initialized with the output of HYCOM GLBu0.08/expt_19.1 with the resolution of 1/12° globally. Topographic data ETOPO2 (2-minute Gridded Global Relief Data) were also used to construct the initial and boundary fields. The ROMS domain spans 8–30°N and 105–130°E with a grid resolution of 1/26° × 1/26°. Twenty-four levels were used in the vertical for the stretched terrain-following coordinate with the following vertical stretching parameters: Vtransform = 2, Vstretching = 4, θs = 6.0, θb = 0.5, TCLINE = 150, and h = 2000 (where θs is the surface stretching parameter, θb is the bottom stretching parameter, TCLINE is thermocline depth in m, and h is the maximum depth in m). The western and eastern lateral boundaries were set to periodic. The tidal forcing along the periodic boundaries was from TPXO tidal data of the Oregon State University (OSU), containing isotropic tidal information with a 0.25° horizontal resolution.

When ROMS runs alone, the atmospheric forcing field is provided by ERA5 reanalysis, while when coupled, the forcing field is provided by the atmospheric model WRF.



2.2.3 Wave model: SWAN

The SWAN model (Booij et al., 1999), a third-generation wave model, is used to simulate wave-induced surface roughness from surface wind and the effects of surface waves.

For the present study, the model grids for SWAN were the same as for ROMS. It is hot-started, where the boundary field uses the WW3 global wave data provided by NCEP (National Centers for Environmental Prediction), containing wave height, wave direction, and wave period, with a 0.5° resolution. When SWAN runs alone, the wind forcing field is from ERA5 reanalysis, but when coupled, the wind field is provided by the atmospheric model WRF.



2.2.4 The fully coupled atmosphere–ocean–wave model

The fully coupled atmosphere–ocean–wave model used in this paper is COAWST developed by Warner et al. (2010) at the Woods Hole Oceanographic Institution, containing the mesoscale atmospheric model WRF, the regional ocean model ROMS, and the wave model SWAN, which proved to be suitable for simulating waves nearshore. All component models are coupled by the MCT toolkit and data are exchanged every 9 min during the coupling process.

During the simulation, the WRF model provides the ocean model ROMS with 10-m winds, atmospheric pressure, relative humidity, and other atmospheric variables such as precipitation and longwave and shortwave radiation, and receives SST from ROMS. At the same time, WRF provides the 10-m wind field to drive the wave model SWAN, which affects the wavefield and in turn receives the wave height and wavelength from SWAN to calculate the sea surface roughness.

Waves also significantly impact the currents through the radiative stresses forcing seawater and mass transport due to Stokes drift and wave-enhanced bottom stresses. At the same time, currents also have a complex impact on waves and affect the wave balance in two ways, either by currents modifying the 10-m wind field of the atmospheric model and thus causing changes in the source term wind stress or by currents modifying the group velocity and then affecting the wave elements. Therefore, the SWAN model provides ROMS with the wave height, wavelength, direction, period, and other information, and receives the current velocities, free surface lift, and depth (bathymetry).



2.2.5 Experimental designs

The simulation was conducted from 00 UTC 19 October 2010 to 00 UTC 24 October 2010, i.e., 120 h, during the passage of Super Typhoon Megi over the northern SCS.

In order to explore the effects of the coupled model on the simulated Typhoon Megi, five experiments were designed. The first three simulations were conducted with the WRF, ROMS, and SWAN models, separately. Then, we compared the simulations between the coupled atmosphere–ocean model, which contained the WRF and ROMS, and the fully coupled atmosphere–ocean–wave model, WRF-ROMS-SWAN, simply named COAWST. Configurations in each of the three component models are summarized in Table 1.


Table 1 | Main experimental settings and summary of configurations across the three component models.



To further figure out the effect of waves on the surface physical process during Typhoon Megi’s passage over the SCS, another six experiments using three surface physical parameterization methods in the MYNN scheme with and without wave coupling were conducted. The newly conducted experiments with wave coupling were named C_M0, C_M1, and C_M2, while the ones without wave coupling were named WR_M0, WR_M1, and WR_M2, respectively, and the details are shown in Table 2. The parameterization methods differ in z0, zt, and zq, that is, the roughness length, thermal roughness length, and moisture roughness length, respectively. M0 means the MYNN surface scheme with z0, zt, and zq from the COARE algorithm, and M1 means the MYNN scheme with z0 from Davis et al. (2008) and zt and zq from COARE 3.0, while M2 means the MYNN scheme with the same algorithm calculating z0 as M1 but zq and zt with Garratt (1992). In this group of experiments, WR_M0 is the same as the WRF-ROMS and C_M0 is the same as the COAWST in the first group of experiments.


Table 2 | Setting of the second group of experiments.







3 Validation of simulation results


3.1 Typhoon simulation

Super Typhoon Megi was the strongest and longest-lived TC over the NWP and SCS during 2010. Developed as a tropical depression on 13 October 2010 in the western north Pacific, Megi intensified gradually as it proceeded on a westerly course and experienced a rapid intensification from 16 to 18 October during which Megi attained its peak intensity and upgraded to a super typhoon (maximum surface wind ≥ 51.0 m s−1) in the east of the Philippines. After passing through Luzon into SCS, Megi degraded dramatically to a strong typhoon at 18 UTC 18 October and headed to the northern SCS by an essentially northward track. Based on the best track data provided by CMA (Figure 1), Megi made a sharp northeastward motion at 00 UTC 20 October (Figures 2B, C). Lingering in the SCS for 5 days with a relatively slow speed of 2.0–3.5 m s−1, it made landfall on the southern coast of Fujian province of China at 16 UTC 23 October.




Figure 2 | (A) Track of Typhoon Megi with every 6-h position, (B) the storm’s central minimum sea level pressure (hPa), and (C) the maximum sustained 10-m wind speed (m s−1) from 00 UTC 19 Oct to 00 UTC 24 Oct 2010. The results based on CMA best-track data are shown in black, and the simulation results of other experiments are also shown in blue, green, and red for WRF-only, WRF-ROMS, and COAWST, respectively.



Comparison of typhoon track and intensity between the CMA best track data and the simulated results from WRF-only, WRF-ROMS, and COAWST is shown in Figure 2. Except for the first 12 h (00 UTC to 12 UTC 19 Oct), the path, structure, intensity changes, and recurvature of Super Typhoon Megi were effectively reproduced by the coupled models by using dynamic initialization and large-scale spectral nudging techniques. The simulated trajectories of Megi from WRF-only, WRF-ROMS, and COAWST are close to the CMA best track, with the mean absolute errors (MAEs) of 50.2 km, 48.2 km, and 47.7 km, respectively. The error of TC center was mainly from the turning point and the imminent landfall point, where the typhoon was affected by the complex terrain.

Although the simulated track is consistent with the observation, both the maximum 10-m wind speed (MWS) and minimum sea level pressure (MSLP) vary significantly among the WRF-only and the coupled experiments WRF-ROMS and COAWST as compared to the CMA best track data (Figures 2B, C). Since the WRF-only experiment used a prescribed SST condition from ERA5 reanalysis and thereby contained no ocean feedback, it appears that the WRF-only experiment overestimated the TC intensity during the typhoon steady state (18 UTC 19 Oct to 18 UTC 21 Oct), as compared to the CMA observation. In contrast, the WRF-ROMS and COAWST generally achieved a better typhoon intensity by using the ocean model to resolve a flow-dependent SST condition and consider the negative feedback from ocean. In the steady state of simulation, the simulated TC intensity in WRF-only is too high, while the simulated MSLP and wind speed in WRF-ROMS and COAWST is closer to the CMA observation. Overall, the MAE of TC intensity is reduced by approximately 36% compared to WRF-only.



3.2 Along-track sea surface cooling

The simulated SST of the ROMS, WRF-ROMS, and the COAWST was also checked and compared with the MW+IR OISST and HYCOM, as shown in Figure 3. Both WRF-ROMS (Figure 3D) and COAWST (Figure 3E) basically simulated the distribution of cold along-track SST observed by satellite (Figure 3A) or shown in HYCOM reanalysis (Figure 3B), though the discrepancy in magnitude is slightly big between HYCOM and simulations. Due to the weak atmospheric forcing, the simulated SST in ROMS-only is comparatively higher (Figure 3C).




Figure 3 | (A, B) Observed SST (units: °C) from MW+IR OISST, HYCOM reanalysis and (C–E) simulated SST from different experiments at 18 UTC 22 Oct. The track in (A, B) is derived from CMA best track data, (C) is derived from ERA5 reanalysis, and (D, E) is derived from its own simulation. (F) Observed and simulated average SST cooling of the cold wake. The corresponding values from MW+IR OISST are marked with black asterisks because of the daily interval of data.



Since the SST observed by satellite on the initial day (19 Oct) is approximately 2°C lower in the region of Megi’s passage than the HYCOM reanalysis, which is used for the initial field for ocean model in all experiments (figures not shown), the magnitude of SSC should be analyzed to estimate the performance of ocean response in different experiments. The range of cold wake was detected by the POLAR method (Zhang et al., 2019) from SSC. The SSC for each 6-hourly track point was defined as the SST difference between the temperature at each time spot and the temperature at the initial time, i.e., 00 UTC 19 Oct. The SSC field was firstly unified to a 0.125° resolution and converted to a polar projection centered at the TC center and azimuthally averaged with the interval of 1°. Finally, the cold wake radius was determined based on two criteria: (1) averaged SSC smaller than a threshold value of −0.7°C and (2) the radial gradient of averaged SSC< 0.1°C per 1°. After the cold wake detection, the average SSC in the cold wake area is calculated to validate the simulated cooling.

As shown in Figure 3F, compared to ROMS-only, WRF-ROMS and COAWST enhance the SSC by 60.38% and 60.36% on average, respectively. Though the SSC is 0.5°C greater than satellite observation due to the stronger simulated surface wind, it is still acceptable. It is significant that the HYCOM reanalysis overestimated the SSC, including the magnitude, and the time when maximum cooling occurs. This may be related to the lack of tidal forcing in the HYCOM reanalysis (Cao et al., 2021), which may result in stronger near-inertial waves, which, in turn, increases turbulent mixing (Guan et al., 2014).

In summary, discrepancies exist between the simulated results and observed data, but the coupled experiments WRF-ROMS and COAWST show good consistency with both observations and reanalysis data after Megi entered the SCS, especially during the most intense stage.



3.3 Thermal response

To further understand the effects on the upper ocean thermal and dynamical responses during Typhoon Megi, the ocean temperature and salinity profile, ocean currents, and the changes in ocean mixed layer depth (MLD) were checked and compared with the in-situ observations.

The temperature and salinity profile of four Argo floats (A1–A4), as introduced previously, were plotted and compared in the upper 1,000 m depth in Figures 4A–H. The figure shows that all three experiments can simulate the vertical distribution of ocean temperature and salinity well and with slight difference, especially where the vertical temperature gradient is large, that is, at the MLD. The two Argo floats, A2 and A3, are located on the TC track and most affected by the typhoon obviously, followed by A1. In the upper ocean at depths of 0–300 m, the MAE of temperature was reduced by 47%, 81%, and 51% in WRF-ROMS and 40%, 83%, and 47% in COAWST for A1, A2, and A3, compared to ROMS-only, respectively. As A4 is far away from the TC track, the results in different experiments are similar, indicating that it is almost unaffected by the typhoon. The good performance of coupled experiments demonstrates the effectiveness in thermohaline structure simulation.




Figure 4 | Comparison of temperature profile (top) and salinity profile (bottom) between observation and simulation at each position of Argo floats A1 (A, E), A2 (B, F), A3 (C, G) and A4 (D, H).



Besides Argo float records, the observations of two moorings located to the left and right sides of the TC center at 00 UTC 22 Oct were also examined to verify the effectiveness of ocean state simulation. Figure 5 shows the upper ocean thermal structure evolving captured by mooring R1. The upper layer was warm and thick before the intrusion of Typhoon Megi, with the 26°C isothermal line at approximately 80 m depth (Figure 5A), suggesting the fore-eye warming in the open sea. After the passage of Typhoon Megi, the rapid rise of isothermal lines up to 50 m toward the sea surface occurred nearly the entire observed water column (from 60 to 360 m; Figure 5A), indicating a strong Ekman-pumped upwelling due to the relatively slow movement of Megi in SCS (Price, 1981; Guan et al., 2014). This phenomenon is better captured by WRF-ROMS and COAWST (Figures 5C, D), as the shallowing of the temperature mixed layer and the uplifting of the thermocline were qualitatively depicted in both coupled experiments, while the ROMS-only simulated moderate cooling in the upper layer (Figure 5B).




Figure 5 | (A–D) Comparison of contours of temperature versus time and depth between (A) Mooring R1 and simulation (B) ROMS-only, (C) WRF-ROMS, and (D) COAWST at the position of mooring R1. The 14, 20, and 26°C isothermal lines are plotted and labeled. (E) Ocean heat content (units: J cm−2) integrate between 60 m and 200 m at the position of mooring R1. (F) Lead-Lag correlation coefficient between experiments and the observation. Vertical lines in (A–E) indicate the times during Megi’s approaching, arriving, and passing over.



With the colder thermocline water lifted up, the upper ocean heat content (OHC) decreased. To verify the simulation of this process in each experiment, the OHC from 60 m to 200 m was estimated via the following equation:

 

Where ρ0 = 1,024 kg m-3 is the reference water density and Cρ = 4,000 J k°C-1 is the heat capacity.

Figure 5E compares the OHC between observation by mooring R1 and the simulations of three experiments. Both observation and simulation can capture the variation of OHC though it is higher in simulations. As Typhoon Megi approaches, there is a slight increase. When Megi arrived, the strong wind near the inner core of TC leads to the sudden cooling of the upper ocean. Comparing the pre-typhoon (mean value from 00 UTC 19 Oct to 06 UTC 21 Oct) and post-typhoon (mean value of the lowest points) OHC at the position of R1, after the passage of Megi, the estimated OHC decreased by 17% from 119.6 J cm−2 to 99.2 J cm−2 in observation; in ROMS-only, it decreased by 9.7% from 126 J cm−2 to 113.8 J cm−2; in WRF-ROMS, it decreased by 16% from to 126.2 J cm−2 to 106 J cm−2; and in COAWST, it decreased by 16.3% from 126.1 J cm−2 to 105.6 J cm−2. Both WRF-ROMS and COAWST simulated the decrease rate of OHC well but COAWST is better, and the underestimated decrease of OHC in ROMS-only is similar to the weak variation of isotherms due to the weak wind forcing.

The cooling process in observation lags behind that in simulations. To explore the similarity between the observed OHC and simulated OHC in trend, the lead-lag correlation is calculated in Figure 5F. The peaks show that observation lagged ROMS-only by approximately 8 h, and WRF-ROMS and COAWST by approximately 10 h, probably because the simulated typhoon was moving a little faster as it passed over the mooring R1 than the actual typhoon did (Figure 2A), and the thermal response may appear earlier. Moreover, the response to wind stress in the upper ocean below the mixed layer may also be delayed in actual conditions.

The mixed layer is critical for air–sea interaction and oceanic dynamic processes, particularly in the tropics. The MLD was shallower after the passage of Megi, but could be barely estimated through mooring R1 observation accurately, because the temperature difference between the surface and the top of the temperature chain (65 m) was unmeasured. However, it can be captured by the records from Argo floats (Figures 4A–D), and under the impact of typhoon, the MLD at A1 (approximately 60 m), A2 (approximately 50 m), and A3 (approximately 40 m) is relatively shallower than that at A4 (approximately 75 m).

The simulation also supports the observed shallower mixed layer by Argo floats after the typhoon passed. Figure 6 compares the simulated density MLD determined by a new hybrid method proposed in Holte and Talley (2009) at 00 UTC 22 October 2010. Although some differences exist between the ROMS-only, WRF-ROMS, and COAWST, it is clear that the density MLD becomes shallower in the area after the passage of Typhoon Megi. Figure 6D shows the time variation of average MLD in the inner core of the TC center at 00 UTC 22 Oct. The MLD in three experiments varied moderately when Typhoon Megi approached; all quickly increased from near 30 dbar to approximately 45 dbar. Then, the simulated MLD gradually decreased when Typhoon Megi arrived and passed by. Due to the thin mixed layer in the northern SCS and strong thermocline, the uniform upper layer was susceptible. With the strong wind in the TC forcing stage, the shallowing mixed layer was led by the active entrainment near the bottom of the mixing layer, accounting for the sharp vertical temperature or salinity shear near the sea surface. The less shallowing mixed layer and weakest MLD variation simulated by ROMS-only may indicate the impacts of strong cyclonic wind near the sea surface.




Figure 6 | Simulated density mixed layer depth (dbar) of experiments at 00 UTC 22 Oct for (A) ROMS-only, (B) WRF-ROMS, and (C) COAWST. The track (solid red line) in (A) is derived from ERA5 reanalysis, (B) is from WRF-ROMS simulation, and (C) is from COAWST simulation. (D) Comparison of the changes of density mixed layer depth, the average value in the region 50–150 km away from the TC center at 00 UTC 22 Oct (21.0°N,118.2°E).





3.4 Current response

The observed and simulated upper ocean current response at mooring L1 and mooring R1 are presented in Figure 7. Before Megi’s arrival, the background current was strong (up to 0.8–1 m s−1 at L1 and 0.6–0.9 m s−1 at R1), consisting of signals from the ocean environment, especially the strong internal tides (Figures 7A, E). After the passage of Megi, significant momentum was injected into the ocean, and the raw current velocity increased immediately at both moorings (mainly above the 100-m depth, and more consistent above 80 m). Notably, near 12 UTC 21 Oct and 06 UTC 22 Oct during the passage of Megi, the increase in northwest velocity was followed by the rise of isotherms at R1. The oscillations of the isotherms may be driven by the divergence and convergence of inertial current, which would induce subsurface water cooling and warming. Some features captured by model simulation are less obvious in the observations. All experiments showed the characteristics of near-inertial oscillations (NIOs), i.e., an increase in energy in the near-inertial period. Moreover, the observed current in the upper level was out of phase with that at deeper levels in observation, indicating the baroclinic response related to NIOs, while the results of experiments are more barotropic. However, the typhoon-generated near-inertial currents were masked in the strong background flow.




Figure 7 | Comparison of contours of raw current velocity between observation and simulation at the position of (A–D) mooring L1 and (E–H) mooring R1 versus time and depth. Vertical lines indicate the times during Megi’s approaching, arriving, and passing over.



Figures 8A, B show the 50–80 m average current, and it is mainly northwestward, which was consistent with the direction of the internal wave propagation from the Luzon Strait to the SCS. The current speed is stronger at R1 in general, indicating the right-biased intense currents, which may be caused by the resonance effect of the wind stress on the right side of the track. The clockwise-rotating motion of current speed that decayed slowly with time in observation was also well simulated in all experiments.




Figure 8 | (A, B) Comparison of ocean current direction at mooring L1 and R1 in the upper ocean (50–80 m) averaged. Vertical dashed lines indicate the times during Megi’s approaching, arriving, and passing over. (C–E) Comparison of simulated ocean currents of ROMS-only (C), WRF-ROMS (D), and COAWST (E) at 18 UTC 21 Oct. The track information is the same as Figure 3, and the tropical cyclone center at this time is marked with magenta dots.



As Typhoon Megi moves over the ocean, the wind stress caused by strong surface wind induces the adjustment of ocean currents to flow in the direction of the wind, and the current speed increased (Figures 8C–E). After the passage of the TC, the current on the left side of the track rotates clockwise as the wind stress changes, and the atypical left bias may be related to the topography, as the northern reaches are over the steep continental slope, of which the topographic beta effect could shift the ocean current westward as a whole (Ko et al., 2014). Note that the current speed in COAWST is weaker than that in WRF-ROMS, indicating the effect of wave–current interaction. With weak wind forcing, the surface current distribution is also different, not only in the magnitude of current speed, demonstrating the complex interaction between wind, current, and wave.



3.5 Surface waves

The generation and growth of surface waves are the effects of surface wind. At the same time, the wave state could modify the current structure on both sides of the air–sea interface (Liu et al., 2012). In this subsection, we validate and discuss the simulated wave results in terms of significant wave height (Hs).

Figures 9A–C demonstrate the comparison between the significant wave height (Hs) at 00 UTC 22 Oct in ERA5 reanalysis and the simulation of COAWST and SWAN-only. Both COAWST and SWAN-only simulated the observed largest Hs in the continental slope and shelf regions (Figure 1) due to the piled-up effect. However, in terms of the magnitude, the maximum Hs of SWAN alone is 8.56 m, compared with 10.78 m in ERA5 reanalysis and 11.58 m in COAWST. The Hs on the right side of TC track in COAWST is higher because of the stronger wind than SWAN-only and ERA5. Figure 9D shows the change of high Hs with time to the left side of TC center at 00 UTC 22 Oct. The variations all show the maximum Hs when TC approached at 12 UTC 21 Oct, ahead of the arrival, which may be related to the wave–current interaction and piled-up effect. The difference in magnitude of Hs between COAWST and SWAN-only shows the effectiveness in the fully coupled model.




Figure 9 | Comparison of significant wave height (shaded, units: m) and wave propagation direction (vector) between simulations of (A) COAWST, (B) SWAN-only, and (C) ERA5 reanalysis at 00 UTC on 22 October. The track (solid black line) in (A) is derived from COAWST simulation, and (B, C) is derived from ERA5 reanalysis. (D) Comparison of the changes of significant wave height (Hs), the average value in the region with high Hs (larger than 7.8m in A) to the left side of TC center at 00 UTC 22 Oct.






4 Wave effects


4.1 The uncertainty of wave effects on TC intensity

The results shown in Section 3 suggested the importance of using the atmosphere–ocean coupled model in simulating the typhoon, but the effects of coupling waves on typhoon simulation are uncertain and remain to be further explored. As shown in Figure 9, it was found that in the COAWST model, wind forcing did play a significant role assisting the growth of waves. Here is an interesting question: Why did the COAWST experiment seem to have simulated a similar intensity of Typhoon Megi to WRF-ROMS, as well as ocean currents and thermal structure in the upper ocean during the passage of the typhoon? According to previous studies (Holthuijsen et al., 2012; Liu et al., 2012; Chen et al., 2013), there are mainly two opposite effects of waves. The first is that the growth of waves will increase the sea surface roughness, thereby increasing the wind stress and transmitting more momentum fluxes into the ocean. On the other hand, the generation of sea sprays at the air–sea interface induced by wave breaking could have a positive effect on typhoon intensity by releasing latent heat and sensible heat extracted from the warmer ocean. This inspires us that the difference between the experiments with and without wave coupling may be more obvious in surface physical process.

Considering that the wave affects the typhoon intensity mainly by modifying the heat and momentum exchange between air and sea, we further compared several important sea surface physical processes under Typhoon Megi, including 10-m wind speed, surface wind stress (also known as the momentum flux), latent heat flux, and sensible heat flux in Figure 10.




Figure 10 | The simulated 10-m wind speed (A–C), latent heat fluxes (D–F), sensible heat fluxes (G–I), and momentum fluxes (J–L) from experiment WRF-ROMS, COAWST, and their difference at 00 UTC 22 Oct.



As shown in Figures 10A, B, the higher wind speed in WRF-ROMS than in COAWST can reach 12 m s−1 near the RMW (radius of maximum surface wind), and the simulated inner core structure of Typhoon Megi was different in the two experiments. The structure was more axisymmetric in the WRF-ROMS, resulting in larger and more concentrated latent heat flux and sensible heat flux in the eyewall region. The energy was therefore more efficiently collected and assisted the development of Typhoon Megi, leading to stronger wind speed. However, the momentum flux, determined by the surface wind speed and the wave-affected sea surface roughness, had an opposite effect, transporting the energy from the typhoon to the ocean below. It could offset the increased heat flux and therefore weaken the maximum wind speed in WRF-ROMS to the intensity of that in COAWST, with the small difference of approximately 1 m s−1 (Figure 2C). Overall, the TC intensity is the result of the balance of heat and momentum obtained and lost. It implies that the effect of waves should be taken into consideration when conducting atmosphere–ocean coupling simulations, but the surface flux parameterization scheme should be chosen carefully due to the uncertainty of the wave effect on the surface physical process.



4.2 The wave effects on surface fluxes

According to previous works (Taylor and Yelland, 2001; Oost et al., 2002; Drennan et al., 2005), there are different combinations of sea surface physical parameterization schemes in describing the effects of surface waves. The problem of whether and how different parameterization schemes affect the TC-induced ocean state needs to be investigated carefully. To figure out the effects of different combinations of estimations for surface momentum flux and heat flux when coupling waves, we further conducted an additional six experiments using different surface physical parameterization methods in the MYNN scheme with and without wave coupling. The newly conducted experiments with wave coupling were named C_M0, C_M1, and C_M2, while the ones without wave coupling were named WR_M0, WR_M1, and WR_M2, respectively. WR_M0 is the same as the WRF-ROMS and C_M0 is the same as the COAWST in the first group of experiments.

As mentioned above, the wave effect mainly acts on the inner core region of the typhoon. To avoid the smoothing effect caused by averaging, the changes between radii that are 0.5 and 3.0 times that of RMW are emphasized (Figure 11). Though the maximum wind speed of Typhoon Megi (2010) was similar in WR_M0 and C_M0 at 18 UTC 19 Oct and 12 UTC 20 Oct (Figure 2C), the azimuthally averaged peak surface wind speed at RMW was slightly weaker in C_M0 than in WR_M0 (Figure 11A), indicating the negative effects of waves by increasing the sea surface roughness during the simulations.




Figure 11 | Time series of simulated (A) azimuthally averaged peak surface wind speed at the radius of maximum wind (RMW), (B) momentum fluxes, (C) latent heat fluxes, (D) sensible heat fluxes, and (E) significant wave height averaged over an annular area between radii of 0.5 and 3.0 times of RMW from 06 UTC 19 Oct to 00 UTC 23 Oct (M0—green, M1—blue, and M2—red). The solid lines denote the fully coupled experiments while the dashed lines show the results of the no-wave effects results.



Using the COARE algorithm, WR_M0 and C_M0 had a significantly weaker typhoon intensity and momentum flux than the other two sets in Figures 11A, B, and it is also demonstrated by the significant wave height forced by surface wind (Figure 11E). However, different from previous studies (Warner et al., 2010), C_M1 and C_M2 simulated an azimuthal mean wind speed of approximately 4 m s−1 stronger than WR_M1 and WR_M2, accompanied by a moderately stronger momentum flux (Figure 11B). Since the z0 was calculated following Davis et al. (2008) in both M1 and M2 experiments, the wind stress was also similar in these experiments.

With the same zt and zq schemes, the surface heat fluxes differ in M0 and M1 experiments, while the heat fluxes in M1 are more similar to M2 with different zt and zq schemes, because the wave-modified sea surface roughness (z0) not only impacts the amount of momentum flux transferred into water columns but also determines the heat-flux exchange coefficients together with zt and zq (Liu et al., 2014). As shown in Figures 11C, D, both latent heat flux and sensible heat flux were higher in C_M1 and C_M2, supporting the corresponding stronger typhoon intensity. Since the contribution of sea sprays to the heat flux is amplified, the total heat flux, especially the sensible heat flux, was evidently enhanced by the waves. In contrast, C_M0 simulated about half the amount of the sensible heat flux, and the wave effect shows the least impact on the heat flux compared to the other two sets, though a better typhoon intensity was simulated with this combination of parameterization schemes.

Through the above discussions, the wave was proved to impact both momentum flux and enthalpy flux during the typhoon simulations, including the positive effect on the typhoon through enhanced heat flux and the negative effect through the momentum flux transported into the ocean. This may be the reason why the results from the two experiments COAWST and WRF-ROMS were similar. In addition, the characteristics at the air–sea surface could be significantly determined by the surface physical parameterization option because of the different implementations of the wave effects during the numerical simulation.



4.3 The wave effects on thermal response

The ocean temperature in the upper 200 m affected by Typhoon Megi in the experiments is also compared in Figure 12. Under the influence of strong winds, there is a rapid rise in isothermal lines of up to 50–60 m toward the sea surface. With z0 calculated following Davis et al. (2008), the surface wind is much stronger in M1 and M2 than in M0 (Figure 11A), inducing stronger Ekman pumping, and the depth of the 22°C isotherm line can be up to 45 m. After the passage of Megi, the estimated OHC (calculated by Equation 1) decreased by 16.7% in WR_M0, 18.6% in C_M0, 17.9% in WR_M1, 20.2% in C_M1, 18.9% in WR_M2, and 19.7% in C_M2. Note that the difference between C_M1 and WR_M1 is larger than that between the other two sets, suggesting that the wave effect varies greatly under different surface physical parameterization schemes. From 00 UTC 20 Oct to 06 UTC 21 Oct, during Megi’s approach, arrival, and passage, the surface wind is approximately 4 m s−1 stronger in C_M1 and C_M2 than in WR_M1 and WR_M2 (Figure 11A), accounting for the stronger Ekman-pumped upwelling in experiments with wave coupling (Figures 12D, F).




Figure 12 | The simulated temperature variation azimuthally averaged at the RMW on the right side of TC center at 18 UTC 20 Oct versus time and depth in (A) WR_M0, (B) C_M0, (C) WR_M1, (D) C_M1, (E) WR_M2, and (F) C_M2. The vertical line indicates the time during Megi’s arriving. The three black isolines represent the 26, 22, and 18°C isothermal lines from top to bottom, respectively.



Though the surface wind is weaker in C_M0 than that in WR_M0, the temperature is approximately 1°C colder from 0 to 50 m in the upper layer in C_M0 than that in WR_M0 after Megi’s passage, indicating the vertical mixing induced by wave rather than the stronger winds. Since wave breaking is not considered in our simulation, the nonbreaking wave-stirring-induced vertical mixing may be the main process of the enhanced vertical mixing, which can transfer kinetic energy from surface waves to ocean circulation through the processes of vertical wave motion and the wave-induced Reynolds stress, especially in the SCS (Li et al., 2014).

After 00 UTC 22 Oct, the isotherms still oscillated, indicating the subsurface water cooling and warming, and the amplitude of oscillation is also different, especially between M1 and M2. Though the same algorithm was used for z0 in these two sets of experiments, the thermal response induced by the typhoon is still different. This implies that the upper ocean response may also be sensitive to surface physical parameterization.




5 Conclusions and discussion

To explore the effects of ocean states coupling on the simulated Super Typhoon Megi in the SCS and further understand the ocean feedbacks to super typhoons, five sensitive experiments using WRF-only, ROMS-only, SWAN-only, coupled WRF-ROMS, and fully coupled WRF-ROMS-SWAN model, separately, were designed and analyzed. Simulation results were validated and evaluated against observations. Results suggest that the simulated TC track is insensitive to ocean feedbacks, and ocean states coupling could moderately improve the simulation of intensity with the MAE of the TC intensity reduced by 36% in coupled models, compared with that in the WRF-only experiment.

As presented in the above sections, all experiments, ROMS-only, WRF-ROMS, and COAWST, show time consistency of the ocean response with satellite data and in-situ observations during Typhoon Megi, indicating the effectiveness of the simulation. However, only WRF-ROMS and COAWST show favorable comparison in magnitude with observations. The SST cooling and OHC were checked and proved to be heavily dependent on the strong wind stress on the sea surface. Since subsurface OHC has also been suggested to be potentially influential for TC genesis (Huang et al., 2015), accurate prediction of ocean state in the complex SCS is important for the subsequent forecast of TC generation during the typhoon season. The result highlights the importance of reliable atmospheric forcing for ocean models.

Supported by the observations and simulations, the mixed layer became shallower after Typhoon Megi passed, and it was led by the active entrainment near the bottom of the mixing layer. The NIOs could also be captured in both surface ocean currents and subsurface isotherm, indicating the baroclinic ocean responses during the passage of Typhoon Megi. The surface currents are weaker than WRF-ROMS when coupling waves in the COAWST experiment, indicating the role of wave–current interaction. The significant wave height (Hs) shows left-biased strengthening, which may be related to the appearance of the continental shelf and to the time when Hs reached the maximum ahead of the typhoon arrival.

Results in both atmosphere and ocean are similar between the WRF-ROMS and COAWST experiments. This seems to lead to a conclusion that the ocean state was less obvious when wave was coupled in the air–sea coupled model. However, further analysis showed that the wave impacted both dynamical and thermal processes near the sea surface prominently. The wave was proved to have a negative effect on the typhoon through reduced heat flux but a positive effect through the correspondingly decreased momentum flux transported into the ocean. This may be the reason why results from the two experiments that were similar to the effect of wave coupling on typhoon intensity were covered up. Since a large amount of heat and momentum exchange at the air–sea interface could have opposite effects on typhoon intensity, the uncertainty of coupling waves for typhoon simulation needs to be further explored.

Six experiments using three surface physical parameterization methods in the MYNN scheme with and without wave coupling were conducted to further figure out the wave effects on typhoon and eliminate the contingency brought by the surface parameterization scheme. The effect of waves on typhoon intensity was not unique, as the surface wind was stronger with wave coupling in C_M1 and C_M2, and weaker in C_M0. With different combinations of estimations for surface momentum flux and heat flux, the simulated surface wind and surface fluxes in M0 experiments differ a lot from the other two sets, M1 and M2, indicating the uncertainty of the wave effect on the surface physical process and the crucial impact of surface physical parameterization options during simulations. Overall, the TC intensity is determined by the net surface flux. Furthermore, the additional ocean cooling induced by weaker surface wind than WR_M0 after Megi’s passage in C_M0 also demonstrates the role of nonbreaking wave-stirring-induced vertical mixing, indicating that the wave feedback does exist in the fully atmosphere–ocean–wave coupled model.

The relative importance of wave effects, including the changes to sea surface roughness, enhanced vertical mixing, and the increased heat flux to typhoon due to the generation of sea sprays, is well worth studying. Because of the barren sea surface observations during strong typhoons, whether the wave effect plays a positive role, enhancing the enthalpy flux, or a negative role, weakening the wind through the rougher sea surface, was hard to verify. However, one should note the complexities and the contributions of the wave effects when developing the coupled models. According to Xu et al. (2022), a more advanced sea spray parameterization scheme could help to improve the effects of coupling waves evidently in the coupled atmosphere–ocean–wave model, it is also a challenging work in the future.

It is shown that ocean states coupling can improve typhoon simulation, but how the wave impacts typhoon intensity remains uncertain. Our findings highlight the importance of accurate initial wind forcing field, model configurations, and surface physical process parameterization in TC simulations with the coupled model, especially when coupling waves. Moreover, as the ocean feedback during the TC passage is essential to reproduce the atmospheric and ocean state realistically, and the realistic three-dimensional typhoon–ocean system is extremely complex, the optimal combination of components of this complex system is hard to estimate and full of uncertainty. The quantitative estimations of the impact of different model combinations and surface physical parameterization combinations on simulating Typhoon Megi, especially in the highly complex SCS, could provide a reference for model selection in similar cases.
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