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The impact of the South China Sea (SCS) to the super typhoon Mangkhut (2018) and the air-sea interaction are evaluated through COAWST model in this study which fully coupled with the atmosphere model (WRF), the ocean model (ROMS), and the wave model (SWAN). A comparison of our modeled results with several buoys and tide stations revealed remarkable consistency, the minimum root mean square error (RMSE) for wind speed, significant wave height, and water level are 3.013 m/s, 0.641m, 0.007m. During the development and dissipation of super typhoon Mangkhut, the Coriolis force caused the typhoon wind field to exhibit a pronounced rightward deflection. The characteristics of the significant wave height field are generally similar to those of the wind field, although there is a temporal lag of several hours. Moreover, we researched on the spatiotemporal variations of sea surface temperature (SST) impact by the Mangkhut’s passage, and found that it exhibits two main characteristics: spatial asymmetry and temporal lag. The spatial asymmetry is primarily governed by typhoon-generated wind fields, while the temporal lag is mainly controlled by upwelling and vertical mixing processes during the typhoon’s passage, with Ekman pumping playing a pivotal role in these dynamics. This study mainly concentrates on investigating the dynamic and thermodynamic responses of the ocean during extreme weather conditions by using COAWST model.
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1 Introduction

The South China Sea is one of the most active regions for typhoon formation and development. According to previous typhoons record, a total of 853 typhoons occurred during the period from 1951 to 2012 in the South China sea, 228 of them caused economic damages and human casualties (Chia and Ropelewski, 2002; Yap et al., 2015). Storm surge, strong wind and giant waves caused by typhoons represent a significant contributor to disasters and associated losses along the South China Sea coastline (Yin et al., 2013; Gao et al., 2014). Although there is a decreasing trend in the frequency of typhoons in the South China Sea due to the global warming, the intensity of these typhoons has been progressively increasing (Tsuboki et al., 2015; Tsou et al., 2016).Therefore accurate forecasting of typhoon behavior in the South China Sea, coupled with a thorough understanding of oceanic and wave dynamics under their influence, is imperative for strengthening disaster mitigation strategies and ensuring the sustainable development of national economies.

During the passage of a typhoon, intense interactions among the ocean, the atmosphere, the wave are induced, which affects the exchange of momentum, energy, and water vapor at the air-sea interface. The main forcing effects of a typhoon on the ocean include wind stress, pressure, heat flux, and solar radiation at the ocean surface. Throughout the typhoon’s influence, the upper ocean acts as a crucial mediator in the coupling response mechanisms between the ocean and the atmosphere. It governs the extent of energy and momentum exchange at the air-sea interface and plays a vital role in shaping the evolution and intensity of tropical cyclones by regulating heat flux and sea surface temperature. As the typhoon traverses the sea surface, the intense cyclonic wind stress acts as a primary driver of Ekman pumping (Lei et al., 2023). This process induces vertical water movements that uplift the thermocline, causing cooler subsurface waters to rise to the surface. This uplift triggers oceanic oscillations characterized by near-inertial responses (Anderson, 1952; Liu et al., 2011) and simultaneously leads to a significant decrease in sea surface temperature as cooler subsurface waters mix with the warmer upper layer (Liu et al., 2007; Pun et al., 2018). Chiang et al. (2011) found that the upwelling and entrainment induced by Typhoon Kide’s impact accounted for 62% and 31% of the temperature changes, respectively. Furthermore, variations in heat flux are among the most critical aspects of the feedback mechanisms linking the ocean, waves, and the atmosphere, as they directly influence energy transfer at the air-sea interface and impact the intensity and structure of tropical cyclones (Mei et al., 2015; Zhang et al., 2019).

Typhoons induce complex interactions among wind, waves, and currents through intense energy transfer at the air-sea interface. The asymmetric wind field of a typhoon drives non-uniform wave distribution, with higher wave heights typically observed on the right side of the storm due to the combined effect of wind speed and typhoon motion (Yang et al., 2020; Yin et al., 2021; Wu et al., 2021, Wu et al., 2024; Cheng et al., 2024). Satellite and buoy observations reveal a global increase in typhoon-induced wave extremes, with significant growth rates in maximum wave height (0.32%/yr), affected area (0.57%/yr), and cumulative wave energy (0.9%/yr) since 1979 (Wu et al., 2021; Sun et al., 2021; Wang et al., 2022; Chen et al., 2025). Notably, the Northwest Pacific exhibits faster wave height growth (0.41%/yr), though cumulative wave energy trends remain subdued due to reduced typhoon duration. Concurrently, typhoon-induced sea surface cooling, primarily driven by vertical mixing in deep waters and advection in coastal regions, exhibits a negative feedback mechanism, suppressing typhoon intensity (Wada et al., 2014; Wu et al., 2019a, Wu et al., 2019b; Wu et al., 2020; Lin et al., 2023). For instance, Typhoon Usagi (2013) caused a sea surface temperature (SST) drop of 4.5°C, validated by satellite and buoy data (Pan et al., 2018; Deng et al., 2019; Huang et al., 2022);. Storm surges, propagating as continental shelf waves along coastal regions, further compound hazards. Remote sensing analyses of Typhoons Fitow (2013) and Usagi (2013) highlight the alignment of surge characteristics with theoretical models, emphasizing the role of coupled wind stress and freshwater flux in modulating SST responses (Bao et al., 2019; Lou and Li, 2016; Zhao et al., 2022).

The wind-wave-current triad exhibits strong nonlinearity, particularly in typhoon systems. Wave breaking enhances sea surface roughness, altering air-sea momentum fluxes and feeding back into typhoon intensification (Liu et al., 2022; Li and Chen, 2022; Lan et al., 2022; Zhang and Yu, 2024), and waves impact on coastal and harbor structures (Gao et al., 2021, Gao et al., 2024, Gao et al., 2023). Coupled models, such as the typhoon-wave-current framework, have advanced hazard assessments for offshore infrastructure, yet challenges persist in resolving submesoscale eddies and boundary layer turbulence (Wei et al., 2023; Yang et al., 2024; Li et al., 2025). Recent innovations integrate artificial intelligence (AI) with physical models; for example, LSTM neural networks predict SST cooling patterns under typhoons, deep learning-based, a deep learning-based parameterization scheme, improves turbulent flux simulations in mesoscale models (Wu et al., 2019c; Cui et al., 2023, Cui et al., 2024; Wang et al., 2024).

In particular, ocean waves also play a crucial intermediary role by amplifying air-sea interactions. The wave breaking induced by the typhoon increases the air-sea contact area, leading to an increase in the typhoon’s water vapor flux and heat flux (Li et al., 2014; Zhao et al., 2017). However, the sea surface roughness exerts a negative feedback on typhoon development. Liu et al. (2012) conducted multiple experiments using a wind-wave-current coupled model to examine the effects of wave state, oceanic spray, and wave dissipation on typhoon Nabi’s intensity. The results showed that after including waves, the air-sea flux increased by 22%, and the average latent heat flux increased by 31%. The Stokes drift generated by ocean waves affects the dynamic and thermodynamic structures of the mixed layer, increasing vertical shear instability in the upper ocean, which enhances turbulent mixing in the upper layers, facilitating the transfer of momentum and heat to deeper ocean layers (Mellor and Blumberg, 2004; Deng et al., 2012). In summary, these studies provide valuable insights into the ocean and wave responses to typhoons, with considerable scientific value.

This study utilizes the COAWST model, with super typhoon Mangkhut (2018) as a representative case, to conduct coupled numerical simulations. We explore the complex interactions between the atmosphere, ocean waves, and ocean currents during the typhoon’s passage. A detailed analysis of the dynamic and thermodynamic response processes in the northern South China Sea under the influence of the typhoon is presented. Furthermore, we investigate the spatiotemporal variations of typhoon-induced waves and storm surges. Additionally, the research examines the underlying causes of the sea surface temperature decrease triggered by super typhoon Mangkhut.




2 Data and methods



2.1 Best track data and observational data

The best track data were obtained from three sources: the Tropical Cyclone Data Center of the China Meteorological Administration (https://tcdata.typhoon.org.cn) The datasets include the typhoon track and intensity recorded every 6 hours. We select four buoys provided by South China Sea Forecasting Center for validation of wind, sea level pressure, waves (http://g.hyyb.org/systems/HyybData/DataDB). Water levels data came from the global tide forecasting service platform (Global tide forecasting service platform).




2.2 COAWST coupled model

The COAWST model, developed and maintained by Warner et al. (2010), integrates the WRF atmospheric model, ROMS ocean model, and SWAN wave model through the Model Coupling Toolkit (Larson et al., 2005). The MCT handles data exchanges between the atmospheric, oceanic, and wave models

The versions used in this study include WRF 4.2 (Skamarock et al., 2019), ROMS with a free-surface and three-dimensional nonlinear baroclinic features (Shchepetkin and McWilliams, 2005), and the SWAN third-generation wave model optimized for nearshore wave simulations.





3 Experiment design and validation



3.1 Overview of super typhoon Mangkhut

Considering factors such as typhoon track, intensity, impact range, and disaster losses, the 2018 super typhoon Mangkhut has been selected as the subject of this study. The super typhoon Mangkhut, formed in the western Pacific on 18:00 (UTC) 7 September 2018, in the western Pacific, east of Guam. It strengthened into a severe tropical storm on 11:00 (UTC) 9 September and developed into a super typhoon on 16:00 (UTC) on September 11. Before making landfall on the Philippine Islands, it reached its peak intensity, with maximum sustained wind speeds of 250 km/h (69.4 m/s). Finally, Mangkut made landfall in Jiang meng, Guangdong, at 01:00 (UTC) on September 17, with maximum wind speeds of 45 m/s (14 on the Beaufort scale) and a minimum central pressure of 955 hPa. By the afternoon of September 17, the typhoon had significantly dissipated, downgrading into a tropical depression.




3.2 Domain and model design

Model domain set for this study covers 14°N–28°N, 105°E–125°E, including the northern South China Sea and the coastal areas of the Philippines (Figure 1). A two-layer grid system is utilized in the WRF model, with the primary grid defined at a resolution of 9 km and the secondary grid refined to a resolution of 3 km. Additionally, a vertical stratification of 32 layers is employed to capture the necessary atmospheric. ROMS model grid zone is nested within atmospheric model grid, consisted of resolution of 9km and 3km, with 16 sigma levels, and the grid domain of SWAN model is congruent with the spatial extent of ROMS model.




Figure 1 | Domain set in SCS for coupled models.



The initial and boundary conditions of the WRF model were derived via the historical reanalysis dataset Final Analysis (FNL) provided by the National Centers for Environmental Prediction (NCEP), which have a horizontal resolution of 0.25° × 0.25° and a temporal interval of 6 hours (https://rda.ucar.edu/datasets/ds083.2/). The initial and boundary conditions required for ROMS model were obtained by interpolating the HYCOM reanalysis field (ftp://ftp.hycom.org) and OSU tidal data base, while the initial conditions for the wave model were sourced from NOAA’s historical wave data (ftp://polar.ncep.noaa.gov/pub/history/waves).

The simulation period covers September 13 to 20, 2018, with the first two days used for model initialization, and data exchange among atmosphere, ocean, wave component models occur every half hour through the MCT coupler. Table 1 summarizes the configurations for each model.


Table 1 | Summary of experiments setup and configuration in this study.






3.3 Validation of typhoon track, wind and sea level pressure

After a two-days spin-up, we selected the simulation data from September 15 to 18 (UTC) for analysis. Figures 2, 3 includes the simulated typhoon tracks and the best-track data, with the verification sites also marked in the figure. Typhoon Mangkhut moved from southeast to northwest of SCS, and the simulated track closely matched the best track, with a maximum error of 60km. Typhoon first made landfall at 00:00 UTC on September 15 on the Philippine Peninsula, with a central pressure that was notably elevated and a track error of approximately 50 km. Influenced by the terrain of northern Luzon, the typhoon’s speed significantly decreased as it exited the Philippines and entered the South China Sea. The track error reduced considerably, remaining within 60 km, with the central low pressure and maximum wind speed near the center closely matching observations. During its passage through the South China Sea, Typhoon Mangkhut maintained a low-pressure stage of 940 hPa for 24 hours and the maximum wind speed near the center reached Category 1 strength (41.5–46.1 m/s). At 06:00 (UTC) on September 16, it made landfall in Jiangmen, Guangdong. The influence of the underlying surface gradually reduced the energy input sustaining the typhoon’s motion, leading to a rapid weakening of the cyclone’s intensity.




Figure 2 | Distribution of buoys and tide gauge stations with tracks of Typhoon Mangkhut.






Figure 3 | Comparison of the simulated intensity and track errors with CMA production.



Simulation results show that wind speed and sea level pressure (SLP) are in close agreement with the observed values, as illustrated in Figures 4, 5. However, the typhoon intensity is slightly stronger than the observed intensity. Furthermore, the R(correlation coefficient value) and for wind speed exceed 0.9 at all stations (Table 2), except for the SF304 buoy station, where the simulated results show reduced accuracy due to its location within the typhoon’s eye. As for SLP(sea level pressure) validation, the results indicate that the correlation coefficient values for observation stations are all above 0.9. Specifically, the RMSE of SLP at the QF306 and SF304 buoy stations are 4.642 hPa and 2.248 hPa (Table 3), respectively. Based on the validation results from these four stations, it can be concluded that the simulation effectively captured the distribution of wind and sea level pressure field.




Figure 4 | Time series comparison of simulated and observed wind speed during the typhoon: (A) QF303, (B) QF305, (C) QF306, (D) SF304.






Figure 5 | Time series comparison of simulated and observed sea level pressure during the typhoon: (A) QF303, (B) QF305, (C) QF306, (D) SF304.




Table 2 | Error statistics of wind speed.




Table 3 | Error statistics of SLP.






3.4 Validation of significant wave height

The validation of significant wave height during Typhoon Mangkhut’s passage is shown in Figure 6. The simulated results at the buoy stations generally provide an accurate representation of the wave development process under the influence of the typhoon. Buoy stations QF303 and QF305, situated to the right of the typhoon’s track, exhibit notably higher significant wave heights compared to QF306 on the left, which aligns with the temporal and spatial variations in wind speed. The simulated results at the buoy stations generally provide an accurate representation of the wave development process under the influence of the typhoon. Specifically, buoy stations QF303 and QF305, located to the right of the typhoon’s track, exhibit significantly higher significant wave heights compared to QF306 on the left. This pattern is consistent with the observed temporal and spatial variations in wind speed. Furthermore, although the SF304 buoy station is positioned on the left side of the track, it is situated farther from the coastline, which results in a higher simulated significant wave height compared to the buoy stations on the right. Consequently, the maximum wave heights recorded at the buoy stations were 10.4m, 10.2m, 7.1m, and 11.2m, respectively. Table 4 record the correlation coefficient, RMSE and SKILL of buoys for significant wave height validation.




Figure 6 | Time series comparison of simulated and observed wave heights during the typhoon: (A) QF303, (B) QF305, (C) QF306, (D) SF304.




Table 4 | Error statistics of significant wave height.






3.5 Validation of sea level

Figure 7 shows the temporal evolution of astronomical tide prediction and the observed water level during typhoon from different stations. The comparison between observed and simulated results at each station demonstrates a high degree of agreement, effectively capturing the tidal variations during the typhoon. The error analysis of the model is detailed in Table 5. The RMSE for the astronomical tide simulations are 0.036m, 0.006m, and 0.046m, respectively, while those for the storm surge simulations are 0.008m, 0.032m, and 0.007m, respectively. Overall, the model’s performance satisfies the accuracy requirements for numerical simulation.




Figure 7 | Time series comparison of simulated and observed water level during the typhoon, left plot is validation of astronomical tide and right is validation of storm surge: (A, D) Hengmeng, (B, E) Sanzao, (C, F) Shekou.




Table 5 | Error statistics of water level.







4 Results and analysis



4.1 Wind and pressure field characteristics

The wind field acts as the primary driver of upper-ocean dynamics, as typhoon-induced winds typically lead to abnormal tidal levels and extreme wave events. Consequently, analyzing the spatiotemporal variations of the wind field is vital for understanding the anomalous hydrodynamic phenomena triggered by the super typhoon Mangkhut. Figure 8 illustrates the spatiotemporal overlay of the wind and pressure fields throughout Mangkhut’s track, from its departure from the Philippines to its landfall along the Guangdong coastline. The red lines indicate the extents of the typhoon’s radii of gale-force winds (Beaufort scale 7) and strong gale-force winds (Beaufort scale 10).




Figure 8 | Spatiotemporal distribution of pressure and wind fields: Panels (A–I) represent 6-hour intervals from 15 to 17 September.



The intensity of a typhoon hinges on heat exchange at the air-sea interface. After typhoon departed the Philippines and transitioned into the South China Sea, the underlying terrain shifted from mountainous regions to oceanic basins, which provided abundant energy and significantly amplified its strength. Consequently, a pronounced low-pressure center and cyclonic wind fields formed. Moreover, Mangkhut sustained its status as a Category 4 super typhoon, with gale-force wind radii extending from 400 km to 550 km. During the period from 18:00(UTC) on September 15 to 06:00(UTC) on September 16, the Coriolis effect further induced notable asymmetry in the wind and pressure fields, with larger wind radii observed in the rear-right and rear-center quadrants of the typhoon’s track. However, as the system approached coastal regions, its wind radii gradually diminished to 250 km to 350 km, while variations in the underlying surface along the coastline further contributed to reductions in the wind field.




4.2 Wave characteristics

Figure 9 illustrates the main formation and development process of typhoon-induced waves in the northern South China Sea during Typhoon Mangkhut’s passage. The black arrows represent wave direction vectors, the black line represents the typhoon’s track, and the red typhoon symbol marks the position of the typhoon center. Throughout the typhoon’s movement, a counterclockwise rotating wave field, similar to the wind direction, developed in the study area, with the wave center located behind the typhoon’s cyclone center. On September 15, 2018, Typhoon Mangkhut moved from the Philippine Sea into the South China Sea. As a result of the typhoon’s wind field, the typhoon-induced waves gradually intensified. When the typhoon was 260 km from Guangdong Province, a storm surge area, with a radius exceeding 100 km, formed. By the early morning of September 16, the wave anomalies triggered by the typhoon were approaching the Guangdong coastline, with the maximum significant wave height along the coast reaching 9 meters. However, upon entering shallow waters, the waves began to break and dissipate due to significant topographical changes and a reduction in the wind radius, leading to a sharp decrease in the significant wave height.




Figure 9 | Spatiotemporal distribution of significant wave heights: Panels (A–I) represent 6-hour intervals from 15 to 17 September.



Waves induced by Typhoon Mangkhut exhibit typical characteristics of typhoon-generated waves, with wind speed variations strongly correlated to changes in significant wave height. Statistical analysis of the wind speed, wave height, wind direction, and wave direction duration curves at different locations is shown in Figure 10. It is evident that the wave center is positioned behind the typhoon’s center, and the growth of wave height responds to wind speed with a lag of only 1 hour. When Typhoon Mangkhut passed through QF303 and QF305, the change in wave direction exhibited a consistent clockwise rotation. The angle of change at QF303 was slightly less than at QF305, due to its greater distance from the typhoon center, which resulted in a lower wind speed. Meanwhile, at QF306 and SF304, located on the left side of the typhoon’s track, both the wave and wind directions exhibited counterclockwise rotation. Since QF306 is located closer to the coastline and is influenced by offshore currents, the wave direction closely aligned with the wind direction as the typhoon passed. In contrast, at the SF304 station, situated farther from the coastline, there was a deviation of approximately 5 degrees between the wave direction and wind direction angles.




Figure 10 | Comparison of the wind speed, wave height, wind direction, and wave direction duration curves at different characteristic stations: (A) QF303, (B) QF305, (C) QF306, (D) SF304.






4.3 Storm surge

Storm surge results from the interaction of wind and tidal dynamics. It is calculated by subtracting the water level driven purely by tidal forces from the water level under fully coupled conditions. Figure 11 illustrates the spatiotemporal distribution of the storm surge in the northern South China Sea due to the impact of Typhoon Mangkhut. At 06:00 UTC on September 15, Mangkhut entered the South China Sea, and as a result of Ekman suction around the typhoon’s eye, a water level increase of approximately 0.4 meters was observed. As the typhoon continued to move toward the coast, the intensity and extent of the storm surge gradually increased. After making landfall, the surge exceeded 2 meters to the right of the landfall point. Subsequently, as the typhoon weakened, the surge shifted from the Pearl River Delta to the left of the landfall point, with the water level gradually returning to normal.




Figure 11 | Spatiotemporal distribution of water level: Panels (A–I) represent 6-hour intervals from 15 to 17 September.



Figure 12 presents a comparison of the time series of sea surface pressure, velocity, storm surge, and significant wave height at the four key stations (QF303, QF305, QF306, and SF304). The storm surge is predominantly driven by the intricate interaction of typhoon intensity, tidal forces, and wave dynamics. At SF304, located in deeper offshore waters, surge amplitudes were limited (<0.5 m) as deeper bathymetry attenuated storm-induced water level rise through energy dispersion. For stations QF303 and QF305 (right of the typhoon track), peak surge coincided with maximum typhoon intensity and wave height, as onshore-directed winds, currents, and waves synergistically enhanced coastal water convergence. However, at QF306 (left of the track), peak surge lagged behind maximum pressure and significant wave height by 3 hours. This delay stems from offshore-directed wind and current components opposing surge development during typhoon approach, followed by southwestward coastal currents propagating surge effects post-landfall.




Figure 12 | Time series of pressure, velocity, storm surge, and significant wave height at different stations: (A) QF303, (B) QF305, (C) QF306, (D) SF304.






4.4 Ekman pumping velocity

When the wind blows across the sea surface, it generates an Ekman layer, where the mass transport is perpendicular to the direction of the wind. This results in an inhomogeneity in horizontal mass transport under the non-uniform wind field of a typhoon, causing convergence in some areas and divergence in others. According to the continuity equation:



The convergence and divergence of the water mass result in the generation of vertical flow velocity at the top of the Ekman layer. Based on the sea surface boundary condition when    , the vertical velocity at the top of the Ekman layer can be calculated as follows:

 

According to the classical Ekman drift theory, assuming that the background geostrophic flow is spatially uniform and H is constant, the relationship between the Ekman suction rate and wind stress can be derived as follows (Price, 1981):

 

where EPV represents Ekman pumping velocity (m/s), positive values indicate upward motion, and negative values indicate downward motion.   represents the Coriolis parameter,   represents seawater density (set at 1024 kg/m3).   and   are wind stress components. The characteristics of Ekman pumping velocity under typhoon conditions are analyzed at typical times (Figure 13). Specifically, the low-pressure system and asymmetric cyclonic wind field driven by Typhoon Mangkhut exerted intense wind stress, which in turn initiated a pronounced Ekman suction effect in the upper layers of the South China Sea. As a result, this effect induced upwelling at the typhoon’s core, thereby bringing colder subsurface water to the surface and consequently lowering the sea surface temperature. Meanwhile, within the outer wind field, downwelling processes prevailed, facilitating the descent of warm surface water into deeper ocean layers and consequently contributing to an increase in subsurface temperatures. As Typhoon Mangkhut’s entry into the South China Sea, the wind speed shear stress was primarily directed northeastward and relatively weak, resulting in a negligible Ekman suction effect. The Ekman suction is primarily distributed on both sides of the typhoon, with a more pronounced suction effect on the right side, which is partly influenced by the asymmetric structure of the typhoon. The direction of ocean currents around the typhoon is nearly perpendicular to the wind stress, with an angle close to 90 degrees. However, at 16:00 (UTC) on September 15, as the typhoon passed north of the Philippines and entered the South China Sea, the Ekman suction effect underwent a notable shift. Specifically, the upwelling velocity at the typhoon’s center reached 1.8 × 10-³ m/s, while a downwelling velocity of 1.6 × 10-³ m/s was observed off the western Philippines. This change can be attributed to the shift in the underlying surface from land to ocean, in addition to the influence of local topography, which resulted in a more pronounced gradient of wind stress in the typhoon’s vicinity. Moreover, the Ekman suction induces deeper ocean mixing, causing cold water to upwell from the mixed layer, thereby leading to a decrease in sea surface temperature (Figure 14).




Figure 13 | Spatiotemporal distribution of Ekman pumping velocity: Panels (A–I) represent 6-hour intervals from 15 to 17 September.






Figure 14 | The spatial distribution of sea surface cooling: Panels (A–H) represent 6-hour intervals from 15 to 17 September.



Overall, the Ekman effect induced by Typhoon Mangkhut exhibits the following characteristics: (1) due to the asymmetric structure of the typhoon, the Ekman effect on the right side of the typhoon track is stronger than on the left side; (2) after the typhoon made landfall in Guangdong Province, the Ekman pumping effect on the left bank of Guangdong was positive and significantly stronger than on the right bank.




4.5 Sea surface temperature and heat flux

The sea surface cooling caused by the passage of a typhoon is a significant feature of the air-sea interaction. Approximately three hours after the typhoon passed, a cooling zone of 3°C appeared on the right side of the typhoon’s track, while the nearshore shallow waters experienced a smaller temperature change, with a decrease of only about 1°C (Figure 14). The observed temperature changes can be attributed to two key factors. Firstly, the stronger wind stress and surface currents on the right side of the typhoon’s track result in greater heat flux loss in this region (Chen et al., 2014; Shen et al., 2021). Additionally, the Ekman pumping effect generates vertical flow velocities which lifts the thermocline and cools the sea surface, known as the “cold pumping” effect (Chen et al., 2021). As illustrated in Figure 13, the flow direction is deflected to the right of the wind stress, with ocean currents transporting cold water upwelled by Ekman pumping toward the right side of the typhoon’s track. In contrast, sea surface temperature (SST) variations in nearshore shallow waters are relatively low, with a temperature drop of approximately 1°C. This limited cooling is primarily attributed to the inclusion of solar radiation effects in the model, which allow nearshore waters to absorb external heat, thereby mitigating temperature reductions.

To further investigate the internal ocean temperature changes following the passage of the typhoon, the temporal variation of upper ocean temperature, heat flux and MLD (Mixed layer depth) were analyzed for three observation points, located at different positions with a depth of 400 meters, as shown in Figure 15.




Figure 15 | Characteristic points for heat flux and SST analysis.



The latent and sensible heat fluxes display a largely consistent variation trend, with the latent heat flux emerging as the predominant contributor (Figure 16). As the typhoon approached the observation points, the increasing heat flux triggered a noticeable cooling trend in the sea surface temperature (SST). At PL and PR, as the heat flux reached its peak, the SST underwent a rapid decline. Subsequently, as the heat flux diminished to near zero, the SST stabilized and showed a slight warming trend. Meanwhile, at PC, the initial period of elevated heat flux occurred at 13:00 UTC on the 15th, characterized by a relatively low intensity and a corresponding SST drop of 0.5°C; however, the subsequent period, at 02:00 UTC on the 16th, was accompanied by a pronounced SST decline. This suggests a robust and direct correlation between heat flux and SST variations. Furthermore, After the typhoon made landfall, although the temperature continued to decrease, the rate of decline gradually slowed. The causes of this temperature lag will be explained in the following sections.




Figure 16 | Time series curves of latent, sensible heat fluxes and temperature at different location: (A) PL, (B) PC, (C) PR.



The vertical mixing and upwelling induced by the typhoon’s passage significantly influence the distribution of oceanic water and temperature in the interior ocean. The maximum cooling occurred at depths of 50–100 m (Figure 17), with a peak temperature drop of up to 3.8°C approximately 12 hours after the typhoon’s passage.




Figure 17 | The temporal evolution of upper ocean temperatures at different observation points during the passage of the typhoon: (A) PL, (B) PC, (C) PR.



The sea surface cooling at three characteristic points of the typhoon exhibit distinct near-inertial oscillation (NIO) signatures. The right-hand side of the typhoon track shows the most pronounced NIOs, driven by Ekman pumping under strong wind forcing, which fosters vigorous exchanges between surface and subsurface waters, resulting in surface cooling and subsurface warming. And the typhoon center displays weaker but still detectable NIOs, yet demonstrates more significant and prolonged cooling. This occurs through the combined effects of upwelling motion (which dominates with greater intensity) and NIOs, where upwelling rapidly transports cold subsurface water to the surface. Meanwhile, the left-hand side exhibits substantially weaker NIO amplitude; here upwelling prevails over vertical mixing, causing upward advection of colder deep water that suppresses expected warming. Both surface and subsurface temperatures decrease, with the cooling effect extending to a depth of 250 meters. The difference in cooling duration arises because upwelling ceases quickly after the typhoon’s passage, while NIOs continue to dissipate energy over days to weeks. Consequently, the left-hand side of the typhoon track exhibits relatively rapid temperature recovery, whereas the cooling effects persist for several days in both the central eyewall region and the right-hand side. Following the typhoon’s passage, vertical mixing and upwelling weaken concurrently with the relaxation of wind stress, while the restoration of solar radiation and surface heat fluxes facilitates the gradual recovery of sea surface temperature.

To explore the causes of the temporal lag and the Asymmetry in upper ocean temperature, we analyze mixed layer depth, Ekman pumping velocity and vertical velocity of points PL and PR in on both sides of the typhoon as Figure 18 (The black dashed line represents the time when the typhoon passed). When the typhoon approached the two characteristic points, mixed layer depth and Ekman pumping Velocity exhibit a significant increase. Although the peak Ekman pumping velocity on the left side exceeds that on the right side, the cumulative Ekman pumping velocity on the right side surpasses that on the left. After Typhoon Mangkhut made landfall in Guangdong at 12:00(UTC) on September 16, Ekman pumping velocity on both sides decreased significantly. Accordingly, we propose that vertical oscillations persist following the typhoon’s passage. And we comparing the vertical velocities on both sides, it is evident that the right side exhibits continuous and pronounced oscillations, whereas the vertical velocity on the left side shows only low-frequency, small-amplitude variations. Then we analyzed the mixed layer depth (MLD) on both sides. The results reveal that after the typhoon’s passage, the MLD amplitude and oscillation frequency on the right side are significantly higher than those on the left. The maximum MLD variation on the right reaches 12 m, while on the left it only reaches 8 m. Typically, such oscillations take 3–5 weeks to subside. However, due to the limited duration of our simulation (7 days), we were unable to observe the complete cessation of these oscillations. Nonetheless, this analysis provides evidence for the cause of the temperature lag.




Figure 18 | The temporal evolution of upper ocean Vertical velocity, EPV and MLD at points PL and PR during the passage of the typhoon: (A) PL, (B) PR.







5 Conclusions

Utilizing the COAWST coupled model, this study thoroughly examined the dynamic and thermodynamic responses of the northern South China Sea to the passage of super typhoon Mangkhut. The primary findings are summarized as follows:

Under the influence of the Coriolis force, super typhoon Mangkhut exhibits a pronounced structural asymmetry. As a result, during its passage, the wind field, surface current field, significant wave height field, and maximum storm surge along the coastline are all predominantly observed on the right side of the typhoon’s track. This leads to a distinct spatial characteristic, marked by a pronounced rightward bias in the distribution of these critical meteorological and oceanographic parameters.

The vertical mixing and upwelling triggered by the typhoon’s passage exert a substantial influence on the distribution of water and temperature in the ocean’s interior. The mechanisms responsible for cooling at the typhoon’s center and on its right side differ significantly. The cooling at the typhoon’s center is mainly driven by upwelling, which transports cold water from deeper layers to the ocean surface. Conversely, the cooling on the right side is primarily caused by the vertical mixing effect of the typhoon’s wind field.

Throughout the movement of super typhoon Mangkhut across the South China Sea, both the significant wave height and temperature fields show a temporal lag relative to the wind speed and pressure fields. Although intense Ekman suction was induced during the typhoon’s passage, the primary cause of the lag in sea surface temperature reduction is the vertical oscillations left behind after the typhoon.
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