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Abstract

:

The ocean surface and subsurface biophysical responses and their feedbacks to super typhoon Nida were comprehensively investigated based on a substantial dataset of multiple-satellite observations, Argo profiles, and reanalysis data. Nida experienced two Category 5 stages: a rapid intensification stage that was fast moving along a straight-line track, and a rapid weakening stage that was slowly moving along a sharp-left sudden-turning track. During the straight-line stage, Nida caused an average sea surface temperature (SST) cooling of 1.44 °C and a chlorophyll-a (chl-a) concentration increase of 0.03 mg m−3. During the sudden-turning stage, cyclonic sudden-turning induced a strong cold cyclonic eddy (SSHA < −60 cm) by strong upwelling, which caused the maximum SST cooling of 6.68 °C and a long-lasting chl-a bloom of 0.6 mg m−3 on the left-hand side of the track, resulting in substantial impacts on the ocean ecological environment. Furthermore, the enhanced ocean cold wake and the longer air–sea interaction in turn decreased the average inner-core SST of 4 °C and the corresponding enthalpy flux of 780 W m−2, which induced a notable negative feedback to the typhoon intensity by weakening it from Category 5 to Category 2. The left bias response and notable negative feedback are special due to sharp-left sudden-turning of typhoon. Comparing with the previously found slow translation speed (~4 m s−1) of significant ocean response, the negative feedback requires even more restriction of translation speed (<2 m s−1) and sharp sudden-turning could effectively relax restrictions by making equivalent translation speed lower and air-sea interaction time longer. Our findings point out that there are some unique features in ocean–typhoon interactions under sudden-turning and/or lingering tracks comparing with ordinary tracks.
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1. Introduction


Tropical cyclones are generated mainly near the tropics, known as typhoons in the northwestern Pacific (NWP) and hurricanes in the Atlantic, which can cause notable dynamical responses of the upper ocean [1]. The most significant one might be the cold wake often seen along the typhoon track [1] due to ocean surface enthalpy fluxes, vertical mixing, and upwelling [2,3,4]. Within the cold wake, there may also be marine phytoplankton blooms [5,6].



Since the cold wake caused by a typhoon can cool the sea surface temperature (SST) [7,8,9], it may have a negative feedback effect on the passing typhoon [10]. However, there is a long-term debate as to whether such a cold wake can immediately induce a significant negative feedback effect on the typhoon intensity itself [11]. For example, Chang and Anthes [12] concluded that the cold wake does not significantly affect the intensity of the typhoon itself under a typical moving speed, but Sutyrin and Khain [13] suggested that the cold wake could induce a significant negative feedback effect on the typhoon intensity.



In general, the ocean’s negative feedback to typhoon intensity first requires that the typhoon can cause significant SST cooling. This is because a decrease in SST, especially an inner-core SST change, has a substantial impact on the observed typhoon intensity [14]. Emanuel [15] suggested that when the inner-core SST drops by 2.5 °C, the storm could terminate, and even a drop of 0.5 °C can have a substantial impact on the storm intensity. Second, negative feedback of the ocean to typhoon intensity also requires the condition that the typhoon has a long residence time over the SST cooling area. As there is a lag time in the response of a typhoon to the SST [12,16], it needs sufficient time to be affected by the cold wake. Therefore, the speed of the typhoon [17] and the forcing time [18] become important factors alongside other related factors including the SST, ocean mixed-layer depth (MLD), ocean stratification, typhoon size, and latitude [19].



Although these theoretical studies are instructive for understanding ocean–typhoon negative feedback, they are largely based on certain idealized conditions, such as a homogeneous spatial distribution of the background environment or the existence of idealized mesoscale eddies [20,21] and a straight-line typhoon track [12,13]. In the actual process of typhoon–ocean interaction, the ocean environment, typhoon track, and typhoon intensity are changeable. In particular, some typhoons turn sharply during their passage, which introduces new factors of change into the study of typhoon–ocean interaction. This type of typhoon–ocean interaction process caused by typhoon motion (nonuniform linear motion) is of great significance towards fully understanding typhoon–ocean interactions.



The NWP has the highest concentration of tropical cyclones in the world. According to the Joint Typhoon Warning Center (JTWC), super typhoon is defined as the typhoon with maximum sustained wind (MSW) exceeding 130 kts. Typhoon Nida was the twenty-sixth tropical storm and fourth super typhoon of the 2009 NWP typhoon season. Figure 1 shows the lifespan of typhoon Nida based on the best-track data from the JTWC. Nida generated on 21 November 2009 and achieved typhoon intensity with the MSW of 65 kts on 24 November. Thereafter, Nida kept fast moving northwest along a straight-line track with the moving speed of 6 m s−1, and rapidly intensified to 155 kts on 25 November. It is surprised that Nida intensified by 90 kts within 24 h during the straight-line (SL) stage, which was three times greater than the definition of rapid intensification [22]. If Nida continued to move and develop in accordance with this trend, it was likely to hit China or Japan in the next few days and bring heavy disasters. However, Nida suddenly turned left on 28 November and weakened rapidly from 150 kts to 90 kts during the sudden-turning (ST) stage from 28 November to 30 November. After that, Nida weakened to a tropical storm on 2 December and disappeared on 3 December, and thus the populated areas on Northwest Pacific coast avoided a typhoon in the end.



In this paper, we focused on the interaction between ocean and Nida during the ST stage by comparing the ocean responses and feedback during the SL Stage. The scientific breakthroughs and new discoveries in this paper mainly include following three points. Firstly, the typical ocean SST response is right bias due to clockwise wind stress, as firstly pointed out by Price [1]. Some oceanic environments (e.g., previously existed cold eddy in left side) may shift this right bias (e.g., Zheng et al., [23]). This study showed a left bias response purely due to typhoon left-side sharp turning. To our best knowledge, this new phenomenon is has not been reported and explained before. Secondly, when a typhoon turns sharply, the equivalent moving speed of the typhoon will be slower, and the typhoon’s forcing time on the ocean will be longer, resulting in more intense marine biological and physical responses. Thirdly and the most importantly, there was a long-term controversial theoretical problem “whether typhoon inducing cold wake can immediately induce a significant negative feedback effect on the typhoon intensity itself”. Comparing with the previously found slow translation speed (~4 m s−1) of significant ocean response, we showed with observation that such negative feedback could only work under very restricted conditions with typical translation speed <2 m s−1 and we pointed out that sharp sudden-turning could effectively relax restrictions by making equivalent translation speed lower and air–sea interaction time longer. Comparing with speed, both the intensity and size play relatively minor roles. Our new findings provide positive evidence that enhanced oceanic environmental responses and feedbacks can occur under sudden-turning tracks, furtherly, we can improve our ability to forecast the variation of marine environment and rapidly change of typhoon intensity through typhoon track.




2. Materials and Methods


2.1. Typhoon Track Data


Each best-track file from JTWC contains the tropical cyclone center locations, the central pressure and the maximum sustained wind (MSW) speeds, the wind radius, and the radii of the specified winds (17, 25, 33, or 51 m s−1) for four quadrants, at 6 h intervals. In this study, we defined the turning angle of a typhoon as the azimuth change of the path in the 12 h before and 12 h after a certain point (turn left, positive; turn right, negative).



Besides, we counted the translation speed and turning angle of typhoons between 1981 and 2018 based on JTWC dataset in order to count the proportion of turning typhoons and prove the importance of our research in the discussion.




2.2. Data


2.2.1. Sea Surface Temperature


We used daily SST products that were integrated with microwave and infrared optimally interpolated (MW_IR_OI) data from Remote Sensing Systems (RSS) (www.remss.com, (accessed on 1 April 2021)). The MW_IR_OI data products used included the Tropical Rainfall Measuring Mission (TRMM) Microwave Imager, the Advanced Microwave Scanning Radiometer, the WindSat Polarimetric Radiometer, and the Global Precipitation Measurement (GPM) microwave imager SST data. Also included were the SST data detected in the infrared band by the Moderate-Resolution Imaging Spectroradiometer onboard the Terra and Aqua satellites of the Earth Observation Satellite series and the Visible/Infrared Imaging Radiometer Suite onboard the Suomi National Polar-Orbiting Partnership. These instruments are suitable for analyzing the response of the upper ocean to the passage of typhoons because microwave imagers and radiometers are able to penetrate clouds and the infrared channel of radiometers onboard polar-orbiting satellites has a high spatial resolution [24]. In this study, we used daily data with a spatial resolution of 9 × 9 km.




2.2.2. Sea Surface Salinity


The sea surface salinity (SSS) data were from the three-dimensional global ocean reanalysis product produced by the Copernicus Marine and Environmental Monitoring Service Global Monitoring and Forecasting Centre (http://marine.copernicus.eu/services-portfolio/access-to-products/, (accessed on 1 April 2021)). The products assessed in this study are referenced as GLOBAL-REANALYSIS-PHY-001-031 for Global Reanalysis Multi-Model Ensemble Product. Global ocean reanalyses are homogeneous three-dimensional gridded descriptions of the physical state of the ocean spanning several decades, produced with a numerical ocean model constrained with data assimilation of satellite and in situ observations. The SSS data used in this study were the daily data with a spatial resolution of 0.25° × 0.25°.




2.2.3. Sea Surface Height Anomalies and Surface Geostrophic Velocity


The sea surface height anomaly (SSHA) and sea surface geostrophic velocity data, calculated based on geostrophic relationships, were satellite altimeter data from the Ssalto/Duacs multisensor gridded delay-time altimetry product provided by Archiving, Validation and Interpretation of Satellite Oceanographic Data (AVISO) (https://www.aviso.altimetry.fr/en/data/products/, (accessed on 1 April 2021)) and distributed by the Copernicus Marine and Environmental Monitoring Service. This product is processed from all satellite altimeter missions (Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, Topex/Poseidon, Environmental Satellite, Geosat Follow-On, European Remote Sensing satellites). The spatial resolution of the SSHA and geostrophic data is 0.25° × 0.25° and the temporal resolution is 1 d.




2.2.4. Wind Vectors


The wind vector datasets were the wind at 10 m above the sea surface from the Cross-Calibrated Multi-Platform gridded surface vector winds provided by RSS. Cross-Calibrated Multi-Platform combines Version-7 RSS radiometer wind speeds, QuikSCAT and ASCAT scatterometer wind vectors, moored buoy wind data, and ERA-Interim model wind fields, and uses a variational analysis method to combine satellite observations and in situ wind measurements into gap-free wind fields, to produce four maps daily of 0.25° gridded vector winds. Therefore, the temporal resolution of the wind field data used is 6 h and the spatial resolution is 0.25° × 0.25°.




2.2.5. Precipitation


The GPM mission is an international network of satellites based on the TRMM. The GPM carries the first satellite-borne Ku/Ka-band Dual-frequency Precipitation Radar and a multichannel GPM Microwave Imager to improve the ability to measure light rain and provide global observations of rain and snow. This study used the final product from the Integrated Multi-satellite Retrievals for GPM, which combines data from all passive-microwave instruments in the GPM constellation and provides full coverage for latitudes 60°S–60°N. The National Aeronautics and Space Administration’s Precipitation Processing System publicly provided this product in March 2014 (https://pmm.nasa.gov/data-access/downloads/gpm, (accessed on 1 April 2021)). The precipitation data used were daily data with a spatial resolution of 0.1° × 0.1°.




2.2.6. Chlorophyll-a


The ocean color merged datasets were obtained from GlobColour (http://hermes.acri.fr/index.php?class=archive, (accessed on 1 April 2021)). The GlobColour dataset provides daily, weekly, and monthly chlorophyll concentrations with a spatial resolution of 4, 25, and 100 km from 1997 to the present, and the sensors include single-sensor and merged products from SeaWiFS, MERIS, MODIS, VIIRS NPP, OLCI-A, VIIRS JPSS-1, and OLCI-B. Merged data products are coalesced from multiple mission observations into a single data product with better spatial and temporal coverage than the individual missions. In this study, we used daily and weekly ocean color data with a spatial resolution of 25 × 25 km. In addition, chl-a datasets obtained from the three-dimensional global ocean forecast product produced by the Copernican Marine Environmental Monitoring Service Center (http://marine.copernicus.eu/services-portfolio/access-to-products/, (accessed on 1 April 2021)) were used to show the sea surface two-dimensional fields of zooplankton. The two-dimensional fields of zooplankton data used were weekly data with a spatial resolution of 0.25° × 0.25°.




2.2.7. Argo Profiles


We extracted the Argo float profiles from the real-time quality-controlled Argo database of the China Argo Real-time Data Center (http://www.argo.org.cn, (accessed on 1 April 2021)). Argo is an array of 3887 active profiling floats, distributed almost uniformly across the global ocean, which provide temperature and salinity profiles from the surface to 2000 m depth. The array has approximately one float for every 3° of latitude and longitude and provides accurate and comprehensive measurements of changes to ocean temperature and salinity, enabling systematic assessments of the physical state of the upper ocean. The Argo data are collected and made freely available by the International Argo Project and the national programs that contribute to it. In this study, four Argo floats were used (shown in Figure 1): float A1, 5901213 (on 21 November), float A2, 5902121 (on 1 December), float A3, 5900976 (on 22 November and 10 December), and float A4, 2900401 (on 23 November and 28 November).




2.2.8. Mixed-Layer Depth


The mixed-layer depth (MLD) dataset were from the three-dimensional global ocean reanalysis product produced by the Copernicus Marine and Environmental Monitoring Service Global Monitoring and Forecasting Centre (http://marine.copernicus.eu/services-portfolio/access-to-products/, (accessed on 1 April 2021)). The products assessed in this study are referenced as GLOBAL-REANALYSIS-PHY-001-031 for Global Reanalysis Multi-Model Ensemble Product. Global ocean reanalyses are homogeneous three-dimensional gridded descriptions of the physical state of the ocean spanning several decades, produced with a numerical ocean model constrained with data assimilation of satellite and in situ observations. The MLD data used in this study were the daily data with a spatial resolution of 0.25° × 0.25°.





2.3. Methods


2.3.1. Ekman Pumping


The Ekman pumping velocity (EPV, unit: m s−1) caused by Ekman pumping can be calculated as follows [1]:


  EPV = ∇ ×  (  τ /  ρ f   )  ,  



(1)




where ∇ is a gradient operator (total differential in all directions of space), called the Hamilton operator, f is the Coriolis parameter,     ρ    is the density of seawater (unit: kg m−3), and τ is the wind stress vector (unit: N),


   τ    =      ρ   a   C D   |    U   10    |    U   10   ,  



(2)






   C D  =  {       (  4 − 0.6  |    U   10    |   )  ×   10   − 3                       for    |    U   10    |  < 5   m / s ;                        (  0.737 + 0.0525  |    U   10    |   )  ×   10   − 3         for   5 m / s ≤  |    U   10    |  < 25   m / s       2.05 ×   10   − 3                                       for    |    U   10    |  ≥ 25   m / s                      



(3)




where    ρ a    is the air density (unit: kg m−3),    C D    is the drag coefficient [25,26], and     U   10     is the 10 m wind vector (unit: m s−1).




2.3.2. Enthalpy Flux and Energy Budget


The sensible heat flux    Q S    (unit: W m−2) and latent heat flux    Q L    (unit: W m−2) were calculated based on the bulk aerodynamic formula under the condition of tropical cyclone–ocean coupling [25,27] as follows:


   Q S  =      C   S  V  (   T s  −  T a   )   ρ a   C  pa   ,  



(4)






   Q L  =      C   L  V  (   q s  −  q a   )   ρ a   L  va   ,  



(5)




where CL and CS are the latent and sensible heat exchange coefficients, respectively. V is the wind speed derived from the modified Rankine vortex with n defined as in Mei et al. [28] as follows:


   {      V  ( r )  =  V  max    (   r   R  max      )        for     r <  R  max               V  ( r )  =  V  max      (  r /  R  max    )    − n         for     r ≥  R  max           ,  



(6)




where n = 0.6. We used the model wind to calculate the heat flux because it is challenging for scatterometers to measure high and extreme winds [29], and the CCMP wind underestimated the wind speed by as much as 50% [30]. Ts and Ta are the during-typhoon SST and near-surface air temperature (unit: °C), and qs and qa are the surface and air specific humidity (unit: %), respectively. Ta and qa are from the National Centers for Environmental Prediction (NCEP) reanalysis dataset (http://apdrc.soest.hawaii.edu/erddap/search/index.html?page=1&itemsPerPage=1000&searchFor=NCEP+-ofes+-godas, (accessed on 1 April 2021)). Cpa is the specific heat of air at constant pressure, Lva is the latent heat of vaporization,    ρ a    is the air density (unit: kg m−3), and qs is the saturated specific humidity (unit: %). The frictional heat D (unit: W m−2) generated by the friction between the typhoon and ocean is calculated as follows:


  D =  ρ a   C D   V 3   



(7)







A typhoon is regarded as a Carnot heat engine, and the heat conversion


efficiency = (SST − CTT)/SST



(8)




where CTT is the cloud top temperature (unit: °C). The ocean energy input into the typhoon W (unit: W m−2) is:


  W =  (   Q S  +  Q L  + D  )  × efficiency  



(9)







The net energy input of the ocean to typhoon N (unit: W m−2) is:


N = W − D



(10)







In accordance with previous studies [10,27], we did not consider the radiation term when calculating the change in typhoon energy, although the radiation term is an important variable in the energy budget.




2.3.3. Method to Evaluate Ocean Responses


The grid-based maximum response (GMR) method proposed by Li et al. [31] is a new method to accurately evaluate the SST response to a typhoon by using the asynchronous SST fields. In the first step, the initial forcing time (Ti) and the terminal forcing time (Tt) of typhoon are recorded, and the SST response period is defined as the time from the start time (Ti − 2) to the end time (Tt + 5) in each grid. In the second step, the average SST of two days (Ti − 2) and one day (Ti − 1) before the initial forcing time are selected as the background SST, and the minimum SST between the initial forcing time (Ti) and the terminal time (Tt + 5) is selected as the responding SST. The SST cooling in each grid is evaluated by the difference between the responding SST and background SST. In the last step, the SST cooling response in each grid is displayed in the map as GMR SST cooling results. Schematic illustration of the GMR method can be found in Figure 2 in Li et al. [30]. Using daily data from satellite remote sensing, this method can accurately calculate the maximum amplitude of SST cooling and the location of SST cooling centers.




2.3.4. Large-Scale Eddy Transport


Eddies were detected with the SSHA data [32]. Specifically, if there was a series of closed contours in the SSHA field, when the value of the outermost closed contour was greater than 6 cm, the region was defined as a warm eddy; when the outermost closed contour was less than −6 cm, the region was defined as a cold eddy (CE) [33,34].



A CE in NPWO would affect large-scale transport in several ways [33]. Previous studies stressed the negative transport by CE that is well known when CE dissipated in ocean interior [35]. However, if CE propagates westward to west boundary, it may have a positive transport for NPWO. This new mechanism was discovered recently [36]. In this study, we only stressed the transport by positive feedback mechanism, since the west propagating CE was very close to west boundary other than ocean interior. Zhang et al. [36] evaluated the eddy effect on Kuroshio transport based on the well-known turbulent Sverdrup balance as follows:


   S v  =  1 β   ∫   |    u   w    |     Δ Qdy    ,  



(11)




where  β  is the beta effect,     u   w     denotes the eddies’ westward propagation, and ΔQ denotes the potential vorticity anomaly. The formula is general for middle latitude ocean dynamics. Besides, the Typhoon Nida passing region is just within where Zhang et al. [36] studied (the Northwest Pacific and the Kuroshio area). According to the eddy structure model proposed by Wang et al., [37], a surface eddy consists of three parts and potential vorticity anomaly ΔQ is:


  Δ Q =  (    f +    ζ    H 1 + h 1 + h 2   −  f  H 1    )  ×  (  H 1 + h 1 + h 2  )  ,  



(12)




where h1 is the upper surface, h2 is the lower surface, H1 is the eddy body of height, ζ is the relative vorticity.






3. Results


3.1. Oceanic Responses in the Entire Area


Super typhoon Nida induced strong winds and severe rainfall around the track during its lifespan. Figure 2a shows the cumulative Ekman pumping caused by Nida during its passage. During the sudden turning dates (23 November and 30 November), Nida induced strong accumulation (>24 m) of Ekman pumping, which was in contrast to a very weak wind field and local Ekman pumping (<6 m) before Nida entered. During the passage of typhoon Nida, strong winds prevailed, with the upwelling velocity ranging from 0.5 to 4 × 10−4 m s−1 (Figure S1). Figure 2b shows the cumulative rainfall during the passage of the typhoon. The rainfall was mainly concentrated in the ST stage of the typhoon, during which the accumulated rainfall exceeded 1000 mm, and the rainfall induced by the typhoon was mainly located on the right-hand side of the typhoon track (for the daily evolution, see Figure S2).



Figure 2c shows the SST response field calculated using the GMR method. Before Nida entered, the SST in the study area was dominated by warm temperatures higher than 28 °C (Figure S3 in SM). In the SL stage, the cold wake was obviously lagging behind the typhoon center and the SST cooling showed an obvious right-hand bias. In contrast, the maximum SST cooling overlapped the typhoon center and was located on the left-hand side of the track in the ST stage. From Figure 2c, the SST cooling mainly occurred in the ST stage of the typhoon and almost all of the strong cooling area greater than 5 °C was located on the left-hand side of the typhoon track (with the maximum SST decrease of 6.68 °C about 80 km to the left of the typhoon track). This strong “left-bias” SST cooling induced by Nida is unusual, since most previous studies show a “right-bias” of the SST cooling owing to better wind-current resonance [1,38] and sub-mesoscale recirculation cells [39] on the right-hand side in the Northern Hemisphere. Therefore, the strong “left-bias” SST cooling induced by Nida should be paid particular attention and stressed in detail in Section 3.2.



The SSHA response to Nida calculated using the GMR method is shown in Figure 2d. The results suggest three main centers along the typhoon track where the SSHAs decreased, marked as C1, C2, and C3, respectively. C3 in the ST stage was strongest and the maximum SSHA reached −60 cm. This was because of the strong upwelling in the ST stage. In contrast, C1 and C2 in the SL stage were relatively weak. The evolution of the SSHA fields (Figure S4) show that the SSHAs in the study area were mostly higher than −20 cm before the arrival of Nida, and then gradually decreased during the typhoon’s passage.



Figure 2e shows the distribution of the SSS response field calculated using the GMR method. The results show that the area where the SSS increased by 0.6 psu corresponded to the strong Ekman pumping area, and that the area where the SSS decreased by 0.6 psu corresponded to the heavy rainfall area (for the daily evolution, see Figure S5). In summary, the change in SSS was mainly determined by a mechanism of competition between the asymmetric typhoon precipitation and asymmetric Ekman pumping.



Figure 2f shows the chl-a difference before and after Nida, indicating that the chl-a concentration increased by 0.5 mg m−3, which was about five times that before the passage of Nida, and the chl-a bloom lasted for weeks after Nida passed. Compared with the ST stage, the chl-a concentration in the SL stage barely changed. Furthermore, the region with the highest chl-a increase (Figure S6c,g) corresponded to the region with the strongest SST cooling (Figure S3i,j) and SSHA decrease (Figure S4i,j).



Recent case studies have found that typhoons can modulate the large-scale flow, e.g., the Kuroshio Current, via cold eddy intensification [35,36,40]. In this study, we estimated the potential mass transport induced by the strong cold eddy caused by typhoon Nida in the sudden-turning stage. The height of the cold eddy body H1 was about 300 m from Argo measurements; the upper surface h1 was about −0.3 m from sea surface height anomaly field; and the lower surface h2 was about 200 times that of the eddy amplitude h1 according to Wang et al., [37]. These are typical values for the Northwest Pacific, which were obtained as a composite structure from Argo and other observations [41]. The westward speed of the eddy was about 0.27 m s−1. Based on Equations (11) and (12), the strong cold eddy induced by Nida contributed about 0.25 Sv of mass transport to the large-scale mass transport (i.e., Kuroshio), which is about 0.6 times the total mass transport (0.4 Sv) in the South China Sea [35] and 0.4–0.6% of the total contribution to the mass transport (~40–60 Sv) by the Kuroshio. The temporal evolutions of the mean SSHA of the eddy and the transport induced by it are shown in Figure S7. Although the potential Kuroshio Current strengthening by of a single typhoon and eddy is not significant, there are 20–30 typhoons per year in this region, the integration of all typhoons and eddies may play a nonnegligible role for the Kuroshio Current (Zhang et al., [36] did this with composite analysis of typhoons between 1993 and 2014). The story of the relationship between typhoon and Kuroshio is a part of climate response of typhoon-ocean interaction, which is not very clear yet, so we simply add this part as an example or comparison for further studies.




3.2. Comparison of Oceanic Responses in Two Category 5 Stages


To summarize the regularity of the typhoon–ocean interaction under different typhoon motions, we quantitatively compared the ocean responses in the two Category 5 typhoon stages in detail. Two representative sections were selected for the two stages, as marked in Figure 1.



3.2.1. Direct Response during the Typhoon’s Passage


Figure 3 shows the temporal evolution of the cross-track SSW, Ekman pumping, rainfall, SST, SSHAs, and SSS at section 1 during 23 November to 1 December 2009. The SSW field and Ekman pumping intensity at section 1 strengthened on 25 November and then weakened on 26 November. Meanwhile, the maximum SSW (14.2 m s−1) and EPV (1.03 × 10−4 m s−1) on the right-hand side were obviously stronger than on the left-hand side of the typhoon track in the SL stage. Figure 3c shows that the evolution of the rainfall corresponded to Ekman pumping in the time series, but the rainfall appeared with a relatively leftward bias. The SST began to decrease on 24 November and appeared with a rightward bias. Figure 3e shows that the maximum SST cooling center (1 °C) caused by Nida was located at about 100 km on the right-hand side of the typhoon path. Figure 3f,g show that the SSHA decreased by about 3 cm from 24 November to 1 December. The SSS at section 1 changed slightly within the range from −0.02 psu to 0.02 psu (Figure 3h,i). In summary, at section 1, although the Ekman pumping velocity and rainfall were something notable due to the strongest intensity of 155 kts, the upper ocean responses (SST, SSHA, and SSS) were quite weak owing to the straight-line track and fast speed.



Figure 4 shows the temporal evolution of the cross-track SSW, Ekman pumping, rainfall, SST, SSHAs, and SSS at section 2 during 26 November to 4 December 2009. The SSW and Ekman pumping strengthened from 27 November to 30 November. It was exactly opposite to section 1, in that the maximum SSW (23.2 m s−1) and EPV (3.61 × 10−4 m s−1) on the left-hand side were obviously stronger than on the right-hand side SSW (15.9 m s−1) and EPV (2.07 × 10−4 m s−1) at section 2 (Figure S8). Figure 4c shows that the typhoon-induced rainfall was concentrated from 27 to 30 November and the strongest rainfall exceeded 320 mm d−1. The cross-track SST at section 2 began to decrease on 27 November and appeared with an obvious leftward bias (Figure 4d). The maximum SST cooling center (>6 °C) was located 80 km to the left of the typhoon track, and was relatively larger than the SST cooling center (5.42 °C) on the right-hand side (Figure 4e). Figure 4f,g show that the SSHAs decreased from 26 November to 4 December and the maximum SSHA decrease exceeded 30 cm on the left-hand side of track.



Therefore, the left-bias SST cooling phenomenon during the ST stage could have resulted for the following reasons. First, the asymmetrical typhoon wind field was stronger on the left-hand side (Figure 4a,b) and the cyclonic left-turning made EPV stronger than on the right-hand side. Secondly, according to previous research [18], the forcing time of typhoon Nida was longer on the left-hand side due to the sudden left-turning of the track, both resulting in stronger cumulative Ekman pumping, as shown in Figure 1. The stronger cumulative Ekman Pumping consequently generated a cyclonic cold eddy, which can significantly enhance the SST cooling induced by the typhoon [3,42]. In summary, both the typhoon wind and the ocean condition were favorable to the left-bias SST cooling (Figure S8).



The SSS increased on the left-hand side of the track but decreased on the right-hand side, with the SSS response ranging from −0.05 to 0.05 psu at section 2 (Figure 4h). The asymmetric SSS response was influenced by asymmetric rainfall (Figure 4c). It can be clearly seen that the cross-track evolutions of SST (Figure 4d), SSHAs (Figure 4f) and SSS (Figure 4h) were highly consistent in the time series, due to the typhoon-induced Ekman pumping (Figure 4b). In summary, at section 2, both the ocean responses and rainfall were notable because of the long-term forcing of the strong EPV by cyclonic sudden-turning of this strong typhoon.




3.2.2. Long-Term Memory Response after the Typhoon’s Passage


In addition to the direct response of the upper ocean, we studied the long-term impact of typhoon Nida on the marine environment by comparing the marine environment two weeks after the typhoon’s passage. In the SL stage, the long-memory ocean responses one week and two weeks after Nida passed showed that the SSHAs, SST, and chl-a distribution indicated that the ocean responses recovered rapidly within a week (Figure 5).



In contrast, Figure 6 shows the long-memory ocean response one week and two weeks after Nida passed in the ST stage. The SSHA response (Figure 6a,b) indicates that the strong cold eddy with an SSHA decrease of 60 cm generated by Nida in the ST stage existed and strengthened for several weeks. Such an SSHA response delay after the passage of typhoon has also been noted in previous studies [43,44], and confirmed with Argo and SST data due to sustained upwelling [21,40]. However, the exact delay date might be uncertain [44], as the temporal resolution of the grid can be higher than two weeks [45,46]. Figure 6c,d show that Nida induced a maximum SST cooling exceeding 6 °C, which lasted more than two weeks (Figure 6a,b). Meanwhile, for several weeks after the passage of Nida, the cold eddy caused a long-lasting chl-a bloom exceeding 0.6 mg m−3 and an SSS increase of 0.6 psu, as shown in Figure 6e,f and Figure 6g,h, respectively. This played an important role in the upper marine ecological environment and marine transport of salinity, nutrients, and chlorophyll. As is well known, in the tropical oceans, limited nutrient concentrations in the upper ocean are not conducive to enhancing primary productivity [47,48,49]. Typhoon Nida induced the transport of richer nutrients from the subsurface to the surface layer, and together with the ”presumed” sufficient sunlight and photosynthesis after the passing of the typhoon, there was a marked increase in the surface chl-a concentration, especially on the left-hand side of the typhoon track (five times that before the typhoon’s passage). Lin and Oey [50] also showed that the typhoon’s left-side rainfall can induce left-side blooming, but in the case of Nida the left-side blooming was dominated by the strong upwelling within the strong cold eddy. Therefore, typhoon Nida not only directly affected the upper-ocean environment during its passage, but also induced long-term non-negligible ocean responses by forcing the formation of the cold eddy.



Furthermore, we quantified the average ocean responses along the typhoon track in the two Category 5 stages (Table 1). The high-latitude MLD in the ST stage was slightly deeper than the low-latitude MLD in the SL stage. The average intensity of Nida for both stages was about 120 kts. However, the turning angle and speed of Nida were quite different in the two stages. In the ST stage, the turning angle and speed were 62.48° and 0.94 m s−1, respectively, which were four times and one-quarter of the turning angle of 15.68° and speed of 4.39 m s−1 in the SL stage. Under the conditions of a similar ocean environment and typhoon intensity, the SST response, SSHA response and chl-a response in the ST stage were −4.15 °C, −10.29 cm, and 0.12 mg m−3, which were three times, two times, and four times those in the SL stage, respectively. In summary, owing to the difference in turning angle and speed, the upper ocean responses during the ST stage were about three times more than those in the SL stage.




3.2.3. Subsurface Response


To investigate the subsurface response, we analyzed vertical profiles of temperature and salinity measured by Argo floats before and after typhoon Nida (Figure 7). Typhoon Nida affected floats 5901213 and 5902121 on 24 November. At this time, Nida moved fast and its intensity was weak, with an MSW speed of 65 kts. As shown in Figure 7a, the thickness of the mixed layer showed no obvious change after Nida passed. Nida affected float 5900976 from 26 to 27 November after it reached the maximum intensity, increasing the MLD by 35 m (Figure 7c). Float 2900401 was located at the sudden-turning track and was affected by Nida from 28 November to 1 December. During this stage, the MLD increased by 50 m (Figure 7e). At all three locations, the subsurface temperature responses showed a three-layer (decreasing–increasing–decreasing) vertical structure (Figure 7b,d,f). In addition, Figure 7g,h show the temporal evolution of temperature and salinity profiles measured by Argo float 2900401. First, Nida induced strong vertical mixing that not only cooled the surface but also heated the subsurface, which is the so-called ‘heat pump’ effect of the typhoon [10,51]. In the following, the cyclonic stress of the typhoon caused a strong uplift of the ocean thermocline, which acted as a ‘cold suction’ to the upper ocean [52,53]. Therefore, the upper-ocean response to typhoon Nida consisted of two consequential processes: strong vertical mixing and long-lasting upwelling. Consistent with the research on 14 typhoons presented by Hsu and Ho [54] through Glider data with higher temporal resolution, the two main effects occurring in the temperature profile of the typhoon response are cold suction due to upwelling and heat pumping owing to vertical mixing. The subsurface warming induced by Nida were showed not only at Category 5 (Figure 7d,f: floats 5900976 and 2900401), but also Category 1 (Figure 7b: floats 5901213 and 5902121), which is consistent with the observation in Hsu and Ho (2019): ”significant subsurface warming for typhoons belonging to all categories”. In addition, according the types of heat pump in Hsu and Ho [54], the subsurface temperature responses induced by Nida belonged to the second type, which was characterized by surface cooling and subsurface warming with additional layers of cooling and warming in the thermocline. The shift of the T, S profiles measured by the Argo floats may also have played a minor role, since only a minor part shifted within the eddy and the major part propagated with the eddy.





3.3. Upper-Ocean Feedback to Typhoon Nida


To investigate the negative feedback of the cold wake on the typhoon intensity, Figure 8 shows the evolution of Nida’s inner-core cold wake and inner-core enthalpy flux (sensible heat flux and latent heat flux) in the two Category 5 stages. In accordance with previous studies [14,55], we defined the typhoon inner core as the distance within a radius of 100 km from the typhoon center, indicated by the black solid circle in Figure 8. When Nida moved in a straight line in the SL stage, the cold wake induced by Nida lagged far behind the inner-core area because of Nida’s fast speed (Figure 8a,b). Figure 8e,f indicate that the air–sea enthalpy flux supplied from the ocean to Nida was considerable, especially on 26 November, with the maximum enthalpy flux exceeding 1000 W m−2. Therefore, Nida intensified rapidly in the SL stage. However, in the ST stage, the inner-core SST cooling was notable because the local cold wake no longer lagged behind the typhoon center, but completely overlapped the typhoon’s inner core due to the sudden-turning track of the typhoon (Figure 8c,d). The strong inner-core SST cooling resulted in a sharp decrease of the enthalpy fluxes at the sea–air interface and the inner-core enthalpy flux decreased sharply from 681.9 W m−2 on 26 November to −101.2 W m−2 on 30 November, especially on the left-hand side of the track (Figure 8g,h). Furthermore, the sharp decrease of the inner-core enthalpy fluxes caused the energy supply from the ocean to the typhoon to cease, rapidly weakening the intensity of typhoon Nida from Category 5 to Category 2.



Figure 9 shows the change in the typhoon turning angle (a), translation speed (b), inner-core SST cooling and local ΔSST wake (c), enthalpy flux and frictional flux (d), input power and net power (e) during the lifecycle of typhoon Nida. Meanwhile, the feedback factor Fsst and the center pressure depression (ΔPc) of Nida [19] were calculated and the results are presented in Figure 9f,g. Fsst means the negative feedback level of cold wake to typhoon, the closer Fsst is to −1, the greater the negative feedback of cold wake is. During 22–24 November, Nida turned left (Figure 9a) and moved at a speed of about 2 m s−1 (Figure 9b). The local cold wake, inner-core SST cooling caused by Nida (Figure 9c), and the energy input from the ocean into the typhoon (Figure 9d,e) were very weak due to the weak SSW. The feedback factor Fsst was relatively strong because Nida moved slowly along the turning track (Figure 9f). Therefore, due to weak energy from the ocean and strong Fsst, Nida’s intensity strengthened slowly (Figure 9g) during this time.



On 24 November, Nida strengthened to typhoon intensity and evolved into the SL stage. In the SL stage, the typhoon track of Nida was close to a straight line (Figure 9a) and the maximum translation speed reached 6.4 m s−1 (Figure 9b), as shown by the blue line segment in Figure 9. Because Nida moved along a straight-line track and the speed was fast, the local cold wake caused by the typhoon was very weak (Figure 9c). As the speed gradually slowed to 4 m s−1, the typhoon-induced local cold wake gradually strengthened to 3 °C. Cione and Uhlhorn [14] showed that it took 23 h for the background water temperature to change into a cold wake. Assuming that the radius of the cold wake was 100 km, if the inner-core area was to feel the cold wake, the speed of the typhoon should be slower than 2 m s−1. Therefore, when the speed of the typhoon slowed to 4 m s−1, although the typhoon-induced local cold wake gradually strengthened, the inner-core SST cooling was still weak. The environment in the inner-core area still provided favorable conditions for the development of the typhoon. In this stage, the enthalpy flux supplied by the ocean to the typhoon increased to 1000 W m−2 (Figure 9d), and the corresponding input power (and net power) from the tropical ocean to Nida increased to 500 (200) W m−2 (Figure 9e). The feedback factor Fsst of Nida in this stage was very weak, with a value above −0.4 (Figure 9f). Therefore, because of the strong energy from the ocean and weak Fsst, Nida intensified rapidly to a Category 5 typhoon with a ΔPc of 99 hPa and MSW speed of 155 kts, and the intensification rate was about three times the definition of rapid intensification in previous studies (Figure 9g).



On 27 November, Nida suddenly turned left and evolved into the ST stage. In the ST stage, the typhoon moved very slowly (about 1 m s−1), especially during sudden-turning (Figure 9a,b), as shown by the red line segment in Figure 9. Owing to the cyclonic sharp turning and extremely slow speed, the typhoon caused a strong cold wake of 4 °C (Figure 9c). At the same time, the sharp turning and slow speed resulted in the typhoon center revisiting and staying over the cold wake, and the inner-core SST cooling began to drop rapidly to 4 ℃. The decrease in the inner-core SST resulted in a rapid decrease in the enthalpy flux supplied by the ocean to Nida (Figure 9d), and the corresponding input power (and net power) decreased to 50 (−200) W m−2 (Figure 9e). The feedback factor Fsst strengthened rapidly to −0.85 because of Nida’s extremely slow translation speed along the sudden-turning track (Figure 9f). As shown in Figure 9g, Nida weakened from Category 5 with a ΔPc of 96 hPa, to Category 2 with a ΔPc of 55 hPa before and after the ST stage. In summary, owing to the different motions of typhoon Nida in the different stages, the ocean’s responses and feedbacks to the typhoon were quite different in the different stages.





4. Discussion


This study used multiple satellite observations to study typhoon–ocean interactions: left bias ocean responses purely due to sharp-left sudden-turning of typhoon; resulting in more in-tense marine biological and physical responses and negative feedback; such negative feedback could only work under very restricted conditions with typical translation speed < 2 m s−1. However, the coarseness of the spatial and temporal resolutions of these data might have limited our findings. Given the nature of the strong atmospheric forcing associated with the sharp gradient from a super typhoon, high temporal and spatial resolution analyses and comparisons are certainly preferable in order to investigate the oceanic responses and feedbacks in sufficient detail. This requires the development of new techniques to obtain higher spatial and temporal resolution data. NOAA already has a successful program of hurricane observation and in situ data collection from airplanes inside hurricanes that provide high-resolution data, so the new techniques have already been developed. The problem is the cost of it.



Although there were negative feedbacks to typhoon Nida’s intensity, the statistical regression of feedback Fsst [19] was several times larger than the measured intensity change, as shown in Figure 9. The overestimation of the feedback Fsst might have resulted in overestimation of the negative feedback time. The feedback Fsst was obtained from statistical regression of the steady-state intensity of the hurricane in model simulations. According to numerical simulations [16,19], it takes a storm more than two to three days to settle into a statistically steady state in coupled models. This time in general is much longer than the interaction time between a typhoon and ocean cold wake. Thus, the negative feedbacks were too weak to be noted in observations.



Although the negative feedbacks were generally too weak to kill the typhoon, they may have suppressed the typhoon’s intensity, as in Figure 9g. Typhoon Nida is not an isolated case. For typhoon Hagibis in 2007 [18], and typhoon Prapiroon in 2012 [56], their curved typhoon tracks caused them to undergo a similar process: generation and revisiting of a cold eddy, and the negative feedback process suppressed their intensity to below Category 1. The differences of the three typhoons are: 1. Hagibis and Prapiroon only reached the Category 1 typhoon intensity, while Nida reached the Category 5 typhoon intensity, which is more destructive; 2. The negative feedback effect of cold wake on Hagibis and Prapiroon is to suppress the development of typhoon, while the cold wake resulted in the rapid weakening of typhoon Nida, from Category 5 typhoon to Category 2 typhoon. The research of super typhoon Nida is more important for predicting the rapid weakening of super typhoons.



Besides, we considered which parameter might be dominant, although the negative feedback factor z includes many parameters, such as SST, ocean MLD, ocean stratification, typhoon translation speed, typhoon size, latitude, and so on [19]. This can be seen from Figure 9b,f, in which both curves have similar variation and their correlation is 0.85. This implies that the dominant parameter of negative feedback was translation speed in the case of typhoon Nida. This is consistent with the results of past studies [17], which indicate that mostly slow-moving TCs experience negative feedback that can be more or less pronounced depending on the ocean stratification (e.g., the depth of the 26 °C isotherm).



The sharp sudden-turning track is an effective way of slowing the translation speed. When the typhoon moves along a straight-line track, it needs to move at a very slow speed (<2 m s−1) for a significant negative feedback, which is restricted by the radius of the typhoon core and cold wake. According to statistical analysis, in the North Atlantic, for about 15% of the duration of a hurricane, the speed is below 2 m s−1, and only 3% of the time is below 1 m s−1 [57]; in the Pacific Ocean, the proportion of time below 2 m s−1 may be as low as 10% [27]. According to our statistical analysis, only 6% of typhoons in the NWP moved slower than 2 m s−1 in the past 40 years from 1981 to 2018, while the proportion below 1 m s−1 was as low as 1% (Figure 10a). Therefore, for a typhoon that moves in a straight line at a typical speed (4–6 m s−1), even if there is a decrease in SST, negative feedback barely exists [12]. However, when a typhoon moves along a sudden-turning track, the equivalent speed of the typhoon is greatly reduced, which is equivalent to the typhoon staying in a specific area for a longer time, increasing the probability of negative feedback. Therefore, sharp sudden-turning could effectively relax restrictions by making equivalent translation speed lower and air–sea interaction time longer. According to the angle statistics (Figure 10b), more than 60% of typhoons are close to straight (amplitude of turning angle <20°), and due to the influence of the NWP subtropical high pressure and large-scale circulation, more than 60% of typhoons turn right. Note in particular, the proportion of typhoons with a turning angle greater than 50° is about 10%, which can increase the probability that a typhoon will revisit the cold wake, thus enhancing the negative feedback effect that is difficult to trigger.




5. Conclusions


The ocean surface and subsurface biophysical responses and their feedbacks to super typhoon Nida were comprehensively investigated based on a substantial dataset of multiple-satellite observations, Argo profiles, and reanalysis data. Super typhoon Nida generated in the NWP in 2009 and consisted of two Category 5 stages. In the straight-line stage, Nida moved quickly along a straight-line track and rapidly intensified from Category 1 to Category 5. In the sudden-turning stage, Nida moved slowly along a sharp-left sudden-turning track and weakened from Category 5 to Category 2. Summarizing the regularity of typhoon–ocean interaction under different typhoon motions can provide a comprehensive and in-depth understanding of the typhoon–ocean interaction process. Based on this study, a schematic illustration of the interaction between the typhoon and the ocean, including the SL stage and the ST stage, is shown in Figure 11.



In the SL stage (24–27 November), Nida moved fast and along a straight northwest line, and the intensity strengthened rapidly from 65 to 155 kts. The strong winds induced strong vertical mixing and Ekman pumping. However, Nida caused only weak SST cooling because of the straight-line track and fast speed. As it slowed below 4 m s−1, the ocean response gradually strengthened. During the whole stage, Nida induced an average SST cooling of 1.44 °C, an SSHA response of −5.00 cm, and a chl-a response of 0.03 mg m−3. Meanwhile, Nida’s inner-core SST cooling was weaker than 0.5 °C due to the fast speed along a straight-line track. Consequently, the enthalpy flux supplied from the ocean to the typhoon remained at a high level, with a maximum flux exceeding 1000 W m−2, which intensified Nida from Category 1 to Category 5.



In the ST stage (27–30 November), Nida suddenly turned left, with a maximum left sudden-turning angle of 135°, and its translation speed was slower than 1 m s−1. Owing to the cyclonic sudden-turning and longer air–sea interaction time on the left-hand side of the track, Nida induced strong left bias ocean responses, which was a new phenomenon not reported and explained before. The average SST response, SSHA response and chl-a response was −4.15 ℃, −10.29 cm, and 0.12 mg m−3, which was three times, two times, and four times more than those in the SL stage, respectively. Nida also induced a strong cold eddy (SSHA < −60 cm, maximum SST cooling > 6.68 °C), which caused a chl-a bloom exceeding 0.6 mg m−3 (more than five times) that lasted for weeks, which had significant impacts on the upper-ocean ecological environment. This strong cold eddy also potentially enhanced the Kuroshio Current as it approached the current, accelerating it by about 0.25 Sv. The strong oceanic responses in turn induced a negative feedback effect on Nida’s intensity. The average inner-core SST cooling of Nida reached 4 °C, which resulted in a dramatic decrease in the sensible and latent heat fluxes at the sea–air interface from 681.9 to −101.2 W m−2. Then, the sharp decrease in the enthalpy flux terminated the net energy supply from the ocean to the typhoon and further continually weakened the intensity of Nida from 150 (Category 5) to 90 kts (Category 2) within three days.



It is concluded that the ocean response is weak when the typhoon intensity is weak or the typhoon speed is fast (>6 m s−1) along a straight-line track and the ocean response is much stronger when the typhoon intensity is stronger and the speed is slower (~4 m s−1), which aligns with previous studies [2,17,58,59]. However, the ocean negative feedback to the typhoon intensity needs stricter conditions. According to the present case, the ocean negative feedback requires the typhoon to move at a slow speed (<2 m s−1); otherwise, the inner core of the typhoon cannot feel the local SST cooling, and the negative feedback might be negligible. Comparing with the previously found slow translation speed (~4 m s−1) of significant ocean response, the negative feedback requires even more restriction of translation speed (<2 m s−1) and sharp sudden-turning could effectively relax restrictions by making equivalent translation speed lower and air-sea interaction time longer. In addition, the negative feedback of the ocean may weaken and/or suppress the typhoon intensity. However, such negative feedback may not be as strong as that suggested in previous studies. This might be due to the fact that SST is not the only factor affecting typhoon intensity. Other factors (including, for example, atmospheric conditions, the interaction between the typhoon and land) may also have roles [19].
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Figure 1. Best track of typhoon Nida (2009) from the JTWC. The blue stars denote the positions and trajectory of Argo floats (A1 to A4 are floats 5902121, 5901213, 5900976, and 2900401). The track line color indicates the MSW speed of the typhoon. The background pattern is the MLD field on 22 November before the passage of typhoon. The two black sections indicate the location of the strongest intensity (section 1) and maximum turning (section 2). 
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Figure 2. The entire spatial distribution of (a) cumulative Ekman pumping, (b) cumulative rainfall, (c) SST change (the red solid line shows the 5 °C contour), (d) SSHA change, (e) SSS change, and (f) chl-a change during the lifespans of Nida from 22 November 2009 to 3 December 2009. Ekman pumping and rainfall are the cumulative value during typhoon lifespans. Other graphs (such as SST change) are the maximum ocean responses caused by typhoon in its lifespans calculated by GMR method proposed by Li et al. [31]. 
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Figure 3. Temporal evolution of cross-track (a) SSW (shaded, m s−1), (b) cumulative Ekman pumping (shaded, m), and (c) cumulative rainfall (shaded, mm) at location 1 during the passage of typhoon Nida (23 November–1 December 2009). (d,e) Temporal evolution of cross-track SST (shaded, °C) and the cross-track SST response on 26 November. (f,g) Temporal evolution of cross-track SSHA (shaded, cm) and the cross-track SSHA response on 26 November. (h,i) Temporal evolution of cross-track SSS (shaded, psu) and the cross-track SSS response on 26 November. 
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Figure 4. Temporal evolution of cross-track (a) SSW (shaded, m s−1), (b) cumulative Ekman pumping (shaded, m), and (c) cumulative rainfall (shaded, mm) at location 2 during the passage of typhoon Nida (30 November–4 December 2009). (d,e) Temporal evolution of cross-track SST (shaded, °C) and the cross-track SST response on 30 November. (f,g) Temporal evolution of cross-track SSHAs (shaded, cm) and the cross-track SSHA response on 30 November. (h,i) Temporal evolution of cross-track SSS (shaded, psu) and the cross-track SSS response on 30 November. 
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Figure 5. The straight-line stage. (a,b) The SSHA fields (shaded, cm) on 9 and 15 December 2009, indicating one week and two weeks after the passage of Nida, respectively. (c,d) The SST responses (shaded, cm) on 9 and 15 December 2009. (e,f) The chl-a responses (shaded, cm) several weeks after the passage of typhoon Nida. (g,h) The SSS responses (shaded, cm) on 9 and 15 December 2009. 
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Figure 6. The sudden-turning stage. (a,b) The SSHA fields (shaded, cm) on 9 and 15 December 2009, indicating one week and two weeks after the passage of Nida, respectively. (c,d) The SST responses (shaded, cm) on 9 and 15 December 2009. (e,f) The chl-a and zooplankton responses (shaded, cm) several weeks after the passage of typhoon Nida. (g,h) The SSS responses (shaded, cm) on 9 and 15 December 2009. The yellow rectangle and yellow star indicate the cold eddy area and the location of Argo float 2900401, respectively. 
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Figure 7. Temperature and salinity profiles, and temperature differences between the post-storm and pre-storm, measured by Argo floats 5901213 and 5902121 (a,b), 5900976 (c,d), and 2900401 (e,f). (g,h) Temporal evolution of temperature and salinity profiles measured by Argo float 2900401 before and after Nida. 
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Figure 8. Evolution of the inner-core SST cooling (shaded, °C) and inner-core enthalpy flux (shaded, W m−2) in the SL stage and ST stage. The black solid circle represents the radius of 100 km from the typhoon, indicating its inner core. 






Figure 8. Evolution of the inner-core SST cooling (shaded, °C) and inner-core enthalpy flux (shaded, W m−2) in the SL stage and ST stage. The black solid circle represents the radius of 100 km from the typhoon, indicating its inner core.



[image: Remotesensing 13 02648 g008]







[image: Remotesensing 13 02648 g009 550] 





Figure 9. The (a) turning angle (°), (b) translation speed (m s−1), (c) inner-core SST cooling and local ΔSST wake (°C), (d) enthalpy flux and frictional flux (W m−2), (e) input power and net power (W m−2), (f) feedback factor Fsst and reference value Z in Schade and Emanuel (1999), and (g) observed, expected and potential pressure depression in the eye of typhoon Nida during its passage. The blue and red segments indicate the straight-line stage and the sudden-turning stage of typhoon Nida, respectively. 
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Figure 10. Distribution of typhoon (a) translation speed and (b) turning angle in the NWP during the 40 years from 1981 to 2018. 
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Figure 11. Schematic illustration of the interaction between super typhoon Nida and the ocean environment. 
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Table 1. Quantitative impact factors and biophysical responses in the two Category 5 stages.
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	SL Stage
	ST Stage





	MLD (m)
	33.41
	62.08 (↑)



	MSW speed (kts)
	120.77
	120.00 (=)



	SSW speed (m s−1)
	10.21
	13.94 (↑)



	Turning angle (°)
	15.68
	62.48 (↑)



	Translation speed (m s−1)
	4.39
	0.94 (↓)



	Rainfall (mm d−1)
	264.58
	601.02 (↑)



	SST response (°C)
	−1.44
	−4.15 (↑)



	SSHA response (cm)
	−5.00
	−10.29 (↑)



	SSS response (psu)
	0.06
	0.00 (↓)



	Chl-a response (mg m−3)
	0.03
	0.12 (↑)







Note. The MLD, SSW, rainfall, SST, SSHA, SSS and chl-a were averaged along the typhoon in the two stages: SL stage was from 24 November 06:00 to 27 November 12:00; ST stage was from 27 November 18:00 to 30 November 12:00. The signals up, down or equal mean the variables in the SL stage higher than, lower than or equal to the ST stage.
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