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Abstract

:

Due to the change in environmental steering flow influenced by the surrounding synoptic systems, typhoon tracks often manifest sudden turnings, potentially prolonging the residence time of typhoon wind forcing and, thus, exerting a remarkable upper ocean response. Typhoon Prapiroon (2012) in the western North Pacific, had a very complex track and underwent two sudden-turning stages over its lifespan. On the basis of satellite and Argo float observations, this paper studies the surface and subsurface ocean environmental responses to Prapiroon. The observations show that the oceanic responses during the two sudden-turning stages of Prapiroon were much more remarkable than those in the straight-moving stage, including significant sea surface temperature (SST) cooling (~7 °C), sea surface chlorophyll-a (Chl-a) concentration increase (>0.30 mg m−3), and sea surface height anomaly (SSHA) reduction (<−50 cm), compared with those in the straight-moving stage, with SST cooling weaker than 3 °C, Chl-a concentration increase less than 0.05 mg m−3, and SSHA reduction less than −10 cm. By employing the three-dimensional Price–Weller–Pinkel (3DPWP) model to conduct a series of sensitivity experiments, we separate the contribution of the typhoon track’s sudden turnings to the upper ocean response and find that the relative contributions of the two sudden turnings to SST cooling (sea surface salinity salinification) reached 38.4% (23.5%) and 46.8% (28.0%), respectively. In addition, the model experiments further show that the sudden turning could also induce stronger upwelling in the subsurface ocean. Our results demonstrate that typhoon track sudden turning could result in more kinetic energy input into the upper ocean, enhancing the physical and biological responses in the upper ocean.
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1. Introduction


Tropical cyclones (TCs), known as typhoons in the western North Pacific (WNP), are among the most devastating and deadliest hazards on Earth [1]. Accompanied by strong wind forcing and large swells, the passage and landfall of typhoons usually cause severe damage to coastal regions [2]. Due to the intense exchanges of momentum and heat during their interaction with the upper ocean, TCs induce remarkable environmental changes in the upper ocean, including sea surface temperature (SST) cooling, sea surface height (SSH) reduction, and phytoplankton blooms [3,4]. The TC self-induced SST cooling could reduce the surface enthalpy flux from the ocean to the atmosphere and, thus, influence the subsequent intensification of TCs [5,6].



When a typhoon passes over the ocean, its intense wind stress stimulates strong near-inertial internal waves in the upper ocean, which could generate strong current shear at the mixed layer base, triggering intense shear instability and mixing. This TC-enhanced mixing can entrain subsurface cold water to the sea surface and generate pronounced SST cooling, leaving a remarkable cold wake along the typhoon track [7,8,9]. The SST cooling and cold wake have a strong asymmetry; that is, the cooling on the right side of the typhoon track is obviously greater than that on the left, mainly because the local wind rotation direction on the right side of the track is consistent with the rotation direction of typhoon-generated near-inertial currents (clockwise in the Northern Hemisphere), which enhances vertical mixing of the upper ocean and results in SST cooling [7,10]. Previous studies have shown that there are three main processes controlling typhoon-induced SST cooling: vertical mixing, upwelling (mostly by vertical advection), and air–sea heat exchange [7,11,12,13]. In most cases, typhoon-induced SST cooling is dominated by vertical mixing triggered by near-inertial shear instability in the upper ocean, generally accounting for more than 80% of the total SST cooling [12,14,15]. Upwelling and air–sea heat exchange account for the remaining cooling [16,17]. This self-induced SST cooling leads to a reduction in enthalpy flux from the ocean to the typhoon and suppresses the typhoon’s subsequent intensification, often called the ocean’s negative feedback [6,18,19,20]. At the same time, TC-triggered vertical mixing also results in a downwards heat flux and generates net warming in the thermocline, which results in net heat uptake in the upper ocean by TCs and affects meridional heat transport [21,22,23,24,25].



Except for the widely reported SST cold wake, the typhoon actually induces a complex dynamical and biophysical response in the upper ocean. The intense vertical mixing and upwelling by TCs usually induce a sea surface salinity (SSS) increase after a typhoon’s passage because the salinity mostly increases with depth in the upper ocean in principle, while the heavy rainfall of a typhoon tends to induce a decrease in salinity. Salinification or desalination depends on the competition between the effects of vertical mixing and rainfall. Moreover, intense mixing and upwelling act to entrain subsurface nutrients or the subsurface chlorophyll maxima directly into the euphotic zone and result in significant increases in chlorophyll concentration and phytoplankton blooms after a typhoon’s passage [3,26]. Furthermore, the strong cyclonic winds of typhoons tend to induce strong upwelling by Ekman pumping and result in noticeable SSH reduction [27,28]; in some typhoon cases with a slow translation speed, a new cold core eddy can be generated directly by TCs.



The magnitude and structure of typhoon-induced SST cooling are affected mainly by the typhoon attributes and the pre-typhoon thermal condition of the upper ocean. Typical typhoon parameters consist of the intensity, translation speed, and storm size [9,24,29,30,31,32,33,34]. Many studies have demonstrated that a strong (weak), slow-moving (fast-moving) typhoon tends to cause a larger (smaller) magnitude of SST cooling. Case studies have shown that typhoons with larger storm sizes usually induce stronger SST cooling. Variations in the upper ocean thermal structure, by changing the mixed layer depth (MLD) and vertical temperature gradient below the mixed layer, can significantly modulate the magnitude of SST cooling. The difference in cooling magnitude under the same TC wind forcing but different upper ocean thermal structures can be up to 10 °C [35]. By modulating the upper ocean thermal structure, the pre-existing mesoscale eddies, barrier layers, and so on, can significantly modulate the SST response to a typhoon and, hence, affect the typhoon’s subsequent intensification through the ocean’s negative feedback [36,37,38]. Similar to the SST cooling response, the SSH and chlorophyll concentration changes induced by typhoons are also modulated by TC attributes or the pre-TC upper ocean thermal structure. For instance, strong and slow-moving typhoons result in a larger increase in chlorophyll-a (Chl-a) concentration and a more intense SSH reduction than weak and fast-moving typhoons [39]. In addition, when a cold core eddy existed before the TC, it was conducive to a more profound increase in the Chl-a concentration after typhoon passage [40].



In addition to the abovementioned important role of translation speed in modulating TC–ocean interactions, the effect of the sudden turning of the TC track on the upper ocean response has been highlighted recently (e.g., [34]). Statistically, the movement of a TC is controlled mainly by the environmental steering flow [41,42], which is determined by the surrounding synoptic systems, such as the Western Pacific subtropical high (WPSH), the midlatitude westerly trough, monsoon systems, and other vortexes [43]. The changes in the intensity and position of these systems and the mutual restraints or interactions among various systems could lead to a change in the environmental steering flow, affecting the track and translation speed of the TCs. Due to the changes in the steering flow, the tracks of typhoons may experience sudden turnings. For example, the tracks of TCs in the WNP are affected mainly by the WPSH [44]. Due to the blocking effect of the WPSH, TCs often manifest sudden turnings at its edge. Zhang and his coauthors [45] used the fifth generation Penn State/NCAR Mesoscale Model (MM5) [46] to diagnose and analyse the abnormal northwards turning track of Typhoon Helen (1995) and found that the fracture of the WPSH and its main body weakened and retreated eastwards, which was the cause of Helen’s sudden turning. On the basis of the Weather Research and Forecasting (WRF) model, Sun and his coauthors [47] simulated the track of Typhoon Megi (2010) and pointed out that warming/cooling in the upper/lower troposphere could lead to the weakening of the WPSH, further leading to the sudden turning of Megi.



During the sudden-turning stage of TCs, the turning of the track acts to prolong the forcing time of the TC’s strong wind stress over the local ocean, potentially causing a remarkable upper ocean response. D’Asaro and his coauthors [9] investigated the cold wake on the sea surface caused by the passage of Super Typhoon Lupit (2009) and found that a strong cold wake was generated during Lupit’s northwards turning. Pun and his coauthors [34] employed the three-dimensional Price–Weller–Pinkel (3DPWP) model to simulate the SST cooling of Typhoon Megi (2010) during turning and non-turning stages. Their results showed that the maximum SST cooling during the turning stage was 30% higher than that during the non-turning stage. Li and his coauthors [48] studied the changes in marine environments during the passage of Typhoon Nida (2009) and found that the response of the upper ocean during the sudden-turning stage was more intense, for instance, causing much more significant SST cooling. Nevertheless, although the track curvature and sudden turning is a very common phenomenon during TC’s movement directed by the steering flow, there have still been few studies focusing on the upper ocean response to TCs during the sudden-turning stage.



Typhoon Prapiroon was the 22nd typhoon in the 2012 typhoon season of the WNP. Over its lifespan, Prapiroon manifested a very complex track and underwent two sudden-turning stages. In this study, we examined the response of the surface and subsurface ocean to Typhoon Prapiroon by employing satellite and Argo float observations. The results showed that the most remarkable SST cooling, SSS salinification, sea surface Chl-a concentration increase, and SSH reduction all occurred during the two sudden-turning stages. We further used a numerical ocean model to conduct a series of sensitivity experiments to quantify the role that the sudden turning of the TC track plays in generating SST cooling. The structure of this paper is as follows: In Section 2, Typhoon Prapiroon, the satellite and Argo observations, and the ocean model are briefly introduced. The response of the upper ocean to Typhoon Prapiroon obtained from observations is examined in Section 3. Sensitivity model experiments are presented in Section 4. Finally, discussion and conclusions are provided in Section 5 and Section 6, respectively.




2. Materials and Methods


2.1. Typhoon Prapiroon (2012)


Information on Typhoon Prapiroon (2012), which included the location of the typhoon centre, the maximum wind speed (Vmax), and the radius of maximum wind speed (RMW) every 6 h, was obtained from the Joint Typhoon Warning Center (JTWC; https://www.metoc.navy.mil/jtwc/jtwc.html, accessed on 1 April 2022). The typhoon intensity in this study was measured as Vmax and classified according to the commonly used Saffir–Simpson Scale [49]: Tropical Depression (TD; Vmax < 18 m s−1), Tropical Storm (TS; 18 m s−1 < Vmax < 33 m s−1), Category 1 (Cat 1; 33 m s−1 < Vmax < 43 m s−1), Category 2 (Cat 2; 43 m s−1 < Vmax < 50 m s−1), Category 3 (Cat 3; 50 m s−1 < Vmax < 58 m s−1), Category 4 (Cat 4; 58 m s−1 < Vmax < 69 m s−1), and Category 5 (Cat 5; Vmax > 69 m s−1). The translation speed of Typhoon Prapiroon was computed by dividing the distance 6 h before and after the typhoon passed an objective position by the total 12 h. The turning angle of the typhoon was calculated as the angle between the displacement vector 12 h before and after the typhoon passed a certain position [42]. For instance, when a typhoon keeps moving straight in a fixed direction for a certain 24 h, the turning angle of this typhoon at this stage is 0 degrees.



Figure 1a shows the track and intensity of Typhoon Prapiroon during its lifespan. Prapiroon developed as a TD at 1200 UTC 6 October, then it moved westwards and intensified to its peak intensity, with Vmax reaching 54 m s−1 (Category 3) at 1800 UTC 11 October. During 11–12 October, Typhoon Prapiroon suddenly turned from moving northwestwards to moving northeastwards. We refer to this period as Prapiroon’s first sudden-turning stage (A1-ST), with a turning angle of approximately 100°. Then, Prapiroon continued to move northeastwards and gradually weakened to Category 1. During 14–16 October, Typhoon Prapiroon suddenly turned from moving northeastwards to moving southwestwards, experiencing its second sudden-turning stage (A2-ST), with a turning angle up to approximately 180°. Due to its 180° turning, the track during 15 October nearly overlapped with that during 14 October. After the A2-ST stage, Prapiroon made another turning and moved northeastwards on 17 October until final dissipation. Overall, Typhoon Prapiroon experienced two sudden-turning stages (with turning angles larger than 90°) during its lifespan, denoted A1-ST and A2-ST, which were expected to prolong the local residence time of high typhoon wind forcing and exert enhance SST cooling. There were two domains of approximately 200 km × 200 km surrounding the TC centre (black boxes in Figure 1a), denoted A1 (A2) for A1-ST (A2-ST) stage. However, it should be noted that although Prapiroon had a moderate translation speed of approximately 4 m s−1, on average, over its whole lifecycle (Figure 1d), during its two sudden-turning stages, the translation speed slowed down to below 2 m s−1.




2.2. Observations


2.2.1. Sea Surface Temperature


We employed satellite microwave optimally interpolated (OI) SST data, which were obtained from Remote Sensing Systems (RSS; https://www.remss.com, accessed on 1 April 2022). The MW_OI product was measured by the Tropical Rainfall Measuring Mission Microwave Imager (TMI), Advanced Microwave Scanning Radiometer (AMSR), WindSat Polarimetric Radiometer, and Global Precipitation Measurement Microwave Imager (GMI). Due to the advantage in which the measurements by these microwave sensors can penetrate clouds and supply reliable SST data under typhoon conditions [50], the OI SST product has been widely used in examining typhoon-induced SST cooling in previous studies [20]. In this study, we used daily SST data with a spatial resolution of 0.25° × 0.25°.




2.2.2. Sea Surface Height Anomaly


To investigate the typhoon’s effect on the sea surface height anomaly (SSHA), we used daily satellite-observed SSHA data with a spatial resolution of 0.25° × 0.25°, which were obtained from the Copernicus Marine Environment Monitoring Service (CMEMS; https://resources.marine.copernicus.eu/product-detail/, accessed on 1 April 2022). This SSHA product was processed from the sensors of all altimeter Copernicus missions (Sentinel-6A, Sentinel 3A/B) and other cooperative or opportunity missions (Jason-3, Jason-2, Cryosat-2, Topex/Poseidon, etc.). The pre-typhoon SSHA, averaged on 1–3 October, is shown in Figure 1a. Along the typhoon track, there were only two warm core eddies located at approximately 129°E, 25°N and 134°E, 29°N under the track of Prapiroon after 17 October. There were no obvious warm or cold core eddies existing in the A1 and A2 domains, which provided us with a good opportunity to examine the effect of sudden turning on the upper ocean response without the influence of eddies.




2.2.3. Chlorophyll-a


To investigate the biophysical response to Typhoon Prapiroon, we examined the chlorophyll-a concentration during Prapiroon’s passage. The dataset was obtained from GlobColour (https://hermes.acri.fr/index.php?class=archive, accessed on 1 April 2022). The datasets of GlobColour were measured by the following sensors: SeaWiFS, MODIS AQUA, MERIS, VIIRS NPP, VIIRS JPSS-1, OLCI-A, and OLCI-B, and they supplied the daily, 8-day, and monthly products. The GlobColour products include the single-sensor measure products and merged products. In this study, the chlorophyll-a concentration calculated by the algorithm of Gohin (c.f. OC5), based on the MODIS observations, were employed. The temporal resolution of the Chl-a concentration data is 1 d, with a spatial resolution of 4 km.




2.2.4. Argo Profiles


The temperature and salinity profiles used in this study were based on the Argo floats derived from the China Argo Real-time Data Center (http://www.argo.org.cn, accessed on 1 April 2022). Argo floats are a group of active floats that are almost evenly distributed in the global ocean, providing temperature and salinity profiles from the surface to a depth of 2000 m. In this study, one Argo float was used to research the response of the surface and subsurface ocean to Prapiroon: 5901989, which was located approximately 110 km east of the track of Prapiroon. It could provide continuous and stable observation during Prapiroon’s passage, with a temporal resolution of 1 d.





2.3. Models


2.3.1. 3DPWP Model


To examine and quantify the effect of the typhoon track’s sudden turning on the magnitude and spatial pattern of the sea surface response, we used the 3DPWP model to conduct a series of sensitivity experiments. The 3DPWP model is a hydrostatic model that is widely used to simulate the upper ocean response to typhoons. It simulates the upper ocean response by solving the equations of temperature, salinity, and momentum budgets. The model contains the main processes that control the typhoon-induced upper ocean response: vertical mixing, horizontal and vertical advection, and air–sea heat exchange. Therefore, it is suitable for simulating the SST response to the typhoon. More details regarding the 3DPWP model can be found in [10,51].



In the present study, the spatial and temporal resolutions of the 3DPWP model were 10 km and 15 min, respectively. There were a total of 28 layers in the upper ocean, with a 10 m interval of 5–145 m and 20 m interval of 145–405 m. The simulated area covered the entire area swept by Typhoon Prapiroon, that is, from 120 to 140°E and from 15 to 35°N. The initial temperature and salinity fields were laterally homogeneous. The initial background conditions, including the current field, evaporation, precipitation, and air–sea exchange, were set to zero. That is, only vertical mixing and upwelling were considered in the 3DPWP model.




2.3.2. Wind Field Construction


The wind field of Typhoon Prapiroon to force the 3DPWP model was constructed on the basis of the circular symmetry wind field model proposed by Holland [52]. In addition, considering the impact of the motion of typhoons on the wind field, an additional shift wind field model proposed by Jelesnianski [53] was used to modify the circular symmetry wind field model. The wind speed in the Holland (1980) model is as follows:


   V R  =   AB  (   p n  −  p c   )  exp  (  − A /  r B   )  /  ρ a   r B     



(1)




where    V R    is the wind speed at distance  r  from the typhoon centre; A and B are scaling parameters;    p n    is the ambient pressure;    p c    is the central pressure; and    ρ a    is the air density. In the area of maximum wind speed of the typhoon circulation, the rate of wind speed change is zero. By setting dVR/dr = 0, the RMW can be expressed as:


  RMW =  A  1 / B    



(2)







Thus, the wind speed in the Holland (1980) model expressed by RMW can be obtained as:


   V R  =  V  RMW        (  RMW / r  )   B  exp  [  1 −    (  RMW / r  )   B   ]     



(3)




where    V  RMW     is the maximum wind speed (Vmax).



The shift wind speed in the Jelesnianski (1965) model is shown as:


    V S  =  V  smax    (   r  RMW + r    )  ,  (  0 < r ≤ RMW  )      V S  =  V  smax    (    RMW   RMW + r    )  , ( r > RMW )   



(4)




where    V S    is the shift wind speed at distance  r  from the typhoon centre, and    V  smax     is the translation speed (Uh) of the typhoon.



Therefore, the final wind field V can be expressed as   V =  V R  +  V S   .





2.4. The Wind Energy Input to the Upper Ocean


The dimensionless metric wind power index (WPi) defined by Vincent and his coauthors [33,35] was used to characterize the atmospheric control of the typhoon-induced upper ocean response. WPi integrates the impact of some main typhoon parameters, such as the typhoon intensity, translation speed, and storm size. The calculation of the WPi is based on the power dissipation (PD) index, which is a good proxy to describe the kinetic energy of typhoons in the upper ocean [54]. PD for each position can be calculated as:


  PD =   ∫   t o   t c    ρ a   C D     | V |   3  dt  



(5)







WPi is calculated as follows:


  WPi =    [  PD /   PD  o   ]    1 / 3    



(6)




where V is the local wind speed at each position influenced by the typhoon;    ρ a    is the air density;    C D    is the dimensionless surface drag coefficient; to and tc are the times when the typhoon starts and stops influencing the position, respectively; and     PD  o  =   ∫   t o   t c    ρ a   C D     |   V o   |   3  dt   is a normalization constant that represents a weak storm with a translation speed of 7 m s−1 and a maximum wind speed of 17 m s−1 [55]. Here, we computed    C D    according to [56], and the time range from to to tc was the lifespan of Typhoon Prapiroon.





3. Observed Oceanic Responses


3.1. Sea Surface Temperature Response


Figure 2 shows the SST evolution before, during, and after the passage of Typhoon Prapiroon (2012). Before the genesis of Prapiroon (Figure 2a), the pre-typhoon SST (averaged on 1–3 October) in the study area was fairly homogeneous, generally warmer than 28 °C, which implied that the ocean was favourably warm for Prapiroon to develop and intensify. After genesis on 6 October, Prapiroon first moved westwards along a relatively straight-line track and intensified from TD (Vmax = 10.3 m s−1) to Category 1 (Vmax = 33.4 m s−1) on 9 October before reaching the A1 domain. Overall, the SST cooling was less than 1 °C during this straight-line stage (Figure 2b).



On 10 October (Figure 2c), Prapiroon entered the A1 domain, wherein the typhoon experienced the first sudden turning (A1-ST). The SST decreased quickly from 28 °C to approximately 26 °C. Compared with the straight-line stage before 10 October, the TC-induced SST cooling largely increased. Then, on 11–12 October (Figure 2d,e), following the A1-ST stage, there was a drastic increase of SST cooling in A1. The maximum SST cooling along the track of the typhoon centre during the A1-ST stage was up to 6.0 °C. Furthermore, the maximum SST cooling in the A1 domain reached approximately 7.0 °C, located approximately 80 km to the east of the typhoon track. On 14 October, i.e., one day after Prapiroon left the A1 domain, the SST in the A1 domain began to undergo a recovery process.



On 13 October (Figure 2f), Prapiroon left the A1 domain moving northeastwards and entered the A2 domain, wherein the typhoon experienced the second sudden turning (A2-ST). On 15 October, during and after the A2-ST stage, another dramatic cold wake was generated, with a maximum SST cooling reaching 6.6 °C along the track of the typhoon centre. The observed maximum SST cooling in the A2 domain reached approximately 7.1 °C, located approximately 55 km westwards of the typhoon track. The cold wake in A2 continued to evolve and became stronger, even two days after Typhoon Prapiroon left the A2 domain.



On 16 October, Typhoon Prapiroon left the A2 domain, first moving northwestwards and then experiencing another slight turning northeastwards (Figure 2g–i). Since the turning angle and TC intensity were much smaller than those during the A1-ST and A2-ST stages, in conjunction with the effect of a pre-typhoon existed warm core eddy (Figure 1a), the SST cooling during this turning stage was relatively small. The maximum SST cooling along the track of the typhoon decreased to only 1.2 °C.




3.2. Response of the Sea Surface Height Anomaly


The evolution of the SSHA before, during, and after the passage of Prapiroon is shown in Figure 3. Before Prapiroon (averaged on 1–3 October; Figure 3a), to the south of 23°N, there were no obvious cold or warm eddies along the typhoon’s track. At approximately 129°E, 25°N and 134°E, 29°N, there were two warm eddies existing pre-typhoon. Over the two domains, A1 and A2, on which we focused during the sudden-turning stages of Prapiroon in the present study, no obvious pre-typhoon warm or cold eddies occurred, indicating that the enhanced SST cooling could not be attributed to the modulations of cold core eddies, as previous studies mentioned [28].



On 6–9 October, when Prapiroon moved westwards along a straight-line track, the TC-induced SSHA reduction was smaller than −10 cm (Figure 3b). When Prapiroon suddenly turned northwards and affected the A1 domain (Figure 3c), the SSHA located north of the typhoon’s track in the A1 domain had a significant reduction, which was attributed to Ekman pumping and the divergence generated by the cyclonic wind stress of Prapiroon [4]. On 12 October, when the typhoon was directly over the A1 domain, just after its first sudden turning (A1-ST), the local SSHA decreased from a neutral condition to −31 cm, and the largest SSHA reduction in the A1 domain was −38 cm. Since the SSHA change usually lagged compared with the SST, the SSHA in the A1 domain continued to decrease after TC passage and reached a minimum of −58 cm, with a maximum SSHA reduction of −54 cm on 18 October (not shown in the figure).



On 13–14 October, Prapiroon left the A1 domain and entered the A2 domain, and the SSHA was also significantly reduced. After the A2-ST stage on 15 October (Figure 3g), another dramatic SSHA reduction was generated. The SSHA in the A2 domain decreased to −46 cm, and the smallest SSHA in the A2 domain occurred on 22 October, which was −52 cm. The maximum SSHA reduction was approximately −58 cm, an even larger reduction than that in the A1 domain. On 17 October (Figure 3i), i.e., the day after Prapiroon left the A2 domain, there was no obvious SSHA reduction caused by Prapiroon.




3.3. Response of the Chlorophyll-a Concentration


In addition to dramatic SST and SSHA responses, the change in chlorophyll-a concentration before and after the passage of Prapiroon was also examined. Due to the heavy cloud of Prapiroon’s passage, most Chl-a concentration data in the research area are not available. Therefore, only the Chl-a concentrations averaged on 1–3 October, before the passage of Prapiroon, and 18–24 October, after Prapiroon, are shown in Figure 4. It could be clearly seen that the concentration of Chl-a at the sea surface was relatively low before Prapiroon (Figure 4a). The Chl-a concentrations in the A1 and A2 domains were mostly lower than 0.10 mg m−3.



During the straight-line stage (6–9 October) before Prapiroon entered the A1 domain, the change in Chl-a concentration along the typhoon’s track was smaller than 0.05 mg m−3 (Figure 5c). After passing through two sudden-turning areas, the Chl-a concentration increased significantly. Similar to those of the cold wake and SSHA reduction, the areas manifesting large Chl-a concentration increases occurred again near the A1 and A2 domains (Figure 4b). The maximum concentration of Chl-a in the A1 domain rose to 0.39 mg m−3, while in the A2 domain, it reached 0.47 mg m−3. They were approximately 3.4 and 5.2 times of those before the passage of Prapiroon, respectively. This is due to the fact that when the typhoon manifests a sudden turning here, a longer residence time with more kinetic energy input into the upper ocean induces more intense vertical mixing and upwelling and brings more nutrients into the sea surface, which fuels phytoplankton blooms and primary productivity.




3.4. Maximum Sea Surface Responses by Prapiroon


To examine the maximum sea surface response to Typhoon Prapiroon, Figure 5 summarizes the maximum changes in SST, SSHA, and Chl-a concentration induced by the passage of Prapiroon [28]. Figure 5a shows that under the straight-line track stages before 9 October and after 17 October, Prapiroon induced slight SST cooling, generally less than 3 °C. The largest SST cooling mainly concentrated along the track from 10 to 16 October, especially in the A1 and A2 domains, where Prapiroon underwent sudden turnings. This is because the sudden turning of the typhoon track prolongs the residence time of the typhoon’s intense winds, acting to bring more subsurface cold water into the sea surface and resulting in stronger SST cooling [48]. The maximum SST cooling during the A1-ST stage was up to 7.0 °C, concentrated mainly on the right side of the turning position. The area with SST cooling stronger than 6 °C was 1.5 × 104 km2. Then, during the A2-ST stage, the maximum SST cooling was approximately 7.1 °C, concentrated mainly over the west side of the turning position. The area with SST cooling stronger than 6 °C was 2.2 × 104 km2, which was even larger than that during the A1-ST stage. During the A1-ST stage, Typhoon Prapiroon was at its lifetime maximum intensity; therefore, the remarkable SST cooling over the A1 domain could be attributed to the combined effect of its strong intensity and sudden turning. However, during the A2-ST stage, the intensity of Prapiroon was only Category 1, but the SST cooling was comparable to or even slightly larger than A1 due to a nearly 180° turning angle and revisiting of the TC over the A2 domain.



The spatial distribution of maximum SSHA reduction was similar to that of SST cooling (Figure 5b), with the maximum changes in SSHA also appearing in the A1 (−54 cm) and A2 (−58 cm) domains. Nevertheless, due to the continuous westward propagation of the SSHA anomaly associated with the cold core eddies that emerged after the typhoon [57], the regions with remarkable SSHA reduction did not exactly coincide with those of SST cooling but were somewhat westwards. Although the Chl-a concentration was somewhat missed due to heavy clouds over the widely spread influenced region by TCs, Figure 5c still clearly shows that, consistent with the spatial distribution of maximum SST cooling and SSHA reduction, the most remarkable increase of Chl-a concentration also occurred in the A1 (0.31 mg m−3) and A2 (0.35 mg m−3) domains, wherein Prapiroon underwent two sudden turnings.



Overall, the most remarkable sea surface responses induced by the passage of Typhoon Prapiroon, including SST cooling, SSHA reduction, and Chl-a concentration increase, all appeared in the A1 and A2 domains, wherein Prapiroon’s track underwent two sudden turnings. These remarkable changes may be attributed to the prolonged residence time of typhoon wind forcing over the two sudden-turning domains. Nevertheless, it should be noted that during the two sudden-turning stages, Typhoon Prapiroon’s translation speed slowed down to less than 2 m s−1, which could also enhance the sea surface responses. To separate the relative contributions between sudden turning of the TC track and translation speed, a series of numeral experiments by employing the widely used 3DPWP model are conducted in Section 4.




3.5. Subsurface Response


The satellite observations could detect only the sea surface responses induced by the typhoon’s strong wind forcing. In fact, due to the TC triggering intense diapycnal mixing and upwelling, the temperature and salinity in the subsurface ocean also changed. To further explore the changes in subsurface temperature and salinity, we analysed upper ocean observations by the Argo float near the track of Prapiroon (the positions are marked by the stars in Figure 1a) before, during, and after typhoon passage. Argo Float 5901989, located approximately 110 km east of the typhoon’s track, recorded the temperature and salinity profiles during the passage of Prapiroon. In addition, Argo Float 5901989 observed the upper ocean at a daily sampling frequency, which was much higher than the common ten-day sampling interval of Argo floats.



Figure 6 shows the evolution of upper ocean temperature and salinity measured by Argo Float 5901989 from 1 to 31 October. With respect to the timing of typhoon passage, we generally separated the daily observations from Argo into three parts: before (1–12 October, with 12 profiles), during (13–23 October, with 11 profiles), and after Prapiroon (24–31 October, with 8 profiles). Figure 7 shows the average temperature and salinity profiles during these three parts. Figure 6a and Figure 7a show that before the passage of Prapiroon, the SST was generally higher than 28 °C. The MLD was approximately 50 m, and the depth of the 20 °C isotherm was approximately 150 m. During the passage of Prapiroon, there was a significant SST cooling at the sea surface, with the SST decreasing to 25 °C. At the same time, due to the significant vertical mixing triggered by strong typhoon winds, the MLD and 20 °C isotherm deepened to approximately 100 m and 200 m, respectively. Afterwards, with the gradual warming in the upper layer by solar radiation, SST gradually recovered to approximately 26 °C; meanwhile, a new mixed layer developed, and the MLD gradually shoaled to 50 m. However, the depth of the 20 °C isotherm remained at approximately 190 m, even 10 days after typhoon passage. From Figure 7b, the average SST cooling during the passage of Prapiroon was 2.5 °C, while the SST cooling gradually recovered and was approximately 1.9 °C after Prapiroon’s passage. On average, from the sea surface to 70 m, the temperature manifested cooling, followed by a transition at 70 m depth, and manifested subsurface warming from 70 m to approximately 250 m, which was called the heat pump caused by typhoons [22]. The maximum subsurface warming reached up to 1.3 °C, appearing at 100 m. Away from the surface mixed layer, subsurface warming could persist for a much longer time than SST cooling, and maximum subsurface warming continuously increased to 2.2 °C after typhoon passage (averaged on 24–31 October), which was likely due to two reasons: (1) the typhoon-generated near-inertial internal waves could persist tens of days after the typhoon and continuously stirred the upper ocean; and (2) the Argo float moved northwards for approximately 100 km after typhoon passage, and the large meridional variation in the thermocline may have affected the results. It should be noted that, as the float was relatively far from the TC centre, the Argo float did not observe the uplift of the thermocline from typhoon-induced upwelling.



The upper ocean salinity change observed by the Argo float was similar to that of temperature. As shown in Figure 6b and Figure 7c, the average SSS before the passage of Prapiroon was 34.3 psu, and the depth of the 34.9 psu isohaline was located at approximately 160 m. During Prapiroon’s passage, TC-triggered diapycnal mixing brought high-salinity water from the subsurface (~100 m) into the mixed layer, with the average SSS increasing to 34.4 psu and the maximum depth of the 34.9 psu isohaline deepening to 200 m. From the sea surface to 40 m, the salinity increased. Within a depth of 40–130 m, the subsurface salinity decreased significantly, with the maximum salinity decrease of 0.41 psu during Prapiroon’s passage, appearing at 90 m. Similar to the evolution of the subsurface temperature, the subsurface salinity continuously decreased after the passage of Prapiroon, which was 0.10 psu less than that during Prapiroon’s passage. Furthermore, in contrast to net subsurface warming by vertical mixing, the subsurface salinity from 40 m to 130 m decreased, but the salinity below 130 m also increased, similar to that in the mixed layer. This was because the pre-typhoon maximum salinity was located at approximately 100 m and decreased both upwards and downwards. The typhoon mixed the pre-typhoon high-salinity water (at approximately 100 m) both upwards and downwards; therefore, the salinity in the mixed layer and at approximately 150 m increased, but the salinity at approximately 100 m decreased significantly.





4. 3DPWP Experiments


To evaluate the contribution of sudden turning of the typhoon’s track on the upper ocean response, we conducted a series of numerical sensitivity experiments by employing the widely used 3DPWP model in TC–ocean interaction research. The typhoon wind field was constructed using the Holland (1980) and Jelesnianski (1965) TC wind models, as introduced in Section 2.3.2. The average temperature and salinity profiles on 7–9 October, observed by Argo Float 5901989, as shown in Section 3.5, were used as initial conditions for all model experiments (Figure 8).



4.1. Model Verification


The simulation of the 3DPWP model was first verified by comparison with satellite-observed SST cooling. Figure 9 shows the 3DPWP-model-simulated maximum SST cooling by Typhoon Prapiroon using the wind fields constructed from real typhoon intensity and track. The results clearly show that the area with remarkable SST cooling basically coincided with the satellite observations, that is, it was concentrated in the A1 and A2 domains. The model-simulated maximum SST cooling caused by Typhoon Prapiroon during the A1-ST and A2-ST stages were both approximately 7 °C, consistent with that in satellite observations (Figure 5a). In the A1 domain, the significant SST cooling was concentrated mainly on the right side of the typhoon track, while in the A2 domain, it was concentrated mainly to the west of the track, which was also consistent with satellite observations. As in the satellite observations, during the straight-line stage, the maximum SST cooling was smaller than 3 °C, which was much smaller than that during the A1-ST and A2-ST stages. Along the track after 17 October, the SST cooling simulated by the 3DPWP model was smaller than that observed by the satellite. This may have been due to the inappropriate initial T/S conditions from relatively low latitudes (Figure 1), but this is obviously not within the scope of this study. In general, the 3DPWP model could reproduce the observed phenomenon well, in which the sudden turning of the typhoon track could induce more significant SST cooling, indicating that it is reasonable to use the 3DPWP model to evaluate the contribution of the sudden turning of the TC track to the upper ocean temperature and salinity responses.




4.2. Sensitivity Experiments


As mentioned above, during the two sudden-turning stages, Prapiroon’s translation speed, Uh, decreased to below 2.0 m s−1, jointly prolonging the typhoon’s forcing time and potentially resulting in a large SST cooling (Figure 1). In order to quantify the contribution of the slowing down of Uh and separate the contribution of sudden turning to SST cooling, we conducted a series of sensitivity experiments by changing the track and translation speed of Prapiroon during the A1-ST and A2-ST stages. We introduced the experimental settings taking A1-ST as an example. First, the control experiment based on the original track and translation speed of Prapiroon was denoted A1_Ctrl. Second, we artificially forced Prapiroon to traverse the A1 domain in a straight line but retained the original slow translation speed as in the A1-ST stage, denoted as the A1_NoSTs experiment. Then, to isolate the contribution of the track’s sudden turning from the slow translation speed, we designed the third experiment, A1_NoSTf; that is, Prapiroon traversed the A1 domain in a straight line quickly at a translation speed of 5 m s−1 (the typical Uh of typhoons in the WNP). For the A2-ST stage, three similar experiments, A2_Crtl, A2_NoSTs, and A2_NoSTf, were designed. The straight-moving experiments during the A1-ST and A2-ST stages started at 0000 UTC 10 October (TC centre was at 131.0°E, 18.4°N) and 0000 UTC 13 October (TC centre was at 130.0°E, 20.9°N), respectively. The model settings of each experiment are summarized in Table 1.



The SST and SSS changes simulated by relevant experiments conducted during the A1-ST and A2-ST stages are shown in Figure 10 and Figure 11. Because the initial T/S fields in the 3DPWP model are laterally homogeneous, the terrain in the figure is used only to depict the geographic location [34]. The centre of the A1 domain, corresponding to the typhoon track point at 1800 UTC 11 October, was located at 129.1°E, 19.6°N in Experiment A1_Ctrl. In Experiment A1_NoSTs, due to the reshaping of the typhoon track, the centre of the A1 domain moved westwards to 128.1°E, 19.1°N, still corresponding to the TC track point at 1800 UTC 11 October. The SST cooling in the A1 domain of Experiment A1_NoSTs was obviously smaller than that in control Experiment A1_Ctrl (Figure 10b). The maximum SST cooling in the A1 domain was 5.2 °C, which was 25.7% less than that in Experiment A1_Ctrl. In Experiment A1_NoSTf, with a faster translation speed than A1_NoSTs and without sudden turning, the A1 domain moved farther to the west, and the centre of the A1 domain arrived at 124.5°E, 19.8°N. The SST cooling simulated in Experiment A1_NoSTf was much smaller than that in Experiments A1_Ctrl and A1_NoSTs (Figure 10c). The maximum SST cooling in the A1 domain was only 2.9 °C, which was 58.6% and 44.2% less than Experiments A1_Ctrl and A1_NoSTs, respectively. In Experiment A1_NoSTs, which changed only the turning angle, the difference in SSS salinification between A1_NoSTs and the control experiment was not as obvious as that in SST (Figure 10e). The maximum SSS salinification in the A1 domain was 0.48 psu, which was 5.9% less than that of control Experiment A1_Ctrl (0.51 psu). The salinification of Experiment A1_NoSTf was much smaller than that of Experiments A1_Ctrl and A1_NoSTs (Figure 10f). The maximum change of SSS in the A1 domain was 0.38 psu, which was 25.5% and 20.8% less than that of Experiments A1_Ctrl and A1_NoSTs, respectively.



In Figure 11, the results of relevant experiments during the A2-ST stage were similar to those during the A1-ST stage. The centre of the A2 domain, corresponding to the typhoon track point at 1800 UTC 14 October, moved from 131.4°E, 23.0°N in Experiment A2_Ctrl to 131.7°E, 23.1°N in Experiment A2_NoSTs. The maximum SST cooling and maximum SSS salinification in Experiment A2_NoSTs were 4.1 °C and 0.46 psu, respectively, which decreased by 41.4% and 8.0% compared with the control Experiment A2_Ctrl. In Experiment A2_NoSTf, the centre of the A2 domain moved farther northeastwards to 134.3°E, 26.5°N. The maximum SST cooling and maximum SSS salinification in the A2 domain were 3.1 °C and 0.39 psu, which were 55.7% and 22.0% less than those in Experiment A2_Ctrl, respectively.



To further examine the influence of the sudden turning of the TC track on the ocean subsurface response, we selected two stations along the TC track, one during the A1-ST stage (corresponding to the TC centre at 1200 UTC 11 October) and the other during the A2-ST stage (corresponding to the TC centre at 0600 UTC 14 October), as shown in Figure 10 and Figure 11. In each experiment, the temporal evolution of the temperature and salinity profiles at the two stations are shown in Figure 12 and Figure 13. In control Experiment A1_Ctrl, the temperature in the mixed layer was higher than 28 °C before the passage of Prapiroon. Afterwards, due to the significant vertical mixing caused by Prapiroon’s strong wind forcing, the SST decreased to approximately 21 °C, with an SST cooling of 7 °C (Figure 12a). At the same time, it could be clearly seen that during the passage of Prapiroon, Ekman pumping caused by the TC’s strong wind stress induced obvious upwelling and uplifted the thermocline. The 20 °C and 18 °C isotherm uplifts were 62 m (from 147 m to 85 m) and 99 m (from 239 m to 140 m), respectively. The thermocline uplift caused by upwelling enhanced the effect of vertical mixing, contributing to the remarkable SST cooling. After the passage of Prapiroon, the isotherm oscillated near the local inertial frequency. The decrease of SST in Experiment A1_NoSTs was significantly smaller than that in Experiment A1_Ctrl. After the passage of Prapiroon, the SST decreased to nearly 23 °C, with an SST cooling of 5 °C (Figure 12b). The 18 °C isotherm uplift was 82 m (from 239 m to 157 m), which was 17 m less than that in Experiment A1_Ctrl (99 m), indicating a reduction of upwelling. The SST cooling simulated by Experiment A1_NoSTf was also less than that in Experiments A1_Ctrl and A1_NoSTs. After the passage of Prapiroon, SST decreased to approximately 26 °C, with an SST cooling of only 2 °C (Figure 12c). The upwelling was much weaker than that of the previous two experiments. The 18 °C isotherm uplift was only 42 m (from 239 m to 197 m), which was 57 m less than that in Experiment A1_Ctrl (99 m). That is, the typhoon track’s sudden turning and the slowdown of translation speed could jointly enhance upwelling.



In Figure 13, the results during the A2-ST stage were similar to those during the A1-ST stage. The SST of Experiment A2_Ctrl decreased from 28 °C to 22 °C, with an SST cooling of 6 °C (Figure 13a). In Experiments A2_NoSTs and A2_NoSTf, the SST cooling decreased, in turn. After the passage of Prapiroon, the SST decreased to 25 and 26 °C, respectively, with an SST cooling of 3 and 2 °C (Figure 13b,c). In Experiment A2_Ctrl, the 18 °C isotherm uplift was 128 m (from 239 m to 111 m), while in Experiment A2_NoSTs and A2_NoSTf, these were 51 m (from 239 m to 188 m) and 29 m (from 239 m to 210 m), respectively, which were 77 and 99 m less than that of Experiment A2_Ctrl. As there was a nearly 180° sudden turning during the A2-ST stage (at 0000 UTC 14 October, Prapiroon moved to the northeast and then returned to the southwest at 1800 UTC 14 October, and the tracks on 14 October and 15 October were generally coincident), the upwelling was obviously greater than that during the A1-ST stage (there was a nearly 100° sudden turning). Corresponding conclusions could also be drawn from the salinity changes shown in Figure 12d–f and Figure 13d–f. The magnitude of SSS salinification in Experiments A2_NoSTs and A2_NoSTf decreased, in turn. In addition, the signal of salinity reduction could be clearly seen near a depth of 100 m.



Figure 14 shows the temporal evolution of SST cooling and SSS salinification averaged within 100 km of the TC centre in each model experiment. According to the results of these sensitivity experiments, the contributions of the two sudden turnings to SST cooling and SSS salinification were estimated and shown in Table 2. The results show that in Experiment A1_NoSTs, the maximum SST cooling and maximum SSS salinification decreased by 1.3 °C (24.8%) and 0.04 psu (8.7%), respectively, compared with control Experiment A1_Ctrl. Furthermore, when increasing the TC translation speed to 5 m s−1 in Experiment A1_NoSTf, compared with Experiment A1_Ctrl, the maximum SST cooling and maximum SSS salinification decreased by 3.4 °C (64.5%) and 0.17 psu (37.0%), respectively. Both SST cooling and SSS salinification had a relatively obvious reduction. Over all experiments, after separating the influence caused by the change of translation speed, the contributions of A1-ST to SST cooling and SSS salinification were 38.4% and 23.5%, respectively. In Experiment A2_NoSTs, compared with the control Experiment A2_Ctrl, the maximum SST cooling and maximum SSS salinification decreased by 1.8 °C (35.8%) and 0.07 psu (15.2%), respectively. When increasing the TC translation speed to 5 m s−1 in Experiment A2_NoSTf, the maximum SST cooling and maximum SSS salinification decreased by 3.8 °C (76.5%) and 0.25 psu (54.3%), respectively, compared with Experiment A2_Ctrl. Moreover, the A2-ST contributions were slightly greater than those of A1-ST, which were 46.8% and 28.0%, respectively, for SST cooling and SSS change. It could be seen that typhoon track’s sudden turning is also one of the important factors affecting the response of the upper ocean, which cannot be ignored.





5. Discussion


The satellite observations in Section 3 revealed that the typhoon track’s sudden turning could lead to more significant responses of the upper ocean, including the increase of SST cooling, SSS salinification, and Chl-a concentration and the reduction of SSHA. In the A1 and A2 domains, there was significant SST cooling of approximately 7 °C (Figure 5a), which was significantly larger than that during the straight-line stage. Then, through a series of sensitivity experiments, the contributions of translation speed reduction and sudden turning during the two sudden-turning stages of Prapiroon were separated. It was found that the relative contribution to the total enhanced SST cooling caused by only the sudden turning was approximately 38–47%. Sudden turning prolonged the local residence time (RT) of the typhoon, resulting in more intense vertical mixing and upwelling, which, in turn, increased SST cooling.



In this study, we used two times of the RMW as the storm size to calculate the RT (4*RMW/Uh) following [10], as shown in Figure 15b. It could be clearly seen that RT during the A1-ST and A2-ST stages was significantly greater than that during the straight-line stage. During the A1-ST stage, RT increased from 7.4 h to 18.4 h, with an increase of 1.5 times. RT during the A2-ST stage increased from 8.8 h to 47.7 h, with an increase of approximately 4.4 times. It is obvious that RT during the A2-ST stage was much larger than that during the A1-ST stage. The maximum RT during the A2-ST stage (47.7 h) was approximately 2.6 times of that during the A1-ST stage (18.4 h). These results further explain why A2-ST contributed to the total SST cooling slightly more than A1-ST. However, although the RT during the A2-ST stage was significantly larger than that during the A1-ST stage, the typhoon intensity was weak and reached only Category 1 (TC intensity during the A1-ST stage was Category 3). Therefore, the values of SST cooling during the two sudden-turning stages were mostly equivalent.



To better evaluate the energy input from the TC to the ocean, the WPi proposed by [33,35] was also calculated, which correlated well with TC-induced SST cooling. WPi integrates the effect of multiple typhoon attributes (Uh, storm size, and typhoon track), which can better characterize the kinetic energy input of typhoons to the ocean and, thus, the magnitude of SST cooling. The spatial distribution of the WPi and the average within 100 km of the typhoon centre during the passage of Prapiroon are shown in Figure 15. It is obvious that the region of high WPi was located in the A1 and A2 domains, which was consistent with the spatial distribution of dramatic SST cooling in Figure 5a. During the A1-ST and A2-ST stages, the WPi, averaged within 100 km of the typhoon centre, could reach 2.5 and 2.4, respectively, which were approximately double of those during the two straight-line stages on 7–9 October and 17–18 October. This indicates that during the two sudden-turning stages, more kinetic energy was input into the upper ocean, resulting in the greater upper ocean responses. It is worth noting that, on the one hand, although the typhoon during the A1-ST stage reached the lifetime maximum intensity (Category 3), the RT was relatively smaller than that during the A2-ST stage. On the other hand, although the RT during the A2-ST stage was rather long, the typhoon intensity reached only Category 1. Therefore, the values of WPi during the two sudden-turning stages were nearly equivalent, which led to the SST cooling of the typhoon during these two stages both being approximately 7 °C.




6. Conclusions


The sudden-turning motion of a typhoon is often controlled by the large-scale environmental steering flow [41,42], which is related to the surrounding synoptic systems, such as the Western Pacific subtropical high, midlatitude westerly trough, monsoon systems, and other vortexes [43]. During the sudden-turning stage, the prolonged residence time of typhoon winds could result in a more dramatic response of the upper ocean. However, few previous studies on the ocean response to TCs have focused on the sudden turning of TC tracks. This study focuses on the effect of sudden turning on the upper ocean response through a case analysis of Typhoon Prapiroon. Typhoon Prapiroon experienced two obvious sudden-turning stages during its lifespan. The satellite observation results show that during these two sudden-turning stages, compared with the other stages moving along a relatively straight line, the upper ocean response to Prapiroon was significantly enhanced. Sudden turning caused a greater increase in SST cooling (approximately 7 °C during two sudden-turning stages and less than 3 °C during straight-line stages), sea surface Chl-a concentration (larger than 0.30 mg m−3 during two sudden-turning stages and less than 0.05 mg m−3 during straight-line stages), and SSHA anomaly (larger than −50 cm during two sudden-turning stages and less than −10 cm during straight-line stages).



The 3DPWP model was further employed to quantify the relative contribution of the sudden turning of the TC track to the remarkable SST cooling. During the two sudden-turning stages of Prapiroon, the translation speed of the typhoon also slowed down when the typhoon manifested a sudden turning [48]. Therefore, the increase of SST cooling observed by satellite was partly due to the slowing down of the TC’s translation speed. To separate the relative contributions of sudden turning and slow translation speed to the total SST cooling, we conducted a series of sensitivity experiments through the 3DPWP model. To verify the feasibility of using the 3DPWP model to conduct research, the SST cooling simulated by the model was compared with satellite observations, and the results showed that the 3DPWP model could reproduce the larger SST cooling during the sudden-turning stages well. After analysing the temperature and salinity changes in the surface and subsurface ocean, it was found that A1-ST and A2-ST contributed as much as 38.4% and 46.8%, respectively, to the total enhanced SST cooling. Although their contributions to SSS salinification were not as significant as those to SST, they still contributed 23.5% and 28.0%, respectively. These results show that typhoon track’s sudden turning is also one of the important factors affecting the upper ocean response to TCs. It is worth noting that the sudden turning could significantly strengthen upwelling. In sensitivity Experiments A1_NoSTs and A2_NoSTs without sudden turning, the uplifts of the 18 °C isotherms decreased by 17 m and 77 m, respectively, compared with the control experiments.



In previous studies, RT and WPi have usually been used to evaluate the impact of TCs on the upper ocean. By examining the RT and WPi during the passage of Prapiroon, we found that they reached peaks during the two sudden-turning stages. During the A1-ST (A2-ST) stage, the maximum RT and WPi reached 18.4 hr (47.7 h) and 2.5 (2.4), respectively. Meanwhile, during the two sudden-turning stages, the maximum SST cooling was approximately 7 °C; thus, we suggest that WPi may be a more comprehensive parameter than RT to quantify the impact of typhoons on the upper ocean, which represents the kinetic energy input from typhoons into the upper ocean. The present study highlights the important role of typhoon track’s sudden turning in modulating SST cooling, which has a great potentiality to affect typhoon intensity through ocean negative feedback. Here, we indeed found that during the sudden-turning stages, the intensity of Typhoon Prapiroon tended to be weakened. For instance, during the A1-ST stage, the maximum wind speed of the typhoon decreased by 14.8% from 54 m s−1 to 46 m s−1. During the A2-ST stage, the maximum wind speed of the typhoon decreased from 39 m s−1 to 36 m s−1, accounting for a 7.7% decrease. Nevertheless, the intensity change of typhoons is related to various atmospheric and oceanic environmental factors, and the influence of the sudden turning of the track on typhoon intensification needs to be further quantified through coupled model experiments.
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Figure 1. (a) Best track of Typhoon Prapiroon in October 2012 and spatial distribution of the pre-typhoon sea surface height anomaly (SSHA). The blue, red, and pink stars represent the positions of the Argo observations before, during, and after Prapiroon’s passage. The two black boxes indicate 2° × 2° domains related to the two sudden-turning stages, denoted A1 and A2. The coloured lines and dots represent the track and intensity of the typhoon: steel blue, cyan, green, yellow, and orange dots represent the intensity at Tropical Depression (TD), Tropical Storm (TS), and Category 1–3, respectively. (b,c) Magnification of A1 and A2 in (a). (d) Temporal evolution of the maximum wind speed (blue solid line) and translation speed (red solid line) of Prapiroon. (e) Temporal evolution of the turning angle of Prapiroon. The grey shaded areas in (d,e) indicate the two sudden-turning stages (A1-ST and A2-ST). 
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Figure 2. Spatial distribution of the sea surface temperature (SST) evolution before, during, and after the passage of Typhoon Prapiroon. (a) The pre-typhoon SST, averaged on 1–3 October; (b) the SST in the study area during Prapiroon, averaged on 6–9 October; (c–f) the SST in the study area during Prapiroon from 10 October to 13 October; and (g–i) the SST in the study area during Prapiroon from 15 October to 17 October. Two solid boxes are the two focused domains of the sudden-turning stages of the typhoon, denoted A1 and A2. The coloured lines and dots represent the track and intensity of the typhoon. The black star in each figure indicates the last position where the typhoon arrived on that day. 
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Figure 3. Spatial distribution of the SSHA evolution before, during, and after the passage of Typhoon Prapiroon. (a) The pre-typhoon SSHA, averaged on 1–3 October; (b) the SSHA in the study area during Prapiroon, averaged on 6–9 October; (c–f) the SSHA in the study area during Prapiroon from 10 October to 13 October; and (g–i) the SSHA in the study area during Prapiroon from 15 October to 17 October. Two solid boxes are the two focused domains of the sudden-turning stages of the typhoon, denoted A1 and A2. The coloured lines and dots represent the track and intensity of the typhoon. The black star in each figure indicates the last position where the typhoon arrived on that day. 
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Figure 4. Spatial distribution of the chlorophyll-a (Chl-a) concentration before and after the passage of Typhoon Prapiroon. (a) The pre-typhoon Chl-a concentration, averaged on 1–3 October; and (b) the Chl-a concentration after Prapiroon, averaged on 18–24 October. Two solid boxes are the two focused domains of the sudden-turning stages of the typhoon, denoted A1 and A2. The coloured lines and dots represent the track and intensity of the typhoon. 
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Figure 5. Spatial distribution of the maximum changes in SST, SSHA, and Chl-a concentration induced by the passage of Typhoon Prapiroon. (a) The maximum SST cooling; (b) the maximum SSHA reduction; and (c) the maximum Chl-a concentration increase. Two solid boxes indicate the two focused domains of the sudden-turning stages of the typhoon, denoted A1 and A2. The coloured lines and dots represent the track and intensity of the typhoon. The white dotted lines indicate the −6 °C isotherm. 
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Figure 6. Temporal evolution of temperature and salinity profiles measured by Argo Float 5901989 in October 2012. (a) Temperature evolution; and (b) salinity evolution. The black solid lines represent the mixed layer depth (MLD). The white dotted lines represent the 20 °C isotherm in (a) and 34.9 psu isohaline in (b). The blue, red, and pink stars represent the profiles of Argo observations before, during, and after Prapiroon’s passage, respectively. 
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Figure 7. Temperature and salinity profiles measured by Argo Float 5901989 before, during, and after the passage of Prapiroon and their difference from the pre-typhoon profiles. (a) Temperature profiles; (b) temperature difference; (c) salinity profiles; and (d) salinity difference. The blue, red, and pink lines represent the average profiles before, during, and after Prapiroon’s passage, respectively. Red (pink) dotted lines indicate the difference between during-typhoon (post-typhoon) and pre-typhoon profiles. 
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Figure 8. Initial temperature, salinity, and density profiles as the initial conditions of the three-dimensional Price–Weller–Pinkel (3DPWP) model. (a) Temperature profile; (b) salinity profile; and (c) density profile. The thick black lines represent the average of the Argo temperature, salinity, and density profiles on 7–9 October. The shadings represent the error bars of the 95% confidence intervals. 
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Figure 9. Spatial distribution of the maximum SST cooling simulated by the 3DPWP model. Two solid boxes are the two focused domains of the sudden-turning stages of the typhoon, denoted A1 and A2. The coloured lines and dots represent the track and intensity of the typhoon. The white dotted lines indicate the −6 °C isotherm. 
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Figure 10. Spatial distribution of the maximum SST cooling and maximum sea surface salinity (SSS) salinification caused by the passage of Typhoon Prapiroon in the 3DPWP experiments. (a) The maximum SST cooling in control Experiment A1_Ctrl; (b) the maximum SST cooling in Experiment A1_NoSTs; (c) the maximum SST cooling in Experiment A1_NoSTf; (d) the maximum SSS salinification in control Experiment A1_Ctrl; (e) the maximum SSS salinification in Experiment A1_NoSTs; and (f) the maximum SSS salinification in Experiment A1_NoSTf. The solid box is the first focused domain of sudden turning of the typhoon, denoted A1. The coloured lines and dots represent the track and intensity of the typhoon. The black stars represent the positions of the T/S profiles in Figure 12. 
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Figure 11. Spatial distribution of the maximum SST cooling and maximum SSS salinification caused by the passage of Typhoon Prapiroon in the 3DPWP experiments. (a) The maximum SST cooling in control Experiment A2_Ctrl; (b) the maximum SST cooling in Experiment A2_NoSTs; (c) the maximum SST cooling in Experiment A2_NoSTf; (d) the maximum SSS salinification in control Experiment A2_Ctrl; (e) the maximum SSS salinification in Experiment A2_NoSTs; and (f) the maximum SSS salinification in Experiment A2_NoSTf. The solid box is the second focused domain of sudden turning of the typhoon, denoted A2. The coloured lines and dots represent the track and intensity of the typhoon. The black stars represent the positions of the T/S profiles in Figure 13. 
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Figure 12. Temporal evolution of the temperature and salinity profiles in the 3DPWP experiments. (a) Temperature evolution in Experiment A1_Ctrl; (b) temperature evolution in Experiment A1_NoSTs; (c) temperature evolution in Experiment A1_NoSTf; (d) salinity evolution in Experiment A1_Ctrl; (e) salinity evolution in Experiment A1_NoSTs; and (f) salinity evolution in Experiment A1_NoSTf. The white solid lines represent the 20 °C isotherm. The white dotted lines represent the 18 °C isotherm. 
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Figure 13. Temporal evolution of the temperature and salinity profiles in the 3DPWP experiments. (a) Temperature evolution in Experiment A2_Ctrl; (b) temperature evolution in Experiment A2_NoSTs; (c) temperature evolution in Experiment A2_NoSTf; (d) salinity evolution in Experiment A2_Ctrl; (e) salinity evolution in Experiment A2_NoSTs; and (f) salinity evolution in Experiment A2_NoSTf. The white solid lines represent the 20 °C isotherm. The white dotted lines represent the 18 °C isotherm. 
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Figure 14. Temporal evolution of average SST cooling and SSS salinification averaged within 100 km of the typhoon centre in the 3DPWP experiments. (a) The evolution of SST cooling; and (b) the evolution of SSS salinification. The grey shaded areas indicate the A1-ST and A2-ST stages. 
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Figure 15. (a) Spatial distribution of the wind power index (WPi) caused by the passage of Typhoon Prapiroon. Two solid boxes are two focused domains of the sudden-turning stages of the typhoon, denoted A1 and A2. The coloured lines and dots represent the track and intensity of the typhoon. The black dotted lines indicate the −6 °C isotherm of maximum SST cooling in Figure 5a. (b) Temporal evolution of residence time (blue solid line) and WPi (red solid line) averaged within 100 km of the typhoon centre. The grey shaded areas indicate the A1-ST and A2-ST stages. 
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Table 1. Model settings for the 3DPWP experiments.






Table 1. Model settings for the 3DPWP experiments.





	Experiments
	Sudden Turning (ST)
	Average Uh (m s−1)





	A1_Ctrl
	With ST
	2.0



	A1_NoSTs
	No ST
	2.0



	A1_NoSTf
	No ST
	5.0



	A2_Ctrl
	With ST
	1.8



	A2_NoSTs
	No ST
	1.8



	A2_NoSTf
	No ST
	5.0
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Table 2. Maximum SST cooling, maximum SSS salinification averaged within 100 km of the typhoon centre, and contributions of sudden turning to SST cooling and SSS salinification in each 3DPWP experiment.
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Experiments

	
Maximum SST Cooling (°C)

	
Maximum SSS Salinification (psu)

	
Turning Contribution (%)






	
A1_Ctrl

	
5.29

	
0.46

	
38.4 (SST)

23.5 (SSS)




	
A1_NoSTs

	
3.98 (24.8% *)

	
0.42 (8.7%)




	
A1_NoSTf

	
1.88 (64.5%)

	
0.29 (37.0%)




	
A2_Ctrl

	
4.94

	
0.46

	
46.8 (SST)

28.0 (SSS)




	
A2_NoSTs

	
3.17 (35.8%)

	
0.39 (15.2%)




	
A2_NoSTf

	
1.16 (76.5%)

	
0.21 (54.3%)








* The percentage reduction compared with control Experiments A1_Ctrl and A2_Ctrl.
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