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The cold wake caused by a tropical cyclone (TC) extends for hundreds of kilometers and persists for several weeks, thus influencing the surface response for any subsequent TCs that might pass over it. It is commonly accepted that sea-surface temperature (SST) cooling, as produced by a single TC, occurs primarily through vertical mixing. However, when there are sequential TCs, the earlier TC can dramatically change the thermal structure of the upper ocean, which may influence the subsequent development of a latter-occurring TC (LTC). Therefore, the contribution of horizontal advection and vertical mixing to SST-cooling during the passage of LTCs is of great interest. Using a 19-year-long observational dataset and the heat budget analysis of an idealized numerical simulation, the SST change during the passage of sequential TCs is investigated. The results demonstrate that, on average, the SST cooling caused by the LTC shows an overall decreasing trend with enhanced lingering wakes. Budget analysis of the model simulations suggests that an earlier TC can suppress the vertical mixing induced by an LTC mainly through an alteration of dynamics within the deepened mixed layer and that the contribution of vertical mixing to the SST cooling is weaker due to the intensification of the earlier TC. The weakened vertical mixing dominates the decreased SST cooling induced by an LTC. In contrast, the cold wake generated by an earlier TC can produce more cold water on the right side of the TC’s track, which contributes to stronger horizontal advection upon the arrival of the LTC. In general, the effects of the earlier TC can suppress the sea-surface thermal response to an LTC. If the contribution of the horizontal advection to SST cooling is neglected, the SST cooling induced by an LTC could be reduced by about 40%. As for the response of the sub-surface water to the passage of an LTC, the weakened warm anomaly induced by vertical mixing and the enhanced cooling anomaly caused by the vertical advection explain the reduced tendency for the mixed layer to deepen. As a result, the tendency for the mixed layer depth (MLD) to increase is suppressed during the passage of an LTC. These results highlight the importance of optimally depicting cold wakes in numerical simulations to improve the prediction of the upper ocean’s response to sequential TCs.
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1 INTRODUCTION
Tropical cyclones (TCs) with strong surface wind can produce one of the most severe natural disasters in the tropics and subtropics. They can also impact upper-ocean dynamics. During the passage of a single TC, the surface wind stress can significantly disturb the upper-ocean structure. A notable feature of this response is sea-surface temperature (SST) cooling, particularly on the right side of the TC track in the Northern Hemisphere (Price et al., 1994). The TC-induced SST cooling ranges from less than 1°C to greater than 10°C (Cione et al., 2000; Lin et al., 2003; Chiang et al., 2011; Dare and McBride, 2011; Baranowski et al., 2014). Tropical cyclones can change the SST mainly through three processes: vertical mixing, upwelling, and air-sea flux exchange (Zhang et al., 2018; Liu et al., 2019). The vertical mixing is produced by wind-induced current velocity shear, which is an associated entrainment process in the upper ocean (Shay et al., 2000; Jaimes and Shay, 2009). Many studies found that TC-induced vertical mixing leads to SST cooling (up to ∼85%). The upwelling process, which brings cold sub-surface water to the surface ocean, is caused by the near-inertial oscillation and wind-driven Ekman pumping effect (Huang et al., 2009; Zhang et al., 2019) and contributes less than 15% to SST cooling (Price, 1981). In addition to vertical mixing and upwelling, air-sea turbulent flux exchanges (sensible heat and latent heat) also influence the SST. Still, it is not as important as the two major oceanic processes (Jacob et al., 2000). Besides SST cooling, the sub-surface water temperature is modulated by mixing, vertical advection (upwelling and downwelling), and horizontal advection (Yang et al., 2015; Chen et al., 2020). Mixing can warm the sub-surface water, resulting in the deepening of the oceanic mixed layer. Vertical advection brings the cold water of thermocline into the mixed layer through upwelling, weakening the warm sub-surface anomaly or even turning it into a cold anomaly (Niwa and Hibiya, 1997; Wu and Li, 2018; Zhang et al., 2018). As a result of the mixing, the sub-surface water can be warmed by up to 4°C and can usually be modulated by vertical advection (Zhang et al., 2016; Zhang et al., 2019).
The upper-ocean response to TCs strongly depends not only on both the intensity and translation speed but also on pre-existing oceanic background environments, such as warm-core eddies, cold-core eddies, and the western boundary current (Lin et al., 2008; Lin et al., 2009; Uhlhorn and Shay, 2013; Wei et al., 2014; Wang et al., 2016; Lin et al., 2017; Ma et al., 2018). Several case studies found that weak upper-ocean cooling occurred in the warm-core eddy during a TC passage (Shay et al., 2000; Lin et al., 2005; Jaimes and Shay, 2009; Jaimes and Shay, 2010; Vianna et al., 2010). They attributed this to the characteristic deep thermocline and the negative vorticity within the warm-core eddy. The positive vorticity and the shallow mixed layer in the cold-core eddies contribute to upper-ocean cooling during the passage of a TC (Ma et al., 2017). Based on the satellite data, Walker et al. (2005, 2014) found that SST cooling has been observed to amplify to 3°C–9°C when TCs pass over a cold-core eddy regime. Wu et al. (2008) found that no significant temperature cooling occurred in the Kuroshio because of a thick mixed layer. Meanwhile, previous studies on a TC passing over the Kuroshio and Gulf Stream found that the surface and sub-surface water experienced a rapid temperature recovery because of downstream transport by strong sea currents (Uhlhorn and Shay, 2013; Liu and Wei, 2015; He et al., 2022).
Except for the oceanic eddy and the western boundary current, the cold wake left behind by a TC is also a common feature, which would significantly change the thermal structure of the upper ocean. The cold wake may extend for hundreds of kilometers adjacent to the storm track in the horizontal direction and persist for several weeks after the passage of a TC, influencing the upper-ocean response to subsequent or latter TCs (hereafter referred to as LTCs) passing over it within several weeks. (Price et al., 2008; Balaguru et al., 2014; Walker et al., 2014). Based on numerical simulations, Baranowski et al. (2014) suggested that the magnitude of the SST response to sequential TCs (Jangmi and Hagupit) was larger than that caused by a single TC (Jangmi). Wu and Li (2018) claimed that the magnitude of SST cooling is significantly larger when the upper ocean is influenced by successive TCs within a short period. In addition, the SST response to an LTC would have been significantly larger if the ocean had not already been influenced by an earlier TC (hereafter referred to as, ETC) (Baranowski et al., 2014). Due to the deeper mixed layer (MLD) produced by an, ETC, LTC-induced SST cooling (∼2°C), as indicated by satellite SST maps, was found to be weaker than that caused by an, ETC (∼4°C) (Zhang et al., 2019).
The upper ocean response to a single TC has been well documented in previous studies, while less is known about the upper ocean response to successive TCs. The state and structure of the upper ocean play a crucial role in the intensification of TCs. Thus it is essential to understand the effect of the, ETC., on the upper ocean response to sequential TCs. The existing literatures has focused on an individual case about the upper ocean response to sequential TCs. It is unclear to what extent the conclusions from those studies suitably apply to most cases concerning the upper-ocean response to sequential TCs. Based on a statistical analysis of observational data and idealized numerical simulations, this study aims to investigate the upper ocean response to the sequential TCs passing over the Western North Pacific. The remainder of this paper is organized as follows: The data, statistical methods, and model configuration are presented in Section 2. The results of statistical analysis and numerical simulations are shown in Section 3. Section 4 presents a summary.
2 DATA, METHODS AND MODEL CONFIGURATION
2.1 Data
The data used in this study include the positions and intensities of the TCs, satellite-derived SST maps, and climatological oceanic temperature and salinity. The TC best track data is from the Joint Typhoon Warning Center (JTWC; https://www.metoc.navy.mil/jtwc), which includes the TC’s center position, the maximum sustained surface wind speed, the radius of the 34 kt and 50 kt surface wind, and the minimum sea level pressure at 6-h intervals. The location of the TC center is based on the 6-h best track data before TC landfall. The daily SST dataset, provided by Remote Sensing Systems (https://www.remss.com/measurements/), has a high spatial resolution of 0.25°in both latitude and longitude. This data set is produced by combining the microwave-observed SST data from the Microwave Imager of Tropical Rainfall Measuring Mission, Advanced Microwave Scanning Radiometer for EOS AMSR-E, and the Advanced Microwave Scanning Radiometer 2. The Argo data are used to obtain the MLD characteristics, which consist of a delayed mode and quality-controlled data (https://argo.ucsd.edu/data/). The climate temperature and salinity data were obtained from the National Centers for Environmental Information (World Ocean Atlas 2018: https://www.ncei.noaa.gov/products/world-ocean-atlas). To be consistent with the available ocean variables, the TC track data from 2002 to 2020 were selected.
2.2 Statistical methods
To investigate the ocean response to sequential TCs, TC tracks were required to determine the important parameters, which are “closeness in time” and “closeness in space” (Balaguru et al., 2014). The maximum time difference between an, ETC., track and an LTC track may be as long as 14 days since the mean recovery time required for SST cooling is statistically close to 2 weeks (Ma et al., 2018; He et al., 2022). The mean radius of 12 m/s surface wind for cyclones in Northern west Pacific is about 250 km (Chavas and Emanuel, 2010). In this study, the mean radius of the 12 m/s surface wind selected as the metric is refererd to the study of Baranowski et al. (2014), which claimed that little deep convection occurs beyond this distance.
To describe the temporal characteristics of the local SST response to sequential TCs, day 0 refers to the arrival day of the LTC. The time window begins 12 days before the passage of the, ETC., and extends to 30 days after the LTC passage (Lloyd and Vecchi, 2010; Mei and Pasquero., 2013). At first, the values of ocean variables at each location are computed through subtracting climatological values of daily ocean variables for the removal of the seasonal cycle and the long-term trend. Then the SST cooling was calculated at the fixed point of the TC center by the difference between the instantaneous SSTs and the mean SST values from 12 to 3 days before the, ETC., passage. In the meanwhile, we removed the TC records including more than 2 TCs. Thus, aA total of 11,704 TC center records passing over the domain bounded by 100–180°E, 0–40°N were obtained. Including 10,901 single TC track records and 803 sequential TCs track records. All records were composited based on the time relative to the passage of the TC to investigate the temporal characteristics of the upper-ocean thermal response to TCs.
2.3 Model configuration
To better interpret the mechanisms of the SST response to sequent TCs, the Coastal and Regional Ocean Community model (CROCO)was used for numerical simulations with different idealized TC and oceanic fields (Ezer et al., 2000). The model was successfully used in previous studies to simulate and explore the physical processes involved in the ocean response to a TC (Jullien et al., 2014). Here the model domain spanned 4,000 km in the x-direction and 6,000 km in the y-direction, with a 15 km horizontal resolution. The model bathymetry was set as 1,500 m for the entire model domain. There are 35 terrain-following vertical levels with a finer layer distribution in the upper 100 m to better resolve the ocean mixed layer. The generic length scale method with the k−ε closure scheme (Warner et al., 2005) was implemented for parameterization of the ocean vertical turbulent mixing. In an effort to choose a representative profile of the oceanic state, the mean temperature and salinity profiles from the WOA18 climatology data were calculated for the domain of 130°–180°E, 10°-25°N during the TC season (from August to October). As shown in Figures 1C, D, the selected domain and time are based on the observation. Finally, according to the average profile (Figure 2), the initial salinity and temperature field on the whole domain was set as horizontally homogeneous. The current velocity was set to zero, and thus the model ocean was initially at rest.
[image: Figure 1]FIGURE 1 | (A) A spatial map of the distributions for cyclones when they encountered cold wakes from 2002 to 2020. (B) The interaction probability for cyclones when they encountered cold wakes and the number of cyclones for each year. (C) The number of 6-hourly cyclone track locations for each month. (D) The number of 6-hourly cyclone track locations for each latitude.
[image: Figure 2]FIGURE 2 | (A) Temperature and (B) Salinity for the WOA18 profiles averaged over the domain of 130°–180°E, 10°-25°N during the TC season (from August to October). These were used as initial conditions for CROCO model. (C) The reconstructed vector wind field of idealized TC based on the SLOSH method, with color shading for wind speed. (D) Idealized wind speed across TC center and along the y direction.
The ocean model was forced by the surface wind of an idealized moving TC, with a translation speed of 6 m/s. The idealized axisymmetric wind field is constructed according to the Sea Lake and Overland Surges from Hurricanes method (Jelesnianski, 1966; Jelesnianski and Taylor, 1973). The wind forcing for the model has asymmetries due to the translation speed of the TC (Figures 2C, D). This model defined the wind speed as follows:
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where Vmax is the maximum wind speed (m/s), Rmax is the radius (m) of the maximum wind speed, and r is the distance (m) from the center of the TC.
Based on the 19-year JTWC data, the mean maximum surface wind speed for the LTC was 35 m/s, which was used for the idealized wind forcing in this study. The radius of maximum wind was set as 50 km, as shown in Figures 2C, D. The surface enthalpy flux under the corresponding TC condition was obtained and considered as model forcing. Similar to what has been in some previous studies (e.g., Jaimes et al., 2015; Gelaro et al., 2017; Jeon et al., 2022), the surface enthalpy flux (sum of sensible and latent heat fluxes) under the corresponding TC condition were calculated in the typhoon region using the following bulk formula:
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where [image: image] is the air density, [image: image] is the specific heat of air at constant pressure, [image: image] is the latent heat of vaporization, [image: image] is the wind speed, [image: image] is the saturation humidity at the SST. [image: image] and [image: image] are the air temperature and specific humidity, 10 m above the sea surface, respectively. The exchange coefficients of sensible and latent heat fluxes, [image: image] and [image: image] are the stability- and height-dependent turbulent exchange coefficients for latent and sensible heat, respectively.
The CROCO model was integrated for a total of 15 days. To characterize the processes responsible for the thermal response, a heat budget analysis was carried out with the following thermodynamic equation at each model grid point (Wei et al., 2014; Li et al., 2022):
[image: image]
Here, the left-hand term is the local tendency of temperature (RATE), and the terms on the right-hand side are the horizontal advection term (HADV), vertical advection term (VADV), horizontal diffusion term (HDIF), and vertical mixing term (VMIX), respectively. In general, for SST cooling, the contribution of the HDIF was much smaller than the VMIX and ADV; thus, they were neglected in this study.
3 RESULTS
3.1 Observed ocean response to sequent TCs
The spatial and temporal distribution of sequential TCs tracks over the Western North Pacific from 2002 to 2020 is given in Figure 1. There are a total of 540 TCs, of which 33% have sequential TC tracks. Figure 3 shows the probability density function of the maximum SST anomaly. The maximum SST cooling at each point was obtained based on the temporal evolution of SST anomaly from −12 days relative to the passage of the, ETC., to +30 days relative to the LTC passage. Whether there was an, ETC., or not, the shape of probability density function is similar, whereas the maxima of the probability density function are different (Figure 3A). The peak probability for the SST anomaly induced by a sequential TC is found to be approximately −0.5°C smaller than that generated by a single TC. Compared with the single-TC condition, the probability is smaller (larger) under the sequential-TC condition when SST anomalies is weaker (stonger) than −1°C. Figure 3B shows that the mean maximum SST cooling in the sequential-TC condition is −1.50°C, which is 0.16°C colder than that in the single-TC condition. This difference is significant above the 95% confidence level based on a Student’s t-test. This suggests that sequential TCs can amplify a TC-induced SST response.
[image: Figure 3]FIGURE 3 | (A) Probability density function and (C) The recovery time as a function of maximum SST cooling. Boxplots of maximum SST cooling (B) and recovery time (D). In subgraph (B) and (D), the dots in boxes denote the averaged values. The larger maximum SST cooling in the sequent TCs condition than that in the single TC condition is significant above the 95% confidence level based on the Student’s t-test. The increase of recovery time under the sequential TCs condition compared to that under the single TC condition is significant above the 95% confidence level based on the Student’s t-test.
After the SST cooling reaches its peak value, it is followed by a subsequent relaxation period with the departure of the TC. During the relaxation stage, the sea surface absorbs heat through air-sea heat flux, and the SST recovers. The recovery time for the SST to return to the pre-TC state ranges from 1 day to more than 30 days (Hart et al., 2007; Price et al., 2008). Within 30 days after the TC’s passage, some data points for the SST may not have fully recovered, and those points are discarded in the analysis. As shown in Figure 3C, the mean recovery time for a sequential-TC condition is 11 days, longer than that for a single TC, with a difference of 1.5 days. The difference is significant above the 95% confidence level based on a Student’s t-test. As shown in Figure 3D, the mean recovery time is computed according to the maximum cooling at an interval of 0.5°C. Given the same SST cooling, there is no difference between the conditions of sequential TCs and a single TC, as shown in Figure 3D. This indicates that sequential TCs prolong the recovery time of the SST, which is intuitive, as it should take longer to recover from cooler conditions.
The characteristics of the SST response to a TC are affected by the TC intensity and translation speed (Samson et al., 2009; Wang et al., 2016; Lin et al., 2017). The correlation coefficients between the maximum SST cooling and the intensity of TCs are calculated. When TCs do not encounter the ETC-induced cold wake, the correlation coefficient is −0.49 (Figure 4). In contrast, a correlation coefficient of −0.41 is slightly weaker when TCs encounter the ETC-induced cold wake. Similarly, without a cold wake, the correlation coefficient between the maximum SST cooling and translation speed of TC is 0.26, substantially larger than that when TCs encounter the ETC-induced cold wake, which is 0.18. The ETC-induced cold wake reduces the correlation between the TC (intensity and translation speed) and the maximum SST cooling. Thus, the maximum SST cooling may also be affected by the ETC-induced cold wake, except for the intensity and translation speed of the TC.
[image: Figure 4]FIGURE 4 | Scatterplots of the maximum SST cooling and the (A) speed and (B) intensity of the LTC at each 6-h location. Scatterplots of the maximum SST cooling and the (C) speed and (D) intensity of the single TC at each 6-h location. Numbers in each plot indicate the correlation coefficients and p-vaule. These correlation coefficients are statistically significant (p<0.0001).
To further explore the effect of the ETC-induced cold wakes in the maximum SST cooling, the maximum SST cooling induced by the sequential TC is separated into two parts: (1) the ETC-induced SST cooling (the remnant of the cold wake) and (2) the LTC-induced SST cooling. Due to the large wind field of TC, the SST begins to decrease one or 2 days before the arrival of a TC (Dare and McBride, 2011). Therefore, for time difference between an, ETC., track and an LTC track more than 2 days, the ETC-induced SST cooling is defined as the SSTA observed 3 days before the LTC passage. As for time difference between an, ETC., track and an LTC track less than 3 days, the ETC-induced SST cooling is defined as the SSTA observed at, ETC., arrvial. Noting that the ETC-induced SST cooling did not represent the ETC-induced maximum cooling, but the remnant of the ETC-induced cold wake. The LTC-induced SST cooling is calculated by subtracting the ETC-induced SST cooling from the maximum SST cooling induced by sequential TCs. The mean LTC-induced SST cooling is −1.08°C, substantially stronger than the mean ETC-induced SST cooling, which was −0.42°C. In addition, the TC-induced SST cooling difference between a single TC and an LTC can be clearly seen in Figures 3B, 5A, and it is significant above a 95% confidence level based on a Student’s t-test. These results suggest that the ETC-induced cold wake can contribute to a larger SST response associated with the passage of sequential TCs, but inhibit the LTC-induced SST response. In addition, the effect of an ETC-induced cold wake on the LTC-induced SST cooling and sequential TCs is more significant, with the ETC-induced cold wake intensifying (Figures 5B, C).
[image: Figure 5]FIGURE 5 | The boxplot of the ETC-induced SST cooling and the LTC-induced SST cooling (A) during the passage of sequential TCs and (B) the mean SST cooling induced by the LTC and the sequential TCs and (C) as a function of the ETC-induced SST cooling. In subgraph (A), the dots in the boxes denote the average values of SST cooling. The degree to which the LTC-induced SST cooling is larger than the ETC-induced SST cooling is significant above the 95% confidence level based on the Student’s t-test.
In addition, we the Argo float profiles within 150 km around the TC center recording according to the time change. Based on the Argo data, the mixed layer was also been analyzed under the sequential-TC condition (Figure 6). The MLD is defined as the depth where the density had increased by 0.125 kg m−3 above the value of the surface density (Girishkumar et al., 2004; Ye et al., 2019). The MLD remarkably deepened due to the stirring action of a TC, it is consistent with the previous studies (Mei and Pasquero, 2013; Zhang et al., 2016). When there are sequential TCs, the MLD has a two successive deepening (Zhang et al., 2019). For the first deepening induced by the, ETC, the ETC-indcued MLD anomaly is larger on 4 days before the LTC passage than that under the single TC condition. As shown in Figure 6B, the, ETC., has a mean TC intensity 30.03 m s−1, compared to 27.05 m s−1 of the single TC. This difference is significant above the 95% confidence level based on Student’s t-test. However, The differences between the, ETC., and the single TC in translation speed are insignificant based on the Student’s t-test (Figure 6C). These suggest that the ETC-induced MLD anomaly is larger than that produced by the single TC. As shown in Figure 6A, the MLD anomaly under the sequential TCs condition is deepened to 11 m, which is deeper than that in the single TC condition by 4 m. It may be explained by the fact that the upper ocean is exposed to more wind energy from the sequential TCs.
[image: Figure 6]FIGURE 6 | The mixed layer depth (A) as a function of days relative to the LTC passage. The shaded areas show the standard errors of the mixed layer depth. Boxplots of the intensity (B) and translation speed (C) for the single TC ETC. The stronger TC intensity for the, ETC., than that for the single TC is significant above the 95% confidence level based on Student’s t-test. The differences between the, ETC., and the single TC in translation speed are insignificant based on the Student’s t-test.
3.2.2 Ideal numerical simulations
According to the statistical results, the modulating effect of the, ETC., results from the ETC-induced SST cooling. Thus, the four idealized numerical experiments with different TCs forcing were carried out (see Table 1; Figure 7 for detailed model configurations). The model in this study captured the main features of the temperature changes induced by TCs. Figure 8 shows a snapshot of the ocean surface and vertical sections of the simulated ocean temperature and current velocity at 3 days for the model in the CTRL experiment. The intense wind stress directly drives the upper ocean currents, which is typically biased to the right side of the TC tracks in the Northern Hemisphere (Mei and Pasquero, 2013; Zhang et al., 2020). The strongest SST cooling appears on the right-rear side of the TC track, primarily due to resonant coupling between the clockwise-rotating wind stress and near-inertial current oscillations (Price, 1981). The mixed layer is deepened in the vertical sections from 30 to 60 m because of the vertical mixing in the upper ocean.
TABLE 1 | Sensitivity experiments for the sequential TCs. The wind filed for the, ETC., and LTC are constructed based on the SLOSH method, with a moving speed of 6 m/s and a maximum winds radius of 50 km.
[image: Table 1][image: Figure 7]FIGURE 7 | The schematics of simulations for sequential TCs.
[image: Figure 8]FIGURE 8 | (A) Model simulated temperature and velocity at the sea surface and (B) vertical sections on day 3 in the CTRL experiment. In subgraph (A), the roundness label of two selected points is at the center (P1) and 50 km on the right side (P2) of the TC track.
3.2.1 Sea surface temperature response
In this study, two points were selected to explore the SST responses to TCs in the four idealized experiments (Figure 8A): one point was the center of the TC track (point 1: P1), and the second was located at 50 km to the right side of the track (point 2: P2). The P2 had an SST cooling of −1.1 °C in the CTRL experiment, compared to −2.21 °C in the EXP-30 experiment, −2.51°C in the EXP-45 experiment, and −3.53 °C in the EXP-60 experiment (Figure 9). It is also clear that the SST cooling at P1 and P2 in the sensitivity experiments are larger than those in the control experiment, consistent with the statistical result reflected in (Figures 3, 5C). Notably, the SST cooling caused by the sequential TCs at P1 and P2 yields an overall increasing trend with a more intense, ETC. The stronger wind stress associated with a more intense, ETC., can produce more significant SST cooling and can contribute more to the SST cooling during the passage of sequential TCs.
[image: Figure 9]FIGURE 9 | The temporal evolutions for the sea surface temperature, local tendency of SST (T-rate), the vertical mixing (T-mix), and the horizontal advection (T-hadv) at P1 and P2 in the CTRL, EXP-30, EXP-45 and EXP-60 experiments. Day 0 refers to the day of the LTC arrival on the local position. The black, blue, gray, and red lines label the different idealized experiments. The orange dashed lines donate the periods during which the contributions of each term in Equation 3 to the LTC-induced SST cooling are calculated.
As shown in Figure 9, each individual term in the surface heat budget analysis at the two selected points further revealed the inhibiting role of the ETC-induced cold wake on the LTC-induced SST cooling. The LTC-induced SST cooling at the P2 (P1) is −0.68°C, −0.67°C, −0.57°C, and −0.44°C (−1.08°C, −0.87°C, −0.65°C, and −0.53°C) in the CTRL, EXP-30, EXP-45, and EXP-60 experiment, respectively (Table 2). The LTC-induced SST cooling showed an overall decreasing trend with the enhancement of the ETC-induced cold wake, consistent with the statistical result of Figure 5B. In the CTRL experiment, the SST change trend kept pace with the change of the vertical mixing at P1 and P2 during the LTC passage. The vertical mixing contributed more than 80% to the maximum SST cooling at both P1 and P2 (Table 2). Previous studies generally suggested that vertical mixing could dominate the total TC-induced SST cooling (Price, 1981; Jullien et al., 2012), which was consistent with the result in the CTRL experiment. At P1 in the EXP-45 experiments, the LTC-induced SST cooling due to vertical mixing is reduced by 80%, compared with that in the CTRL experiment (Table 2). Similarly, for the corresponding experiments, the contribution of vertical mixing at P2 to the SST cooling decreased to 76% of the SST cooling. Especially in the EXP-60 experiment, the SST cooling induced by the vertical mixing had fallen to below 60%. Since a thick mixed layer can effectively restrain the entrainment of cold water (Lin et al., 2008), the LTC-induced SST cooling decreased in the presence of a deepening mixed layer. In the sensitivity experiments, the deepening of the mixed layer by the, ETC., is more profound than that in the CTRL experiment (Figure 12). As a result, during the LTC passage, the SST cooling caused by the vertical mixing in the EXP-60 experiments is smaller than in other experiments, which can be explained by the fact that the corresponding mixed layer is deeper.
TABLE 2 | The changes in SST (°C) and those due to the vertical mixing (T-mix) and the horizontal advection (T-hadv) at the two selected points. The periods for calculating the changes are labeled in Figure 9 with the dashed lines.
[image: Table 2]However, the contribution of horizontal advection to LTC-induced SST cooling showed an increasing trend with a more intense, ETC. In the EXP-45 experiment, the contribution from horizontal advection (−0.16°C and −0.11 °C at P2 and P1) to the LTC-induced SST cooling was larger than those (0.02°C and −0.06°C at P2 and P1) toin the CTRL experiment (Figure 9; Table 2). In the EXP-60 experiment, the horizontal advection largely accounted for the LTC-induced SST cooling, producing −0.18 (41%) and −0.20 (38%) at P1 and P2, respectively. This result differed from the conclusions of previous studies on single TCs (Price, 1981; Jacob et al., 2000; Jullien et al., 2012). During the passage of sequential TCs, the, ETC., produced asymmetrical SST cooling, and the colder water appeared on the right side of the TC track. Owing to the surface wind stress of the LTC, the colder water on the right side of the TC track rapidly shifted leftward about 1 day before the LTC passage. The horizontal cold advection associated with the cross-track currents was acting to promote the local SST cooling in the presence of the ETC-induced cold wake (Figure 10). As a result, the SST cooling induced by the horizontal cold advection was significantly enhanced during the LTC passage. Similarly, the, ETC., amplified the subsequent horizontal warm advection (Figures 9D, H). The thick mixed layer induced by the, ETC., was acting to prevent local SST cooling by weakening vertical mixing so that more warm water was carried to the left by the surface wind at the half-rear side of the LTC. Overall, horizontal advection contributed to the LTC-induced SST cooling, which was larger with intense, ETCs. During the passage of sequential TCs, the cold wake left behind by the, ETC., led to relatively colder water on the right side of the TC track, which increased the contribution of the horizontal advection to the SST cooling (Figure 10).
[image: Figure 10]FIGURE 10 | The change rate of the SST due to the horizontal advection (°C/h, shaded) at 0 days relative to the LTC passage in the (A) CTRL, (B) EXP-30, (C) EXP-45, and (D) EXP-60 experiment. The black vectors are the currents (m/s, vectors). The blue and red points label points P1 and P2.
3.2.2 Subsurface temperature response
To explore the sub-surface thermodynamic changes induced by sequential TCs, P1 was selected as the typical point to investigate the sub-surface temperature response to the sequential TCs. The temperature evolution indicated that the apparent warm and cold water alternately appeared at the sub-surface ocean (Figure 11), which was consistent with the observed result during the TC passage (Li et al., 2022). The mixed layer depth was calculated according to the temperature and salinity from the model results. As shown in Figure 12, The mixed layer depth induced by sequential TCs was deeper than that under the single-TC condition, which is consistent with the results of Figure 6.
[image: Figure 11]FIGURE 11 | Time-depth cross-section of temperature (°C) at point P1 in different experiments. Day 0 is the arrival time of the LTC.
[image: Figure 12]FIGURE 12 | The temporal evolution of the MLD (m) during TC passage, day 0 refers to the day of the LTC arrival on the local position. The differently colored solid lines indicate different idealized model experiments.
Figure 13 shows the contributions to the temperature change by vertical mixing, vertical advection, and horizontal advection at P1. Vertical mixing can deepen the mixed layer by warming the sub-surface water temperature, while vertical advection renders the mixed layer to become shallower by cooling the sub-surface water (Zhang et al., 2016). There was a depth difference in the warm temperature anomaly induced by the vertical mixing among the different experiments (Figures 13a1–d1) due to the difference in ETC-induced mixed layer depth. The amplitude of the warm temperature anomalies induced by the vertical mixing was larger in the CTRL experiment than these in the other sensitivity experiments. However, the LTC produced larger vertical advection following a more intense, ETC. Therefore, the joint influence of the weakened vertical mixing and intense vertical advection can suppress the deepening of mixed layer. Even in the EXP-60 experiment, the mixed layer became significantly shallower after the passage of an LTC. As for the horizontal advection, its contribution to the upper ocean thermal response was generally small as compared to that of mixing and upwelling, possibly because most of the flow whirled within the cold wake of a TC. As the surface winds of an, ETC., increased, the effect of the advection showed an overall intensifying trend, while the effect of vertical mixing showed a weakening trend.
[image: Figure 13]FIGURE 13 | Temperature changes caused by the vertical mixing (a1–d1), horizontal advection (a2–d2), and vertical advection (a3–d3) at point P1 in the four experiments. Day 0 is the arrival time of the LTC.
4 SUMMARY
The upper ocean response to sequential TCs was investigated using the 19-year observational datasets (satellite-derived high-resolution SST maps, TC best track data and Argo data) and the heat budget analysis of idealized numerical simulations. Compared to a single TC, the sequential TCs can induce greater surface cooling. However, the SST cooling produced by the LTC of sequential TCs is statistically weaker than that induced by a single TC. Meanwhile, the LTC-induced SST cooling is also modulated by the cold wake left behind by an, ETC. The numerical simulation results revealed that the contribution from horizontal advection to sea surface cooling could be observed even larger than that induced by the vertical mixing during an LTC passage. An, ETC., contributed to a thicker mixed layer thus, restraining the contributions of vertical mixing to SST cooling. On the other hand, an, ETC., produced relative colder water on the right side of the TC track. Before the arrival of an LTC, the relatively colder water was driven by its surfac wind, and propagate leftward. This interaction favors an enhancement of the horizontal cold advection. For the SST cooling, the induced increase by the cross-track horizontal advection can offset the partial reduction caused by vertical mixing. With an intensified, ETC, the horizontal advection contributed to a stronger LTC-induced SST cooling, while the effect of the vertical mixing was weakened. In addition, the more pronounced deepening of mixed layer was observed during the passage of sequential TCs. Compared with a single TC, the influence of an LTC upon the deepening of the mixed layer is weaker.
This study is concerned about cyclone-wake interaction. Based on satellite-derived high-resolution SST maps and idealized numerical simulations, this study emphasized the effect of ETC-induced cold wake on the upper ocean response to a subsequent LTC through regulating advection and vertical mixing.
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