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Abstract

:

Sea surface temperature (SST) responses have been perceived as crucial to consequential tropical cyclone (TC) intensity development. In addition to regular cooling responses, a few TCs could cause extreme SST drops (ESSTDs) (e.g., SST drops more than 6 °C) during their passage. Given the extreme temperature differences and the consequentially marked air–sea flux modulations, ESSTDs are intuitively supposed to play a serious role in modifying TC intensities. Nevertheless, the relationship between ESSTDs and consequential storm intensity changes remains unclear. In this study, satellite-observed microwave SST drops and the International Best Track Archive for Climate Stewardship TC data from 2001 to 2021 were used to elucidate the relationship between ESSTDs and the consequential TC intensity changes in the Western North Pacific typhoon season (July–October). Subsequently, the distributed characteristics of ESSTDs were systematically examined based on statistical analyses. Among them, Typhoon Kilo (2015) triggered an unexpected ESSTD behind its passage, according to existing theories. Numerical experiments based on the Regional Ocean Modeling System were carried out to explore the possible mechanisms that resulted in the ESSTD due to Kilo. The results indicate that heavy rainfall leads to additional SST cooling through the enhanced sensible heat flux leaving the surface layer in addition to the cooling from momentum-driven vertical mixing. This process enhanced the sensible heat flux leaving the sea surface since the temperature of the raindrops could be much colder than the SST in the tropical ocean, specifically under heavy rainfall and relatively less momentum entering the upper ocean during Kilo.
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1. Introduction


Taiwan is located in the Western North Pacific (WNP), which is a hot spot region for tropical cyclone (TC) generation. On average, three to four TCs (also known as typhoons) directly strike or indirectly influence Taiwan each year. The severe winds and heavy rainfall carried by typhoons frequently cause serious damage. Typhoons are among the most threatening weather systems that affect Taiwan [1]. The accuracy of typhoon forecasts is particularly crucial for disaster prevention and reduction. Warm oceans have been perceived to be an energy source crucial for TC development [2,3,4,5]. The sea surface temperature (SST) reaction to TC, that is, the upper ocean interaction before or shortly after the passage of the TC center, plays a crucial role in the consequential TC intensity change [2,6,7,8,9].



Based on a simple air–sea coupled model, Emanuel [10] indicated that TC intensity predictions can be significantly improved while considering the negative feedback of the SST drop to TCs. Schade and Emanuel [2], using a simple axisymmetric coupled hurricane–ocean model, indicated that a sea surface cooling feedback effect could decrease a hurricane’s intensity by more than 50%. Zhu and Zhang [11] investigated the impacts of storm-induced sea surface cooling on storm strength changes by applying a cloud-resolving model and showed that storm-induced cooling (with an average of 1.3 °C) would cause a 25 hPa weakening of hurricanes, that is, approximately 20 hPa per 1 °C change in SST. Recently, Mohanty et al. [12] assessed the impact of updating realistic SST feedback to TC, and their results indicate an improvement of 3–41% in track and 5–51% in intensity relative to experiments without integrating the SST variations underlying TC passages.



Generally, the amplitude of SST reduction in response to TC passage is usually 0–2 °C [13,14,15,16,17]. In contrast, a few TCs might cause extreme SST drops (ESSTDs) (e.g., SST drops greater than 6 °C) under certain situations. For example, Lin et al. [15] reported the case of typhoon Kai-Tak (2000), which caused a cold wake behind its passage that nearly reached 11 °C. Zheng et al. [18] investigated the upper ocean cooling of Northeast Taiwan to the passage of Category 2 typhoon Fungwong in 2008. They reported that extreme sea surface cooling over 12 °C was triggered due to the drastic uplift of subsurface cold water tied to a strong shore-ward Kuroshio intrusion. In addition, the cooling might have spread all the way toward the southern part of Japan along the flowing path of Kuroshio. Generally, strong SST cooling responses lead to the reverse of heat fluxes across the air–sea interface. Meanwhile, the upper ocean becomes an unfavorable environment for TC intensification.



Although the relationship between TC-induced SST drops and the consequential TC intensity changes has been documented in individual TC events or virtual scenarios through numerical experiment configurations [2,9,11], a comprehensive examination of their relationship is lacking. In this study, long-term TC information acquired through the International Best Track Archive for Climate Stewardship (IBTrACS) and satellite-based microwave SST data during typhoon season (July–October) from 2001 to 2021 were processed to elucidate the relationship between ESSTDs and the consequential TC intensity changes in the WNP (0–60 N and 80–180 E). Subsequently, the distributed characteristics of ESSTDs were systematically examined. In addition, using the Regional Ocean Modeling System (ROMS), numerical experiments were conducted to reveal possible mechanism(s) leading to abnormal ESSTD.




2. Data and Methods


2.1. Observations


The through-cloud capability of satellite microwave radiometers provides a valuable data source for mapping the global SST, particularly under severe weather. The daily microwave optimally interpolated SST (OISST) data retrieved through the Global Precipitation Measurement (GPM) microwave imager, WindSat, Advanced Microwave Scanning Radiometer (AMSR-E), AMSR-2, and the Tropical Rainfall Measuring Mission microwave imager were used for a consistent evaluation of the sea surface cooling response to historical TC passages from 2001 to 2021. The spatial resolution of this product is 0.25° × 0.25°. This product was obtained from the Remote Sensing Systems website (https://www.remss.com/, accessed on 23 July 2023). In addition, the OISST provided by Remote Sensing Systems utilizes a diurnal model to mitigate the surface effects of diurnal heating before interpolation. This model converts sub-skin SST to a foundation temperature at approximately 1 m depth, reducing the discrepancy between it and the in situ SSTs (https://www.remss.com/measurements/sea-surface-temperature/, accessed on 23 July 2023). Moreover, the six-hourly interpolated ocean surface drifting buoys (“drifter”) SST data from the Global Drifter Project [19] (through https://doi.org/10.25921/7ntx-z961, accessed on 24 July 2023) between 2001 and 2021 were used to check the accuracy of the satellite SST. Drifters measure bulk SST via a thermistor located approximately 20 cm below the sea surface at an accuracy of 0.05 °C [20]. Temperatures and positions were compiled using quality control procedures and interpolated to 6 h intervals using an optimal interpolation procedure [21]. Due to disparities in spatial and temporal resolutions among the datasets, the SST comparative analysis was conducted by comparing each SST measured via drifter, corresponding to different positions in 6 h intervals, to the nearest pixel of daily averaged satellite-observed SST.



Global, daily, 0.25-degree gridded, multi-satellites merged sea surface height anomaly (SSHA) data from the Copernicus Climate Change Service (C3S) Climate Data Store (CDS) were used to indicate the regions with preexisting cyclonic eddy. Data from January 1993 to the present can be obtained through https://doi.org/10.24381/cds.4c328c78 (accessed on 28 September 2023). The IBTrACS best-track data (https://www.ncdc.noaa.gov/ibtracs/, accessed on 8 March 2022) were used to retrieve related TC information, including TC intensity changes, wind speed, translation speeds, and moving tracks in 3 h intervals. The TC intensity was defined based on the Saffir–Simpson hurricane wind scale (in 1 min maximum sustained wind speed) as follows: Category 1: 64–82 knots, Category 2: 83–95 knots, Category 3: 96–112 knots, Category 4: 113–136 knots, Category 5: ≥137 knots, and tropical storm: 35–63 knots. In addition, the typhoon season in this study is July to October.



TC-induced sea surface cooling (TIC) is defined as the maximum SST drop within a 2° by 2° area corresponding to the transient TC center relative to the SST at the same place but three days before the TC occurrence (defined by the wind speed reaching the degree of a tropical storm). ESSTD is defined by a TIC lower than −6 °C. The threshold of −6 °C was selected by sorting the historical cooling along the footprints corresponding to all TC passages. For all the TC events stronger than tropical storms, the cooling records stronger than −6 °C account for approximately 1.31% of all cooling records. In other words, cooling stronger than −6 °C is defined as an ESSTD because it dominates the top 1% of all the SST drops. Moreover, the bathymetry of the General Bathymetric Chart of the Oceans with a 1° × 1° resolution was used to identify the occurrences of cooling at either shelf regions or the open ocean. The open ocean is delineated by areas where the depth within the 8° × 8° box centered on the tropical cyclone exceeds 500 m. The shelf regions, however, comprise regions where the depth within the 2° × 2° boxes is consistently below 500 m and devoid of any land. Furthermore, certain open ocean points within the South China Sea were excluded from our analysis.




2.2. Model Description and Experiment Design


The ROMS is a three-dimensional primitive equation, free-surface, curvilinear coordinate oceanic model. A non-local, K-profile planetary (KPP) boundary layer scheme [22] was applied to parameterize the subgrid-scale mixing processes in the vertical direction. In the ROMS, barotropic and baroclinic momentum equations are separately resolved. With realistic topography derived from the ETOPO2 global ocean bottom topography, the model was driven via momentum forcing with 0.5-degree latitude × 0.625-degree longitude samples, gridded every 3 h, utilizing the Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-2) winds (https://disc.gsfc.nasa.gov/, accessed on 20 August 2023), which is one of the most up-to-date wind forcing products. Atmospheric fields, including shortwave radiation, precipitation rate, evaporation, relative humidity, outgoing longwave radiation, and air temperature, which were also obtained from MERRA-2 with the same temporal and spatial resolution, were integrated to calculate the net heat and salinity fluxes into the ocean. MERRA-2 was produced utilizing the Goddard Earth Observing System Model (GEOS) atmospheric data assimilation system version 5.12.4. It assimilates results from the forecast model and observational data through the data assimilation system to offer comprehensive and stable atmospheric field data [23].



The lateral boundary and initial boundary conditions of the ROMS were derived from the data-assimilated HYbrid Coordinate Ocean Model global solutions with a 1/12-degree spatial resolution [24]. The model domains cover different regions corresponding to different typhoon cases but with the same horizontal resolution of ~6 km and 20 s-levels in the vertical direction. Detailed descriptions of the ROMS were provided by Shchepetkin and McWilliams [25,26]. Validations of the model skill for modeling upper ocean responses to TC passages can be seen in the works of Zheng et al. [27], Shen et al. [28], and Zheng and Chen [29].





3. Results


3.1. Validation of Satellite-Observed SSTs


Before the examination of the relationship between ESSTDs and the consequential TC intensity changes, the capability of capturing ESSTDs through the satellite-retrieved SST should be validated, particularly under the severe weather conditions accompanying TC passages. Figure 1a shows a comparison of satellite-observed microwave SSTs and all available in situ SSTs measured via the temperature meter onboard surface drifters [30] passing the study area during the entire study period. In total, 3,093,567 in situ SST measurements were collected and processed for validation, as shown in this analysis. The correlation coefficient obtained between the SSTs retrieved from satellite and in situ measurements is 0.997 (with a root-mean-square error (RMSE) of 0.535 °C), which indicates great consistency between the SSTs derived from satellite-based microwave sensors and surface drifters. Moreover, Figure 1b shows the same comparison for the periods of TC passages only (drifters in the 4° × 4° box area around the TC center, with 12,479 samples). The comparison shows generally the same consistency between the datasets. The correlation coefficient is 0.950 (with an RMSE of 0.783 °C). Figure 1c,d illustrate the bias between satellite-observed microwave SSTs and in situ SSTs. Under two different conditions, the mean bias is −0.08 and −0.44, suggesting a weak cold bias in satellite-observed sea surface temperatures relative to actual measurements, particularly noticeable during periods influenced by typhoons. The analysis shows the robustness of the usage of OISSTs in revealing TC-induced SST variations in the study area.




3.2. Characteristics of TICs and ESSTDs


Figure 2 shows the distribution of all the TICs corresponding to the TC passages in the WNP from 2001 to 2021. The figure shows that TICs occurred from 0 °C to stronger than −10 °C. TICs of −0.5–−1 °C occurred most frequently. The ratios of stronger cooling (for the TICs lower than −1 °C) gradually decrease. Moreover, as noted in the aforementioned section, only ~1% of the TICs (light-blue shaded area) are equal to or lower than −6 °C. Generally, the distribution of the TICs in the WNP shows great consistency with that proposed in a previous study but with a bias toward higher strength (see Figure 6 in the work of Dare and Mcbride [31]). The bias is attributed to the slight differences in sensors, the corresponding retrieved algorithms for satellite-based SSTs among different products, and the inherent inter-basin discrepancy of TICs in all basins in the world, as noted by Foltz et al. [32].




3.3. TICs and ESSTDs vs. Sharp TC Intensity Changes


The SST cooling induced by a TC passage can reduce the consequential TC intensity, which has been documented through either theory, observations, or numerical modeling [6,33,34,35]. However, as mentioned above, a comprehensive examination of the association between the TICs and the consequential TC intensity changes remains lacking, particularly for extreme TICs (ESSTDs). To further clarify the association between TICs, ESSTDs, and the consequential TC intensity development, Figure 3 shows a comparison between the TICs and the TC intensity changes (in delta wind speed). The TC intensity changes were identified by the wind speed variations within 24 h relative to the original wind speed corresponding to the TC center passing a certain position (where cooling takes place). Figure 3 shows that the wind speed modulations (TC intensity changes) display a near-linear dependence and good consistency with the TICs. Following a one-way analysis of variance (ANOVA) on the seven groups, a significant disparity in the mean TCI values among these groups was observed (F-statistic = 188.0614, p-value = 5.4645 × 10−229). Subsequent multiple comparison (post hoc) analysis revealed a statistically significant difference (p < 0.05) in the mean delta wind speed between ESSTDs and the 0 to −4 °C TICs. Generally, the stronger the TIC is, the stronger the reduction in wind forcing is. The relationship between the TIC and TC intensity changes has also been observed in previous studies [34,35]. This phenomenon implies that ESSTD plays a crucial role in sharp TC intensity changes.



The systematic analysis supports the negative impacts of SST drop on TC intensity changes (e.g., Lee and Chen [6]), particularly the SST drops belonging to ESSTDs (light-blue shaded area in Figure 2). Thus, a deeper understanding of the distributed characteristics and generated mechanism(s) of the ESSTDs plays a crucial role in improving the prediction of transient TC intensity changes. To obtain further information about the appearances of ESSTDs, the general characteristics of ESSTDs are revealed in the following section. Then, the appearances of abnormal ESSTDs are analyzed to elucidate the possible new mechanism(s) contributing to the generation of ESSTDs in addition to the existing theories.




3.4. TICs and ESSTDs: Open Ocean versus Continental Shelf


Figure 4 shows the distributed ratios of all the TICs (including ESSTDs) corresponding to open ocean and shelf regions. In the open ocean (left plot in Figure 4), TICs less than 1 °C account for ~35% of the total number of TICs. For the shelf region (right plot in Figure 4), TICs between 1 °C and 2 °C account for 38% (the largest proportion) of the TICs. In general, the TICs that occurred in the open ocean with different strengths are weaker than those that took place in the shelf regions. The blue patches (ESSTDs) in both pie plots indicate that the frequency of ESSTDs in the shelf region is much higher than that in the open ocean. This phenomenon implies that the shelf region provides a relatively favorable environment for TC to trigger strong cooling. This pattern shows great consistency with the results of previous studies (e.g., Mitchell et al. [36]; Teague et al. [37]), which are largely based on comprehensive observed evidence.



Figure 5 shows the locations of the TICs that occurred in the shelf regions (green dots) and the open ocean (blue dots). Yellow and red dots denote the locations where ESSTDs occurred in the shelf regions and the open ocean, respectively. Some areas have no TICs because they do not belong to either shelf regions or open oceans by our definition. Overall, the number of blue dots is greater than that of green dots, implying that more TICs occurred in the open ocean than in the shelf regions from 2001 to 2021. Furthermore, more ESSTDs occurred in the shelf regions than in the open ocean. According to Mitchell et al. [36] and Figure 4, ESSTDs occurred more frequently in the shelf regions than in the open ocean because of the shallow bathymetry, the more complex wind–bathymetry, and the wind–regional current interactions. As previously mentioned, relative to the ESSTDs that occurred in the shelf regions, the ESSTDs that occurred in the open ocean are not physically straightforward. Thus, they largely attracted our attention. In the following section, one of the key targets is to explain why TCs lead to ESSTDs in the open ocean, where its background environment is unfavorable for conventional TCs triggering strong SST drops.



Table 1 shows the background information during the passages of the TC-triggered ESSTDs in the open ocean. Basically, these events lead to ESSTDs because of their individually favorable conditions, as documented in previous studies, such as a particularly slow translation speed, large TC size, strong TC intensities, double impacts of a previous storm, and potential influences of preexisting cyclonic eddies or subsurface thermal structures (e.g., Price [13]; Price et al. [38]; Babin et al. [39]; Walker et al. [40]; Lin et al. [41]; Zheng et al. [42,43]; Zheng et al. [7]; Kuo et al. [9]; Shen et al. [28]; Zhang et al. [44]). Based on preliminary examination, TC Kilo (2015) was identified as a non-typical ESSTD event with a regular translation speed and a relatively weak intensity, without any of the aforementioned favorable conditions.





4. Outlier—Kilo (2015)


To further examine why Kilo triggered an ESSTD without distinct favorable conditions, a numerical experiment based on the ROMS was carried out to reconstruct the oceanic environment corresponding to the duration of the Kilo-induced ESSTD in the open ocean. Figure 6b shows the model simulation of the complete progression of the ESSTD to the passage of Kilo. For comparison, the cooling progression due to Kilo retrieved from satellite observations is also shown in Figure 6a. In general, the consistency of the pattern, timing, and evolution of the SST cooling after the Kilo passage indicates that the model simulation substantially reproduced the main progression of cooling in the case of Kilo.



Nevertheless, referring to the magnitudes of cooling progression, the ROMS seems to have not completely reconstructed the Kilo-induced cooling as shown in the satellite observations. On the basis of the model skill demonstrated in recent studies [27,28,29], the ROMS surprisingly failed to completely reproduce the magnitude of ESSTD due to Kilo. By examining the internal dynamics of the ROMS further, we found that the influence of rainfall might not be addressed adequately in the ROMS. Previous studies pointed out that precipitation influences the buoyancy of the ocean surface layer by transforming the salinity and temperature distribution. In addition, on the one hand, it would induce oceanic rainfall sensible heat flux (QP) leaving the ocean, while raindrop cools the sea surface [45,46,47]. On the other hand, the freshwater input of rain can enhance the stratification of the water column, consequently suppressing the vertical mixing of colder water from below, while the winds accompanied with TCs tend to induce vertical mixing in the upper ocean [46,48].



In the ROMS, a scheme related to rainfall is used to handle the effect of rainfall dilution and the decrease in salinity near the sea surface, which influence the density and consequential vertical stratification [49]. This effect is well documented in the papers of Jacob and Koblinsky [46] and Balaguru et al. [48]. In contrast, the dynamics of the ROMS do not include the effect of raindrop-driven surface cooling through the induction of sensible heat flux into the ocean, given the possible colder temperature of raindrops relative to the warmer sea surface temperature [45,47]. Heat-flux-driven sea surface cooling is generally considered to have a minor effect on SST modification [13,44,48]. However, it has been shown that the rainfall sensible heat flux can be as high as 200 W m−2 during intense rainfall events relative to the average heat flux of approximately 2.5 W m−2 from rainfall over the entire TOGA-COARE period [45], which indicates the potential of the heavy rainfall accompanied with TC passage to contribute marked SST drop through enhancing sensible heat flux. In a study by Ibrahim and Sun [47], they also indicated that Qp could be large at both short and long time scales, contrary to popular belief.



Notably, this effect has not been integrated into the ROMS dynamics [49]. Figure 7 shows the rainfall composites corresponding to the passage of Kilo (Kilo), all the TC passages through the domain of Kilo (Typhoon), and the climatological rainfall of the background environment (Climatology) in the area where Kilo passed through. The rainfall data used here were obtained from the Integrated Multi-satellite Retrievals for the GPM mission L3 daily accumulated precipitation (through http://apdrc.soest.hawaii.edu/, accessed on 23 September 2023) with a 0.25° × 0.25° spatial resolution. Among the three composites, Kilo is undoubtedly a heavy rainfall event. The medians of the three composites are 1.5, 100.2, and 140.5 mm/day for climatology, typhoon, and Kilo, respectively. Notably, the precipitation during the passage of KILO is nearly a hundred times stronger than that corresponding to the climatological rainfall of the background environment. Thus, in this case, heat-flux-driven sea surface cooling should not be considered a minor effect on influencing the SST.



According to the theories of Gosnell et al. [45] and Jacob and Koblinsky [46], the aforementioned effect was estimated based on the oceanic precipitation sensible heat flux (Qp), the satellite observed rainfall data (R), and the mixed layer depth (MLD) data. Qp is expressed as follows:


    Q   p   =   c   w   ρ R ×     T   r   −   T   s     ,  



(1)




where R (m s−1) is the rain rate, cw (4186 J kg−1 K−1) is the specific heat of the seawater, ρ (1000 kg m−3) denotes freshwater density, Tr (K) corresponds to the temperature of the rain drops, and Ts (K) is the SST. The rainfall caused by Kilo was synthesized from the maximum daily accumulated precipitation at each point during the entire TC period. In the analysis, we used ROMS SST before the TC approached (5 September) as Ts and 24.04 °C as Tr [46]. Here, the temperature of 24.04 °C was derived from the wet-bulb temperature of the 10 m air at 26°C and 85% humidity. According to Gosnell et al. [45], employing wet-bulb temperature as an estimation for rain temperature exhibits an error of approximately 0.1 W m−2 in the tropical Pacific region. Detailed precipitation along Kilo’s track and Qp can be seen Figure S1 in the Supplementary Material.



Afterward, to assess the effect of Qp-induced cooling during the duration of Kilo, according to Ibrahim and Sun [47], the average Qp was converted to temperature change in the mixed layer in the following relationship (Equation (2)).


  ∆ T = ( ∆  t      Q   p   ) / (   c   w     ρ   s w   H ) ,  



(2)




where ΔT is the temperature change resulting from the gathered Qp cooling in the MLD, Δt is the period of Kilo passage, ρsw is the seawater density, and H is the MLD (m). The MLD and ρsw data were derived from the product of the Argo mixed layer climatology obtained through http://mixedlayer.ucsd.edu/, accessed on 5 October 2023. Given that the TC rainfall preceded the extreme wind stress during Kilo, we assumed that the raindrop was not mixed well upon entering the subsurface before causing Qp cooling. Thus, the temperature correction provided by the estimation of ΔT remained near the sea surface (with the assumption of H of ~1 m). It is important to note that ΔT is heavily influenced by the thickness of the ocean mixed layer and the intensity of mixing. The impact of identical rainfall events may result in varying ΔT under different conditions (see ΔT under various mixing scenarios in Figure S2 in the Supplementary Material).



Figure 8 shows the model simulation that integrates the corrected terms contributed by Qp cooling. After integrating the effect, the cooling shows high-level consistency with the satellite-observed OISSTs (Figure 6a). The SST correction varies from 0.1 °C to 3.14 °C (with a mean of 0.36 °C) and largely improves the model simulation of the sea surface cooling due to Kilo. Generally, the result endorses the possibility of heavy rainfall events with the Kilo passage, contributing an additional SST drop to the momentum-driven mixing (Figure 6b) by enhancing the oceanic rainfall sensible heat flux (QP).




5. Conclusions and Remarks


The main results of the study are summarized as follows: (1) According to a comparison of the satellite observations and the in situ measurements, the usage of OISSTs shows robustness in revealing TC-induced SST variations. (2) The TICs in the WNP show great consistency with that proposed by Dare and Mcbride [31] but with a bias toward higher strength. This bias is attributed to the slightly different sensors, the corresponding retrieved algorithms for satellite-based SSTs among different products, and the inherent inter-basin discrepancy of the TICs in all the basins in the world, as reported by Foltz et al. [32]. (3) Wind speed modulations (TC intensity changes) show a near-linear dependence on the strength of the TICs. Generally, the stronger the TIC is, the stronger the reduction in wind forcing is. This systematic analysis supports the negative impacts of SST drops on TC intensity changes, particularly for the SST drops belonging to ESSTDs. (4) In the northwest Pacific region, TICs that occur in the open ocean are generally weaker than those that took place in the shelf regions, implying that the shelf region provides a favorable environment for TC triggering strong cooling. This notion shows great consistency with the results of previous studies but is based on comprehensive evidence.



Subsequently, the unexpected ESSTDs that occurred in the open ocean were systematically examined. Among them, Kilo (2015) was the only event that triggered an ESSTD during its lifespan without any documented favorable conditions. Numerical experiments based on the ROMS were then carried out to explore the possible mechanisms resulting in the ESSTD due to Kilo. The result indicates that the heavy rainfall that accompanied the passage of Kilo contributed an additional SST drop through the enhancement in oceanic rainfall sensible heat flux (QP) in addition to the momentum-driven cooling source from the subsurface.



According to previous studies, QP could be significant at both long and short time scales, and this process enhances the sensible heat flux into the upper ocean because the temperature of the raindrops could be much colder than the SST in the tropical ocean [45,46,47]. Zhang et al. [44] also indicated that some influence from surface fluxes may exist, particularly for the duration of weak storms. Typhoon Kilo is an example of such an event with weak intensity but heavy rainfall during its passage. Moreover, Ibrahim and Sun [47] emphasized that apart from the cooling effect, the decrease in SST induced by Qp inhibits both the latent heat flux and sensible heat flux, consequently influencing the heat exchange cycle between the ocean and the atmosphere. In addition to the effect of the freshwater input of rain stratifying the water column and exhibiting vertical mixing [46,48], the effect of short-term heavy rainfall with storm passage leading to extra sea surface cooling deserves increased attention.
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Figure 1. (a) Comparison of satellite-based OISST and available in situ SSTs measured via all surface drifters passing the study area from 2001 to 2021 (3,093,567 samples). (b) Comparison for the periods of TC passages regardless of the season (12,479 samples). (c,d) As in (a,b) but representing the bias between the satellite-based OISST and drifters (satellite–drifter). The color bar indicates the number of each bin. 
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Figure 2. Number distribution of TICs with individual strengths corresponding to all TC passages in the WNP from 2001 to 2021. The box area outlines the TICs that belong to ESSTDs. 
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Figure 3. Comparison of TICs (unit: °C) and TCI changes in delta wind speed (unit: ms−1). The blue dots show the means of each interval. The red bars show the 95% confidence interval, and the 25th and 75th percentiles are marked by black asterisks. 
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Figure 4. Ratios of all TICs (including ESSTDs) corresponding to open ocean (left) and shelf regions (right). 
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Figure 5. Distribution of all TICs in the shelf region (green dots) and open ocean (blue dots). Yellow and red dots denote ESSTDs that occurred in the shelf region and open ocean, respectively. ESSTDs that occurred in the open ocean (red dots) were triggered by the typhoons listed in Table 1. 
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Figure 6. Sea surface cooling responses (relative to 4 September) during the passage of Kilo (2015) via (a) satellite-based OISSTs and (b) ROMS simulation. Color shades denote SSTs (left color bar) (unit: °C). TC intensities are marked with color dots (right color bar). Black dots denote the central positions of Kilo. 






Figure 6. Sea surface cooling responses (relative to 4 September) during the passage of Kilo (2015) via (a) satellite-based OISSTs and (b) ROMS simulation. Color shades denote SSTs (left color bar) (unit: °C). TC intensities are marked with color dots (right color bar). Black dots denote the central positions of Kilo.



[image: Remotesensing 16 00205 g006]







[image: Remotesensing 16 00205 g007] 





Figure 7. Daily accumulated precipitation in different composites. Climatology is the domain (20–30°N, 160–170°E) average in September climatology. Typhoon is the average precipitation composite calculated from all TCs passing through the same domain from 2001 to 2020. Kilo is the average precipitation along the track of Kilo in the domain. The red line in the blue box denotes the median, and the lower and upper boundaries denote the 25th percentile and 75th percentile, respectively. Whiskers above and below the box indicate the 75th percentile + 1.5 × IQR and 25th percentile − 1.5 × IQR, respectively, where IQR denotes the 75th percentile–25th percentile. The red plus signs denote the outliers. 
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Figure 8. Model-simulated sea surface cooling responses (relative to 4 September 2015) during the passage of Kilo (2015) with corrected term due to Qp cooling. Color shades denote SSTs (left color bar) (unit: °C). TC intensities are marked with color dots (right color bar). Black dot denotes the central positions of Kilo. 
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Table 1. Background information during the passages of all TC-triggered ESSTDs in the open ocean from 2001 to 2021.
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	Name
	Date
	△SST
	Intensity Category
	Moving Speed (m/s)
	Cyclonic Eddies (SSH < 0.2 m)
	Twice Impact *
	Previous TC **





	MAN-YI
	6 August 2001
	−6.92
	2
	2.57
	X
	X
	O



	FENGSHEN
	23 July 2002 09:00
	−6.05
	3
	7.72
	X
	X
	X



	ELE
	4 September 2002
	−7.42
	2
	1.54
	X
	X
	X



	KETSANA
	21 October 2003
	−7.05
	2
	1.54
	O
	X
	X



	SOULIK
	13 October 2006
	−6.38
	1
	1.03
	X
	X
	X



	CHOI-WAN
	18 September 2009
	−6.52
	3
	4.12
	X
	X
	X



	MA-ON
	16 July 2011
	−7.27
	4
	5.14
	X
	X
	X



	PRAPIROON
	12 October 2012
	−6.95
	3
	1.54
	O
	X
	X



	SOULIK
	11 July 2013
	−6.84
	3
	6.17
	O
	X
	X



	NEOGURI
	7 July 2014
	−7.02
	5
	6.69
	X
	X
	X



	VONGFONG
	9 October 2014
	−6.12
	5
	2.57
	O
	X
	X



	ATSANI
	21 August 2015
	−6.48
	3
	5.14
	X
	X
	X



	KILO
	7 September 2015
	−6.33
	1
	5.14
	X
	X
	X



	DUJUAN
	25 September 2015
	−6.36
	1
	1.54
	O
	X
	X



	NORU
	31 July 2017
	−6.17
	4
	2.57
	X
	X
	X



	KROSA
	11 August 2019
	−7.1
	0
	2.57
	X
	X
	X



	MINDULLE
	28 September 2021
	−6.4
	2
	3.09
	O
	X
	X







* Twice Impact is defined as TC track forming a loop and TC striking the same area twice. ** Previous TC is defined as whether a previous TC passed through the ESSTD area in the previous two weeks. The symbol “O” denotes compliance with favorable conditions, whereas “X” indicates non-compliance with favorable conditions.
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