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An extremely strong and long-lasting (more than 8 months) oceanic warm core eddy existed in the South China Sea (SCS) from February–October 2010. From July–August 2010, three tropical cyclones (TCs; TC Conson, Chanthu, and Mindulle) consecutively passed over this eddy and sustained at least 21 h. The intensity change of all three TCs reached 20 kt within 24 h when they encountered this eddy. In mid-late July, tropical cyclone heat potential (TCHP) is overall stronger in the eddy region than in its surrounding region, thus TCHP plays an important role in the intensification of TC Conson and Chanthu. It is also found that the intraseasonal oscillation (ISO) and the quasi-biweekly oscillation (QBWO) can be important in favor of the further enhancement of TCs. The TCHP is too low to favor the intensity increase of TC Mindulle in late August, 2010, but weak vertical wind shear, ISO and QBWO act as key roles in the intensification of TC Mindulle.
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Introduction

The South China Sea (SCS) is the largest marginal sea in the western North Pacific (WNP), with about three tropical cyclones (TCs) forming in the SCS and six TCs entering the SCS from the WNP each year during 1993–2018. The intensity changes of TCs are related to both atmospheric environmental variables, such as weak vertical wind shear, moist mid-level, positive vorticity (e.g., Goldenberg et al., 2001; Kaplan and DeMaria, 2003; Camargo et al., 2007), and oceanic factors, including warm sea surface temperature (SST) and deeper thermocline (Cione and Uhlhorn, 2003; Wang and Wu, 2004; Shay and Brewster, 2010). Besides, intraseasonal oscillation (ISO) is an important air–sea coupling mode in the tropics, which has significant seasonal variation in the propagation direction, and has a period of 20–100 days (Madden, 1986; Singh and Kinter, 2020). Quasi-biweekly oscillation (QBWO) has a period of 10–20 days and usually has a northwestward propagation (Wang and Chen, 2017). The ISO and QBWO are active in the SCS and can modulate the genesis and development of TCs (e.g., Li and Zhou, 2013; Ling et al., 2016). Recent studies show that the mesoscale oceanic dynamic process also can modulate the intensity of TCs (Chan et al., 2001; Lin et al., 2005, 2008; Wu et al., 2007; Yablonsky and Ginis, 2012; Ma et al., 2013).

The mesoscale ocean eddy is one of the most energetic mesoscale features in the ocean (Xiu et al., 2010; Ma et al., 2017), which plays an important role in transporting heat and substances and modifying exchange of momentum and heat flux at the air–sea interface (Zhu et al., 2008). Mesoscale ocean eddy includes anticyclonic and cyclonic eddies. Anticyclonic (cyclonic) eddies generate downwelling (upwelling), which results in the thicker (thinner) thermocline and warmer (colder) surface sea temperature (SST) than surrounding region (Chen et al., 2011; Gaube et al., 2015). Therefore, the anticyclonic (cyclonic) eddies are also known as warm (cold) eddies. Abundant mesoscale ocean eddy activities can be found in the SCS, which are active along the northeast-southwest band across the SCS and southwest of Luzon Strait (Hwang and Chen, 2000; Xiu et al., 2010; Chen et al., 2011). The average lifetime of eddies is 8.8 weeks (62 days) in the SCS, and only 26% eddies have longer lifetimes (above 10 weeks; Chen et al., 2011). There is a positive correlation between eddy intensity and lifetime, especially for warm eddies (Xiu et al., 2010). Chen et al. (2011) divided the evolution of long-lived eddies into growth and decay phases and found the radii of eddies increase (decrease) and eddy energy density reduce (increase) during the growth (decay) phase.

Previous studies have investigated the influence of mesoscale ocean eddies on TC activities, including TC intensity and track (Chan et al., 2001; Lin et al., 2005, 2008; Ali et al., 2007; Wu et al., 2007; Ma et al., 2017). Several TCs in the SCS intensify or maintain their strength when they passed over warm eddies (Yang et al., 2016, 2019). Warm eddies act like as an insulator, effectively hindering the heat flux exchange between typhoons and the deeper ocean cold water (Lin et al., 2005). The thick mixed layer owing to the presence of warm eddies can suppress the SST cooling induced by the TCs and supply the heat flux for TCs development. Model simulation results also confirmed the effective role of the warm eddies in the intensification of TCs via enhancing air–sea surface heat flux exchanges (Wu et al., 2007) as well as the tropical cyclone heat potential (TCHP). On the contrary, the cooler sea water related to cold eddies together with the cooling effects induced by the TCs can accelerate the weakening of the TC (Jaimes and Shay, 2009; Ma et al., 2013).

TCs intensity changes in the SCS have been extensively studied (e.g., Sun et al., 2019; Liu and Chan, 2022; Yang et al., 2022). Here, we further surveyed the intensity change of TCs generated in the SCS or the WNP and then entered the SCS during 1993–2018 and found that the 90th percentile of the intensity change of the enhanced TCs within 24 hours in the SCS is 20 knot (kt; 1 kt = 0.51 m/s). Therefore, we define the 24-h TC intensity change of at least 20 kt as strong intensification. From 1993 to 2018, there are 562 records of intensity change in 24 h, with 75 strong intensification events, among which 65.33% of TCs are found passing over the mesoscale ocean eddies.

In the summer of 2010, an exceptionally warm ocean eddy was detected in the northern SCS. The development of this eddy involved a merging process of two small warm eddies, and the eddy has an unusually long lifetime (above 8 months) and large sea level anomaly (SLA; over 0.47 m; Chu et al., 2014). Interestingly, three TCs, Typhoon Conson (TC1), Typhoon Chanthu (TC2), and Typhoon Mindulle (TC3), passed over this warm eddy at the different phases of warm eddy. TC1 passed through the warm eddy for 24 h when the two small eddies are merging into a large warm eddy, and then TC2 encountered the eddy when the two small eddies had just merged into a large warm eddy. One month later, TC3 also passed through this eddy when the eddy is decaying. Correspondingly, the intensity of all three TCs increased up to 20 kt when they passed over the warm eddy. The three TCs passed over the long-lasting eddy at its different phases, yet all three TCs have undergone significant intensity change while passing over the eddy. Therefore, it is worth studying the differences and similarities in the roles of the warm eddy playing in the intensity changes of the three TCs. Are there any other factors involved in the intensity changes? These are the questions we intend to answer in the study.



Data and methods

The hourly horizontal wind, mid-level (600 hPa) relative humidity with a horizontal resolution of 1°latitude × 1°longitude is from the fifth generation of European Reanalysis (ERA5). Interpolated daily outgoing longwave radiation (OLR) with a horizontal resolution of (2.5° × 2.5°) is from the USA National Oceanic and Atmospheric Administration (NOAA).

The 3-h ocean temperature at different depths with a horizontal resolution of 1/12° is downloaded from the gridded reanalysis product based on Hybrid Coordinate Ocean Model (HYCOM) and the Navy Coupled Ocean Data Assimilation (NCODA). It has 41 layers and can be used to analyze the vertical thermal structure of the ocean. To detect and track mesoscale ocean eddy, the daily SLA data from the French Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO) project is used. The SLA data starts from 1993 and has 0.25° × 0.25° resolution.

To track the activities of TCs, the best-track dataset from the International Best Track Archive for Climate Stewardship (IBTrACS) (Version v04r00; Knapp et al., 2010) is used in this study. In this study, we only consider the TCs with the maximum sustained wind (MSW) speed above 34 kt.

The 20–100-day and 10–20-day Butterworth band-pass filtered OLR data are used to represent the ISO and QBWO activities in the SCS, respectively.

The TCHP has been used to quantify the impact of ocean heat content on TC's intensification (Lin et al., 2008). TCHP is integrated ocean heat content relative to the 26 isotherm, which is calculated using the following expression (Leipper and Volgenau, 1972; Liu and Chan, 2022):
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where Cp is the capacity heat of the seawater at constant pressure, taken as 4,178 J/kg·°C and ρ is the average seawater density of the upper ocean taken as 1,026 [image: image] represents the depth of the 26°C isotherm and T(z) is the in situ temperature.



Results


The evolution of warm eddy and three tropical cyclones

This exceptionally warm eddy in the SCS in 2010 had been comprehensively analyzed by Chu et al. (2014). A warm eddy (WE1) was generated in the northeastern SCS on 3 February 2010, and then it propagated westward near the Vietnam coast in early April (Chu et al., 2014). From May, WE1 moved northward to the Xisha Islands and expanded in size. On 9 June, another warm eddy (WE2) formed east of the Xisha Islands and moved northwestward. The co-existence of two small warm eddies (WE1 and WE2) in the SCS demonstrates the beginning of the developing phase. From 10 July, WE1 moved further northward and caught up with the WE2 to merge into a larger warm eddy, named WE3. WE3 appears as a band structure with a southwest-northeast orientation and the radius of WE3 reached its maximum before 19 July, which is considered the end of the merging phase. After 19 July, WE3 moved southward with reduced strength, then dissipated on 13 October (Figure 6 in Chu et al., 2014). If only considering the period from 9 June to 13 October, the life period of this eddy can be divided into three phases: the developing phase (9 June to 9 July); the merging phase (10–19 July); and the decaying phase (20 July to 13 October).

Figure 1 shows the location of eddies, the distribution of SLA, and TCs' trajectory. TC1 formed in the WNP on 12 July, then moved northwestward and entered the SCS on 14 July while the warm eddy was in the merging phase. After entering the SCS, the intensity of TC1 weakened until it was close to the two eddies, WE1 and WE2 (Figure 2A). When TC1 encountered the eddies on 15 July, positive SLA dominated the north SCS (Figure 1A). The WE1 located east of Vietnam, with maximum SLA above 0.5 m [The difference of maximum SLA between this study and Chu et al. (2014) is mainly due to the usage of a different dataset of SLA]. WE2 is located northeast of WE1 with a lower maximum SLA than WE1. The intensity of TC1 boosted from 55 to 75 kt and upgraded to a typhoon (Category 1) when it passed over the region between WE1 and WE2, then it reached its maximum intensity (80 kt) before landing (Figure 2A). TC2 generated near the eastern coast of Philippines in the WNP, then it moved northwestward and entered the SCS after TC1 passed over the region between WE1 and WE2. TC2 passed over the eddy on 20–21 July when WE1 and WE2 just merged as WE3 and intensified 20 kt during the 21 h (Figures 1B, 2B). Both TC1 and TC2 reached maximum intensity over the SCS when they closed to land, the intensification may result from shallow coastal warm water (Pun et al., 2019), coastal downwelling (Gramer et al., 2022), or positive feedback of radiative forcing (Lok et al., 2021). A tropical depression formed in the SCS on 21 August and moved westward, then passed through WE3 on 22 August when the eddy entered the decay phase. Within 27 h (from 6 a.m. on August 22 to 9 a.m. on 23 August), the tropical depression intensified into a tropical storm (TC3) with an increase of 22 kt in its MSW. Particularly, the intensity of TC3 rapidly increased by 20 kt from 6 p.m. on August 22 to 6 a.m. on 23 August (12 h; Figure 2C). All three TCs experienced strong intensification within 24 h when they encountered the warm eddy at its different phase.
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FIGURE 1
 The sea level anomaly (shading; unit: m) in the SCS on (A) 15 July, (B) 20 July, and (C) 22 August. The black dotted line represents the 0.4 m SLA contour on the same day. Green, blue, and yellow dots indicate the tropical depression, tropical storm, and Category 1 typhoon (based on the Saffir-Simpson scale), respectively. The bigger dots represent the locations of TC passing over the warm eddy. Blue, gray, and green contours represent the boundary of WE1, WE2, and WE3, respectively. The tracks and locations of TC1/Conson in (A), TC2/Chanthu in (B), and TC3/Mindulle in (C) are superimposed.
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FIGURE 2
 The evolution of sustained maximum wind speed of (A) TC1/Conson, (B) TC2/Chanthu, and (C) TC3/Mindulle. The pink shading represents the maximum wind speed of TCs when they passed over the warm eddy.




The change of environmental variations when TCs are passing through warm eddy

TCHP is usually taken as a criterion of ocean heat content that supports TC intensification (Yan et al., 2017). Figure 3 shows the distribution of TCHP in the northern SCS 1 day before, during, and after the passage of TC1, TC2, and TC3. Higher TCHP can be found over the warm eddies in the SCS (Figure 3). WE1 has the highest TCHP and the largest SLA (above 0.5 m) in the northwestern SCS, while the WE2, has a smaller size and lower TCHP as well as weak SLA. After TC1 passed over the area between WE1 and WE2, the TCHP over both the WE2 and northeastern quadrant of WE1 significantly decreased, resulting from the enhanced mixing of TC1 (Figures 3A–C). With the merging of WE1 and WE2, TCHP in the eddy recovered quickly, which favors the intensification of TC2 during its passage over WE3 (Figures 3D–F). When WE1 and WE2 just merged as WE3, WE3 had lower TCHP and a larger area of 0.4 m SLA contour than WE1 (Figures 3E,F). During the decay phase of the eddy, the WE3 changed from a band-like structure to a round shape. Compared to that in late July, both TCHP and the area of 0.4 m SLA contour in eddy during late August are greatly reduced (Figure 3).


[image: Figure 3]
FIGURE 3
 The TCHP (shading; unit: J m−2) in the SCS 1 day before TCs pass over the warm eddy (a,d,g), the day TCs pass over the warm eddy (b,e,h), and 1 day after TCs passed over the warm eddy (c,f,i). The dots represent the location and trajectory of TCs. Green, blue, and yellow dots indicate the tropical depression, tropical storm, and Category 1 typhoon (based on the Saffir-Simpson scale), respectively. Black contours represent the 0.4 m SLA. Blue, gray, and green contour represents the boundary of WE1, WE2, and WE3, respectively.


To further explore the dynamic mechanism of the strong intensification for three TCs when they passed through the warm eddy at its different phases, the meridional average of 12°N−18°N is used to show the change of environmental variables and intraseasonal activities in the main meridional range of the warm eddy. Based on the location of the warm eddy, here we define 110°E−115°E as an eddy region and 115°E−120°E as a non-eddy region.

Figure 4 shows the zonal variation of oceanic and atmospheric environmental variables and intraseasonal convective activities before TCs passed through the eddy. The TCHP is calculated the day before TC passed over the eddy. The TCHP is plotted only from 110°E to 118°E in Figure 4A since the area west of 110°E is close to the land and east of 118°E belongs to the warm pool of WNP that has much higher TCHP (Figure 3). Atmospheric environmental variables and intraseasonal activities are averaged during 3 days before TC passed over the eddy to eliminate the influence of TC circulation.
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FIGURE 4
 The 12°N−18°N meridional averaged TCHP on 1 day before TCs encountered with warm eddy (A), 600 hPa relative humidity (B), vertical wind shear (C), 850 hPa relative vorticity (D), convective activities related to ISO (E), and QBWO (F) during 3 days before TCs entered the SCS. Black (blue and red) line represents the zonal variation of environmental variables or intraseasonal convective activities related to TC1/Conson, TC2/Chanthu, and TC3/Mindulle, respectively. Dotted line indicated the zero value of relative vorticity (D) and ISO (E) as well QBWO (F). Gray shaded area indicates the eddy region.


For the TC1, there are two peaks of TCHP in Figure 4A, one reaching 10.688 × 108 J m−2 near 111°E and the other is 9.809 × 108 J m−2 at 114°E, respectively. Compared to the non-eddy region (115°E to 120°E), the oceanic environment over the eddy region (110°E−115°E) can favor TC1 intensification due to higher TCHP (Figure 4A). From the perspective of atmospheric environmental variables, the 600 hPa relative humidity remains high with an average of 78.7% with small variations (< 5.6%), which means the mid-level atmosphere is humid enough for TC activities, but may not play an important role in the intensity change of TC1 (Figure 4B). Vertical wind shear and relative vorticity show reversed change in the eddy region and non-eddy region. Vertical wind shear in the eddy region is greater than in the non-eddy region, which cannot boost the intensity of TC1 in the eddy region (Figure 4C). Similar change can be found in relative vorticity, relative vorticity in eddy region is less than that in the non-eddy region (Figure 4D). Thus, atmospheric environmental variables provide an unfavorable environment for TC1 intensification when TC1 passes the warm eddy. In addition, the intraseasonal activities (including ISO and QBWO) show strong positive convective activity anomaly over the region of 110°-117.5°E. The maximum convection related to ISO and QBWO are located over the eddy region (Figures 4E,F), suggesting a strong influence of intraseasonal activities on the intensification of TC1 over the eddy region. Therefore, we can conclude the higher TCHP related to warm eddy and convection associated with the ISO as well as QBWO all contribute to the intensification of TC1.

TC2 passed through WE3 2 days after TC1 made landfall in Vietnam (18 July). Although the TCHP on 19 July has a similar location of the maximum TCHP (9.78 × 108 J m−2) on 14 July, it is smaller than on 14 July (Figure 3). The TCHP can boost the intensity of TC2 due to higher TCHP in the eddy region (Figure 4A). Similar to the situation when TC1 passed over the eddy, high relative humidity with small variation, strong vertical wind shear and lower relative vorticity also cannot lead to the intensification of TC2 over the eddy region (Figures 4B–D). However, positive convective activity related to the ISO and the QBWO is stronger in the eddy region than in the non-eddy region (Figures 4E,F), suggesting both ISO and QBWO can favor TC2's intensification when TC2 passed through the eddy.

Different from TC1 and TC2, TC3 is the only TC formed in the SCS among the three TCs and passed through a warm eddy during the decaying phase. As seen in Figure 4A, the peak of TCHP in the non-eddy region is larger than in the eddy region, which may attribute to the decay of warm eddy. Relative humidity at 600 hPa in the eddy region is drier than in the non-eddy region, which is unfavorable for TC3 intensification over the eddy region (Figure 4B). Relative vorticity was too low to boost the intensification of TC3 in the eddy region (Figure 4D). However, the vertical wind shear is overall weak over the entire SCS, which provide favorable condition for TC3 intensification (Figure 4C). Meanwhile, the positive convection related to the ISO west of the 110°E is also favorable for the intensification of TC3 (Figure 4E). Thus, both weak vertical wind shear and ISO may favor TC3 intensification over the eddy when it is decayed.

Based on the analyses of environmental variables and intraseasonal activities along the movement of the three TCs, TCHP, vertical wind shear, ISO and QBWO can be considered as the key factors for the strong intensification of TCs. The strong intensification of three TCs resulted from combined forcing, which varies with different TCs. The intensifications of TC1 and TC2 are mainly caused by high TCHP in the warm eddy and positive intraseasonal activities. The enhancement of TC3 may be more related to positive intraseasonal activities and weak vertical wind shear.



The effects of TCHP, ISO, and QBWO on the intensification of the three TCs

To further explore the variation of TCHP during different phases of warm eddy and investigate the impact of ISO and QBWO on the TCs' intensity change, the evolution of the three variables have been shown in Figures 5, 6, respectively.


[image: Figure 5]
FIGURE 5
 Longitude-time series of TCHP (shading; units: J m−2), averaged 12°N−18°N. Red, purple, and green stars represent the zonal location of TC1/Conson, TC2/Chanthu, and TC3/Mindulle, respectively. Red, purple, and green diamonds represent the zonal location of TCs passing over the warm eddy.
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FIGURE 6
 (A) Longitude-time series of ISO (shading; units: W m−2), averaged 10°N−20°N. (B) Longitude-time series of QBWO (shading; units: W m−2), averaged 10°N−20°N. Red, purple, and green stars represent the zonal location of TC1/Conson, TC2/Chanthu, and TC3/Mindulle, respectively. Red, purple, and green diamonds represent the zonal location of TCs passing over the warm eddy.


Figure 5 shows the zonal-time variation of meridional averaged TCHP. There is a high TCHP center located at 110°E−112°E in July while a sub-high TCHP center is located around 115°E. Both the two centers of high TCHP developed in early July and decayed since mid-July. Only one high TCHP center can be seen in August, which is located at 113°E−114°E. TC1 moved to the eddy region with higher TCHP and then intensified (Figure 5). When TC2 was passing through the warm eddy with higher TCHP located at 114°E, it experienced strong intensification (Figure 5). TC3 formed in the region with higher THCP, then it moved westward to eddy-region with relatively lower TCHP. In summary, the presence of warm eddy can increase the intensity of TC1 and TC2 by its higher TCHP but it cannot favor the enhancement of TC3.

From mid-July to late July, the positive convective activity associated with the ISO dominated the northern SCS, while the center of convective activity located around 105°E−110°E (Figure 6A). TC1 and TC2 successively moved westward and passed over this convective region. Along the trajectory of TC1, it is can be found that the convective activity was stronger in the eddy region than in the non-eddy region. The ISO activity can thus favor TC1 intensification. Meanwhile, TC2 arrived at the eddy region with a stronger convective activity which could favor its intensification. TC3 formed in a suppressed convective region and then moved westward to an eddy region with weak convective. The ISO activity thus can favor the intensification of TC3 in the eddy region. Regarding QBWO (Figure 6B), both TC1 and TC3 passed through the eddy region with stronger convective activity related to the QBWO, thus the QBWO activity was favorable for the intensification of TC1 and TC3. But for the intensification of TC2, the convective activity related to QBWO is not favorable. In conclusion, high TCHP combined with ISO and QBWO tend to intensify TC1 and TC2 when TCs passed through a warm eddy. But in late August, the effect of TCHP became weak while ISO and QBWO could have an important impact on the intensification of TC3.




Summary

In this study, we investigated the intensification of three TCs that consecutively passed over a long-lasting warm ocean eddy in the South China Sea in 2010. With the evolution of this warm eddy, the life cycle of a warm eddy can be divided into three phases: developing, merging, and decaying. In the merging phase, TC Conson passed through the area between WE1 and WE2, and its intensity increased by 20 kt for 24 h. Then, TC Chanthu passed over the northeastern quadrant of the warm eddy and enhanced 20 kt during 21 h. After 1 month, TC Mindulle encountered the center of the warm eddy at the decaying phase of this eddy. Three TCs passed over this warm eddy in different phases of the warm eddy, and all three TCs intensified by at least 20 kt within 24 h over the warm eddy.

Ocean warm eddy plays an important role in the intensification of TC1 and TC2 because it can modulate the intensity of TCs with high TCHP, which can inhibit cooling induced by the strong mixing of TCs. The TCHP in the eddy region is different in the different phases of the warm eddy, with higher TCHP in the merging phase while the lower TCHP in the decaying phase. Based on the location of the eddy, the region of 110°E−115°E is defined as an eddy region while the region of 115°E−120°E is a non-eddy region. TCHP in the eddy region is larger than it in the non-eddy region, which provides a favorable environment for strong intensification (24-h TC intensity change ≥ 20 kt) of TC1 and TC2. Besides, the convective activity associated with ISO and QBWO are active over the SCS and act key roles in the intensification of three TCs. However, the atmospheric environmental variables, including strong vertical wind shear, and weak low-level relative vorticity are unfavorable for the development of TC1 and TC2 over the eddy region. A humid mid-level atmosphere could not be the important factor for the intensification of TC1 and TC2 when they pass the warm eddy since it has a small variation between the eddy region and the non-eddy region. Thus, with the combined effect of TCHP, ISO, and QBWO, TC1 and TC2 experienced strong intensification when they passed through the warm eddy. With the decay of warm eddy, the TCHP reduced in late August thus oceanic environmental cannot favor the increase of TC3's intensity. But the ISO, QBWO, and weak vertical wind shear can provide favorable conditions for the strong intensification of TC3.
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