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Abstract

:

In August 2018, tropical cyclone (TC) Yagi rapidly intensified as it passed over an oceanic mesoscale anticyclonic eddy (eddy) in the East China Sea, increasing in TC intensity from a tropical storm to a severe tropical storm. The maximum surface wind speed increase (minimum sea level pressure decrease) of Yagi over sea surface temperature (SST) warm anomalies caused by the eddy accounted for 66.7% (36.4%) of the whole case. Regional atmospheric model experiments are conducted to aid the interpretations of the case of Yagi intensifying over the eddy. Model results indicate that the SST warm anomalies caused by the eddy increase and concentrate the heat flux transported from the ocean to the atmosphere, and the upper air warms up, which is conducive to the development of convection. As a result, the contribution of the eddy to TC enhancement is over 20% in the period over the eddy and the precipitation is more concentrated at the TC center. The model further showed that the eddy affects the TC, resulting in more favorable dynamic and thermal conditions around the TC after landfall for the formations of TC tornadoes.
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1. Introduction


Tropical cyclones (TCs), which form over the tropical or subtropical oceans, are powerful and deep tropical weather systems characterized by intense warm-core cyclones rotating around low-pressure centers at mesoscale or synoptic scales [1]. The life cycle of TCs can be broadly categorized into four stages: formation, development, maturity, and decay. In observations, TCs are distinguished by huge vortex-structured cumuliform clouds [2,3]. During the mature stage, the typical TCs are about 100~2000 km in diameter, with the maximum surface wind speed (MSWS) exceeding 30 m s−1. Some intense TCs can even extend up to the upper troposphere and impose remarkable influences on the entire troposphere [4].



Each year, 70–100 named TCs form worldwide, with most of them occurring in summer and autumn [1]. Despite the improvements in weather forecasting and warning system, TCs are still a severe disaster, causing large numbers of fatalities and economic losses to coastal countries. Cyclone Nargis (2008), Super Typhoon Haiyan (2013), and Hurricane Maria (2017) claimed 138,000, 6329, and 3057 lives, respectively. In 2017, three major hurricanes struck the United States, resulting in a damage of $268 billion, which amounts for 60% of the U.S. annual GDP growth [5]. In China, the annual mean losses from TC disasters include 36.7 million affected people, 69.5 billion Yuan in direct economic losses, and 254 deaths [6]. Therefore, there is an urgent need to improve our understanding of TC’s processes.



Many celebrated studies have found that the background states of ocean and atmosphere are vital for the formation and development of TCs. It is widely accepted that the following thermal and dynamical conditions are essential for the TCs’ formation: warm sea surface temperatures (SST) above 26 °C to 60 m depth, a moist lower troposphere, the presence of Coriolis forces, weak tropospheric vertical wind shears, low-level relative vorticity, and initial convective disturbances [3,7]. In addition, the instability generated by the interactions between the cumulus convection and synoptic-scale disturbance, also known as the conditional instability of second kind (CISK), can reasonably explain the formation and sustainment of the TCs [8,9].



The oceans, as the fundamental factor determining the TCs’ intensification, provide the necessary energy and moisture for the deep convection and maintenance of TCs [10,11]. Previous studies have indicated that a SST in the range of 26~30 °C is conducive for the intensification of TCs, while the SST out of this range tends to slow down the TCs’ development [1,12]. Meanwhile, the presence of TCs, in turn, can influence the SST. The intense wind stress of TCs can spontaneously drive a cyclonic current pattern in the upper layer of the ocean, leading to the surface divergence and consequent upwelling of sea water, according to the Ekman pumping theory. Consequently, the colder deep water is pumped up to the sea surface, while the surrounding warmer water is sunk into the deeper ocean. Additionally, wind stress enhances the turbulent motion in the ocean, promoting a strong mixing of the surface and sub-surface waters. Under these influences, SST tends to decrease while the sub-surface temperature increases. As a result, the cooler SST inhibits the energy and moisture transported from the ocean towards atmosphere, which may suppress the TCs’ development and change the TCs’ path [13,14,15,16,17]. Besides warm SST, the oceanic mixed layer depth to 60 m is another overwhelming factor influencing the TCs [18,19], the thicker mixed layer promotes larger ocean heat content, which favors the energy and moisture transports from the ocean to the atmosphere, and thus leading to more intensified TCs [20].



There is an interaction between TCs and the ocean, so the atmosphere–ocean cou-pling model is an important research method. Fairall et al. (1996) introduced a bulk parameterization method for air–sea fluxes in the tropical ocean–global atmosphere coupled-ocean atmosphere response experiment [21]. Warner et al. (2010) developed the coupled ocean–atmosphere–wave–sediment transport (COAWST) modeling system, integrating multiple environmental factors [22]. Zambon et al. (2014) utilized the COAWST model to study Hurricane Ivan, providing insights into the application of the ocean-atmosphere-wave-sediment transport system in extreme weather events [23]. Ricchi et al. (2016) investigated an extreme cold air outbreak over the Adriatic Sea using a coupled ocean–atmosphere–wave model, analyzing the system’s performance under extreme meteorological conditions [24]. Meroni et al. (2018) emphasized the role of sea surface temperature patterns in modulating heavy midlatitude precipitation events [25]. In recent research, Ricchi et al. (2023) explored the impact of sea surface temperature and topography on the development of a large-hail storm event over the Adriatic Sea, highlighting the crucial role of the ocean–atmosphere–wave model in extreme weather events [26]. These studies collectively contribute in-depth insights into understanding the dynamics of ocean and atmosphere interactions, particularly regarding the applicability and performance of models under different meteorological conditions.



The oceanic eddies are typically accompanied with warm or cold cores of SST anomalies, which can have impacts on the generation and development of TCs. For instance, after passing through a warm eddy in the Gulf Stream, Hurricane Opal was rapidly enhanced, with its minimum sea level pressure (MSLP) dropping from 965 hPa to 916 hPa and MSWS increased from 49 m s−1 to 58 m s−1 [27]. The key reason for such intense enhancement is that the warm and deep oceanic mixed layer at the center of oceanic mesoscale anticyclonic eddy (eddy) can effectively suppress the cooling effect of TCs on the SST, and this favors the development of TC [28]. Lin et al. (2009) has pointed out that this intensification effect of warm eddies on TCs is also closely related with the duration of interaction, the strength of TCs and the scale of warm eddies [29]. In addition, warm eddies are of more importance to cold eddies in the TC’s development, as the quantity of TCs generated over the warm eddies is significantly larger than the TCs occurred over the cold eddies [30,31]. Thus, mesoscale eddies, especially warm eddies, are crucial for the generation and development of TCs. However, the extent to which eddies could modulate TCs remains unclear, which needs further investigation.



Landfalling TCs often spawn tornadoes—about 6% of the reported tornadoes in the United States originate within TC envelopes [32]. After a TC makes landfall, due to increased ground friction or cold air intrusion, some storm cells in the outer rain bands of a TC develop strongly, forming small supercell storms and triggering tornadoes [33]. The suitable convective available potential energy (CAPE), strong low-level wind shear, and lifting condensation level in the right front quadrant of a TCs direction are conducive to the formation of tornadoes [34]. Since eddies can affect a TC, it’s still unclear whether they could trigger the generations of tornadoes by changing the environment around a landing TC.



Tropical storm Yagi (International designation: 1814) initially formed 1330 km southeast of Hualien, Taiwan, at 00:00 UTC on 7 August 2018, and then moved north-westward and quickly intensified over the East China Sea. At around 15:35 UTC on 12 August, Yagi landed on the coast of Wenling, Zhejiang Province, China, with a MSWS of 28 m s−1 at its center. Influenced by the Yagi, heavy rainfall (100~150 mm day−1) and strong wind (>22 m s−1) occurred in some regions of the Shanghai, Zhejiang, Anhui, and Jiangsu Provinces, resulting in a total damage of Yagi including 2,373,000 affected people, 3 fatalities, and a direct economic loss amounting to 2.52 billion Yuan. In addition, 12 tornadoes emerged in Jiangsu and Shandong Provinces, triggered by the cyclonic circulation of Yagi, which also brought about severe loss [35].



During the rapid intensification of Yagi over the East China Sea, an eddy with a warm core happened to locate over the path of Yagi. Therefore, two natural questions arise from this phenomenon: (1) Does this eddy promote the deepening of Yagi? If the answer is yes, can we measure this effect quantitatively? (2) Are the tornadoes generated on land related with the forcing effect of Yagi? To address these issues, this paper evaluates the influences of the eddy on Yagi and focuses on the role of Yagi in triggering tornadoes after landing, by conducting and comparing the control and sensitivity experiments. The physical processes revealed in this study are helpful for future studies on TCs related to oceanic eddies.



Section 2 introduces the data and numerical model utilized in the study. The influences of the eddy on Yagi are presented in Section 3. In Section 4, we discuss the mechanisms through which the Yagi facilitates tornado generation. A summary and discussion are given in Section 5.




2. Data and Numerical Model


2.1. Data


The relevant data for the study of the strong tropical storm Yagi were obtained from the China Meteorological Administration (CMA) TC Best Track dataset, which is available for download from tcdata.typhoon.org.cn [36,37]. Through integrating satellite data, on-site observations, and reanalysis data, the dataset provides the position and intensity of TCs in the north-western Pacific Ocean, including the South China Sea, north of the equator and west of 180° E, at 6 h intervals since 1949. From 2018, the time frequency of TC Best Track dataset is increased to every 3 h during the 24 h prior to landfall in China and the period when the typhoon is active over Chinese land. The variables included in the dataset are: TC latitude and longitude, time, TC intensity, TC central minimum pressure, 2 min mean TC MSWS, and 2 min mean wind speed.



The reanalysis data used in this paper is the latest fourth-generation atmospheric reanalysis data ECMWF (European Centre for Medium-Range Weather Forecasts) Reanalysis v5 (ERA5) [38,39]. ERA5 is an improved version based on ERA-Interim, and it utilizes the integrated forecast system (IFS) four-dimensional data assimilation system developed by ECMWF. It assimilates various observational data, including land station measurements, ship-based observations and air sounding data. It has 137 sigma pressure layers in the vertical direction, with the highest layer reaching 0.01 hPa. The variables used in this paper include geopotential height, temperature, wind field, CAPE, and convective inhibition energy. The temporal resolution of ERA5 is 1 h and the spatial resolution is 0.25° × 0.25°.




2.2. The Numerical Model


The weather research and forecasting (WRF) model [40] v4.2 was utilized to simulate the processes of Yagi in this study. The outer and inner domains of the model adopt horizontal resolutions of 30 and 10 km, with a central location at (123° E, 35° N). The NCEP (National Centers for Environmental Prediction) GDAS/FNL 0.25 Degree Global Tropospheric Analyses and Forecast Grids final analysis data, available on a 0.25° × 0.25° grid, was utilized as the initial and lateral boundary conditions for the model. The bottom boundary conditions are from the Real Time Global (RTG) daily SST data [41] provided by NCEP, with a 0.083° × 0.083° grid. The simulation period started at 00:00 on 11 August 2018, which was 21 h before Yagi entered the warm water region. This provided ample time for the model to adapt, ensuring that the simulation results were not substantially biased by the considerable distance from the area of interest. The simulation ended at 15:00 on 12 August 2018, by which time the intensity of TC had already weakened, and no tornadoes were generated thereafter. The other parameter settings of the model are shown in Table 1.



To detect the impact of the eddy in the East China Sea on Yagi, we conducted two sets of experiments: a control run (CTL) with RTG SST, and a “no eddy” run (NoE) in which a 2D nine-point smoothing [51,52] was conducted on RTG SST 200 times to remove the warming effect of the eddy. By comparing the results of the CTL and the NoE runs, the impact of the eddy on Yagi could be explored.





3. Impact of the Eddy on the Strength of TC Yagi


3.1. Overview of TC Yagi


TC Yagi formed at 06:00 UTC on 8 August 2018, in the north-west Pacific subtropical region, approximately 1330 km southeast of Hualien City, Taiwan (133.3° E, 19.0° N), which is shown in Figure 1. It started as a tropical depression with MSWS reaching 13 m s−1 and a MSLP of 1002 hPa. It initially moved quickly towards the west, then slowly developed for a day in place. Subsequently, it started moving towards the northeast at a speed of 10–15 km per hour. By this time, the TC Yagi had intensified into a tropical storm. At 18:00 UTC on 8 August, TC Yagi made a turn and started moving northwest. Over the next 30 h, its intensity remained relatively stable. However, after TC Yagi entered the East China Sea, its intensity started to increase. From Figure 1, it can be observed that compared to the Pacific east of Ryukyu Islands, the SST of the East China Sea was higher. Particularly in the nearshore area of southeastern Zhejiang Province, there was an eddy with SST warm anomalies diameter of about 200 km. After Yagi entered the eddy, the MSLP of Yagi decreased by 8 hPa, and MSWS increased by 8 m s−1. As a result, the intensity escalated from a tropical storm to a severe tropical storm. At 15:35 UTC on 12 August, Yagi landed at the coast of Wenling, Zhejiang Province. At the time of landing, MSWS reached 28 m s−1, and the MSLP was 980 hPa. After landing, the intensity of Yagi decreased to a tropical storm, with The MSWS reaching 20 m s−1. Yagi continued to move northwest at a speed of 35 km h−1. At 15:00 UTC on 13 August, its direction had shifted clockwise by approximately 40° in the Woyang area of Anhui Province. It then started moving in a northeast direction. At 21:00 UTC on 13 August, Yagi entered Shandong Province and weakened to a tropical depression. Subsequently, the tropical depression continued to move in a north-east direction. At 22:00 UTC on 14 August, it entered Bohai Sea from Hekou District, Dongying, Shandong Province. The decrease in friction on the underlying surface led to a further increase in the cyclone’s intensity, with central wind speed reaching 23 m s−1. Afterwards, it made a 180° turn in Laizhou Bay and re-landed from Weifang, Shandong Province at 12:00 UTC on 15 August, moving in a south-west direction. By 00:00 UTC on 16 August, it weakened and disappeared in Jining, Shandong Province.




3.2. Development of Yagi near the Eddy Based on Observational Data


During the period of Yagi, there was an eddy with a sea surface height anomaly of 0.2 m over the eastern sea area of Zhejiang Province in the East China Sea (Figure 2). Under the influence of the closed eddy, a large area of high SST appeared over the East China Sea. Particularly on the western side of the eddy, SST reached 30.6 °C, which was more than 2 °C higher than SST in the Pacific east of Ryukyu Islands (Figure 1), due to the combined effects of horizontal and vertical flows. The anomalously high SST in the vicinity of the eddy resulted in an abnormally high heat flux from the ocean to the atmosphere. This contributed to the maintenance and development of the passing TC’s intensity.



Yagi entered the warm water region of the East China Sea from south-east at 21:00 UTC on 11 August and moved north-west (Figure 1). By 15:00 UTC on 12 August, Yagi landed on the coast of Wenling, Zhejiang Province. During the 18 h period when Yagi was moving over the warm water region influenced by the eddy, its MSLP decreased by 8 hPa, and the MSWS increased by 10 m s−1. As a result, the intensity of Yagi escalated from a tropical storm to a severe tropical storm (Figure 3). Within the 9 h period over the core region of SST anomalies, the MSLP of Yagi decreased by 5 hPa, and the MSWS increased by 8 m s−1. The pressure decrease (wind speed increase) over the SST anomalies region accounted for 36.4% (66.7%) of the total pressure decrease (wind speed increase) during the entire process of Yagi. Thus, it could be seen that the development of Yagi within this warm water region was a key for Yagi to become a severe tropical storm. In addition to the influence of the ocean, the large-scale circulation in background field also played an important role in the development of TC, factors such as weak vertical wind shears, favorable forcing from upper-level trough, and high relative humidity in the low-level atmosphere could all rapidly increase the intensity of TC that has not reached its maximum potential strength. Therefore, to understand the impact of SST anomalies caused by the eddy on the intensity of Yagi and separate it from the influences of atmosphere, only analyzing observational and reanalysis data is insufficient. Instead, numerical experiments were needed in this study.




3.3. Impact of the Eddy on Yagi in Numerical Experiments


To investigate the impact of SST anomalies caused by the eddy on the intensity of Yagi, this study employed the well-established mesoscale meteorological model WRF to simulate the process of TC passing through the eddy. Sensitivity experiments were designed to explore the influence of the eddy on the intensity of Yagi.



First, the CTL is conducted using GDAS/FNL reanalysis data and RTG SST data to reproduce the process of TC passing through the eddy (for specific methods, see Section 3.2). By filtering the minimum values of sea level pressure at each time step in the results of the CTL, the simulated TC track is obtained as Figure 4, which generally agrees with the observed TC best track provided by CMA. During the initial 15 h of the simulation, there are certain fluctuations in the simulated path, which is the adjustment phase of the model. However, after the TC entered the warm water region, the simulated TC path basically consistent with the observed path, with an error within 0.5°. The simulated TC movement speed is slightly faster than the observation results, and this situation continued for 12 h after the landing of Yagi. After crossing the Yangtze River, the simulated path showed a deviation. The simulated path deviated from the observed path to the east with an error of within 1°. After entering Anhui Province, the simulated TC turned north-east, which aligned the path with the observed path. But with a time lag of 6 to 9 h. The simulation results shows that after the TC enters the warm water region caused by the eddy, the MSLP rapidly decreases by 10 hPa, slightly higher than the observed value of 8 hPa. The simulated TC reaches its maximum intensity about 3 h earlier than the observed time. The maximum intensity of simulated TC occurs at 12:00 UTC on 12 August, and the MSLP is 976 hPa, as shown in Figure 3a. After the TC lands, the atmospheric pressure starts to rise gradually. Comparing the simulation results with the observed data, it can be found that the MSLP at the TC center shows a similar trend in pressure changes. In addition, because the initial field value of sea level pressure input by the model is lower than the value given by CMA, which leads to the low pressure in the model simulation results during the whole process of TC development. But overall, the model well simulates the MSLP changes during the development of Yagi. In addition to the pressure of TC center, MSWS can also characterize the development in TC intensity. From Figure 3b, it can be observed that in the simulated results, after the TC enters the warm water region caused by the eddy, the maximum wind speed increases by 10 m s−1, slightly higher than the observed value of 8 m s−1. The time of maximum wind speed was at 12:00 UTC on 12 August, reaching a maximum of 31 m s−1, slightly higher than the observed value. After landing, the intensity of the TC gradually weakens, and MSWS decreases. As the TC moves from the mountainous region to the Middle–Lower Yangtze plains, the wind speed slightly increases, followed by another weakening. This trend is consistent with the wind speed changes reported by CMA. From the three aspects of TC path, the MSLP, and the MSWS, the results of the CTL successfully reproduce the rapid development of TC Yagi after entering the warm water region and the subsequent weakening and dissipation after landfall.



To investigate the impact of the eddy on the intensity changes of TC Yagi, this study designed sensitivity experiments (NoE) by smoothing the SST near the eddy in the initial field to remove the atmospheric responses of the eddy (for specific methods, see Section 2.2). After the smoothing process, the SST changes within the warm water area that TC passes are moderate, and the distinct SST fronts are no longer present. The SST anomalies caused by eddy are removed, as shown in Figure 4. Under such underlying surface conditions, the impacts of the eddy on the development of the TC are weakened. The results of NoE shows that the TC path is generally consistent with the CTL (shown in Figure 4), and the movement speed of TC remains basically unchanged. This indicates that the influences of the eddy on the path and the moving speed of the TC were relatively small. In terms of TC intensity, after the TC entered the region with smoothed SST, the MSLP (MSWS) continued to decrease (increase) rapidly, and the intensity of the TC increases (shown in Figure 5). However, after entering the core region of the SST anomalies, the development of TC intensity in the CTL significantly faster than the NoE (shown in Figure 5). At 12:00 UTC on 12 August, the TC intensity in both experiments reaches its maximum. In the NoE, the MSLP of the TC was 978 hPa, which was 2 hPa higher than the CTL, accounting for 20% of the pressure decrease in the CTL. MSWS in the NoE was 27 m s−1, which was 4 m s−1 lower than the CTL, accounting for 40% of the wind speed increase in the CTL. After TC landfall, the intensity of the TC in both runs were close. By comparing results in the CTL and the NoE, it can be found that the core area of SST warm anomalies caused by the eddy promotes the development of TC strength, with a contribution of 20% to 40%.



The SST anomalies caused by the eddy could change the atmospheric state by modifying the turbulent heat fluxes at the ocean-atmosphere interface, thus exerting impacts of the ocean on the atmosphere [52,53]. This study calculated the average heat fluxes near the TC center in the region affected by the eddy at various time steps, as shown in Figure 6. In terms of sensible heat flux, the maximum value of 17.2 (9.8) W m−2 is reached at 0.5° (0.75°) from the TC center in the CTL (NoE). In terms to latent heat flux, the maximum value of 337.1 (291.7) W m−2 is reached at 0.75° (1°) from the TC center in the CTL (NoE). The turbulent heat flux in the CTL is 52.8 W m−2 higher than that in the NoE and concentrates near the TC center. This indicates that the presence of the eddy could significantly increase the heat flux transferred from the ocean to the atmosphere near the TC center. The turbulent heat flux at the ocean-atmosphere interface is determined by variables such as the temperature difference between the ocean and the atmosphere, atmospheric humidity, and sea surface wind speed. When a TC passes through the SST warm anomalies caused by the eddy, the temperature difference between the ocean and the atmosphere increased, which is conducive to the increase in the heat flux transferred from the ocean to the atmosphere. In addition, the increase in wind speed around a TC caused by a warm eddy is also conducive to the increase in the heat flux transferred from the ocean to the atmosphere.



Under the influence of the SST warm anomalies caused by the eddy, the ocean transferred more heat to the atmosphere, providing the TC with additional energy and increasing its intensity [14]. To investigate the spatial distribution of the impact of the eddy on the TC, this study performed a composing analysis of the simulation results during the EP within a composing range of 300 km, which is typically the maximum radius reached by the TC rainbands. Figure 7 (shaded) shows the patterns of differences between CTL and NoE. Due to the convergence of warm water by the eddy, the high heat flux region is concentrated within a radius of 100 km from the TC center (Figure 6), and the corresponding warmer air above the TC center are also within this range (Figure 7a). In the CTL there is an obviously convex in the isotherm near the TC center. Compared to the results of NoE, the increase in temperature from 850 hPa to 100 hPa is more significant. The warm core structure is one of the most significant characteristics of TCs, and during TCs’ development, the warming of air is often be found in its upper atmosphere [54]. In the development process of a TC, the upper-level warm core has a more significant impact on reducing the sea surface pressure compared to the lower-level warm core [55]. According to the analysis of the high-altitude warm core in a case of TC, Wang et al. (2013) [56] suggested that the warm core formed by the increased upper atmospheric temperature caused by intense convection can enhance the rapid development of TCs. In the CTL, the stronger vertical convective mixing leads to more downward momentum transfer in this range, and the surface wind speed increases (Figure 7b). The variation of SLP is also concentrated near the TC center (Figure 7c), but its proportion of variation is smaller than that of wind speed. This indicates that during this process, vertical mixing plays a dominant role, and the effect of pressure adjustment is slightly weaker. During the EP, TC moves towards the north-west direction, so the precipitation caused by TC is within a band approximately 100 km wide to the southeast of the TC center in the composing results (Figure 7d). The precipitation in the CTL is 5–15 mm larger than that in the NoE within this band, while on both sides of this band, the precipitation in the CTL relatively less. This phenomenon may be attributed to the enhanced evaporation resulting from the increased SST in the region outside the eddy core after SST smoothing.





4. The Influence of Yagi on the Generation of Tornadoes


Yagi passed over the eddy and made landfall from Wenling, Zhejiang Province at 15:35 UTC on 12 August and moved northwest. When Yagi moved to the north of Anhui Province at 14:00 on 13 August, the first tornado was generated 160 km northeast of the TC center, near Xueji Village in Pizhou, Jiangsu Province, with an enhanced fujita (EF) scale [57] of 0 to 1. Later, when Yagi passed through the Shandong Province, 11 tornadoes with different intensities were generated in its vicinity (as shown in Figure 1 and Figure 8, Table 2). This was the highest recorded number of tornadoes generated by a TC landed in China. Consistent with the statistical results of distributions of TC tornadoes in the United States [32] and China [34], the tornadoes caused by the circulation of TC were all generated in the northeast quadrant of the TC center. The distance of these 12 tornadoes from TC center ranged from 100 to 360 km, with azimuth angles ranging from 35° to 75° in this case.



To explore the influence of Yagi on the generations of tornadoes in its vicinity, this study conducted a composite analysis of key meteorological variables near the TC center during the tornado generation period using ERA5 reanalysis data (Figure 3). It was known that large wind shear in the low level of troposphere could increase the risk of occurrence of TC tornados [58]. The storm relative helicity (SRH) associated with wind shear is a measure to reflect the strength of rotation within supercells and the extent of motion along the rotation axis. The calculation of SRH followed the formula introduced by [59]:


  SRH =   ∫  0 H  (  V h  − C ) · ( k ×   ∂  V h    ∂ z   ) d z  



(1)




where H represents the given altitude, and    V h    is the horizontal wind speed,  C  is the storm motion, and  k  is the unit vector in the vertical direction. The SRH calculated from 0 to 3 km above the ground layer has been found to be a good parameter that can effectively characterize the potential of occurrence of tornadic supercells [60]. From Figure 9, it can be seen that there were high values of wind shear and SRH in the northeast of the TC center. The mechanical shear forces caused by large wind shear increased the instability of the atmospheric boundary layer, which promoted the development of convection. Although the magnitude of the maximum SRH during this process was only half of that observed in the TC tornadoes in the US [32], the maximum value of SRH at the northeast of the synthesized TC center reached 471 m² s−2 which was still 50% higher than the average value in the TC tornadoes in China (approximately 300 m² s−²) [34]. In addition, the SRH based on the sounding data near TC tornadoes at 12:00 UTC on 13 August (00:00 UTC on 14 August), was 292 (276) m² s−². It showed that within a range of 4° north-east of Yagi’s center was conducive to the dynamic conditions for supercells and tornados (Figure 9).



In the conditions for generations of TC tornados, thermal conditions are equally important as dynamical conditions. Due to the formation of TCs often accompanied by strong convection and the rise of warm and humid air, the instability of the atmosphere in the vertical direction increases. This instability makes it easier for potential energy in the atmosphere to be converted into convective energy, thereby increasing the CAPE value [32]. The instability generated by thermal processes was also conducive to the development of convection. In the research of tornados, one of the indicators used to evaluate the stability of the vertical atmospheric and the possibility of convection development was the CAPE, which was usually measured the likelihood of tornado generation [58]. CAPE represents the energy available to accelerate a parcel vertically. The calculation formula for CAPE is as follows:


  CAPE =   ∫   L F C   E L   g  (     T  V , p   −  T  V , e      T  V , e      )  d z  



(2)




where   L F C   represents the level of free convection.   E L   represents the equilibrium level.    T  V , p     represents the virtual temperature of the lifted parcel.    T  V , e     represents the virtual ambient temperature.  g  represents the gravitational acceleration. Figure 10a shows the CAPE near TC center calculated from ERA5 data. The area of high CAPE values is located north-east and south of the TC center, with a maximum value of 2100 J kg−1. The CAPE calculated from the sounding data near TC tornadoes at 12:00 UTC on 13 August (00:00 UTC on 14 August) is 1746 (1230) J kg−1. Although the CAPE value in the north-east quadrant was not high due to the low atmospheric pressure caused by the weakened TC, it also had the conditions for generations of tornados. The convective inhibition energy in the northern part of the TC was generally low, typically below 100 J kg−1. The calculated convective inhibition energy from the sounding data was only 10 and 76 J kg−1. This indicated that convection could effectively develop in the area where tornadoes generated. Additionally, the lifting condensation level of the TC center and its north-east area was relatively low (below 200 m), which was also conducive to tornados generations (Figure 10b).



In addition to the requirements of thermal and dynamical conditions, the generation of tornadoes also depends on favorable terrain. After landfall, Yagi first crossed the Southeast Hills, during which the northeast direction of the TC center had favorable thermal and dynamical conditions for tornado generation. However, due to the mountainous terrain in the vicinity, tornadoes were difficult to generate. Until Yagi entered the North China Plain, the tornado generated over flat farmland and wetlands in the Shandong and Jiangsu Provinces. Therefore, in addition to the influence of Yagi itself, the surrounding terrain also played an important role.



Miglietta et al. (2017) investigated the effect of SST on tornadoes generated at sea by conducting WRF experiments to alter SST [61]. The results indicate that variables such as CAPE, updraft helicity, absolute vorticity, etc., that characterize thermodynamic conditions around the tornado increase with the increase of SST (Figure 11), which is beneficial for the generation and development of tornadoes. Although the ocean did not directly affect the tornadoes during this case, the eddy could influence the formation of TC tornadoes by affecting the TC. Model experiments was used here to show the conditions differences around the TC. In the CTL, within a radius of 600 km from the center of the TC, especially in the northeast direction, the CAPE is significantly larger, with better thermal conditions for convection. The differences in dynamic conditions are mainly manifested at the center of the TC, with a radius of 200 km. In this case, 75% of TC tornadoes generated within 200 km north-east of Yagi’s center, therefore, the presence of the eddy was more conducive to the generation of TC tornadoes.




5. Discussion and Conclusions


In this study, we focused on the impact of an eddy in the East China Sea on the TC Yagi (2018). We used WRF to reproduce the process of Yagi intensifying over the eddy and the weakening of Yagi after landfall. Based on the reanalysis data and outputs from control and experiment WRF simulations, we found that the contribution of the eddy to Yagi enhancement was over 20% in the period over the eddy, the presence of the eddy made TC tornadoes easier to generate. Specific conclusions are:



TC Yagi passed over an eddy in the East China Sea, its MSLP (MSWS) decreased (increased) by 8 hPa (10 m s−1), with the intensity enhanced by tropical storms to a strong tropical storm. Comparisons of the results from CTL run and NoE run showed that the eddy could decrease (increase) the MSLP (MSWS) of Yagi by 2 hPa (4 m s−1) within a radius of 100 km from the center of the TC. The contribution of the eddy to Yagi enhancement exceeded 20% in the period over the eddy.



The eddy gathers the heat from the surrounding seawater at the warm anomalies center. Concentrated and increased heat flux from the ocean to the atmosphere at the warm anomalies center causes an abnormal rise of air temperature in the troposphere and a warm core appeared in the upper air, which promotes the development of convection. Under the dominance of vertical mixing, the proportion of changes in MSWS is greater than the decrease in MSLP. The concentrated latent heat flux and convection also leads to more precipitation in the TC center and less precipitation in the periphery.



During the tornado generation period, the north-east quadrant of the Yagi center had large wind shear and SRH, while the LCL was low, indicating that the dynamic and thermal conditions around Yagi were conducive to the generation of tornadoes. Numerical experiments showed that, when the eddy exists, the dynamic and thermal conditions within a radius of 200 km from the TC center are more favorable for tornadoes formations.



Due to the limited ability of WRF model to simulate small-scale processes [62], it is difficult to simulate tornadoes accurately, especially multiple tornadoes generated in one case of TC. Therefore, this study did not use numerical experiments to determine whether the eddy play a decisive role in TC tornado generation. But with the development of computer technology and observational technology, more in situ observations are assimilated, and high-resolution numerical simulations will help to continue this study.
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Figure 1. The track of No. 14 tropical storm in 2018 Yagi and SST (shaded, unit: °C) in the sea on the east of China. Different colors represent different intensities. Red is a severe tropical storm, black is a tropical storm, and blue is a tropical depression. 
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Figure 2. SST (shaded, unit: °C) and sea surface height anomaly (contour, unit: m) in the East China Sea on 11 August 2018. 
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Figure 3. The changes of (a) MSLP and (b) MSWS of Yagi over the East China Sea and after landing. OBS: observation data; CTL: control run data; EP: eddy region period; TP: Tornado generation period. 
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Figure 4. The track of TC and the smoothed SST (in black box, in °C) in the simulation results. OBS: observation data; CTL: control run; NoE: no eddy run. 
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Figure 5. The changes of (a) MSLP and (b) MSWS of Yagi over the East China Sea and after landing. OBS: observation data; CTL: control run data; NoE: no eddy run data; EP: eddy region period; TP: Tornado generation period. 
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Figure 6. Distribution of sensible heat flux (solid line) and latent heat flux (dashed line) near TC center in the CTL (red line) and the NoE (dashed line). 
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Figure 7. Composites of CTL results (contour) of meteorological variables near TC center (red point) and composites of CTL results minus NoE results (shaded) during EP. (a) Sea level pressure; (b) 10 m high wind speed; (c) total precipitation; (d) air temperature. 
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Figure 8. Funnel clouds caused by tornadoes were captured by meteorologists in (a) Mashihe village, Yanghu Town, Yangxin County, Binzhou City (117.40° E 37.53° N), (b) Tandong village, Yanwo Town, Lijin County, Dongying City (118.44° E, 37.68° N) and (c) Nanwang village, Liuhe street, Hekou District, Dongying City (118.47° E, 37.86° N) Available online: https://weibo.com/p/1005051763864272/home (accessed on 15 August 2022). 
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Figure 9. Composites of surface to 3 km (a) wind shear and (b) SRH near TC Center (red spot) during tornado generation period in ERA-5 data. 
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Figure 10. Composites of (a) CAPE (shaded), convective inhibition energy (contour) and (b) lifting condensation level near TC Center (red spot) during tornado generation period in ERA5 data. 
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Figure 11. Composites of CTL results minus NoE results (shaded) during TP. (a) CAPE; (b) updraft helicity; (c) absolute vorticity. 
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Table 1. Options of WRF-ARW.
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Parameters

	
Grid 1

	
Grid 2






	
Grid spacing (km)

	
30

	
10




	
Grids

	
130 × 130

	
298 × 298




	
Center location

	
123° E, 35° N




	
Number of vertical layers

	
33




	
Time interval (hour)

	
3




	
Micro physics options

	
Goddard Scheme [42,43]




	
Planetary boundary layer physics options

	
Asymmetric Convection Model 2 Scheme [44]




	
Cumulus parameterization options

	
Grell–Freitas Ensemble Scheme [45]




	
Shortwave options

	
Dudhia Shortwave Scheme [46]




	
Longwave options

	
RRTM Longwave Scheme [47]




	
Land surface options

	
Unified Noah Land Surface Model [48]




	
Shallow cumulus options

	
University of Washington Scheme [49]




	
Surface layer options

	
Revised MM5 Scheme [50]




	
SST update

	
on











 





Table 2. Information of tornadoes near TC Yagi (2018) [34,35].
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	Time (UTC)
	Location
	EF Scale
	The Direction and Distance from the TC Center





	14:30 13 August
	117.81° E, 34.21° N
	0~1
	57°, 160 km



	15:15 13 August
	117.44° E, 34.52° N
	0~1
	50°, 153 km



	16:25 13 August
	117.62° E, 34.48° N
	0~1
	60°, 155 km



	01:45 14 August
	119.44° E, 37.03° N
	0~1
	65°, 290 km



	02:30 14 August
	120.12° E, 37.38° N
	0~1
	68°, 365 km



	02:40 14 August
	119.08° E, 37.88° N
	0~1
	52°, 308 km



	04:10 14 August
	117.50° E, 37.25° N
	1~2
	40°, 125 km



	05:10 14 August
	117.40° E, 37.53° N
	0~1
	35°, 114 km



	05:20 14 August
	118.44° E, 37.68° N
	0~1
	55°, 190 km



	05:50 14 August
	117.36° E, 37.67° N
	0~1
	32°, 99 km



	06:00 14 August
	118.47° E, 37.86° N
	0
	55°, 183 km



	06:45 14 August
	117.77° E, 37.51° N
	0~1
	54°, 110 km
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