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Tropical cyclone (TC) intensification over marginal seas, especially rapid intensification (RI), often poses great threat to lives and properties in coastal regions and is subject to large forecast errors. It is thus important to understand the characteristics of TC intensification and the involved key factors affecting TC intensification over marginal seas. In this study, the 6-hourly TC best-track data from Shanghai Typhoon Institute of China Meteorological Administration, ERA-Interim reanalysis data, and TRMM satellite rainfall products are used to analyze and compare the climatological characteristics and key factors of different intensification stratifications over the marginal seas of China (MSC) and the western North Pacific (WNP) during 1980–2018. The statistical results show that TC intensification over the MSC is more likely to occur when TCs experience relatively large intensities, weak vertical wind shear, small translation perpendicular to the coastline, relatively high fullness, strong upper-level divergence, low-level relative vorticity, and high inner-core precipitation rate. The box difference index method is used to quantify the relative contributions of these factors to TC RI. Results show that the initial (relative) intensity contributes the most to TC RI over both the MSC and the WNP. The inner-core precipitation rate and translation perpendicular to the coastline are of second importance to TC RI over the MSC, while both vertical wind shear and TC fullness are crucial to TC RI over the WNP. These findings may help understand TC activity over the MSC and provide a basis for improving intensity prediction of TCs in the MSC.
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SIGNIFICANCE STATEMENTS
It is important to understand the characteristics of tropical cyclone (TC) intensification and the involved key factors affecting TC intensification over marginal seas, since TCs that intensify in the coastal regions often pose a more serious threat. Most previous studies have qualitatively examined the environmental factors influencing rapid intensification (RI) of TCs over the SCS or the MSC. This study focuses on a quantitative study about the influence of the TC internal and environmental factors on TC intensification and RI over all marginal seas of China, including the SCS. Results indicate that the RI occurrence over the MSC strongly depends on the characteristics of the TC itself, such as its intensity, inner-core precipitation rate and the degree of axisymmetry, and its motion component toward the coastline. In addition, the threshold of each factor at the time of the onset of RI over the MSC is also identified. These findings may help understand TC activity over the MSC and provide a basis for improving intensity prediction of TCs in the MSC.
INTRODUCTION
Tropical cyclone (TC) intensification in marginal seas, especially rapid intensification (RI), is a critical and difficult problem in the operational forecast of TCs. It poses a serious threat to the lives and property in coastal regions. For instance, Supertyphoon Rammasun (1409) experienced two unexpectedly RI periods in the near-coastal regions of the central Philippines and the eastern China, respectively, causing at least 206 deaths and more than $6.5 billion in economic loss. It is, thus, important to understand the characteristics of TC intensification and the key factors affecting TC intensification in marginal seas. This cannot only help disaster prevention and mitigation but also reduce unnecessary preparedness caused by fault alarms.
Previous studies have stressed the importance of the inner-core process and the interaction between the TC circulation and both the underlying ocean and the large-scale environmental field to TC intensification and intensity changes (Wang, 2002a; Wang, 2002b; Wang and Wu, 2004). Sea surface temperature (SST) is a key in determining the surface enthalpy flux from the underlying ocean to the atmosphere, providing the energy for TC intensification and maintenance (Gao et al., 2016). SST also primarily determines the maximum potential intensity (MPI) of a TC (Emanuel, 1995; Emanuel, 1997; Emanuel, 1988; Holland, 1997). In recent studies, Wang et al. (2021a, b) have demonstrated that TC intensification rate depends predominantly on the MPI and, thus, SST. In addition to SST, the upper ocean heat content (TCHP), the sea temperature averaged in a depth of 0–100 m, the depth of ocean temperature of 26°C isotherm, and the TC-induced ocean cooling may also affect TC intensification and maintenance (Lin et al., 2008; Wada, 2015; Miyamoto et al., 2017; Fudeyasu et al., 2018).
The environmental atmospheric conditions have been found to play key roles in affecting TC intensification and intensity (Wu and Cheng, 1999; Bosart et al., 2000; Hong et al., 2000; Emanuel et al., 2004; Wang and Wu, 2004). The statistical results have shown that TC RI occurs in favorable environmental conditions, including weak vertical wind shear (VWS), strong upper-tropospheric divergence, high mid-lower tropospheric relative humidity (RH), and high convective available potential energy and TCHP (Kaplan and Demaria, 2003; Hendricks et al., 2010; Kaplan et al., 2010; Shu et al., 2012; Wang et al., 2015). Wang et al. (2015) found that the environmental VWS between 300 and 1,000 hPa is more representative than the commonly used VWS between 200 and 850 hPa in suppressing TC intensification in the western North Pacific (WNP).
In addition to the environmental conditions, TC structure also has an important impact on TC intensification. Xu and Wang (2015, 2018) used the radius of maximum wind (RMW), the radius of 34-kt wind (AR34), and the outer-core wind skirt parameter (DR34 = AR34−RMW) to characterize the storm size and found that RI occurs only in a relatively narrow range of parameter space in TC intensity and both inner- and outer-core sizes. Guo and Tan (2017) proposed the concept of TC fullness (TCF), which is defined as the ratio of the extent of the outer-core wind skirt to the outer-core size of a TC (TCF = DR34/AR34). They found that the correlation between TC intensity and fullness is stronger than other measures that only contain a single size parameter. Some other studies have also indicated the importance of convective processes in TC intensity change. For example, convective bursts in the eyewall are shown to play important roles in the onset of RI (Chen and Zhang, 2013; Wang and Wang, 2014). Previous studies have also revealed that TC intensity change rate is linearly correlated with the departures in the inner-core precipitation, and RI TCs usually correspond to relatively high core precipitation rates (Gao and Chiu, 2010; Su et al., 2020).
The marginal seas of China (MSC), including the Bohai Sea, the Yellow Sea, the East China Sea, and the South China Sea (SCS), are extremely vulnerable to TC activity, especially to RI TCs. Most previous studies have focused on RI over the SCS. Liang et al. (2020) indicated that most of RI cases over the SCS occur in the post-monsoon season, during which the mid-latitude westerly trough often reaches the northern SCS and the southwest monsoon flow retreats to the southern SCS but is still strong (Chen et al., 2015). Among various environmental conditions, VWS, low-level convergence, and low-level moist convergence are particularly important (Hu and Duan, 2016). A recent study also emphasized the role of fast storm translation speed and high TC intensification potential north of the storm center at the previous 24 h in TC RI over the SCS (Chen et al., 2021). Some studies have also examined TC RI over the MSC as a whole. It has been shown that the environmental conditions in the RI composite over the MSC exhibit weak VWS, plentiful moisture transport, strong low-level convergence and ascending motion, all being favorable for TC RI (Huang and Lei, 2010; Zheng et al., 2016). Chen et al. (2014) have compared the differences in intensity characteristics between Supertyphoons Rammasun (1409) and Damrey (0518) and found that weak downstream vertical shear of zonal wind, and high temperature in the northern SCS were key factors to the RI of the two supertyphoons.
Most previous studies have qualitatively examined the environmental factors influencing RI of TCs over the SCS or the MSC. A systematic analysis and quantitative investigation on TC intensification rate (IR) over the MSC and its relationship with the environmental factors and the TC metrics itself have not yet been conducted. Therefore, the main objectives of this study are 1) to compare the climatological characteristics of TC intensification and RI events over the MSC and the WNP; 2) to determine the key factors that affect TC IR over the MSC and the WNP; 3) to quantify the relative contributions of the associated factors to TC RI based on the box difference index (BDI) method and identify the threshold of each factor at the time of the onset of RI over the MSC.
DATA AND METHODS
Data and Definitions
The 6-hourly TC best-track data during 1980–2018 used in this study were obtained from the Shanghai Typhoon Institute of China Meteorological Administration (CMA), which consist of TC central location (longitude and latitude), maximum 2-min mean sustained surface wind speed (Vmax), and minimum central sea level pressure. Based on the TC best-track data, RMW, TC intensity change, and translation speed were calculated. We calculated translation components parallel and perpendicular to the coastline closest to the TC center, SPDx and SPDy, respectively. The 6-hourly TC size data were also from the CMA (Lu et al., 2017), in which the AR34 data were used in this study. Here, we mainly focused on TC activity over the MSC. For comparison, TC activity over the WNP was also examined. The MSC is defined as the areas inside the 24-h cordon according to TC Operation and Service Criterion of China Meteorological Administration (2012), while the WNP is defined as the region 0–40°N, 127–180°E excluding the MSC, as shown in Figure 1. Only TCs with Vmax greater than 17.2 m s−1 were considered in our analysis, and the data for offshore distance ≤50 km were removed to avoid the land effect.
[image: Figure 1]FIGURE 1 | The ranges of the western North Pacific (WNP) and the marginal seas of China (MSC), and the tracks of the tropical cyclone (TC) rapid intensification (RI) cases during 1980–2018. The red tracks are RI TC cases over the MSC, and the blue are those over the WNP. The yellow line is the 24-h cordon, which distinguishes the MSC and the WNP.
The 24-h intensity changes are often used to define TC RI over the WNP and the North Atlantic (Kaplan and Demaria, 2003; Shu et al., 2012). Considering the relatively short duration of TCs in the MSC before making landfall and the size of RI samples, here 12-h intensity changes are considered as in previous studies (Yan, 1996; Zheng et al., 2016). According to the 12-h TC intensity change ([image: image]), [image: image] was defined as the intensification case with [image: image] as IR. Based on the 95th percentile of [image: image] for all TC cases, we further defined [image: image] as the RI case, and [image: image] as non-RI cases (Figure 2C). For a comparison, TC weakening cases were defined as [image: image] based on 20th percentile of [image: image] for all TC cases. Unless otherwise stated, this study focuses on TC intensification cases.
[image: Figure 2]FIGURE 2 | (A, B) The frequency and (C) cumulative frequency distributions of 12-h intensity change [image: image] stratified by TC intensity at 0 h over (A) the WNP and (B) the MSC. The distributions are provided for tropical storms and severe tropical storms (TSs) (17.2 m s−1 [image: image] Vmax [image: image] 32.6 m s−1), typhoons and super-typhoons (TYs) (Vmax [image: image] 32.7 m s−1), and all TCs. Vmax, TC intensity.
The environmental factors were calculated using ERA-Interim reanalysis data with a 1 × 1° horizontal resolution and 37 vertical pressure levels. Following Kurihara et al. (1993), the environmental fields including winds, vorticity, divergence, relative humidity were filtered to remove all disturbances with wavelengths less than 1,000 km. We calculated the correlation between the 12-h TC IR and VWS between two given pressure levels over the WNP and the MSC during 1980–2018. We found that the deep-layer shear between 300 and 850 hPa is more representative than the shear between any other two pressure levels in affecting TC intensity in both the WNP and the MSC, which is consistent with the findings of Wang et al. (2015). Therefore, the environmental VWS between 300 and 850 hPa is used as VWS in our following analysis.
In addition, the core precipitation rate and TC fullness were considered as potential factors to study the influence of the TC inner-core size on its intensity change. The core precipitation rate was calculated based on surface precipitation taken from the Tropical Rainfall Measuring Mission (TRMM) 3B42 precipitation product (Huffman et al., 2007), with a 3-h temporal resolution and 0.25 × 0.25° spatial resolution from 1998 to 2018. TC fullness was calculated based on the TC best-track data and TC size data mentioned above.
METHODS
The TC MPI was calculated using the algorithm of Bister and Emanuel (2002), which is expressed as
[image: image]
where [image: image] is the surface exchange coefficient, [image: image] is the surface drag coefficient, [image: image] is the SST, and [image: image] is the outflow layer air temperature. [image: image] is the convective available potential energy of the air being saturated at SST and lifted upward from the sea level through the environmental sounding, and CAPE is that of the air in the boundary layer. The code is publicly available at ftp://texmex.mit.edu/pub/emanuel/TCMAX/.
The box difference index (BDI) method (Fu et al., 2012) was used to distinguish the differences between the two sets of factor samples in the TC RI cases and non-RI cases and to rank the importance of the factors. The BDI was given by
[image: image]
where [image: image] and [image: image] ([image: image] and [image: image]) represent the mean and standard deviation of the variable for the RI (non-RI) cases. The sign of the BDI reflects the nature of the variable, and the BDI value measures how well the variable can differentiate between the RI cases and the non-RI cases. The greater the BDI value is, the better the variable can be used to predict the occurrence of TC RI.
The factor threshold for the onset of RI was determined following Hu and Duan (2016). First, the Kolmogorov–Smirnov (KS) test method was used to determine whether the factor X obeys a normal distribution (Yap and Sim, 2011). Second, the threshold range of the factor X was determined based on its average value [image: image] and the standard deviation S. To ensure that the factor X meets the threshold conditions in most of RI cases and to exclude abnormal values, the range was taken between [image: image] and [image: image]± 2S. Finally, the corresponding X value at the time of maximum RI probability ([image: image]) was taken as the threshold of the factor X triggering the onset of RI. Here, the formula for the RI probability is given as (Kaplan and Demaria, 2003)
[image: image]
where [image: image] represents the RI probability, [image: image] represents the number of RI cases that meet the threshold condition, and [image: image] represents the number of non-RI cases that meet the corresponding threshold condition. The greater the [image: image] is, the greater is the probability of RI occurrence when the threshold condition is met. When calculating the threshold, the factor threshold and the corresponding RI probability were calculated at 6-h intervals for 24 h before the onset of TC RI.
RESULTS AND DISCUSSION
Characteristics of Intensifying Tropical Cyclones Over the Western North Pacific and The Marginal Seas of China
During 1980–2018, there were a total of 1,012 TCs, with 4,897 intensification cases and 960 RI cases over the WNP and 1,261 intensification cases and 142 RI cases in the MSC (Figure 1). Figure 2 shows the frequency and cumulative frequency distributions of 12-h intensity change ([image: image]) stratified by TC intensity. As expected, the frequency of slow intensification ([image: image]) is the highest for all categories of TCs over the WNP and the MSC, namely, most TCs intensified slowly in their lifetimes. Compared with weak TCs (tropical storms and severe tropical storms, TSs) with Vmax between 17.2 and 32.6 m s−1, intense TCs (typhoons and super-typhoons, TYs) with intensity greater than 32.6 m s−1 have relatively lower (higher) frequency of intensification cases for intensifying rate smaller than (larger than) 12 m s−1 (12 h)−1, but a larger weakening rate. This suggests that a TC with weak intensity is more likely to experience a relatively lower intensification rate, while a TC with high intensity increases the potential for weakening, consistent with previous studies (Shu et al., 2012; Xu and Wang, 2018; Fei et al., 2020). The distribution of TC intensity change rate over the MSC is generally consistent with those over the WNP. Based on the cumulative frequency distributions of TC intensity change over the WNP (Figure 2C), the intensity change rate at the 95th percentile of all TCs is 8 m s−1 (12 h)−1. Since the 95th percentile of intensity change rate cases is representative of RI (Kaplan and Demaria, 2003), 8 m s−1 (12 h)−1 is used as the RI threshold in this study.
We further statistically analyzed the TC IR over the MSC. Table 1 shows the IR distribution of the 1,261 TC intensification cases stratified by intensity category over the MSC. We can see that TSs accounted for the higher proportion of all intensification cases by 71.05%, and TYs for the lower proportion by 28.95%. Among the different IR ranges, the proportion is the highest in the range of 4–8 m s−1 (12 h)−1 with 55.83%. For TYs, the frequency of RI cases among the intensification cases is the highest, with 15.34%, followed by TSs with 9.60%. This strongly indicates that the RI cases over the MSC depend on the TC intensity.
TABLE 1 | The distribution of 12-h intensity change ([image: image]) over the MSC, the number of cases in each stratified intensification category in each intensity class and their percentages in the 1,261 intensification cases, and the percentage of RI cases in each intensity class to the corresponding intensification cases in that category (RI/I).
[image: Table 1]Figures 3A–D present the monthly frequency of all intensification cases and RI cases, and their proportions to total cases and all intensification cases over the WNP and the MSC, respectively. Over the WNP (Figures 3A, C), the TC intensification and RI mostly occurred in July-October, with the peak for intensification cases in August and for RI cases in September, respectively (Figure 3A). The proportions of intensification cases to total TC cases do not show significant difference in 12 months, while the monthly proportion of the frequency of RI cases to all intensification cases exhibits the peak in November (Figure 3C). In contrast, over the MSC (Figures 3B, D), the TC intensification and RI mainly occurred in July–September, with the peak in September (Figure 3C). This may be due to the active southwest monsoon in the MSC during this period (Hu and Duan, 2016). The monthly proportions decrease rapidly in November and December (Figure 3D). Figures 3E–H show interannual variabilities of the frequency of all intensification cases and its proportions to the frequency of all TC intensity changes over the WNP and the MSC, respectively. A prominent feature is a significant upward trend in the frequency of TC intensification cases over the MSC, from 21 cases per year in 1980 up to more than 42 cases per year in 2018, namely, with a doubling in 39 years (Figure 3F). In contrast, the trend in the frequency of TC intensification cases over the WNP during 1980–2018 is not significant. Similar to the frequency of TC intensification cases over the MSC, the ratio of the intensification cases to all cases over both the WNP and the MSC also shows a robust increasing trend (Figures 3G, H). The ratio over the WNP increased from 34% to 47% (Figure 3G), and from 19% to 39% over the MSC (Figure 3H) during 1980–2018. This indicates that the frequency and probability of TC intensification over the MSC is increasing, which may pose greater challenges to operational forecasting and a more serious threat to coastal areas of China.
[image: Figure 3]FIGURE 3 | The monthly frequencies of all intensification (black) and RI (gray) cases (A,B) and their proportions (%) to the frequency of all TC cases (blue) and all intensification (red) cases (C,D), and the interannual variability of TC intensification frequency (blue) (E,F) and its proportions to the freuqency of all TC intensity changes (blue) (G,H) over the WNP (A,C,E,G) and the MSC (B,D,F,H). E–H The red curves indicate after a 5-point smoothing.
Figure 4 shows the spatial distributions of the frequency of all TC intensification cases and the maximum IR in the two sub-basins. Most of the intensification cases over the WNP occurred east of the Philippines (10°–25°N, 125°–155°E), centered in the region 10°–20°N, 130°–140°E. Over the MSC, the intensification cases mostly occurred in the northern SCS and the East China Sea, with a maximum in the central and eastern SCS (15°–20°N, 110°–120°E) and second maximum in the east coasts of the northern Philippines and Taiwan. In contrast, the positions of the maximum IR are widely distributed. The two maximum areas are located east of the northern Philippines (15°–20°N, 125°–135°E) with the maximum 40 m s−1 (12 h)−1 and over the southern East China Sea with the peak 20 m s−1 (12 h)−1, respectively. Note that intensification cases with IR greater than 10 m s−1 (12 h)−1 occurred along the China coast.
[image: Figure 4]FIGURE 4 | Spatial distributions of frequency of (A,B) all intensification cases and (C,D) maximum intensification rate (Max IR; m s−1) in each 5°×5° grid box over the WNP (A,C) and the MSC (B,D). IR, TC in intensification rate.
Factors Affecting Tropical Cyclone Intensification Rate and Rapid Intensification Over the Marginal Seas of China
TC intensification often occurs in a favorable environment. Based on previous studies, potential factors affecting TC intensity change over the WNP and the MSC include climatology and persistence factors, large-scale environmental factors, ocean forcing factors, and TC structure factors (Table 2). In the following, we discuss these factors over the MSC. The corresponding factors over the WNP are also examined for a comparison.
TABLE 2 | List of the factors (their unit and description) analyzed in this study.
[image: Table 2]Correlation Analyses
Figure 5 shows the scatter diagrams of TC IR against TC intensity (Vmax), relative intensity (the ratio of Vmax to its theoretical MPI abbreviated as POT), TCF, and environmental VWS between 300 and 850 hPa over the WNP and the MSC, respectively, together with their corresponding fitted 50th and 95th percentiles of IRs. TC IR shows an approximately linear dependence on Vmax, with a positive correlation over both sub-basins (Figures 5A, B), with the correlation coefficients of 0.36 and 0.28, respectively. It can be seen from the fitted 95th percentile curve that over the WNP (Figure 5A), the TC IR increases with the increase of Vmax initially and peaks at Vmax of around 40 ms−1, and then decreases with increasing TC intensity afterward, which is consistent with the results of Xu and Wang (2018). Over the MSC, the IR-Vmax relationship is similar to that over the WNP, except that the IR peaks at Vmax of 35 ms−1 (Figure 5B). Since the 95th percentile of IR can roughly represent RI, the results suggest that TCs with Vmax of 40–45 m s−1 over the WNP and Vmax of 30–35 m s−1 over the MSC are the most conducive to the occurrence of TC RI. We further examined the relationship between TC IR and TC relative intensity, which represents how far the current TC intensity is from its MPI. The IR also shows an approximately positive correlation with POT. For the fitted 95th percentile curve, when POT < 0.45, the IR increases with the increase of POT, reaches the peak at POT = 0.45 and then decreases with increasing POT over the WNP (Figure 5C). However, the IR reaches the peak when POT = 0.35 over the MSC (Figure 5D). This indicates that when the intensity of a TC reaches 45% (35%) of its corresponding MPI, the TC has the greatest potential to intensify and, thus, is favorable for RI in the WNP (MSC). The IR over the WNP is highly correlated with TCF, but IR does not linearly depend on TCF over the MSC. In fact, when the TCF < 0.7, TC IR increases with increasing TCF, but decreases with TCF when TCF > 0.7 over the MSC, suggesting that the TCF between 0.6 and 0.8 is the most conducive to TC RI (Figure 5F). In general, consistent with previous studies, there is a negative correlation between VWS and TC IR. Namely, the environmental VWS significantly suppresses the occurrence of TC RI over the MSC.
[image: Figure 5]FIGURE 5 | Scatter diagrams of TC intensification rate (IR) against (A,B) Vmax (m s−1), (C,D) POT, (E,F) TCF, and (G,H) VWS between 300 and 850 hPa (m s−1) over (A,C,E,G) the WNP and (B,D,F,H) the MSC. The red and blue curves are the 95th and 50th percentiles of IR for the given storm intensity, respectively, for the corresponding sample sizes. POT, the ratio of Vmax to its theoretical MPI; TCF, TC fullness; VWS, vertical wind shear.
Composite Analyses
We further divided the intensity changes into four categories as listed in Table 3. They are weakening cases with ∆V12 ≤ −4 m s−1, neutral cases with 0 < ∆V12 < 4 m s−1, intensifying cases with 4 m s−1 < ∆V12 < 8 m s−1, and rapidly intensifying cases with ∆V12 ≥ 8 m s−1. Here, we compare the differences in various factors listed in Table 2 among the four intensity change categories. Figure 6 shows the box plots of Vmax, POT, TCF, VWS, SPDy, and 200-hPa divergence in the four intensity change categories for TCs over the WNP and the MSC, respectively. The two-sided Student’s test is used to examine whether the differences between RI and non-RI (including neutral and intensifying categories) are statistically significant. There are large differences in these factors between the weakening and intensifying composites over the WNP and the MSC. Weakening TCs correspond to larger Vmax, POT, TCF, VWS, and SPDy, and smaller upper-level divergence than all other categories. This indicates that intense TCs with strong VWS, rapid SPDy and weak upper-level divergence are prone to weakening, and they are close to their corresponding theoretical MPI.
TABLE 3 | Intensity change categories, definitions, and sample sizes for TCs over the WNP and the MSC, respectively.
[image: Table 3][image: Figure 6]FIGURE 6 | Box plots and median lines of (A) Vmax (m s−1), (B) POT, (C) TCF, (D) VWS (m s−1), (E) SPDy (m s−1), and (F) 200 hPa divergence (DIV200, 10–6 s−1) for different TC intensification rates over the WNP (A,C,E) and the MSC (B,D,F). The blue represents WNP, and the red represents MSC. “×” shows differences between RI and non-RI being statistically significant above 95% confidence level based on the two-sided Student’s t test. SPDy, slow moving component perpendicular to the coastline.
Factors important to the three intensity change categories over the MSC show similar characteristics to those over the WNP except for TCF (Figure 6). Vmax, POT, 200-hPa divergence increase, while VWS and SPDy decrease from neutral to RI. TCF in the weakening composites has the largest median value exceeding 0.8, and the median in the other three composites is between 0.6 and 0.8. TCF over the WNP generally increases from the neutral to RI, but the increase from the intensifying composite to RI composite is relatively small. However, TCF over the MSC shows a change from increasing to decreasing, with a slightly smaller TCF in the RI composite than in the intensifying composite. This leads to the statistically insignificant difference in TCF between the RI and non-RI composites over the MSC. These results indicate that a TC over the MSC has the potential to intensify rapidly when it is embedded in the favorable environment with small VWS, slow-moving component perpendicular to the coastline (SPDy), and strong upper-level divergence, and has a relatively large Vmax but far from its MPI.
In general, a fast-moving TCs tend to develop large inner-core asymmetries, which is often unfavorable for TC RI (Peng et al., 1999; Wang and Wu, 2004). Meanwhile, the slow-moving TCs could reduce the intensification of a strong TC due to SST cooling induced by ocean upwelling and turbulent mixing and, thus, unfavorable for TC intensification. However, in the MSC, the ocean temperature is often well mixed compared with the open tropical oceans. As a result, slow translation toward the coastline (small SPDy) often leads insignificant SST cooling and even causes coastal warming in some cases and, thus, favorable for RI (Zhang et al., 2019). In addition, the strong upper-level divergent environment can provide a favorable “pumping” effect, which is conducive to the occurrence of TC RI (Mei and Yu, 2016).
We further examined the spatial distribution of the composite 600-hPa relative humidity and 850-hPa vertical relative vorticity for the four intensity change categories over the MSC (Figure 7). Note that the TC vortex has been removed as mentioned in the Data and methods section, As expected, the weakening composite shows the driest in the northwest quadrant and near the TC core among all intensity change composites (Figures 7A–D). However, there is little difference in the mid-level relative humidity for three intensifying composites, which is different from those over the WNP where the RI composite is slightly moister than both the intensifying and neutral composites (Hendricks et al., 2010), but similar to those over the SCS (Hu and Duan, 2016). The weakening composite shows the background relative vorticity in similar magnitudes to the intensifying and the RI composites, while the neutral composite has the smallest relative vorticity in the TC core (Figures 7E–H). The large background vorticity still occurs in the weakening composite likely because considerable weakening cases are embedded in monsoon gyres with relatively large positive vorticity over the WNP, as documented by Liang et al. (2018) and more recently by Song et al. (2021). In contrast, the neutral composite TCs are often in their slow intensification stage with relatively low intensification rate, and the background circulations are often stable and unfavorable for either RI or weakening of TCs. The RI composite is quite similar to the intensifying composite in terms of the spatial structure and magnitude of the background vorticity. Note that part of the positive vorticity in the composite could be due to the deficiency in the vortex filtering algorithm used. The RI cases could be more likely to be embedded in monsoon trough with relatively high background vorticity over the WNP but are at their intermediate intensity as previously documented based on observations (Xu and Wang, 2015; Xu and Wang, 2018) and recent theoretical studies (Wang et al., 2021a; Wang et al., 2021b). However, the weakening cases often occur after TCs pass their lifetime maximum intensity and, thus, are at relatively high intensity with large size, leading to the remnant of the low wavenumber component of the TC vortex in the filtered field. These results are in general consistent with the frequency distributions of TC intensity for the four intensity change categories shown in Figure 6A and also similar to those found for TCs over the WNP by Hendricks et al. (2010). This suggests that although the mid-level relative humidity and low-level relative vorticity are important for TC intensification, they could not be considered as critical factors affecting TC RI because they are strongly dependent on TC intensity itself.
[image: Figure 7]FIGURE 7 | The composites of (A–D) 600-hPa relative humidity (RH600, %) and (E–H) 850-hPa relative vorticity (VOR850, 10–6 s−1) for four intensity change categories over the MSC described in Table 3. In each category, the top-left panel is the weakening (W) composite, the top-right panel is the neutral (N) composite, the bottom-left panel is the intensifying (I) composite, and the bottom-right panel is the rapidly intensifying (RI) composite. “+” represents the TC center, and the horizontal and vertical coordinates are the latitude and longitude (°) to the TC center.
Finally, we examined the spatial distributions of the composite SST and precipitation rate for each of the intensity change categories over the MSC (Figure 8). There is a remarkable meridional SST gradient across the TC center in all categories with cold to the north and warm to the south (Figures 8A–D). The meridional SST gradient is the largest in the weakening TC composite while smallest in the RI composite. The SST near the TC center increases monotonously from weakening (27.6°C) to RI composites (28.6°C) over the MSC, consistent with that over the WNP (Hendricks et al., 2010). This is mainly because most RI cases occurred in the tropics, while the weakening cases often moved out of the deep tropics. Unlike SST, the TC core precipitation rate tends to be the least in neutral composite and the most in intensifying and RI composites (Figures 8E–H), again likely related to TC intensity (Cecil and Zipser, 1999; Hoshino and Nakazawa, 2007). Nevertheless, the composite inner-core precipitation rate shows a more axisymmetric structure in the RI composite while a more asymmetric structure in the weakening composites than in all other intensity change composites.
[image: Figure 8]FIGURE 8 | As in Figure7, but for (A–D) sea surface temperature (SST) in °C and (E–H) precipitation rate in mm h−1.
The above analyses demonstrate that TC intensification over the MSC is more likely to occur when TCs have relatively large and relative intensities, small translation component perpendicular to the coastline, and high core precipitation rate, and are embedded in an environment with warm SST, weak vertical wind shear, and strong upper-level divergence. Especially, TC relative intensity, VWS, 200-hPa divergence, and axisymmetric inner-core structure are key factors affecting TC RI over the MSC. However, we note that these factors might not be independent of each other and their relative importance is different. Therefore, it is important to examine the relative importance of these factors and their thresholds in determining TC RI over the MSC, which will be discussed in the next section.
Relative Importance and Thresholds of Factors Affecting Tropical Cyclone Rapid Intensification Over the Marginal Seas of China
The BDI method described earlier in the Method section is used to quantify the relative importance of factors to TC RI over the MSC, including TC persistent factors (Vmax, POT, SPDy), environmental factors [SST, VWS, middle-level relative humidity (RH600), low-level vorticity at 850 hPa (VOR850), and upper-level divergence (DIV200)], and TC structure factors (TCF and precipitation rate, PRE). For a comparison, the corresponding factors affecting TC RI over the WNP are also discussed.
Figure 9 shows the relative importance of all abovementioned factors to RI over the WNP and the MSC, respectively. The results show that the most important factors distinguishing RI and non-RI cases over the WNP are POT, Vmax, and VWS with the BDI values 0.28, 0.27, and −0.13, respectively, followed by TCF (0.10), SPDy (−0.08), DIV200 (0.07), SST (0.07), PRE (0.06), VOR850 (0.06), and RH600 (0.002). For the MSC, the most important factors distinguishing RI and non-RI cases are Vmax, POT, core PRE with the BDI values being 0.18, 0.17, and 0.13, respectively, followed by SPDy (−0.12), VWS (−0.11), TCF (0.09), SST (0.07), DIV200 (0.06), VOR850 (0.03), and RH600 (0.02). Compared with the environmental factors, Vmax and POT contribute greater to TC RI over both the MSC and the WNP, which is consistent with the results shown in Figure 6. More interestingly, PRE and SPDy play a key role in TC RI over the MSC, while VWS and TCF are two critical factors to TC RI over the WNP. This suggests that TC RI over the MSC is more likely related to the TC itself and the coastal air-sea interaction implied by the slow translation component perpendicular to the coastline. It is also shown that the impacts of low-level vorticity and mid-level relative humidity on RI are not significant over the MSC, which is consistent with the results shown in Figure 7.
[image: Figure 9]FIGURE 9 | Key factors in the TC RI and their corresponding box difference index (BDI) values over (A) the WNP and (B) the MSC. The factors have been ordered based on the BDI absolute value.
Finally, the threshold determination method is applied to calculate the threshold of each factor triggering the onset of RI and the corresponding RI probability, with the results shown in Table 4. Vmax and POT have a greater probability to the RI occurrence than other factors over the MSC. Vmax greater than 33.45 m s−1 and POT greater than 0.35 are especially conducive to TC RI occurrence, with the RI probabilities of 16.23% and 16.20%, respectively, which is consistent with the results in Figure 9. When the precipitation rate and TCF meet the thresholds of PRE ≥ 1.87 mm h−1 and TCF ≥ 0.58, the probabilities of RI occurrence are also relatively large, reaching 14.39% and 13.61%, respectively. The rest in order are VWS (≤5.02 m s−1), SPDy (≤14.84 km h−1), upper-level divergence (≥7.35 s−1), and SST (≥28.57°C), with the RI probabilities of 12.47%, 11.84%, 11.74%, and 11.39%, respectively. Note that although high SST is considered as favorable underlying surface conditions, SST does not show a high probability to RI occurrence, also consistent with the insignificant contribution shown in Figure 9B and previous studies (Hendricks et al., 2010; Hu and Duan, 2016).
TABLE 4 | The threshold of each factor, the corresponding RI probability, and the lead time for TC RI over the MSC.
[image: Table 4]It is also interesting to see whether a factor is meaningful for forecasting or, alternatively, whether a factor has any leading signal. As we see from Table 4, the factors with the earliest signal are PRE and SST with a leading time of 24 h, followed by VWS with the leading time of 6 h, but other factors seem to show no leading signals. These results indicate that when Vmax, POT, PRE, and TCF meet the thresholds, it is most beneficial for the TC RI over the MSC, and other factors are often secondary and partly associated with the consequence of TC intensity change. In terms of prediction, only the inner-core precipitation rate, SST, mid-level RH, and VWS show good lead time signal and, thus, meaningful for TC RI prediction over the MSC.
CONCLUSION
In this study, we have compared the climatological characteristics of TC intensification and RI over the MSC and the WNP, and determined the key factors that affect TC IR and RI over the MSC based on the best-track TC data, ERA-Interim global reanalysis, and TRMM precipitation products during 1980–2018. Particularly, we have quantified the relative contributions of various factors to TC RI based on the box difference index (BDI) method and identified the threshold of each factor at the time of the RI onset over the MSC.
The statistical results show that strong TCs have relatively lower (higher) frequency of intensification with IR less than (greater than) 12 m s−1 (12 h)−1 than weak TCs, but they often have faster weakening rates. The frequency of RI is higher for strong TCs than for weak TCs, indicating that TC RI over the MSC strongly depends on the intensity of the TC itself. Furthermore, TC intensification and RI show a distinct seasonal variation over the WNP and the MSC. Over the WNP, TC intensification and RI mostly occurred in July–October, with the peaks for intensification in August and for RI in September, respectively. In contrast, over the MSC, TC intensification and RI mainly occurred in July–September, both with the peak in September. It is worth noting that both the frequency of the intensifying cases and the ratio of the intensifying cases to all cases over the MSC show an increasing trend during 1980–2018. A similar trend has also been found in a recent study by Liu et al. (2021). If the trend continues, it may impose increasing challenges to forecasting and warning associated with landfalling TCs over China coast.
We have also analyzed and evaluated the climatological and persistence factors, large-scale environmental factors, ocean forcing factors, and TC structure factors that affect TC intensity changes over the MSC. Results from correlation and composite analyses demonstrate that TC intensification over the MSC is more likely to occur when a TC has relatively large initial and relative intensities, weak VWS, small TC translation component perpendicular to the coastline, relatively high TCF, strong upper-level divergence, warm SST and high core precipitation rate. A comparison of all these factors with TC RI indicates that Vmax and POT contribute the greatest to TC RI over both the MSC and the WNP among all factors examined. More interestingly, both PRE and SPDy are of the second importance to TC RI over the MSC, while both VWS and TCF are crucial to TC RI over the WNP. Furthermore, when Vmax, POT, precipitation rate, and TCF meet the thresholds with Vmax ≥ 33.45 m s−1, POT ≥ 0.35, PRE ≥ 1.87 mm h−1, and TCF ≥ 0.58, the probabilities of RI occurrence over the MSC are relatively large. In addition, precipitation rate, SST, and VWS show good leading signal to TC RI occurrence over the MSC.
Compared with previous studies (Chen et al., 2015; Hu and Duan, 2016; Liang et al., 2020), this study has focused on TC intensification and RI over all marginal seas of China, including the SCS. In addition, the TC internal factors including TCF and precipitation rate, and the translation component perpendicular to the coastline have also been analyzed. Both qualitative and quantitative analysis results indicate that the RI occurrence over the MSC strongly depends on the characteristics of the TC itself, such as its intensity, inner-core precipitation rate, the degree of axisymmetry, and its motion component toward the coastline. Although high SST is favorable for TC intensification, its effect on TC RI is not statistically significant, consistent with previous studies (Hendricks et al., 2010; Hu and Duan, 2016).
Finally, we should point out that more factors, such as the upper ocean heat content (TCHP), atmospheric moisture transport flux, and the upper-tropospheric momentum flux, could also affect TC intensity change and RI, and can be examined in future studies. In addition, it should be noticed that some key factors discussed in this study are not independent of each other but are interrelated. How the independency may affect the results discussed in this study is unknown. Therefore, it is necessary to find a better algorithm that can provide a more accurate estimate of relative importance of key factors in future studies. Nevertheless, the findings in this study provide a basis for future research to improve the understanding and forecasting of TC intensity change in the MSC.
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