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The accurate prediction of the weakening of landfalling tropical cyclones (TC) is of great importance to the disaster prevention but is still challenging. In this study, based on the 6-hourly TC best-track data and global reanalysis data, the relationship between the intensity change prior to landfall of TCs and the energy dissipation rate after landfall over mainland China is statistically analyzed, and the difference between East and South China is compared. Results show that TCs making landfall over East China often experienced pre-landfall weakening and usually corresponded to a rapid decay after landfall, while most TCs making landfall over South China intensified prior to landfall and weakened slowly after landfall. The key factors affecting both pre-landfall intensity change and post-landfall energy dissipation rate are quantitatively analyzed. It is found that the decreasing sea surface temperature (SST), increasing SST gradient, and increasing environmental vertical wind shear are the major factors favoring high pre-landfall weakening occurrence, leading to rapid TC weakening after landfall over East China. In South China, changes in the large-scale environmental factors are relatively small and contribute little to the post-landfall weakening rate.
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INTRODUCTION
Landfalling tropical cyclones (LTCs), especially those weakening slowly after landfall, seriously threaten to our life and property (Klotzbach et al., 2018). LTCs caused annual deaths of 472 and annual economic loss of 28.7 billion RMB in China during 1983–2006 (Zhang et al., 2009). Typhoon Nina (7503) triggered a disastrous dam collapse in the inland province of Henan in 1975, which led to flood spread to more than 1 million hectares of farmland in 29 counties and cities and eventually caused a total economic loss of about 10 billion RMB (Liu et al., 2009). Therefore, it is important but challenging for accurate prediction of LTC intensity and thus for disaster prevention because of dramatically changes in tropical cyclone (TC) structure and intensity (Elsberry and Tsai, 2014). From a social and economic point of view, it is also very important to accurately predict the regional changes in the intensity of LTCs (Walsh et al., 2016).
The weakening of TCs after landfall is driven by many factors, including LTC intensity (Tuleya et al., 1984), land-atmosphere interaction (Andersen et al., 2013; Andersen and Shepherd, 2014), and topographic effect (Done et al., 2020). The sudden reduction of surface enthalpy source and the increase of surface roughness would lead to weakening of the eyewall convection and the decrease of surface wind speed, and thus the filling of a TC over land (Miller, 1964; Ooyama, 1969; Powell et al., 1991; Tuleya, 1994). Li and Chakraborty. (2020) statistically analyzed the TCs making landfall over the North Atlantic in recent fifty years and found that the increasing sea surface temperature (SST) increases the moisture stored in TCs during its passage over the coastal ocean, which can supply extra enthalpy source and help maintain warm-core structure and thus the intensity of TCs after landfall. However, some other studies have found that the SST may not be a major factor determining the weakening rate of LTCs over the western North Pacific (Chen et al., 2021). In addition, the influence of large-scale environmental conditions on LTC weakening cannot be ignored. Wood and E Ritchie (2015) studied the rapid weakening events of TCs in the North Atlantic and eastern North Pacific during 1982–2013. Their results showed that the strong SST gradient and the contribution by dry air intrusion induced more rapid weakening events in the eastern North Pacific than in the North Atlantic. The increase in coastal SST, land surface temperature and soil moisture, the decrease in low-level vertical wind shear (VWS), and the increase in upper-level divergence are all favorable for intensification of TCs and their survival after landfall (Jiang, 1989; Wang et al., 2015; Liang et al., 2016; Liu et al., 2020). Previous studies have qualitatively examined how environmental factors affect the weakening of TCs while a quantitative study on the environmental factors affecting the weakening of TCs after landfall has not been comprehended.
In recent years, more attention has been given to how nearshore intensity change of TCs may affect the post-landfall weakening. TCs that experienced rapid intensification prior to landfall are more destructive, such as Hurricanes Andrew (1992), Opal (1995), and Charley (2004), all resulted in devastating to the coastal regions in the United States (Franklin et al., 2006). Rappaport et al. (2010) discussed the intensity change of TCs within 48 h before landfall along the Gulf coast and concluded that weak (intense) TCs strengthened (weakened) prior to landfall. Park et al. (2011) analyzed TCs making landfall in Korea and Japan and found a trend of increasing duration after landfall relative to the intensity prior to landfall, and further affect the temporal variation of the TC-induced rainfall in the region. Zhu et al. (2021) found that hurricanes undergoing rapid intensification prior to landfall weakened at a slower rate after landfall in the Continental United States and the weakening rate was also weakly and positively correlated with the landfall intensity. They also indicated that the pre-landfall intensification was more common along the Gulf Coast but there was no significant correlation between regions and weakening rate. Song et al. (2021) further showed that a slower weakening rate prior to landfall of TCs over the South China Sea and an increased intensification rate prior to landfall of TCs east of the Philippines had a significant linkage to warmer ocean and greater upper-level divergence.
The aforementioned studies have mainly focused on either the TC pre-landfall intensity change or regional distribution of weakening rate after landfall. In particular, few studies have involved whether the post-landfall weakening rate of LTCs over China exhibits any obvious regional characteristics related to the pre-landfall intensity change (Kruk et al., 2010; Zhu et al., 2021). Furthermore, it is still unclear how oceanic and atmospheric environmental factors regulate the relationship between the pre-landfall intensity change and the post-landfall weakening of TCs. The main objectives of this study are 1) to explore the intensity change characteristics of LTCs prior to landfall over China, 2) to analyze the difference in the weakening rate of TCs over South China and East China, 3) to identify key factors affecting LTC dissipation and quantify their relative contributions based on the box difference index (BDI) method. The rest of the paper is organized as follows. Section 2 describes the data and analysis methods used in this study. The intensity change of TCs prior to landfall over China and the weakening of TCs after landfall are presented in Post-landfall Weakening of TCs in the Three Categories Section. Characteristics of Spatial Distribution Section shows the spatial distribution characteristics of LTCs. The relative importance of various factors affecting the decay and regional differences is analyzed and discussed in Factors Affecting LFDR Over South China and East China Section. The main findings are summarized in the last section.
DATA AND METHODS
Data
The 6-hourly TC best-track data used in this study were obtained from the China Meteorological Administration-Shanghai Typhoon Institute (CMA/STI), which include 6-hourly TC center location (longitude and latitude), maximum sustained (2-min mean) near-surface wind speed ([image: image]) and minimum central sea level pressure (Ying et al., 2014). The 6-hourly best track data were linearly interpolated to hourly data (Liu et al., 2021) for the subsequent calculations of the accumulated cyclone energy (ACE), the change rate of [image: image], and landfalling dissipation rate (LFDR).
We have focused on TCs whose centers crossed the coastline of mainland China (except Taiwan Island) at least once during their lifetimes. We first checked the hourly data to determine whether a TC was on land and then calculated the intersection of the line between 6-h pre-landfall and 6-h post-landfall using the coastline to determine the TC landfalling location and intensity (Hu et al., 2017). We only considered the landfall location south of 40°N in the peak TC season from June to October (Wang et al., 2015) during 1979–2018. In total, 90 TCs cases including at least three continuous 6-h records prior to and after landfall were selected in our study.
The environmental data were acquired from the European Centre for Medium-Range Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim) data at the horizontal resolution of 0.75°×0.75°, including the horizontal winds, vertical p-velocity, and specific humidity (Dee and Coauthors, 2011). The filtering algorithm of Kurihara et al. (1993) was used to remove the disturbance field, including the TC vortex, with the wavelengths less than 1,000 km from the unfiltered large-scale environmental fields at a given time. The filtered data were used to calculate the environmental vorticity, divergence, vertical wind shear (between 1000 and 300-hPa and 700–300-hPa, respectively), and water vapor flux divergence (QVDIV) (Table 1), in our analyses on environmental effect on TC intensity change during landfall.
TABLE 1 | The factors analyzed in this study with their units and descriptions given.
[image: Table 1]Methods
The average change rate in sustained near-surface wind speed [image: image] (rvmax) is introduced as an index to characterize a TC that is intensifying or weakening within 18 h prior to landfall following Zhu et al. (2021):
[image: image]
where [image: image] and [image: image] represent the sustained near-surface wind speed at the time of landfall and the time of 18 h prior to landfall. The intensifying TCs and weakening TCs are bounded by the 90th percentiles of positive values and negative values of rvmax, respectively, and the remaining are considered as neutral TCs. Finally, 25 intensifying cases, 41 weakening cases, and 24 neutral cases were identified in our following analyses. Note that we used the period of 18 h instead of 24 h used in Zhu et al. (2021) because most TCs that made landfall over China weakened to tropical depression about 18 h after landfall. We also examined the 24 h period with the results quite similar to those obtained using 18 h discussed herein.
Accumulated cyclone energy (ACE) is a metric to express the energy released by a TC during its lifetime (Bell et al., 2000; Trenberth et al., 2005; Emanual, 2005). We used hourly interpolated data to compute the pre-landfall ACE (ACE-18h) and post-landfall ACE (ACE+18h) of a TC during its landfalling period (Vitart, 2009; Truchelut and Staehling, 2017):
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where [image: image] is sustained near-surface wind speed with four continuous 6 hourly records prior to (−18 h, −12 h, −6 h, 0 h) or after (0 h, 6 h, 12 h, 18 h) landfall. The index is scaled by 10−4 to make them more manageable.
In addition to quantifying the post-landfall weakening of TCs, Zhu et al. (2021) also defined the landfalling dissipation rate (LFDR) given below:
[image: image]
A TC with higher ACE-18h and lower ACE+18h has greater LFDR, which means that the TC weakens more rapidly because of the larger energy dissipation.
A box difference index (BDI) was used to quantitatively measure the difference of key factors in intensifying (weakening) TCs compared to neutral TCs (Fu et al., 2012; Li and Chakraborty, 2020):
[image: image]
where [image: image] and [image: image] ([image: image] and [image: image], [image: image] and [image: image]) represent the mean and standard deviation of the variables for the intensifying (weakening, neutral) TC cases within 18 h prior to landfall. The BDI is a number between -1.0 and 1.0. If the absolute value of index is greater, the corresponding factor is easier to trigger the intensifying (or weakening) process.
POST-LANDFALL WEAKENING OF TCS IN THE THREE CATEGORIES
Figure 1 shows the intensity change characteristics of TCs in, respectively, the intensifying, weakening, and neutral categories during landfall. To compare the intensity evolution during landfall, we defined the ratio of the maximum near-surface wind speed ([image: image]) to that at the time of landfall ([image: image]), which can also be termed relative intensity ([image: image]). The ratios in all weakening cases are greater than 1.0 because the TC intensity decreases with time prior to landfall while those in intensifying TCs are less than 1.0 except for in a few intensifying cases whose ratios are still greater than 1 because their maximum intensities appeared at 6 h prior to landfall (Figure 1A), indicating that the weakening started 6 h prior to landfall rather than at the time of landfall. The mixed distribution pattern of TC cases after landfall illustrates that some individual TCs weakened rapidly while some others weakened slowly or a few even maintained. The pre- and post-landfall ACE distributions are compared in Figure 1B. The weakening TCs with an average ACE of 1.75×104 m2 s−2 possess more energy prior to landfall but less energy after landfall relative to that at the time of landfall. This means that the weakening cases prior to landfall would experience greater energy dissipation after landfall. For intensifying TCs, the post-landfall ACE decreased slowly or even maintained their intensities. The time evolutions of the average [image: image] and the average 6-h intensity change from Figures 2A–C 18 h to +18 h in the three categories are compared in Figures 1C, D, respectively. The average [image: image] of intensifying TCs increased from −18 h to −6 h and then decreased toward landfall while that of weakening TCs decreased during the whole landfalling process. The average [image: image] after landfall in weakening TCs is less than that in intensifying TCs. From the 6-h intensity decay rate, we can see that the intensification rate of the pre-landfall intensifying TCs decreases and the weakening rate of the pre-landfall weakening TCs increases prior to landfall. Both types of the TCs weaken rapidly within 6 h after landfall and then the weakening rate shows a decreasing trend.
[image: Figure 1]FIGURE 1 | (A) Time evolutions of the ratio of maximum sustained near-surface wind to that at the time of landfall ([image: image]); (B) the accumulated cyclone energy (ACE) within 18 h prior to landfall (Figures 2A–C 18 h) and 18 h after landfall (+18 h), with black dots representing the TC cases and the horizontal line representing the median; (C) the average [image: image] from –18 h to +18 h during landfall; and (D) the average 6-h intensity change. The red, gray and blue colors represent intensifying, neutral and weakening TCs, respectively.
[image: Figure 2]FIGURE 2 | Mann-Kendall’s tau-b correlation (non-parametric) of the rank between accumulated cyclone energy (ACE) within 18 h prior to landfall (–18 h) and 18 h after landfall (+18 h) for (A) intensifying, (B) neutral, and (C) weakening TCs.
To explore whether the pre-landfall intensity change has a direct relationship with the post-landfall intensity decay, we first examined the correlation between ACE-18h and ACE+18h and found that they are highly correlated, which is statistically significant over the 99% confidence level (Figures 2A–C). Namely, a strong TC that undergoes slow weakening prior to landfall possesses relatively higher intensity at landfall and tends to decay more rapidly after landfall, while a weak TC with lower ACE prior to landfall decays more slowly after landfall. This is different from those documented in Zhu et al. (2021), who found that the correlation for the weakening TCs is very weak and insignificant. The difference may be due to the different environmental conditions in the United States and mainland China.
We further choose LFDR as a metric to describe the energy dissipation process during landfall, which can help quantify the influence of pre-landfall intensity on the subsequent post-landfall dissipation. As we can see from Figure 3A, rvmax has a significant negative correlation with LFDR with a correlation coefficient as high as –0.6, which is statistically significant over the 99% confidence level. This indicates that a TC undergoing pre-landfall intensification would be filled slowly after landfall while a TC that weakens prior to landfall would dissipate rapidly, which is consistent with the results for hurricanes making landfall over the United States reported by Zhu et al. (2020). Previous studies have also demonstrated that the landfall intensity is one of the factors related to the weakening characteristics of TCs after landfall. Li et al. (2017) found that increasing landfall intensity would result in greater destruction over China. However, recent studies have revealed that TCs with higher landfall intensity usually have longer duration after landfall (Liu et al., 2020; Chen et al., 2021; Liu et al., 2021; Song et al., 2021). This does not necessarily mean that the weakening of a strong TC is slower. We found that the LFDR is significantly correlated with the landfall intensity over the 95% confidence level (Figure 3B). Since rvmax depends on landfall intensity (Figure 3C), we can conclude that the landfall intensity also has a weak effect on the post-landfall weakening.
[image: Figure 3]FIGURE 3 | (A) The relationship between the rate of [image: image] (rvmax) and landfalling dissipation rate (LFDR) in intensifying (red), neutral (gray) and weakening (blue) TCs. Solid line represents the linear regression trend. Dashed lines show the 99% confidence interval. (B) As in (A) but for landfall intensity (V0max) and LFDR. (C) As in (A) but for rvmax and landfall intensity.
CHARACTERISTICS OF SPATIAL DISTRIBUTION
Figure 4 depicts the spatial distribution of the relative intensity ([image: image]) for TCs in the three individual categories and for all TCs as a whole. The relative intensity of TCs making landfall in northern Taiwan Island and East China Sea shows a maximum and decreases toward the north (Figure 4D), which is dominated by the weakening TCs (Figure 4C). However, the pre-landfall relative intensity in the South China Sea shows little change. This is mainly because of the high landfall frequency over the South China Sea (Liu et al., 2020), dominated by both northwestward moving intensifying TCs (Figure 4A) and westward moving weakening TCs (Figure 4C).
[image: Figure 4]FIGURE 4 | Spatial distribution of relative intensity ([image: image]) for (A) intensifying, (B) neutral, (C) weakening, and (D) total TCs prior to landfall.
We next examine the spatial distribution of the relationship between pre-landfall TC intensity change (rvmax) and the inland LFDR, with the results shown in Figure 5. Most frequent landfalls of TCs occurred in the southeastern Hainan Island, which are classified into South China in our study, and the northern Fujian Province and Zhejiang Province (namely East China). Due to the blocking effect of the Central Range over the Taiwan Island, TCs making landfall in Guangdong and southern Fujian often decayed too quickly to maintain over 18 h, which were not included in our analysis. As we can see from Figure 5A, the intensifying TCs with larger rvmax were distributed in South China. Only two cases are located in the northern Zhejiang, namely Bill (8807) in 1988 and YAGI (1814) in 2018 because of the sufficient water vapor supply to support active convection in the inner core of the TCs (Jiang, 1989; Huang et al., 2018; Ji et al., 2019). The weakening TCs were densely distributed over East China (Figure 5C), and neutral TCs were distributed in both South and East China (Figure 5B). This indicates that TCs making landfall in East China would carry larger pre-landfall ACE and tend to have greater landfall intensity.
[image: Figure 5]FIGURE 5 | Spatial distribution of landfalling dissipation rate (LFDR) for (A) intensifying, (B) neutral, (C) weakening TCs. The weakening TCs over East China is magnified in the inset box for clarity in (C).
We now discuss the spatial distribution of inland LFDR in East and South China. Intensifying TCs in South China show weak LFDR, with values ranging from –0.2 to 0.45. Note that a few weakening TCs with small LFDR also made landfall in this area, making the dissipation pattern a little bit complicated there. The larger LFDR ranging from 0.45 to 0.60 appeared in East China, all of which came from the weakening TCs. This indicates that the pre-landfall weakening TCs in East China experienced rapid dissipation after landfall. Some previous studies have shown that the apparent regional difference over mainland China might be controlled by various large-scale environmental conditions (Wong et al., 2008; Song et al., 2021). Whether the large-scale environmental factors affect rvmax and LFDR will be discussed in detail in the next section.
FACTORS AFFECTING LFDR OVER SOUTH CHINA AND EAST CHINA
Most studies have shown that the rapid weakening of TCs may be caused by low SST and large SST gradient (Zhang et al., 2007; DeMaria et al., 2012; Qian and Zhang, 2013; Wood and E Ritchie, 2015) and large-scale environmental factors, such as strong vertical wind shear and dry air intrusion (Frank and Ritchie, 2001; Wang et al., 2015; Wood and E Ritchie, 2015; Fei et al., 2020). In our study, we selected SST, SST gradient, environmental low-level vorticity, upper-level divergence, vertical wind shear, mid-level specific humidity, and low-level water vapor flux divergence as possible environmental factors affecting LFDR after landfall over mainland China and compare the different characteristics of persistence of these factors in South China and East China (Table 1).
Table 2 compares the linear correlation coefficients between the change and average value of each of the pre-landfall factors and LFDR. Among them, SST, SST gradient, zonal deep vertical wind shear (UVWS), and low-level water vapor flux divergence (QVDIV) are highly correlated with LFDR, while upper-level divergence (DIV200) and mid-level specific humidity (q500) show weak correlations with LFDR, while low-level vorticity has no obvious correlation with LFDR. We can see that the average SST was 28.47°C with the negative correlation coefficient of –0.28 with LFDR. Compared with 18 h prior to landfall, the SST decreased by 0.44°C at the time of landfall with a negative correlation of –0.31 with LFDR. This implies that a TC crossing a region with lower SST and greater decreasing SST trend has a larger LFDR. This is consistent with previous result in Li et al. (2021), who drawn a conclusion that the water content carried by a hurricane would be reduced to retard the supply of ocean heat when the nearshore SST was cooler and decreased faster. However, Bender et al. (1993) showed that the upwelling and vertical mixing under a TC had a negative effect on TC intensity and could lead to rapid TC weakening after landfall. In addition to SST, the SST gradient is another key ocean parameter. Prior to landfall, the average SST gradient was 3.67×10−3°C km−1 and increased by 1.25×10−3°C km−1with the significant positive correlation with LFDR, which implies that the large SST gradient favors rapid decay of TC after landfall.
TABLE 2 | The average factors and Mann-Kendall correlation coefficients with LFDR. Change (T0h -T-18h), average values indicate the pre-landfall change and average value, respectively.
[image: Table 2]The large-scale environmental atmospheric conditions are also important to TC intensity change and thus the weakening of LTCs. From Table 2, we can see that the low-level vorticity shows little correlation with LFDR, while the upper-level divergence is negatively correlated with LFDR. This suggests that the upper tropospheric convergence forcing (–0.12×10−5 s−1) may contribute to the weakening of TCs after landfall over China. The VWS is considered a detrimental dynamical environmental factor that is unfavorable for TC intensification (Zeng et al., 2010; Wang et al., 2015; Liang et al., 2016). We examined both the deep-layer VWS between 300 and 1000 hPa and the low-level VWS between 700 and 1000 hPa, representative of the VWS effect on TC intensity change over the western North Pacific (Wang et al., 2015). As we can see from Table 2, the deep-layer VWS and the deep-layer vertical shear of zonal wind have higher linear correlations with LFDR (r=0.19 and 0.23, respectively) than the low-level VWS, which implies that TCs with larger VWS may weaken more rapidly after landfall over China. This is different from the results of Wang et al. (2015), who found the low-level VWS during the active TC season is more significantly correlated with TC intensity change than the VWS at other layers. This is mainly because they considered the area of 123°E–180°E while we focused on the area west of 127°E. Importantly, the vertical shear of zonal wind can have a more detrimental effect on TC intensity after landfall, or equivalently more beneficial to LFDR. This suggests that the effect of VWS on TC intensity depends not only on the magnitude of the shear but also on the direction of the shear. For example, Wang and Yu. (2013) found that nearly 70% of the rapid intensification of TCs occurred in easterly shear while westerly shear inhibits TC development, suggesting that westerly shear has a greater negative effect on TC intensity than easterly shear.
The dry air intrusion and water vapor supply are two other factors that may affect the weakening rate of landfalling TCs (Wood and E Ritchie, 2015; Fei et al., 2020). We thus examined the mid-level environmental specific humidity and low-level water vapor flux divergence. The change in 500-hPa specific humidity prior to landfall shows a weakly negative correlation with the LFDR, with the correlation coefficient of -0.19, indicating that the TCs experiencing large decreasing specific humidity nearshore usually tend to weaken rapidly after landfall. Note that the specific humidity decreased little prior to landfall with one possible reason is that changes in the environmental humidity in South China and East China offset each other, which will be discussed later (Figure 6G). The water vapor flux divergence prior to landfall is positively correlated with LFDR, with the correlation coefficient of 0.25, which is statistically significant above 95% confidence level, indicating that the reduced moisture supply with weak horizontal water vapor flux convergence provides favorable environmental conditions for TC post-landfall weakening.
[image: Figure 6]FIGURE 6 | Evolutions of (A) SST (°C), (B) SST gradient (10−3°C km−1), (C) divergence at 200 hPa (10−5 s−1), (D) vertical wind shear (m s−1) between 1000 hPa and 300 hPa, (E) zonal vertical wind shear (m s−1) between 1000 hPa and 300 hPa, (F) specific humidity (g kg−1) at 500 hPa, (G) low-level water vapor flux divergence (10−6 s−1) between 1000 hPa and 850 hPa during TC landfall over East China (red) and South China (blue). Green dots and horizontal lines represent mean value and median lines, respectively. Right part in each panel represents the evolution of the corresponding mean value of the factor over East China (red) and South China (blue).
Based on the above correlation analysis, we examine the trends of key factors, including SST, SST gradient, DIV200, VWS300-1000, UVWS300-1000, q500, and QVDIV during landfall over South China and East China, with the results shown in Figure 6. The average SST over East China is lower and the SST gradient is greater than those over South China, with a decreasing trend of the former and an increasing trend of the latter (Figures 6A, B). The high-level divergence in both East and South China is decreasing during the landfall from -18 h to +18 h (Figure 6C). However, the high-level flow is dominated by decreasing divergence in South China while that in East China shows convergence (around –1.5×10−5 s−1). This means that the upper-level flow is more unfavorable for the maintenance of TCs making landfall over East China. This seems to be consistent with the predominant pre-landfall weakening TCs over East China and intensifying TCs in South China. Moreover, the VWS initially is weaker but increases rapidly over East China while that is moderate over South China (Figure 6D). The westerly vertical shear (UVWS>0) increases during landfall over East China, which implies that a TC would dissipate rapidly after landfall over East China (Figure 6E), consistent with the significant correlation coefficient of 0.22 between LFDR and UVWS300-1000 (Table 2). In contrast, both the deep-layer total VWS and the deep-layer easterly vertical shear (UVWS<0) did not change much during landfall over South China. This implies that the large-scale environmental VWS may not be the key factor affecting TC intensity and post-landfall weakening of TCs over South China.
The mid-tropospheric specific humidity during landfall shows different evolutions over East and South China (Figure 6F). South China is characterized by high mid-tropospheric specific humidity due to the effect of South China Sea summer monsoon compared with East China. Note that the specific humidity increased and decreased the equivalent range over South China and East China, respectively. This explains why the average change in specific humidity for all TC cases is feeble in Table 2. Because of the negative correlation between the mid-tropospheric humidity trend and LFDR (r=–0.19, Table 2), the decreasing humidity over East China contributes to post-landfall weakening while increasing humidity over South China has an opposite effect. The low-level water vapor flux in East China changed from convergence to divergence at 6 h prior to landfall (Figure 6G), indicating that the reduction of water vapor transport into the TC core. Over South China, the low-level water vapor flux maintained a weak convergence of –0.1×10−6s−1. The above results suggest that the faster post-landfall weakening of TCs over East China than over East China was primarily due to lower SST, larger SST gradient, and stronger zonal vertical wind shear, together with the convergence of upper-level flow and the divergence of lower-level water vapor flux.
Factors analyzed above are linked to the ACE prior to and after landfall and can represent their effects of TC intensity change prior to landfall on TC weakening after landfall. This means that the environmental conditions that affect the post-landfall dissipation are mediated by pre-landfall intensity change of TCs. Figure 7 quantifies the relative contributions of key factors to pre-landfall intensifying and weakening TCs using the BDI index, respectively. The results show that the most important factors for distinguishing intensifying TCs from neutral TCs are SST with the BDI value of 0.109. The contributions by other factors are generally secondary with the BDI less than 0.1. As intensifying TCs mostly occurs in South China, the least contribution of UVWS300–1000 (–0.029) and VWS (–0.011) also confirms the above-mentioned conclusion that the large-scale environmental VWS may not be the main factor affecting the pre-landfall weakening of TCs over South China (Figures 6D, E). The q500 also contributes little to LFDR of intensifying TCs over South China, which explains why the specific humidity increases but the TC intensity weakens after landfall in South China. The key factors contributing to the weakening of TCs are SST, SST gradient, and UVWS300–1000 with the BDI values of -0.491, 0.436, and 0.402, respectively. The rests are DIV200 (-0.251), QVDIV (0.236), q500 (-0.203) and VWS300-1000 (0.095). It is worth noting that the contribution by ocean thermodynamic conditions (SST and SST gradient) is very significant, especially for pre-landfall weakening TCs, which is followed by environmental UVWS, consistent with the higher correlation of these factors with LFDR shown in Table 2. In addition, it is clear to see that the BDI values in the intensifying TCs are much smaller than those in the weakening TCs. In other words, environmental factors play a more crucial role in the post-landfall weakening of TCs over East China while the post-landfall dissipation over South China may be controlled by other factors, such as the TC size and structure. As a result, the post-landfall weakening is largely regulated by the intensity change of TCs prior to landfall, which is affected significantly by the coastal ocean thermodynamic and large-scale environmental atmospheric dynamic and thermodynamic conditions.
[image: Figure 7]FIGURE 7 | Key factors in (A) intensifying TCs and (B) weakening TCs and their corresponding box difference index (BDI) values prior to landfall. The factors are ordered based on the average values within 18 h prior to landfall.
CONCLUSION
In this study, we first analyzed the intensity change of TCs within 18 h prior to landfall over mainland China during 1979–2018 in the active typhoon season (June–October). The results show that the pre-landfall intensifying TCs usually tend to have small accumulation cyclone energy (ACE-18) and easily maintain larger post-landfall energy (ACE+18) while the weakening TCs with great intensity tend to experience larger energy dissipation after landfall. This indicates that there is a relationship between the pre-landfall intensity change and post-landfall weakening. We also found that the average intensity of intensifying TCs prior to landfall is small and the increasing rate decreases during landfall, while the decreasing rate after landfall is smaller than that of the weakening TCs. The results thus demonstrate that the post-landfall weakening difference of LTCs may result from intensity change prior to landfall.
The distribution of the average change rate in [image: image] (rvmax) and LFDR show different regional characteristics over East China and South China. The intensifying TCs are mostly concentrated southeast of Hainan Island, mainly with a southeast-northwest track. The weakening TCs are distributed in both Hainan Province and northern Guangdong to Zhejiang Provinces, moving westward and north-northwestward, respectively. Compared with South China, due to pre-landfall weakening of TCs, TCs making landfall over East China present relatively higher pre-landfall intensity than the intensity at the time of landfall (relative intensity), but possess faster weakening prior to landfall and high LFDR after landfall.
To determine what caused the regional dependence, relevant oceanic and atmospheric environmental factors are statistically analyzed and quantified. Five factors are found to be significantly correlated with LFDR, including SST, SST gradient, environmental VWS between 1000 hPa and 300 hPa (VWS300–1000), zonal environmental VWS between 1000 hPa and 300 hPa (UVWS300–1000), and low-level water vapor flux divergence (QVDIV). This indicates that TCs with greater post-landfall weakening rate usually cross the region with lower SST and greater SST gradient, and are embedded in environment with larger environmental westerly VWS, larger high-level flow convergence and smaller low-level moisture convergence prior to landfall. In addition, decreasing environmental moisture at 500 hPa (q500) are weakly correlated with LFDR, often under 95% significance level.
Results from this study illustrate that the cooling SST and the sharper SST gradient nearshore would promote the high occurrence of rapid weakening prior to landfall because of high BDI values in both intensifying and weakening TCs. For the environmental atmospheric factors, the large deep westerly VWS is also favorable for pre-landfall weakening of TCs, favoring LFDR over mainland China. Nevertheless, above-considered environmental conditions are not key factors leading to pre-landfall intensifying of TCs with very small BDI values over South China and thus play weak role in post-landfall dissipation of intensifying TCs.
The oceanic thermodynamic conditions and the environmental atmospheric conditions over East China show more drastic changes, characterized by smaller and decreasing SST, larger and increasing SST gradient and increasing VWS (particularly, the increasing zonal VWS) in weakening LTCs, resulting in faster energy dissipation after landfall. In addition, upper-tropospheric convergence, decreasing environmental moisture and decreasing convergence of low-level water vapor flux are additional factors conducive to rapid weakening of TCs after landfall over East China. In general, most of these factors changed little over South China but with average values featured with larger SST, small SST gradient, lower VWS, eastern VWS ranging from –2.5 m s−1 to –5 m s−1 and wetter environment, all being favorable for pre-landfall weakening TCs over South China to maintain great landfall intensify and weak post-landfall dissipation, and weakly affecting the intensity change of pre-landfall intensifying TCs.
Although we evaluated the relationship between the post-landfall weakening and the pre-landfall TC intensity change of LTCs over mainland China, the conclusions are subject to the limited sample size and the involvements of complex ocean-atmospheric, ocean-land, and land-atmospheric interactions. Note that land surface properties, such as land surface temperature, soil temperature and moisture, vegetation coverage, etc. also affect the post-landfall weakening of TCs (Tuleya and Kurihara, 1978; Tuleya, 1994; Song et al., 2021; Liu and Wang, 2022; Thomas and Shepherd, 2022). In future studies, the possible effects of land surface properties, including mesoscale terrains (Liu and Wang, 2022), on TC post-landfall weakening can be further examined in combination with large-scale environmental conditions. In addition, it can be also a good topic to introduce the pre-landfall intensity change into the empirical decay model of TCs after landfall (Kaplan and Demaria, 1995; Vickery, 2005; Wong et al., 2008; Liu et al., 2021; Liu and Wang, 2022). With improved understanding of key factors affecting TC post-landfall weakening, the forecast accuracy of landfalling TC intensity could be improved.
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