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The low-level monsoon trough over the western North Pacific (WNP) can evolve into a large cyclonic circulation, which is often termed a monsoon gyre (MG). Previous studies have revealed that tropical cyclones (TCs) embedded in MGs can experience rapid weakening (RW) and such RW might be attributed to the convective activity in the southeastern quadrant of the MG, which could induce asymmetries in a TC’s inner core structure, while the environmental factors, including the sea surface temperature (SST) and vertical wind shear (VWS), were not primary contributors to RW events. In this study, the possible role of large-scale environmental factors in association with the RW of TCs in MGs over the WNP is revisited based on the best-track TC and global reanalysis data during 2000–2018. Results indicate that TCs tend to weaken rapidly when they are embedded in the eastern semicircle of a MG, with the extreme RW events often occurring in the southeastern quadrant of a MG. However, different from previous studies, results from this study demonstrated that lower SST and strong large-scale VWS in the eastern semicircle of a MG are two major environmental factors contributing to the RW of TCs in MGs over the WNP. The different findings in this study from those in previous studies could be partly due to the different methods used to obtain the MG circulations and partly due to the environmental factors being analyzed in different quadrants of MG in this study.
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INTRODUCTION
The low-level monsoon trough over the western North Pacific (WNP) and South China Sea, characterized by the cyclonic shear and confluence zone between the southwesterly on the equatorial side and the northeasterly on the poleward side, is the most common climate feature of the summer monsoon circulation over the WNP (Holland, 1995). The monsoon trough sometimes evolves into a large-scale, quasi-circular cyclonic gyre circulation with a diameter of about 2,500 km and a duration of 2–3 weeks. The circulation often called a monsoon gyre (MG) (Lander, 1994; Lander, 1996; Harr et al., 1996). MGs usually occur in the active tropical cyclone (TC) season over the WNP. The average MG is characterized by a large-scale cyclonic circulation in the middle-lower troposphere and an anticyclonic circulation in the upper troposphere, exhibiting a distinct baroclinic vertical structure (Wu et al., 2013b; Liang et al., 2018a). MGs often present a horizontally asymmetric structure with enhanced convective activity and strong southwesterly winds on its south-southeastern side. Such an asymmetric structure is known to result primarily from the beta-induced Rossby wave energy dispersion of the gyre circulation (Carr and Elsberry, 1995; Wu et al., 2013b; Liang et al., 2014; Liang et al., 2018a).
When a TC is located in a MG circulation, strong binary interaction may occur. Such a binary interaction can sometimes result in a coalescence of the TC with the MG in which the TC is embedded. During the coalescence period, the Rossby wave energy dispersion would be greatly enhanced, resulting in a strong ridge on the southeastern edge of this coalesced system. The enhanced southeasterly flows across the TC center lead to a sudden northward track changes of the TC (Carr and Elsberry, 1995). Wu et al. (2013a) compared sudden northward track changes and westward tracks during 2000–2010 and found that the synoptic-scale steering flow mainly controls the sudden northward turning tracks, while the steering flow on intraseasonal timescale controls the westward turning tracks. This may explain the larger forecasting errors associated with northward turns than westward turns. Liu et al. (2018) indicated that TCs tend to move northward when they are embedded in three types of intraseasonal (10–60 days) background flows: the MG pattern, mid-latitude trough pattern, and wavetrain pattern. In idealized numerical experiments, Liang and Wu (2015) identified three types of tracks when a TC is located in the eastern semicircle of a MG: a sudden northward turning track, a northward track without a sharp turn, and a westward track. They found that the track types were sensitive to the location of the TC relative to the MG center, while the intensity and size of the MG and the TC had little effect on TC track. Ge et al. (2018) conducted idealized numerical experiments and found that a TC could experience a sudden northward turning motion only when the TC was embedded in a relatively deep MG.
What’s more, intraseasonal oscillation (ISO) and MG may modulate the genesis and size of TCs. In the convective phase of an ISO, the synoptic disturbances are often strengthened and well organized, which are conductive to TC genesis (Straub and Kiladis, 2003; Maloney and Hartmann, 2000; Maloney and Hartmann, 2001; Hartmann and Maloney, 2001; Hsu et al., 2011; Ling et al., 2016; Ling et al., 2020). Lander (1994) found sequential geneses of very small TCs in the eastern periphery of a MG. He also found that sometimes a MG itself might evolve into a large TC. Based on the statistical analysis during 1984–1992 (lack of 1989), Ritchie and Holland (1999) found that 3% of TC genesis events are associated with MGs over the WNP. However, Chen et al. (2004) found that 70% of TC geneses over the WNP are related to MGs. This difference is primarily due to the different definitions of MGs (Wu et al., 2013b). According to Wu et al. (2013b) and Liang et al. (2014), 19.8% of TC geneses over the WNP are related to MGs, and among them most TCs form near the centers of MGs and only a small portion form at the northeastern end of the enhanced southwesterly flow where large-scale vertical wind shear (VWS) is relatively weak. Bi et al. (2015) found that when a TC is located near the center of a MG, the coalescence of the two systems would enlarge the outer-core size of the TC. Wu et al. (2015) also indicated that the large size TCs may be associated with the low frequency MG.
In addition to TC track, genesis, and size, more recent studies have also revealed that MGs over the WNP can impose significant influence on TC intensity change. Based on observational analysis and numerical simulation for Typhoon Chan-Hom (2015) Liang et al. (2016) and Liang et al. (2018b) found that Chan-Hom experienced a rapid weakening (RW) and a sudden track change during the coalescence process with a MG, and all operational forecasts failed to predict such a RW event. They suggested that the enhanced convection on the eastern side of the MG prevented mass and moisture from being transported into the inner core of Chan-Hom, which caused the collapse of the TC’s eastern eyewall. Based on statistical analysis of TC RW events during 2000–2014, Liang et al. (2018a) also found that more than 40% of TC RW events over the WNP were associated with MGs, and the RW might be related to TC structural changes induced by the interaction between the TC and the MG. They also indicated that the large-scale environmental factors, including changes of sea surface temperature (SST), VWS, and mid-level environmental humidity, were not primary contributors to the RW of TCs, though the VWS increased slightly when the RW occurred during the MG period. They suggested that MG might weaken TC intensity by modulating TC’s structure, which is consistent with their previous studies (Liang et al., 2016; Liang et al., 2018b). Based on idealized numerical experiments, Yan et al. (2019) suggested that TC development in a MG could be interfered by three dynamical mechanisms, namely vorticity segregation process, barotropic instability, and VWS.
Liang et al. (2018a) and Wu et al. (2013b) used a low-pass Lanczos filter with a 10-days cutoff to the wind fields in which the TC circulation was removed using the method of Kurihara et al. (1993) and Kurihara et al. (1995) to obtain a MG. The identified MG based on the temporal filtering may have the footprint of the TC circulation (Figures 1G,H), while the spatial filtering can separate TC circulation and MG circulation more effectively when the MG and TC are nearly overlapped and the TC moves slowly than do the temporal filtering. In this study, instead of time filtering, a spatial filtering method (spherical harmonic analysis) to decompose the streamfunction at 850 hPa was used to get MGs and to revisit the TC RW associated with MGs over the WNP. We analyze the TCs intensity change and various environmental factors in different quadrants and radii relative to the center of the averaged MG. In addition, Liang et al. (2018a) suggested that MGs could lead to TC RW by modulating the TC structure, with the large-scale environmental factors, including SST change, VWS, and mid-level environmental humidity, being not the primary factors for the RW events. We will show that the scale separation using the spatial filtering is more effective/robust in obtaining a MG circulation than the time filtering and the strong VWS and lower SST are two main environmental factors that are responsible for the RW of TCs in MGs. The rest of the paper is organized as follows. The data and methods are described in Data and Methods. Statistical comparison of RW events associated and not associated with MGs is given in Statistical Analysis of TC Intensity Changes in MGs. The involved physical mechanisms are analyzed and discussed in Possible Mechanisms of TC RW in MGs. Conclusions and discussion are given in Conclusion and Discussion.
[image: Figure 1]FIGURE 1 | Examples of separating MG and TCs by spatial filtering method with a spherical harmonic expansion and Lanczos time filtering method on (A), (C), (E), (G) October 22, 2003 and (B), (D), (F), (H) October 4, 2012 (A) and (B) are the original streamfunction fields at 850 hPa (C) and (D) are streamfunction fields at 850 hPa with wavenumbers 4–7 (E) and (F) are streamfunction fields at 850 hPa with wavenumbers larger than 7, and (G) and (H) are streamfunction fields at 850 hPa obtained by the time filtering method. The red dots are TC centers from the JTWC, the red numbers are the 1 min average sustained wind speeds, and the black dots are the MG circulation centers.
DATA AND METHODS
The best-track TC data from 2000 to 2018 over the WNP used in this study were obtained from the Joint Typhoon Warning Center (JTWC), which include 6-h TC center position (longitude and latitude) and maximum 1-min average sustained surface wind speed of each TC. JTWC datasets were used to identify the position and intensity change of TCs, so as to obtain rapid weakening events. The daily wind fields from 2000 to 2018 were obtained from the Reanalysis-2 dataset of the National Centers for Environmental Prediction-Department of Energy (NCEP-DOE), with a horizontal resolution of 2.5° × 2.5° (Kanamitsu et al., 2002). The SST data are the daily Optimum Interpolation SST, version 2 (OISSTv2) of the National Oceanic and Atmospheric Administration (NOAA) (Reynolds et al., 2007) with a horizontal resolutions of 0.25° × 0.25°. The daily outgoing longwave radiation data derived from NOAA (Liebmann and Smith, 1996) were used to detect convective activities associated with MGs, which has a horizontal resolution of 2.5° × 2.5°.
To remove the TC circulations from a MG, the spatial filtering method, namely the spherical harmonic analysis (Qian et al., 2014), was used to separate the MG and the TC circulations. First, the streamfunction of the 850 hPa wind field was calculated, with the negative (positive) streamfunction center representing the cyclonic (anticyclonic) circulation. Then, the spherical harmonic analysis of the streamfunction was performed with the triangle truncation. Figure 1 shows two examples of the spherical harmonic expansion analysis used in this study. The unfiltered streamfunction field at 850 hPa contains both TC and large-scale circulations (Figures 1A,B). The streamfunction with wavenumber 4–7 represents the MG-scale circulation (Figures 1C,D), while that with wavenumber high than 7 represents the synoptic and meso-scale motions (Figures 1E,F). It is clear that the streamfunction with wavenumber 4–7 can correspond well the MG-scale circulation, and the synoptic and meso-scale cyclonic circulation centers correspond well with the TC centers (red dot) from the JTWC best track data (Figures 1E,F). The MGs obtained using the time filtering method (Wu et al., 2013b; Liang et al., 2018a) are also shown in Figures 1G,H for a comparison. It is clear that TCs have footprint on the shape and location of the identified MGs obtained by using the time filtering method. Kurihara’s method and low-pass time filtering with a 10-days cutoff cannot completely remove the strong TC circulation, and the residual TC circulation may cause some interference to MG circulation. Specifically, compared with the MG obtained based on spatial filtering, the MG circulations obtained based on time filtering are less circular and more symmetric, probably due to having asymmetric components with smaller scales.
The streamfunction with wavenumbers 4–7 was selected as a MG if the central minimum value of streamfunction was less than −0.7σ (σ is the SD) and the duration of the circulation was at least 4 days (Wu et al., 2013b; Liang et al., 2018a). The size of the MGs we obtained is consistent with the MG size in the previous studies (Lander, 1994, Lander, 1996; Harr et al., 1996) with a diameter of about 2,500 km (Figures 1C,D). The location of the minimum MG-scale streamfunction was defined as the MG center. We only selected the MGs in the region (0°–30°N, 120°–150°E) over the WNP. Figure 2B shows the locations of the selected MG (marked with red dots) in May–October for the period 2000–2018. Here, the center of the MG (the red dot in Figure 2B) is fixed which is the position where the MG reaches the maximum intensity during its lifetime. However, in the composite analysis, the center of the MG is the position of the maximum intensity of the streamfunction at every time step, which is not fixed during its lifetime. Among the 3,496 days examined, 549 days were found with a MG. In total, 77 MGs have been identified, with an average of 4 MGs per year and an average duration of 7.1 days per MG. These are in general consistent with the results of Liang et al. (2018a), who identified 2.9 MGs per year with an average duration of 8.0 days per MG. In the following analysis, the days when MG is identified are defined as the MG period, and the rest days are defined as the non-MG period. Figure 3 shows the composite streamfunction at 850 and 200 hPa relative to the MG centers at 850 hPa. As we can see, the MG presents a baroclinic structure with a cyclonic circulation at 850 hPa and an anticyclonic circulation at 200 hPa.
[image: Figure 2]FIGURE 2 | (A) The daily extreme value of streamfunction with wavenumbers 4–7 in the region of (0°–30°N, 120°–150°E) in May–October during 2000–2018, where the blue and red horizontal lines in (A) are positive and negative 0.7 times the standard deviation of extreme value of streamfunction, respectively; and (B) Locations of MG centers in the same period.
[image: Figure 3]FIGURE 3 | Composite 200 hPa streamfunction (m2 s−1) at 200 hPa (A) and 850 hPa (B) with the wavenumbers 4–7 centered at the center of MGs at 850 hPa. The origin (0,0) is the center of MGs.
We defined RW events in the way similar to that used in DeMaria et al. (2012) and Liang et al. (2018a). Namely, a 24-h TC intensity reduction of 20 kt or above was defined as an RW event. To eliminate the TC weakening due to extratropical transition, we removed all TCs experiencing their extratropical transition stages based on the JTWC best-track data. We also excluded any RW cases when the TC center was within 200 km from the nearest landmass in 24 h to avoid any significant land or topographic effect on TC weakening.
STATISTICAL ANALYSIS OF TC INTENSITY CHANGES IN MGS
To demonstrate the importance of MGs to RW of TCs over the WNP, we first examined the weakening ratio, which is defined as the number of weakening events divided by the number of total events in 6-h intervals (including both weakening and intensification events, excluded those with no intensity change). The area where the weakening ratio is greater than 0.5 means that the 6-h weakening events occur more frequently than the 6-h intensification events in the corresponding area, indicating that this area is conducive to the occurrence of TC weakening. Figure 4A shows the weakening ratio during May–October from 2000 to 2018. The weakening ratio increases with the increasing latitude due to the decrease in SST and increase in large-scale VWS in general toward the extratropical latitudes (Hanley et al., 2001). The TC weakening ratio is less than 0.5 south of 25°N, indicating that more TCs are in their intensification stages in favorable environmental conditions. The weakening ratio is more than 0.5 north of 25°N, indicating that the corresponding oceanic and atmospheric conditions are unfavorable for TC intensification, and thus more favorable for TC weakening.
[image: Figure 4]FIGURE 4 | (A) TC weakening ratio (shadings) during 2000–2018, solid black contour is the weakening ratio of 0.5 (B) The deviation of the weakening ratio from the zonal average between 120°E and 180°E, with black dots being the locations of MGs, and red rectangle outlining the active region of MGs (C) The deviation of the weakening ratio from the zonal average during the non-MG period (D) The deviation of the weakening ratio from the zonal average during the MG period.
Figure 4B shows the deviation of the weakening ratio from its zonal average between 120°E and 180°E, in which the centers of MGs are marked in black dots and the active region of MGs is outlined with the red rectangle mainly in the western part of WNP. We can see that positive deviations in the active region of MGs indicate that TCs are more likely to weaken under the influence of MGs. In the following statistical analysis, we mainly focus on the TC weakening and intensification events south of 40°N and west of 165°E, namely, in the region where TC intensity change is largely affected by MGs over the WNP. The deviations of weakening ratio from its zonal average during the non-MG period and the MG period are compared in Figures 4C,D. In the MG active region (in the red rectangle), the positive deviation of weakening ratio is significantly larger during the MG period (Figure 4D) than during the non-MG period (Figure 4C), indicating that MGs are generally unfavorable for TC intensification. Namely, TCs are more likely to weaken in the active region of MGs during the MG period.
Figure 5 compares the probability distributions of the 24-h weakening rate and 24-h intensification rate. Here, the respective (weakening/intensification) rate is defined as [image: image], where [image: image] denotes the number of intensity changes of [image: image] kt in 24 h, and [image: image] denotes the total number of weakening or intensification events. As shown in Figure 5A, the weakening rates between 10 and 15 kt during the MG period have lower probability than that during the non-MG period. On the other hand, the weakening rates between 20 and 25 kt (RW) during the MG period have higher probability than those during the non-MG period. The probability profile of RWs in the MG periods shifts righthand, compared that in the non-MG period. However, there is no significant difference in profiles of intensification rate during the MG period and the non-MG period (Figure 5B). The features are not changed when the MGs are identified based on 1.0σ, rather than 0.7σ (figures not shown). These results strongly suggest that more TCs tend to weaken rapidly during the MG period than during the non-MG period, which is in agreement with the findings by Liang et al. (2018a).
[image: Figure 5]FIGURE 5 | (A) The percentage of over-water 24-h weakening rate and (B) the percentage of over-water 24-h intensification rate. Events in and not in MGs are denoted by red bars and black bars, respectively. The horizontal coordinate is the 24-h intensity change of TCs (knot).
POSSIBLE MECHANISMS OF TC RW IN MGS
In this section, we attempt to understand why TCs are more likely to weaken more rapidly during the MG period than during the non-MG period. Apart from the internal dynamical processes which can affect on the TC intensity change, many previous studies have also investigated several key large-scale environmental factors that can affect the weakening rate of a TC over the open ocean, such as the increased VWS, lower SST, and dry air intrusion (Frank and Ritchie, 2001; Kaplan and DeMaria, 2003; Zhang et al., 2007; Kaplan et al., 2010; Riemer et al., 2010; Tang and Emanuel, 2010; Shu et al., 2011; Qian and Zhang 2013; Chen et al., 2015; Wood and Ritchie, 2015; Fowler and Galarneau, 2017; Ma et al., 2019; Fei et al., 2020). Liang et al. (2018a) suggested that MGs could lead to RW events by modulating the TC structure, while the large-scale environmental factors, such as SST, VWS, and mid-level environmental humidity, were not major contributors to the TC RW in MGs. Here, we will revisit the possible role of large-scale factors that may contribute to TC RW in MGs by comparing the environmental factors during the MG period and the non-MG period.
We first examined the differences in large-scale environmental factors that are believed to affect TC intensity change during the MG period and non-MG period. Figure 6 compares the distributions of anomalies in deep VWS (defined as the VWS between 200 and 850 hPa) and shallow VWS (defined as the VWS between 850 and 1,000 hPa) during the two periods. The VWS anomalies are obtained by subtracting the daily climatological mean from the original daily VWS. To facilitate a direct comparison, the RW events in the respective periods are overlaid with red dots in Figure 6. Regardless the MG and non-MG periods, the RW events usually occur in the region of 120–160°E, 14–30°N. Both the deep VWS and shallow VWS are larger over most of the region with the occurrence of RW events during the MG period but are smaller over most of the region with RW events during the non-MG period. This seems to indicate that large-scale VWS plays a more important role in leading to RW of TCs in the MG period than in the non-MG period because large VWS are often negative to TC development and maintenance (Frank and Ritchie, 2001; Wong and Chan, 2004; Riemer et al., 2010; Wang et al., 2015). The distributions of SST and 500-hPa relative humidity during the MG period and the non-MG period are compared in Figure 7. The SST during the MG period is lower than that during the non-MG period (Figures 7A,B). The 500-hPa relative humidity is higher in the southeastern region of the occurrence of RW events and lower in the northwestern region during the MG period (Figure 7C) and it is opposite during the non-MG period (Figure 7D). This suggests that the mid-level moist condition contributes little to RW of TCs in the MG period. Based on above analysis, VWS (both deep layer and shallow layer shears) and SST are two key factors that are most likely responsible for RW of TCs during the MG period.
[image: Figure 6]FIGURE 6 | Anomalies in deep VWS between 200 and 850 hPa (m s−1, shadings) with the daily climatology removed during the MG period (A) and the non-MG period (B), and those in shallow VWS between 850 and 1000 hPa (m s−1, shadings) during the MG period (C) and the non-MG period (D). The red dots are the locations of the RW events during their corresponding periods. The black crosses represent the area where the statistical significance exceeds the 95% confidence level based on the Student’s t test.
[image: Figure 7]FIGURE 7 | SST anomalies (°C, shadings) with the daily climatology removed during the MG period (A) and the non-MG period (B) and mid-level relative humidity anomalies (%, shadings) with the daily climatology removed during the MG period (C) and the non-MG period (D). The red dots are the locations of the RW events during the corresponding periods. The black crosses represent the area where the statistical significance exceeds the 95% confidence level based on the Student’s t test.
Because of the large asymmetric structure of MGs, it is important to examine any preferent regions in a MG where TCs are more likely to weaken more rapidly and to understand environmental features in the identified region as well. Therefore, we further examined the dependence of TC intensity change on the distance of the TC centers from the centers of MGs, with the results shown in Figure 8. The azimuthally averaged weakening rate is small in the region close to the center of a MG, increases with the radial distance from the MG center, reaches a maximum at the radius of about 1,300 km from the MG center, and then decreases with increasing distance (Figure 8A). However, the azimuthally averaged intensification rate is almost independence of the distance from the MG center (Figure 8B).
[image: Figure 8]FIGURE 8 | The azimuthally averaged intensity changes of RW events (A) and that of RI events (B) as a function of the distance of the TC center from the MG center. The vertical coordinate indicates the 24-h TC intensity changes (knot).
In addition to the radial distance from the MG center, we also examined whether the RW and RI events of TCs show any preferent azimuthal locations relative to the center of MGs based on a composite analysis during the study period. Figure 9 shows the RW events and RI events with respect to the composite MG center, with the outgoing longwave radiation (OLR) superimposed to indicate the convective activity in the MG circulation. As illustrated in Figure 9A, the RW events mainly occur in the eastern semicircle of a MG. The RW events in the northern semicircle of a MG may be partly contributed by the lower SST (red contours in Figure 9A) or larger VWS (blue contours in Figure 9B) at relatively higher latitudes. However, the RW events are mostly located in the eastern quadrant of MGs (red and orange dots in Figure 9A), and these events should be predominantly affected by MGs. By contrast, the RI events are scattered in the MG, with the extreme RI events concentrated due east and mostly in the southeastern quadrant in the MG (red and orange dots in Figure 9B). Previous studies have shown that the Rossby wave energy dispersion from a MG can be substantially enhanced during its interaction with a TC, resulting in strong southwesterly flows in the southeastern and eastern periphery of a MG (Carr and Elsberry, 1995; Wu et al., 2011a; Wu et al., 2011b; Wu et al., 2013b), with strong convection developed at the downwind end of the strong southwesterly flow (Liang et al., 2014). Consistent with previous studies (Carr and Elsberry, 1995; Wu et al., 2013b; Liang et al., 2014; Liang et al., 2018a), we also find convective activity in the southeastern quadrant of a MG (Figure 9). Therefore, the extreme RW events may be also affected by convective activity in the southeastern quadrant of the MG.
[image: Figure 9]FIGURE 9 | The positions of (A) RW and (B) RI events (color dots) with respect to the MG center (large black dot). The red contours in (A) are SST (°C) and the blue contours in (B) are VWS between 200 and 850 hPa (m s−1) in the composite MG, respectively. The black contours and shadings in (A) and (B) are the streamfunction (m2 s−1) and the distribution of OLR (K) in the composite MG, respectively.
Although active convection in the southeastern quadrant of a MG may play an important role in leading to RW of TCs embedded in the MG as demonstrated by Liang et al. (2014), a natural question arises as to whether the unfavorable environmental conditions may also play some important roles in RW of TCs therein. As illustrated in Figure 3, a MG is characterized by large-scale anticyclonic circulation in the upper atmosphere and cyclonic circulation in the middle-lower atmosphere, exhibiting a distinct baroclinic vertical structure. Such a vertical structure implies large VWS in the MG, especially in the southeastern quadrant. To examine the distribution of VWS in the MG circulation, we calculated both deep and shallow VWSs centered on the composite MG center after removing the seasonal cycle, with the results shown in Figure 10. Note that we show the deep and shallow VWSs without the spatial filtering in Figures 10A,D those with the synoptic and mesoscale components removed in Figures 10B,E and those corresponding to the composite MG circulation in Figures 10C,F. It is evident that the deep VWS in the original wind field is extraordinarily large in the south-southeastern quadrant of the MG, and positive VWS anomalies also appear in the northeastern quadrant of the composite MG (Figure 10A). The shallow VWS shows the similar distribution with positive anomalies in the southeastern and northeastern quadrants of the composite MG (Figure 10D). This suggests that VWS may play important roles in causing TCs to weaken rapidly in the eastern semicircle of a MG. The large VWS in the original wind field in the southeastern quadrant of the MG is predominantly contributed by the VWS related to the background and the MG-scale circulation (wavenumber 0–7, Figures 10B,C,E,F). This demonstrated that it is the large VWS, including the shallow VWS, associated with the background and MG-scale circulations that is conducive to the extreme RW of TCs in the southeastern quadrant of a MG.
[image: Figure 10]FIGURE 10 | (A–C) Composite deep (200–850 hPa) VWS anomalies (m s−1, shadings) relative to the daily climatology centered on the composite MG, and (D–F) composite shallow (850–1,000 hPa) VWS anomalies (m s−1, shadings) relative to the daily climatology centered on the composite MG (A) and (D) VWS without filtering (B) and (E) VWS with wavenumbers 0–7 (C) and (F) VWS with wavenumbers 4–7. The origin (0,0) is the position of the MG center, the black contour represents the MG center and the small dots indicate the locations of RW events of TCs. The black crosses represent the area that exceeds the statistical Student’s t test at the 0.05 significance level.
We also examined the composite SST anomalies relative to the MG center with the seasonal cycle removed by subtracting the daily climatological SST from the original daily SST (Figure 11A). Note that the spatial filtering with the spherical harmonic expansion could not be applied to SST. The negative SST anomalies are present in the northeastern and southeastern quadrants of the composite MG. Although the anomalies are not very large, they are unfavorable for TC intensification and should partly contribute to RW of TCs in the eastern semicircle of a MG. The negative SST anomalies could be partly due to the increased cloud cover caused by enhanced convection (Figure 9) and partly due to the enhanced evaporation caused by enhanced surface southwesterly monsoon flow (Figure not shown) in the southeastern quadrant of the MG. Consistent with the enhanced convective activities, the 500-hPa relative humidity is relatively high in the southeastern quadrant of the MG (Figures 11B–D), consistent with previous studies (Liang et al., 2014). However, the region with strong convective activities is farther upstream of the regions with RW of TCs in the MG, suggesting that strong convection and high relative humidity in the southeastern quadrant of the MG might contribute marginally to RW of TCs in a MG.
[image: Figure 11]FIGURE 11 | (A) Composite SST anomalies (°C, shadings) relative to the daily climatology centered on the MG (B–D) Composite mid-level relative humidity anomalies (%, shadings) relative to the daily climatology centered on the MG (B) Relative humidity anomalies without spatial filtering (C) relative humidity anomalies with wavenumbers 0–7; and (D) relative humidity with wavenumbers 4–7. The origin (0,0) is the position of the MG center, and the large black dots is the MG and the small dots are the locations of the RW events. The black dots represent the area that exceeds the statistical Student’s t test at the 0.05 significance level.
CONCLUSION AND DISCUSSION
This study has revisited the effect of MGs on RW of TCs during May–October over the WNP based on best-track TC data and global reanalysis during 2000–2018. Consistent with previous studies, MGs obtained with spatial filtering using the spherical harmonic expansion in this study have a baroclinic vertical structure with a cyclonic gyre circulation in the middle-lower troposphere and an anticyclonic circulation in the upper troposphere. Results from statistical analyses indicate that TCs are more likely to weaken rapidly during the MG period than during the non-MG period with most of the RW events occurring in the eastern semicircle of MGs and with the extreme RW events often occurring in the southeastern quadrant of a MG.
Compared with the non-MG period, both the deep and shallow VWSs are larger and SST is lower, and thus more favorable for TC RW during the MG period over the WNP. Results from the composite of environmental fields centered on the MG centers indicate that the deep and shallow VWSs are considerably larger and the SST is lower in the eastern semicircle of a MG. The larger VWS and lower SST are conducive to RW of TCs in the eastern semicircle of the MG and to the extreme RW of TCs in the southeastern quadrant of a MG. The relative humidity in the middle troposphere is relatively higher in the southeastern quadrant of a MG, which is accompanied with active convection, and might be secondary to RW of TCs in MGs.
The above results are different from those in Liang et al. (2018a), who found that the RW events associated with MGs usually occurred near the center of MGs during the sudden northward turn of the TC motion. They also suggested that MGs caused RW events by modulating the asymmetric structure of TCs. They suggested that the large-scale environmental factors, including SST, VWS, and mid-level environmental humidity, are not the primary factors for RW of TCs based on statistically analysis of TCs during 2000–2014, though they also noticed that there are increases in both deep and shallow VWS prior to and during the rapid weakening in MG. In this study, we showed the distribution of RW events and environmental factors relative to the MG center, and examined the effect of MG on TCs from the perspective of different quadrants of MG. The results showed that larger VWS and lower SST cover over most of the region with the occurrence of RW events. So, we suggested that lower SST and larger large-scale VWS in the eastern semicircle of a MG are two major environmental factors contributing to the RW of TCs in MG. However, it can’t exclude the probability that there are other important factors that are responsible for RWs in MG. It needs to be studied case by case.
The different results regarding the possible contributions of environmental factors to RW of TCs could result primarily from the different methods used to obtain the MG circulations in the two studies, which causes different distribution of RW events in MG. In this study, we employed the spatial filtering method with spherical harmonic expansion to obtain MGs, while Liang et al. (2018a) used the low-pass Lanczos filter with a 10-days cutoff to the wind fields in which the TC circulation is removed to obtain the MG circulation. Due to the limitation of time filtering applied to each season, the identified MGs may include the footprints of TCs and thus the RW events of TCs could be more likely to occur near the center of MGs in their study. It should be noted that the spatial filtering method may limit the scale of TCs.
The findings regarding the role of environmental factors in causing RW events of TCs associated with MGs are consistent with many previous studies. Large ambient VWS is negative to TC intensity due to various ventilation effects (Gray, 1968; Jones, 1995; Frank and Ritchie, 2001; Wang and Wu, 2004; Wu and Braun, 2004; Cram et al., 2007; Riemer et al., 2010; Tang and Emanuel, 2010; Wang et al., 2015; Fei et al., 2020). The intrusion of mid-level dry air into the inner core of a TC can lead to TC weakening as well, especially when the environmental VWS is large (Davis and Ahijevych, 2012; Fowler and Galarneau, 2017). Ma et al. (2019) and Fei et al. (2020) found that a sharp SST gradient (decreasing SST), background SST, and VWS play crucial roles in TC RW, while the ambient relative humidity plays a minor role in RW events of TCs over the WNP, except for dry air to the northwestern quadrant of a TC in large VWS environment. Note that although we have revealed the importance of environmental factors that could be responsible for RW of TCs embedded in MGs, the internal dynamics of TCs in response to convective activity outside the eyewall of a TC may also contribute to the weakening of a TC in MGs (Liang et al., 2018a; Liang et al., 2018b). However, the relative importance of different dynamical/physical processes to RW of TCs in MGs is yet to be investigated in future studies.
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