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In this study, we investigate the structural characteristics of the upper-level outflow and its impact on the rapid intensification (RI) of Typhoon Roke (2011), which experienced an evident outflow transformation from equatorward to poleward during its RI period. The simulations by the Weather Research and Forecasting Model suggest that the upper-level outflow extends from 100 hPa to 150 hPa, with an upper-level warm core at around 150 hPa. The upper-level outflow is enhanced ahead of the typhoon intensification, which is closely related to the outflow-environment interaction. Further analyses indicate that at the early stage of Roke (2011) before the RI, the strong equatorward outflow and the updraft south of the typhoon center are enhanced, favoring the onset of RI. During the RI period, the strong divergent flow near the entrance of the southwesterly jet in front of the upper-level trough, induces the poleward outflow. The eddy flux convergence of angular momentum inward propagated to the typhoon center from a 1000-km radius further enhances the poleward outflow and leads to the development of the vertical motion north of the typhoon center. Then Roke (2011) intensifies rapidly. Simultaneously, the shallow weak positive potential vorticity (PV) anomaly south of the southwesterly jet increases the inner-core PV, favoring the sustained intensification of Roke (2011). After Roke (2011) reaches its peak intensity, its intensity decreases due to the increase of vertical wind shear and the approaching of the southwesterly jet. It is indicated that the interaction between the upper-level outflow and the upper-tropospheric trough has significant influence on the RI of TC.
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1 INTRODUCTION
The characteristics and mechanisms of the intensity variation of tropical cyclones (TCs), especially the rapid intensification (RI), are one of the active areas in TC research (Wang and Zhou, 2008; Zhao et al., 2022a; Cai et al., 2022). Among the several factors affecting TC intensity variation, the upper-level outflow and its interaction with the upper-tropospheric environmental field have attracted more and more attention in recent years (Dai et al., 2017; Ryglicki et al., 2019; Li et al., 2020). The outflow can easily interact with the upper-tropospheric environmental flow due to the weak inertial stability (Holland and Merrill, 1984; Rappin et al., 2011) and the horizontal scale of the outflow can reach thousands of kilometers radially (Ditchek et al., 2017). Simultaneously, the outflow can affect TC intensity through dynamical and thermal processes. Therefore, the study on the characteristics of TC outflow and its influence on the intensity variation can help further understand the mechanisms of TC intensity variation, thus being of great significance to improving TC intensity prediction.
Most TC outflow layers are within 300 hPa to 100 hPa and show anticyclonic and divergent flow on the synoptic scale (Shi et al., 1990). Compared with the middle and lower layers, outflow layers are more asymmetric (Black and Anthes, 1971). Chen and Gray (1985) proposed three outflow patterns for intensifying TCs, namely single channel, double channel and no channel, and the change of outflow patterns is closely related to the upper-tropospheric environmental flow (Merrill, 1988a, b). Recently, with the improvement of detection methods (Komaromi and Doyle, 2017; Ohigashi et al., 2020; Ohigashi et al., 2021) and numerical simulation techniques (Dai et al., 2017; Montgomery et al., 2019), many advances have been achieved in the studies on the characteristics of TC outflow layers and their relationships with TC intensity variation. Using the dropsonde data from the NASA Hurricane and Severe Storm Sentinel (HS3) field campaign, Komaromi and Doyle (2017) found that the outflow extended from 300 hPa to 150 hPa and from 50-km to 200-km radius, with a region of low inertial stability and a shallow inflow layer above the maximum outflow layer. Both model simulations (Cohen et al., 2017) and observations (Cohen et al., 2019) suggested that the outflow layer may exhibit a low-pressure center surrounded by high pressure due to the strong outward-pointing centrifugal and pressure gradient forces that cannot be counterbalanced by the inward-pointing Coriolis force. Furthermore, Cohen and Paldor (2020) analyzed the Lagrangian trajectories of air parcels in the outflow layer and described the dynamics using an integrable, two degrees-of-freedom and angular momentum conserving Hamiltonian system with a single non-dimensional parameter. Several studies focused on the characteristics of low Richardson number in the outflow layer (Emanuel and Rotunno, 2011; Emanuel, 2012; Duran and Molinari, 2016). These studies hypothesized that the critical Richardson number stratifies the potential temperature profile, which leads to the change of outflow temperature with angular momentum to cause the change of TC intensity. However, Montgomery et al. (2019) evaluated the theory of TC intensification proposed by Emanuel (2012) using idealized, three-dimensional, convection-permitting numerical experiments, and the results showed that eddy processes in the outflow layer are more related to TC structure than the critical Richardson number. This finding is consistent with the results in Ditchek et al. (2017) which highlighted the larger dynamic effect of TC outflow layer on TC intensity than the thermodynamic effect.
Generally, TC outflow can influence the TC structure and intensity by interacting with the environmental field (Rappin et al., 2011; Li et al., 2017). Dai et al. (2017) pointed out that the interaction between TC outflow and mid-latitude jets can lead to the formation of the TC secondary eyewall. Moreover, the idealized numerical simulations in Dai et al. (2019) revealed that asymmetric rainbands are an essential source of outflow. However, the scholars are not unanimous on whether the outflow-environment interaction favors TC intensification. Some argued that the strong divergence in front of an upper-level trough, small-scale positive potential vorticity (PV) anomaly and eddy flux convergence (EFC) of angular momentum transported to TC inner-core could enhance TC outflow and develop the secondary circulation, thus intensifying TCs (Molinari and Vollaro, 1989; Hanley et al., 2001; Leroux et al., 2013). Additionally, Ryglicki et al. (2019) found that outflow can divert the environmental flow around TCs, reducing the vertical wind shear (VWS). Therefore, some TCs can still rapidly intensify with moderate VWS (Huang et al., 2022). However, Fischer et al. (2019) investigated the TC-trough interactions for both rapidly and non-rapidly intensifying TCs, and the results revealed that there is little relationship between the RI and EFC. Furthermore, upper-tropospheric systems such as upper-level cold low (UTCL) and mid-latitude jets approaching TCs often result in strong VWS, which can lead to mid-level ventilation, negatively affecting TC intensification (Merrill 1988b; Yan et al., 2021).
However, the mechanism of outflow affecting TC intensity variation is not yet clear. To explore the relationship between the outflow and intensity variation of TCs, we investigate the characteristics of outflow layers during the RI in this study and discuss their possible effects on TC intensity using numerical simulations. The outflow channel of Typhoon Roke (2011) had an evident change during the RI of the TC, which may be related to the outflow-environment interaction. Thus, we select Typhoon Roke (2011) as the study case in this research.
The remainder of this paper is organized as follows. Section 2 presents an overview of Typhoon Roke (2011). Section 3 shows model description and verification. Section 4 describes the characteristics of the upper-level outflow during the RI of Typhoon Roke (2011). Section 5 discusses the possible impacts of the upper-level outflow on the RI of Typhoon Roke (2011). The main conclusions and discussion are presented in section 6.
2 OVERVIEW OF TYPHOON ROKE (2011)
Roke (2011) was a super typhoon with a RI period and a noticeable change in the upper-level outflow channel. According to the best-track dataset from the Joint Typhoon Warning Center (JTWC), Typhoon Roke (2011) started to intensify rapidly at 1800 UTC 18 September and reached its peak at 0000 UTC 20 September, with the maximum wind speed of 59 m s−1 and the minimum central pressure of 937 hPa. Then, the RI ended at 0600 UTC 20 September. Based on Wang and Zhou (2008), the criteria for the RI are as follows: the maximum wind speed increases by at least five knots in the first 6 h, 10 knots in the first 12 h and 30 knots in 24 h. The RI period starts when the three criteria are first met simultaneously and ends 24 h later when they are no longer met together (Jiang and Ramirez, 2013).
Mid-to upper-level satellite-derived wind and the water vapor images collected from the Cooperative Institute for Meteorological Satellite Studies (CIMSS) Tropical Cyclones Group at the University of Wisconsin-Madison are used to reveal the evolution of the outflow channel of Typhoon Roke (2011) (Figure 1). 6 h before the onset of RI, there was no apparent outflow channel near the storm center, the cloud system was loose, and a long and narrow jet stream appeared around 10 latitudes north of Roke (2011) (Figure 1A). In the early stage of the RI, the outflow was mainly distributed to the east and south of the upper-level circulation of Roke (2011) (Figure 1B). With the approach of the mid-latitude southwesterly jet, the poleward outflow strengthened, and the equatorward outflow weakened gradually (Figure 1C). Meanwhile, the cloud system of Roke (2011) gradually became dense, and when Roke (2011) reached its peak intensity at 0000 UTC 20 September, the poleward outflow represented by the blue wind barbs was considerably stronger than that in the earlier stage with a mature eyewall in the satellite images (Figure 1D). Therefore, it is evident that the upper-level outflow pattern had a complex transformation with the strengthening of Roke (2011). Furthermore, the RI of Roke (2011) occurred at 26°N–28°N where the sea surface temperature (SST) was relatively low at about 26.5°C–27.5°C. Such an ocean surface cannot provide favorable thermal conditions for the development of Roke (2011). Thus, the leading factor of the intensification of Roke (2011) is the dynamic process of upper-level outflow.
[image: Figure 1]FIGURE 1 | Mid-to upper-level satellite-derived wind (green: 351–500 hPa; yellow: 251–350 hPa; blue: 100–250 hPa) superimposed on the water vapor images for Typhoon Roke (2011) at (A) 1200 UTC 18 September, (B) 0000 UTC 19 September, (C) 1200 UTC 19 September and (D) 0000 UTC 20 September 2011.
3 MODEL DESCRIPTION AND VERIFICATION
3.1 Model description
Considering the limited observation areas of TC outflow and the underestimation of TC intensity in atmospheric reanalysis data (Schenkel and Hart, 2012; Li et al., 2020), the Advanced Research version of the Weather Research and Forecasting Model (WRF-ARW) version 3.4.1 (Skamarock et al., 2008) is used in this study. In this model, we set up four two-way interactive nested domains at horizontal resolutions (grid points) of 54 km (172 × 130), 18 km (307 × 277), 6 km (370 × 370) and 2 km (553 × 553), as shown in Figure 2. The simulations start at 0000 UTC 18 September 2011 and end at 0000 UTC 21 September 2011 in all four domains, with an integration period of 72 h, covering the RI process of Typhoon Roke (2011). The outer domains A and B are stationary, while the inner domains C and D move with the center of Roke (2011) at a 15-min interval, where C1 (D1) and C2 (D2) denote the initial and final positions of the domain C (D), respectively (Figure 2). The outermost domain A is sufficiently large to cover the region of the outflow-environment interaction. In the innermost domain D, the TC inner-core characteristics can be captured at a high resolution. The model initial and lateral boundary conditions in domain A are derived from the interpolation of the National Centers for Environmental Prediction Final Operational Global Analysis (FNL) data, which has spatio-temporal resolutions of 1° × 1° and 6 h. The NCEP FNL analysis is based on the Global Data Assimilation System (GDAS), which continuously collects observational data from the Global Telecommunications System (GTS) and other sources for many analyses. Although the atmospheric motion vectors (AMVs) were not ingested in the NCEP FNL analysis, it is still a good choice to use this data as the initial and boundary conditions in WRF simulations because more other observational data were assimilated into the NCEP FNL analysis. The sea surface temperature data is interpolated from the National Oceanic and Atmospheric Administration’s Advanced Very High Resolution Radiometer data with a resolution of 0.25°. The 55 σ-vertical levels are applied in all domains, and the model top is set to 30 hPa (Chen et al., 2011). The vertical resolution is relatively high, especially in both the lower and upper tropospheres. For example, there are nine levels from 300 to 100 hPa, all at intervals below 1 km. The time interval of the model outputs is 1 hour.
[image: Figure 2]FIGURE 2 | Model domain configuration. Domains A, B, C and D have horizontal resolutions of 54, 18, 6 and 2 km, respectively. Domain C and D are designed to follow the movement of the storm, with C1 (D1) and C2 (D2) denoting the initial and final position of the domain, respectively.
The physical parameterization schemes used in the model include the Betts-Miller-Janjic cumulus parameterization scheme (Betts, 1986), Yonsei University planetary boundary layer scheme (Hong et al., 2006), unified Noah land surface model scheme (Tewari et al., 2004), Rapid Radiative Transfer Model long-wave radiation scheme (Mlawer et al., 1997), Dudhia shortwave radiation scheme (Dudhia, 1989), and Thompson cloud microphysics scheme including six classes of hydrometeors (Thompson et al., 2004). Note that the Betts-Miller-Janjic cumulus parameterization scheme is only applicable to the domains A and B because it is no need to account for sub-grid-scale convection effects in the domains C and D (Molinari and Dudeck, 1992).
3.2 Model verification
To evaluate the reasonableness of the simulation results, we compare the 72-h simulated track and intensity of Typhoon Roke (2011) with the observations from the JTWC dataset. The results show that the simulated track of Typhoon Roke (2011) is basically consistent with the observations, showing a recurving track from northwestward to northeastward (Figure 3A).
[image: Figure 3]FIGURE 3 | (A) Comparison of the track between the observations (black line with typhoon symbols) and simulations (blue line with typhoon symbols) superimposed on the sea surface temperature field (shaded areas, °C) at 0000 UTC 18 September 2011, and (B) time series of the maximum surface wind speed (red lines, m s−1) and minimum central pressure (black lines, hPa) of the observations (OBS, dotted lines) and simulations (WRF, solid lines).
 The mean errors of the track in the whole simulation and RI periods are 44.9 km and 54.2 km, respectively. The mean errors of the maximum surface wind speed (VMAX) and the minimum central pressure (PMIN) during the RI period are 3.1 m s−1 and 8.5 hPa, respectively (Figure 3B). Therefore, the WRF can simulate well the intensity and RI rate of Typhoon Roke (2011) despite the certain differences in the TC intensity. Specifically, before the onset of RI at 1800 UTC 18 September (0–18 h of integration), the simulated VMAX is obviously stronger than the observations, while the PMIN is closer to the observations. During the RI period from 1800 UTC 18 September to 0000 UTC 20 September (18–48 h of integration), the simulated TC intensity and RI rate are almost the same as the observations. After Roke (2011) reaches its peak intensity at 0000 UTC 20 September, the simulated intensity decreases, which is different from the observed intensity that remained constant and slowly intensified after the end of the RI. Overall, the WRF well simulates the track and intensity variation of Typhoon Roke (2011) during its RI period.
Moreover, the WRF successfully reproduces the upper-tropospheric large-scale environmental field and the upper-level outflow evolution during the intensification of Typhoon Roke (2011) (Figure 4). Specifically, the area of lower outgoing longwave radiation (OLR) which represents the strong convection is mainly distributed south of TC center before the RI (Figure 4A), consistent with the cloud system in Figure 1A. In the early stage of the RI, the low-value OLR area is distributed to the east and south of TC center (Figure 4B), which is similar to that in Figure 1B. In Figures 4C,D, the low-value OLR area north of TC center is greatly expanded, representing the strengthened poleward outflow. Overall, the OLR simulated by the WRF captures the cloud structure well compared with the observations (Figure 1). Simultaneously, the simulated flow and geopotential height fields at 200 hPa exhibit a circulation pattern similar to that in Figure 1. Crucially, the evolution characteristics of the TC outflow are well simulated at higher resolution, providing better conditions for the analyses in the following sections.
[image: Figure 4]FIGURE 4 | The flow (vectors, m s−1), geopotential height (contours, gpm) at 200 hPa and outgoing long-wave radiation (shaded areas, W m−2) for (A) 12-h integration (1200 UTC 18 September), (B) 24-h integration (0000 UTC 19 September), (C) 36-h integration (1200 UTC 19 September) and (D) 48-h integration (0000 UTC 20 September).
4 CHARACTERISTICS OF THE UPPER-LEVEL OUTFLOW DURING THE RAPID INTENSIFICATION OF TYPHOON ROKE (2011)
4.1 Vertical structure of Typhoon Roke (2011)
As shown in Figure 5, the evolution characteristics of the radial and vertical structure during the RI are presented. The warm cores are characterized by the anomalous potential temperature relative to the average temperature in domain D. Six hours before the RI (1200 UTC 18 September), the radius of the maximum tangential wind is around 100 km in the boundary layer, and the outflow appears within 100–200 hPa and at a 200-km radius. Note that the vertical velocity is small, and positive warm anomalies appear between 200 hPa and 400 hPa (Figure 5A). By comparison, the maximum tangential wind is concentrated to inner radius of 75 km, and the outflow markedly intensifies at 125 hPa and 100-km to 250-km radius 6 h after the onset of the RI (0000 UTC 19 September). Simultaneously, the upward motion near the storm center strengthens, and the positive warm anomaly of 4 K extends from 700 hPa to 150 hPa (Figure 5B). With the sustained intensification of Roke (2011), the lower-level tangential wind reaches its maximum within a 50-km radius, and the strong outflow peaks at 125 hPa, which can greatly enhance the secondary circulation (Figures 5C,D). Two warm cores arise at 1200 UTC 19 September at around 200 hPa and 500 hPa (Figure 5C), and the upper one peaks at 150 hPa when Roke (2011) reaches its peak intensity at 0000 UTC 20 September (Figure 5D). Overall, it is clear that the outflow is strengthened and thickened during the RI period of Roke (2011).
[image: Figure 5]FIGURE 5 | Radius-pressure plots of the azimuthally averaged potential temperature anomaly (shaded areas, K), tangential wind (contours, m s−1) and radial-vertical wind velocity (vectors, m s−1; vertical velocity multiplied by 10) for (A) 12-h integration (1200 UTC 18 September), (B) 24-h integration (0000 UTC 19 September), (C) 36-h integration (1200 UTC 19 September) and (D) 48-h integration (0000 UTC 20 September).
4.2 Horizontal structure of Typhoon Roke (2011)
Figure 6 presents the time-radius variation of tangential and radial wind with the sea level pressure. The results suggest that the maximum tangential wind at 925 hPa gradually strengthens and approaches the storm center, and then it reaches the peak from 1400 UTC 19 September (38-h integration) to 0400 UTC 20 September (52-h integration). The tangential wind strengthens with the sea level pressure, indicating that the cyclonic rotation increases with decreasing near-surface pressure (Figure 6A). Compared with the tangential wind in the boundary layer, the radial wind representing the wind field of outflow has a larger scale, with four maxima during the simulation (Figure 6B). Before the RI, the first maximum of radial wind speed appears within the radius of 250–300 km, consistent with the finding in Figure 5A. During the RI, the radial wind strengthens gradually and reaches its peak value of more than 16 m s−1 at 1200 UTC 19 September (36-h integration) within the radius of 100–150 km. Subsequently, the third maximum of radial speed appears. After the end of the RI, the radial wind strengthens slightly and reaches its fourth maximum. It can be concluded that the variation tendency of radial wind is relatively complex, indicating that the outflow is enhanced before the intensification of the storm, which can provide more favorable conditions for the RI of Roke (2011).
[image: Figure 6]FIGURE 6 | Time-radius plots of the azimuthally averaged (A) tangential wind (shaded areas, m s−1) at 925 hPa and (B) radial wind at 125 hPa (shaded areas, m s−1) and the sea level pressure (contours, hPa). The area between the two solid lines denotes the results in the observed RI period, while the dash lines represent the time when Typhoon Roke (2011) reaches its peak intensity in both simulations and observations.
The TC circulation generally shows an asymmetric structure. Figure 7 presents the variation of the upper- and lower-level horizontal structure of Typhoon Roke (2011). Consistent with the results in Cohen et al. (2017, 2019), the 200-hPa wind field is visualized as a small-scale cyclonic flow within a 300-km radius surrounded by a larger-scale anticyclonic flow within an about 1000-km radius (Figures 7A–D). At 1200 UTC 18 September (12-h integration), an upper-level trough with shallow divergent flow appears in the northwest quadrant of the TC center (Figure 7A), where the convective activities are vigorous (Figure 7E). Moreover, the radar reflectivity shows that the asymmetric convection occurs in the east and south of the TC center (Figure 7E), indicating that the primary circulation of Roke (2011) is relatively far away from the upper-level trough. After that, the trough deepens obviously, and the convection is enhanced at 500 km north of the TC center, with the poleward outflow strengthening noticeably (Figure 7B). Simultaneously, the anticyclonic circulation becomes stronger, enhancing the strong convection corresponding to the upper-level outflow at 300 km north of the TC center (Figure 7F). At the following 1200 UTC 19 September and 0000 UTC 20 September, the jet stream and strong divergence in front of the trough approach the TC center gradually (Figures 7C,D), enabling the coupling of the divergent flow at the entrance of the southwesterly jet with the updraft of the TC circulation. Consequently, the poleward outflow is remarkably enhanced with extremely strong convective activities (Figures 7G,H). These analyses indicate that the outflow evolution of Typhoon Roke (2011) is closely related to the upper-tropospheric trough and the southwesterly jet. The dynamic mechanism of the outflow-environment interaction on the intensity variation is further analyzed in the next section.
[image: Figure 7]FIGURE 7 | (A,B,C,D) The simulated 200-hPa wind field (vectors, m s−1) and divergence (shaded areas, 10–5 s−1) and (E,F,G,H) the radar reflectivity (dBZ) at 1-km height (around 850 hPa) at (A,E) 1200 UTC 18 September (12-h integration) (B,F) 0000 UTC 19 September (24-h integration) (C,G) 1200 UTC 19 September (36-h integration) and (D,H) 0000 UTC 20 September (48-h integration).
5 IMPACTS OF THE UPPER-LEVEL OUTFLOW ON THE RAPID INTENSIFICATION OF TYPHOON ROKE (2011)
5.1 Upper-tropospheric southwesterly jet and divergence
Typhoon Roke (2011) is a typical case with the outflow-environment interaction during its RI period. Accompanied by the enhancement of the convection and upper-level radial outflow north of the TC center (Figure 7), the sea level pressure decreases, and the surface wind speed increases rapidly (Figure 3). The divergent flow near the entrance of the southwesterly jet is remarkably strong, and the outward mass source needs to be compensated by the upward flow. Therefore, when the outflow and the upward motion are enhanced, the sea level pressure decreases and the TC intensifies. Figure 8 shows that the time-pressure variation of vertical velocity in the south and north of Typhoon Roke (2011) has evident differences because of the upper-level asymmetric structure and the outflow channel transforming from equatorward to poleward. From 1200 UTC 18 September to 0000 UTC 19 September, the relatively strong convection is enhanced within a radius of 400–500 km in the south of the TC center (Figures 7E,F), with strong upward motion in the entire troposphere from 850 hPa to 100 hPa, and then the vertical motion in the south decreases immediately (Figure 8A). Meanwhile, the vertical motion starts to strengthen in TC inner-core region within the radius of 60–80 km (Figure 8C), which indicates the intensification of the TC. The vertical motion in the annulus with a radius of 400–500 km in the north of the TC center gradually strengthens from the upper to lower levels, starting at around 1200 UTC 19 September and peaking at 0000 UTC 20 September (Figure 8B). Therefore, it can be concluded that the strong equatorward outflow enhances the updraft in the south of the TC center, providing favorable conditions for the onset of RI. Moreover, the strong divergence near the entrance of the approaching upper-tropospheric southwesterly jet can strengthen the poleward outflow and drive the strong upward motion in the north of the TC center, favoring the sustained intensification during the RI.
[image: Figure 8]FIGURE 8 | Time-pressure plots of the vertical velocity (m s−1) averaged in the annulus with a radius of 400–500 km (A) south and (B) north of the TC center, and (C) the time-radius plot of the azimuthally averaged vertical velocity (m s−1) at 500 hPa. The reference lines represent the same meaning as those in Figure 6.
5.2 Eddy flux convergence and vertical wind shear
Several studies have focused on the eddy angular momentum convergence related to the upper-tropospheric synoptic systems, which can enhance the angular momentum output in TC outflow layers and develop the secondary circulation (Molinari and Vollaro, 1989; Hanley et al., 2001). Therefore, the eddy flux convergence (EFC) of angular momentum can be used as an indicator of the interaction between the TC outflow and the environmental field. The EFC is defined based on Molinari and Vollaro (1989), as shown in Eq. 2.
[image: image]
where r represents the radius from the TC center, UL denotes the storm-relative radial wind and VL denotes the storm-relative tangential wind. The overbar represents the azimuthal mean, and the prime denotes the deviation from the azimuthal mean.
As presented in Figure 9A, the temporal evolution of the azimuthally averaged EFC at 200 hPa with the radius from the TC center suggests that the EFC of greater than 10 m s−1 day−1 (the threshold value of the TC-environment interaction) propagates inward from the area with the 1000-km TC-centered radius, which starts at 0000 UTC19 September (24-h integration), indicating the starting time and location of the TC-environment interaction. Accompanied by the inward propagation of the EFC, the outflow strengthens (Figure 6B) and the upward motion is enhanced (Figure 8C). Moreover, during the RI period of Typhoon Roke (2011), the vertical wind shear (VWS) is relatively weak in different levels, especially in upper levels between 200 hPa and 500 hPa (Figure 9B). Specifically, the 200–850 hPa and 500–850 hPa VWS is less than 8 m s−1, and the 200–500 hPa VWS (mid-to upper levels) is smaller than 4 m s−1 during the RI period. According to the result in Ryglicki et al. (2019), the strong divergent outflow can limit the VWS and favor the formation and maintenance of the two warm cores (Figure 5). However, the EFC continuously increases and propagates outward after 1200 UTC on September 19 (36-h integration), indicating the end of the RI. The remarkably enhanced VWS cannot insulate the ventilation influencing the warm cores, inhibiting the strengthening of Roke (2011) after 0600 UTC 20 September (54-h integration).
[image: Figure 9]FIGURE 9 | (A) The time-radius plot of the azimuthally averaged eddy flux convergence of angular momentum (m s−1 day−1) at 200 hPa, and (B) time series of the vertical wind shear (m s−1) in the 10° × 10° typhoon-centered region from 200 hPa to 850 hPa (black), 200 hPa to 500 hPa (red) and 500 hPa to 850 hPa (blue). The reference lines represent the same meaning as those in Figure 6.
5.3 Potential vorticity
The PV is a comprehensive physical quantity which contains the information of both thermodynamic and dynamic states of the atmosphere. Unlike absolute vorticity, the PV is conserved in adiabatic frictionless flow. Thus, the evolution of the atmospheric perturbations can be traced by the PV anomaly (Hoskins et al., 1985). Numerous studies have used the Ertel PV to investigate the interaction between the TCs and upper-tropospheric circulation systems (Molinari and Vollaro, 1989; Molinari and Vollaro, 1989; Leroux et al., 2013; Perez-Reyes, 2016). The Ertel PV is defined as follows (Eq. 1)
[image: image]
where and represent the absolute vorticity and the static stability on the isentropic surface, respectively. The unit of the Ertel PV is PVU (1 PVU = 10–6 m2 K s−1 kg−1).
Figure 10 presents the 3-h distribution and variation of the simulated PV anomaly in domain B at the 350-K isentropic surface (between 175 hPa and 225 hPa). The results indicate that the positive PV anomaly is mainly distributed around the TC center and the upper-tropospheric southwesterly jet area, where the perturbations are relatively strong. From 0000 UTC 19 September (24-h integration) to 1800 UTC 19 September (42-h integration), the shallow weak positive PV anomaly separated from south of the southwesterly jet gradually approaches the TC center, and the large-scale positive PV anomaly north of the TC center rises simultaneously. In the inner-core region, the PV increases from upper levels between 345-K and 355-K isentropic surfaces, transfers downward to lower levels and peaks at 0000 UTC 20 September (48-h integration), as shown in Figure 11. This result is consistent with the development of TC intensity. Therefore, the approaching southwesterly jet favors the enhancement and downward transmission of the upper-level positive PV, and it can increase the distance of isentropic surfaces in lower levels and decrease the atmospheric static stability (Hoskins et al., 1985). Due to the conservation property of PV on isentropic surfaces, the cyclonic vorticity in lower levels increases and the TC intensifies (Leroux et al., 2013).
[image: Figure 10]FIGURE 10 | The 3-h potential vorticity anomaly (PVU) at the 350-K isentropic surface from 0000 UTC 19 September (24-h integration) to 0000 UTC 20 September (48-h integration). The contour represents the potential vorticity anomaly of 0.3 PVU.
[image: Figure 11]FIGURE 11 | The time-theta plot of the potential vorticity (PVU) with isentropic surfaces in the 100 km × 100 km typhoon-centered region. The reference lines represent the same meaning as those in Figure 6.
6 CONCLUSION AND DISCUSSION
Recently, the upper-level outflow has been recognized as an essential factor influencing TC intensification (Dai et al., 2017; Ryglicki et al., 2019; Li et al., 2020), but it remains a challenge to interpret the mechanism of its influence on TC intensity. In this study, Typhoon Roke (2011), with a clear outflow channel transformation from equatorward to poleward, is chosen to investigate this question. The results suggest that the track and intensity of Typhoon Roke (2011) during the RI period can be well reproduced by the WRF-ARW version 3.4.1. The high-resolution simulations for Typhoon Roke (2011) show the structure characteristics of the upper-level outflow and its impact on the RI of Roke (2011).
The upper-level characteristics of Typhoon Roke (2011) during the RI are as follows. The upper-level outflow expands from 100 hPa to 150 hPa, and constitutes the secondary circulation of the TC with an ascending branch of the vertical motion. Two warm cores are formed with the intensification of Typhoon Roke (2011), and the upper one appears at around 150 hPa. The upper-level outflow is enhanced ahead of the TC intensification, which is closely related to the upper-tropospheric trough and the southwesterly jet.
Further analyses indicate the possible impact of the outflow on the RI of Typhoon Roke (2011). Before the RI, the strong equatorward outflow and the upward motion are enhanced south of the TC center, favoring the onset of RI at the early stage of Roke (2011). During the RI period, there is strong divergent flow near the entrance of the southwesterly jet, and the EFC propagates inward from the area with the 1000-km typhoon-centered radius, enhancing the poleward outflow of Roke (2011). Moreover, the strong divergent flow restricts the VWS, protecting the warm cores from the ventilation. In this circulation situation, the updraft in the north of the TC center develops and Roke (2011) intensifies rapidly. Simultaneously, the shallow weak positive PV anomaly south of the southwesterly jet approaches the TC center, and the inner-core PV increases, favoring the sustained intensification of Roke (2011).
Unlike the results in previous studies focusing on the TC-environment interaction before the TC intensification (Molinari and Vollaro, 1989; Leroux et al., 2013), Typhoon Roke (2011) underwent the interaction of outflow and the southwesterly jet after the RI starts, which was conducive to the maintenance but not the onset of RI. The equatorward outflow enhanced at the earlier stage is probably due to the Fujiwara effect proposed in Sonca (2011) or the equatorial flow, which is to be demonstrated in future work.
In this research, the diagnostic analysis is carried out based on the simulations from the control experiment, and no sensitivity experiment is designed to confirm the impact of the upper-level outflow on the TC intensity. In the future, the sensitivity experiments will be conducted, such as changing the intensity of the upper-tropospheric synoptic systems and their distance from the TC, to explore and verify the mechanism of the outflow-environment interaction on TC intensity.
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