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Tropical cyclone (TC) rapid intensification (RI) is usually accompanied by a rapid eyewall contraction, followed by a slow contraction, and then a nearly steady eyewall. However, this study shows that Hurricane Helene (2006) exhibited an eyewall expansion during its 30-h rapid intensification period. The possible environmental influence on the eyewall expansion during the RI of Helene is examined. It is found that the synoptic-scale circulations led to additional low-level inflows and upper-level outflows that may play an important role in the eyewall expansion during the RI of Helene. Examination of the divergence of the absolute angular momentum flux (AAMF) associated with the environmental circulation suggests that the synoptic-scale atmospheric circulation played an important role in the eyewall expansion during the RI of Helene. In the lower and middle troposphere, the synoptic-scale cross-equatorial flow, which was enhanced by the Helene-induced wave train, led to the horizontal convergence of absolute angular momentum flux, while the TC-trough interaction and the related outflow in the upper troposphere resulted in the divergence of AAMF. The environment-induced low-level convergence and upper-level divergence of AAMF were superimposed on the secondary circulation of Helene and may be important to the eyewall expansion during the RI by accelerating the tangential wind outside of the eyewall. This study suggests that RI can occur with an eyewall expansion.
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INTRODUCTION
The improvement of tropical cyclone (TC) intensity forecast is lagging far behind the improvement of the TC track forecast (Kaplan and DeMaria 2003; Rogers et al., 2006; Rogers et al., 2013; Huang et al., 2021), especially when TCs undergo rapid intensification (RI), which is defined by Kaplan and DeMaria (2003) as an intensification rate of not less than 15.4 m s−1 (24 h) −1 in the maximum surface wind (VMAX). It has been found that TC intensification is accompanied by the contraction of the eyewall and radius of maximum wind (RMW) (Willoughby et al., 1982; Hack and Schubert 1986; Willoughby 1990; Willoughby and Rahn 2004; Knaff and Zehr 2007; Rogers 2010). Modeling and observational studies further indicate that the TC intensification process is accompanied by a rapid contraction of the RMW, followed by a slow contraction, and then a nearly steady stage (Hill and Lackmann 2009; Vigh 2010; Kieu 2012; Chen and Zhang 2013; Wang and Wang 2014; Qin et al., 2018). Based on the analysis of a 25-years dataset, Qin et al. (2016) indicated that nearly 60% of RI events exhibited a steady RMW phenomenon, that is, the RMW stops contracting but keeps nearly constant. So far, it is not known whether the RI can occur with the expansion of the TC eyewall.
Early theoretical and observational studies proposed that diabatic heating that maximizes within the RMW will lead to the contraction of the eyewall because the maximum tendency of the tangential wind is located inside the RMW (Shapiro and Willoughby 1982; Willoughby et al., 1982; Hack and Schubert 1986). Based on a kinematic model, Kieu (2012) suggested that the inward momentum transport contributes to the RMW contraction by intensifying tangential wind further inward, while the frictional dissipation prevents the RMW from contracting in the boundary layer. Qin et al. (2018)obtained similar conclusions to Kieu (2012), in which the radial momentum advection indeed contributes to the RMW contraction, while the frictional diffusion leads to the cessation of the RMW within the boundary layer. Above the boundary layer, Qin et al. (2018) also emphasized that the vertical momentum advection promotes the RMW contraction by amplifying tangential wind, while the radial momentum advection inhibits the RMW contraction by inhibiting the tangential wind. The RMW contraction rate is also sensitive to the tangential wind profile. Stern et al. (2015) proposed that an increase in the sharpness of the tangential wind profile prevents the RMW from contracting, while the negative gradient of tangential wind tendency with the maximum inside of the RMW is favorable for RMW contraction. In consideration of the tangential wind tendency, Li et al. (2019) proposed that the radial gradient of the tangential wind tendency and the radial curvature of the tangential wind are influenced by the tangential wind budget terms. Therefore, factors that can change the tangential wind tendency will affect the RMW changes. Since an enlarging RMW generally occurs during the weakening stage of TCs, the expansion of the eyewall and RMW during the RI stage has not been discussed in previous studies.
Environmental factors favorable for RI have been revealed, including weaker vertical wind shear (VWS), warmer sea surface temperature (SST), higher oceanic heat content, higher relative humidity in the low-to mid-troposphere, and the external forcing from upper-level systems (Gray 1968; Holliday and Thompson 1979; Chen and Gray 1985; Kaplan and DeMaria 2003; Kaplan et al., 2010; Shieh et al., 2013; Chen et al., 2015). The environmental factors also do impact on TC size changes. Hill and Lackmann (2009) found that high relative humidity around the environment favors the outer rainband formation and the increase of TC size. Xu and Wang (2010) demonstrated that the surface entropy flux outside the eyewall contributes to the enhancement of the outer rainbands and thus affects the TC size. The TC intensity and size changes are associated with the radial transport of the absolute angular momentum (AAM). Montgomery and Smith (2011) emphasized that the tangential wind above the boundary layer intensifies by the inward transport of the material conservation of the AAM. Within the boundary layer, the amplifying tangential wind results from the convergence of the AAM with a minimal loss of frictional momentum diffusion. By examining the changes of the radius of the 34-kt (1 kt = 0.514 m s−1) wind (R17) in TC, Chan and Chan (2013) emphasized that TC size (R17) is positively related to the import of the low-level AAM, i.e., the increasing low-level AAM import increases the TC size. However, the influences of the AAM transport induced separately by the environment and by the TC itself on the intensity and size changes are not discussed.
In this study, we show that Hurricane Helene (2006) experienced an expansion of the eyewall and RMW during its RI stage based on observational analysis. The environmental factors responsible for the eyewall expansion during the RI of Helene are discussed. The data and analysis methods used are described in Data and Methods section. Overview of Hurricane Helene section gives a brief overview of the intensity and size evolution of Hurricane Helene (2006). Environmental Influences on the Eyewall Expansion of Helene section identifies possible environmental influences by diagnosing the divergence of the AAM flux (AAMFD) in terms of the low-frequency and synoptic-scale wind fields, respectively, followed by a summary in Summary Section.
DATA AND METHODS
The environmental wind field, temperature, and relative humidity are based on the National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) data (Saha et al., 2010), which are available at 37 vertical levels from 1,000 hPa up to 1 hPa with the grid spacing of [image: image] latitude [image: image][image: image]longitude at 6-h intervals. The CFSR data are also used for calculating the AAM transports since the CFSR data contain all available conventional and satellite data (Saha et al., 2010; Chan and Chan 2013). Based on the method proposed by Kurihara et al. (1993, 1995), the TC vortex is removed from the CFSR data to exclude the influence of TC circulation since we focus on the environmental factors and the TC circulation is inaccurately represented in the coarse data. The TC circulation within 600-km-radius circular area is removed from the CFSR wind field using the procedure proposed by Kurihara et al. (1993, 1995). Readers are referred to Kurihara et al. (1993, 1995). In addition, our results are independent on the removing circular area of TC with a radius of from 600 to 1,000 km. In addition, a low-pass Lanczos filter with a 10-day period is applied to the wind field to analyze the synoptic-scale and low-frequency systems (Duchon 1979; Wu et al., 2011, Wu et al., 2013a; Liang et al., 2016, 2018).
The 3-h brightness temperature with the horizontal spatial resolution of [image: image] latitude [image: image][image: image]longitude was from the fundamental climate data record (FCDR, Knapp et al., 2011) sponsored by the National Oceanic and Atmospheric Administration (NOAA). The NOAA 42 Airborne Doppler radar observation is used to show the observed near-surface wind structure. The SST data are from the National Oceanic and Atmospheric Administration Advanced Very High Resolution Radiometer (AVHRR) daily data at a spatial grid spacing of [image: image].
The hurricane information, including the central position (latitude and longitude) and intensities including the 1-min sustained maximum winds (VMAX) and the minimum central pressure (PMIN) at 6-h intervals, is from the revised Atlantic hurricane dataset conducted by the National Hurricane Center (NHC). The extended best-track (EBT) dataset (Demuth et al., 2006) at 6-h intervals is used for the size parameters of Hurricane Helene (2006), including the RMW, the R17, the radii of the 50 kt wind (R26), 64 kt wind (R33) and the outer closed isobar (ROCI). The radii parameters in EBT dataset are provided in four quadrants, i.e., the northeast, southeast, northwest, and southwest quadrants. The radii used in this study is calculated by averaging the radii from these four quadrants with the requirement that no undefined values are included.
OVERVIEW OF HURRICANE HELENE
Hurricane Helene (2006) can be traced back to a tropical wave near the coast of Africa in early September. This tropical wave developed into a tropical depression by 1200 UTC 12 September. The tropical depression intensified into Tropical Storm Helene in an easterly shear environment by 0000 UTC 14 September. Around 1200 UTC 16 September, Helene strengthened to a hurricane. During the subsequent few days (from September 16–19), Helene moved northwestward affected by the subtropical high system that was located to the northeast of Helene (Figure 1A). Helene experienced an RI period from 0000 UTC 17 to 0600 UTC 18, September, with its VMAX (PMIN) increasing (deepening) from 36 m s−1 (983 hPa) to the peak intensity of 54 m s−1 (955 hPa) (Figure 1B). During this period, SST was around 27–28°C (Figure 1A), which is favorable for TC intensification (Holliday and Thompson, 1979). The magnitude of VWS, which is calculated using the 1,000-km area-averaged wind between 200 hPa and 850 hPa, was below 7 m s−1 during the RI period of Helene. This weak VWS favors for the RI of Helene since strong VWS tends to weaken the TC intensity through the injection of dry and low entropy air (Frank and Ritchie 2001; Tang and Emanuel 2010). We examined the evolution of environmental potential vorticity around Helene (not shown) and found that strong environmental potential vorticity anomalies approached Helene from the northwest with a radial distance of less than 500 km from 1800 UTC 17 to 0600 UTC 18. The interaction of environmental potential vorticity anomalies with TC circulation may contribute to the intensification of Helene according to the finding by other studies (Molinari et al., 1995; Hanley et al., 2001). After that, Helene weakened and dissipated at 0000 UTC 28 September when it moved over the cold ocean.
[image: Figure 1]FIGURE 1 | (A) Best track (black contour) of Hurricane Helene from 1200 UTC 16 to 1200 UTC Sep 24, 2006 superimposed with the sea surface temperature (shaded, oC) at 0000 UTC 17 and the 500-hPa wind vector (m s−1) at 1200 UTC Sep 17, 2006. Time series of (B) the maximum sustained surface wind (VMAX, black solid contour, m s−1) and the minimum sea-level pressure (PMIN, red contour, hPa) from the National Hurricane Center (NHC) dataset, and (C) the radii of the VMAX (RMW, black dashed lines, km), 34 kt wind (R17, red solid line, km), 50 kt wind (R26, cyan line, km) and 64 kt wind (R33, green line, km) from 1800 UTC 16 to 1,800 UTC Sep 18, 2006. The red solid line in (A) and red dashed lines in (B, C) indicate the RI period.
The size changes of Helene are examined in Figure 1C. Before the RI onset, the intensifying Helene was featured with a contracting RMW. Then, the RMW kept steady from 0000 UTC 17 to 1800 UTC 17 and increased from around 37 km at 1800 UTC 17 to about 46 km at 0000 UTC 18. After that, the RMW of 46 km was maintained till 1800 UTC 18. Meanwhile, the R33, R26, R17, and the ROCI also were enlarged during the RI. These changes in the eyewall and RMW were also reflected in the cloud features (Figure 2). The convection indicated by the satellite brightness temperature exhibited an expanding eye. The NOAA aircraft was flown into Helene during 17–20 September. The near-surface wind observed by the Airborne Doppler radar is shown in Figure 3 at the closest time when the eyewall expansion occurred. Around 1800 UTC 17, the maximum near-surface wind of over 55 m s−1 was located to the northeast-east of TC with a radius of about 43 km, while the maximum wind to the southwest of the TC was located around a radius of 35 km. The averaged radius was about 39 km around 1800 UTC 17, close to the RMW shown in Figure 1C. Unfortunately, no aircraft data were available for the period from 0000 UTC 18 to 1700 UTC 18. We show the wind at another time in Figure 3B for these reasons: 1) the EBT data show that the RMW kept steady from 0000 UTC18 to 1800 UTC 18; 2) the intensity at 1800 UTC 18 was similar to that at 0000 UTC 18; 3) there was aircraft observation around 1800 UTC 18. Figure 3B shows that the maximum wind was located at a radius of about 60 km to the northwest of Helene. The maximum wind to the southeast of Helene is hard to be recognized in Figure 3B. But the radius of the southeastern maximum wind was about 35 km when we check the observed wind structure near 1900 UTC 18. The observed wind structure presented that the eyewall was expanded from about 39 km to about 48 km. Therefore, the intensity and RMW changes are not simply negatively correlated, which is consistent with other studies (Qin et al., 2016; Kieu 2012; Knaff et al., 2015; Xu and Wang 2015, 2018). Although TC intensities are significantly underestimated and the RMW is systematically overestimated in the reanalysis data (Hodges et al., 2018), the eyewall expansion is also present in the CFSR data. The surface wind and the azimuthal-mean RMW obtained from the CFSR data are shown in Figure 4. It is noted that the azimuthal-mean RMW in the CFSR data increased from 150 to 200 km from 1800 UTC 17 to 0000 UTC 18, which confirmed the eyewall expansion shown in Figures 1–3.
[image: Figure 2]FIGURE 2 | Horizontal distribution of the infrared brightness temperature (shaded, K) from NOAA FCDR at (A) 1800 UTC Sep 17, 2006 and (B) 0000 UTC Sep 18, 2006. The black and red circles indicate the RMW and the radius of the 34-kt wind (R17).
[image: Figure 3]FIGURE 3 | Horizontal distribution of the 0.5-km wind (shaded, m s−1) from the NOAA 42 Airborne Doppler radar for (A) 1824–1849 UTC Sep 17, 2006 and (B) 1742–1830 UTC Sep 18, 2006. Black circles indicate the radii from 30 to 70 km referring to the TC center. The figure is adapted from https://www.aoml.noaa.gov/hrd/Storm_pages/helene2006/radar.html.
[image: Figure 4]FIGURE 4 | Horizontal distribution of the surface wind (at the 10-m height, m s−1) and the sea level pressure (white contours, hPa) obtained from CFSR at (A) 1800 UTC Sep 17, 2006 and (B) 0000 UTC Sep 18, 2006. The black and red circles indicate the RMW and the radius of the 34-kt wind (R17) in the best track data, while the black dashed circle is the azimuthal-mean RMW in the CFSR data.
ENVIRONMENTAL INFLUENCES ON THE EYEWALL EXPANSION OF HELENE
Divergence of the Environmental AAMflux
Since the conservation of AAM is generally a constrain for mature TCs, the AAM transport can be used to understand the changes in TC intensity and size (Merrill 1984; Liu and Chan 2002; Montgomery and Smith 2011; Chan and Chan 2013). The AAM in the cylindrical coordinate [image: image] can be written as
[image: image]
where r is the radius to the TC center; f is the Coriolis parameter; [image: image] is the tangential wind. Since the horizontal AAMFD is a major contributor to the intensification of the tangential wind within the boundary layer where the RMW expansion occurred, only the horizontal AAMFD is examined here. The AAMFD in the cylindrical coordinates is given by
[image: image]
where [image: image] indicates the azimuthal angle; [image: image] is the radial wind. The storm movement is removed from the wind field to avoid the advective effects associated with the TC movement. Note that the positive (negative) AAMFD indicates the convergence (divergence) of AAM flux (AAMF) due to the inclusion of a minus sign on the right-hand side of Eq. 2. In order to separate the influences of the low-frequency and synoptic-scale flows on Helene, [image: image] and [image: image] in Eq. 2 are decomposed into low-frequency and synoptic-scale components, and the wind speed with the subscripts L and H stands for the low-frequency and the synoptic-scale components, respectively. Eq. 2 can be rewritten as:
[image: image]
The first term on the right-hand side (RHS) of Eq. 3 is the contribution from the low-frequency component (AAMFDL). The second term is the contribution from the synoptic-scale component (AAMFDH). The third term represents the divergence of the synoptic-scale AAMF by the low-frequency radial wind (AAMFLtH), while the last term is the divergence of the low-frequency AAMF by the synoptic-scale radial wind (AAMFHtL). After taking the azimuthal mean indicated by the overbars, Eq. 3 can be written as
[image: image]
Note that the eddy terms are included in Eq. 4. Figure 5 shows the radius-height structures of azimuthal-averaged AAMFD, AAMFDL, AAMFDH, AAMFDLtH, AAMFDHtL, the sum of the four terms on the RHS of Eq. 4, and the related inflows and outflows at the selected time. We can find that the sum of the four terms on the RHS is close to the total AAMFD (cf. Figures 5A,B). In the lower troposphere, the convergence of AAMF is dominant inside of the radius of 600 km, with the maxima located around the radius of 500 km, which is associated with low-level inflows. The convergence of AAMF also occurred with inflows at the middle levels (between 700 hPa and 300 hPa). In the upper troposphere, the divergence of AAMF occurred with the maximum core appearing near 175 hPa where the strong outflow (>6 m s−1) was located. The convergence of AAMF at low and middle levels tended to intensify the storm especially outside of the eyewall (Shapiro and Willoughby 1982; Montgomery and Smith 2011).
[image: Figure 5]FIGURE 5 | Radius-height cross-sections of the azimuthal-mean horizontal flux divergence of AAM (AAMFD, shaded, 105 m3 s−1 h−1) and radial wind (contours, m s−1, solid and dashed lines are for outflow and inflow, respectively) at 1800 UTC Sep 17, 2006 (A) total AAMFD and radial wind (B) sum of the RHS AAMFD terms of Eq. 4 and total radial wind (C) AAMFD and radial wind associated with the synoptic-scale circulation (D) AAMFD and radial wind associated with the low-frequency circulation (E) the divergence of low-frequency AAM flux by the radial wind associated with the synoptic-scale circulation, and (F) the divergence of synoptic-scale AAM flux by the radial wind associated with the low-frequency circulation.
The low- and middle-level convergence of AAMF and the upper-level divergence of AAMF were mainly caused by the synoptic-scale circulation (Figure 5C) since the AAMFD caused by the low-frequency circulation was substantially small (Figure 5D and Figure 5F), and the divergence of the low-frequency AAMF caused by the synoptic-scale inflows (AAMFHtL, Figure 5E) performed almost oppositely to the structure of the total AAMFD. The AAMF transports were associated with the environmental inflows and outflows, which were superimposed on the secondary circulation of Helene and contributed to the intensification of Helene especially outside of the eyewall (Shapiro and Willoughby 1982). The environmental inflows/outflows were closely related to the synoptic-scale rather than the low-frequency circulation, suggesting that the synoptic-scale circulation played an important role in enlarging the RMW by changing the AAMFD during the RI period of Helene.
The Low-Level Synoptic-Scale Wind Field Associated with the AAMFD
Figure 6 shows the radius-time distribution of the azimuthally averaged AAMFD integrated over low levels. During the RI period of Helene, the low-level convergence of AAMF maintains within the radius of 650 km (Figure 6A), which is mainly caused by the synoptic-scale circulation compared to that from the low-frequency circulation (Figures 6B,C). The maximum positive AAMFD is located at radii of 400–500 km, supporting that the intensification of the tangential wind outside the eyewall is persistent during the RI stage.
[image: Figure 6]FIGURE 6 | Time-radius cross-section of the azimuthal-mean integrated divergence of the AAM flux (AAMFD, shaded, 105 m3 s−1 h−1) over low levels (averaged from 1,000 hPa to 900 hPa) during the RI period of Helene (A) total AAMFD (B) AAMFD associated with the low-frequency circulation, and (C) AAMFD associated with the synoptic-scale circulation.
In order to investigate how the environmental circulation affected the convergence of AAMF in the lower troposphere, we examine the horizontal distribution of the 900-hPa total, synoptic-scale and low-frequency wind fields, as well as the related AAMFD in Figure 7. In the lower troposphere, Hurricane Helene was located to the south of the subtropical high, which was split into two parts with one over the eastern North Atlantic and the other near the Caribbean Sea (Figure 7A). While the eastern part of the subtropical high can be seen in the synoptic-scale wind field (Figure 7C), Figure 7B indicates that the two parts of the subtropical high are clear in the low-frequency wind field. The splitting of the subtropical high was coincident with the northward movement of Hurricane Gordon (marked by “C” in Figure 7C), which formed 2 days earlier than Helene. It is suggested that the northward movement of Helene was mainly affected by the eastern part of the subtropical high (Figure 1A).
[image: Figure 7]FIGURE 7 | (A, B, C) Streamlines with the shading in (A) indicating the relative humidity averaged from 850 hPa to 700 hPa and (D, E, F) the divergence of the environmental AAM flux (AAMFD, shaded, 106 m3 s−2) superimposed with the radial flow [contours, solid (dashed) lines indicating the outflow (inflow) at 2 m s−1 intervals] (A, D) for the total field after removing the TC vortex (B, E) for low-frequency, and (C, F) for the synoptic-scale field at 900 hPa at 1800 UTC Sep 17, 2006. “A” and “C” in blue color in (C) indicate the synoptic-scale anticyclonic circulation and Hurricane Gordon. The black line in (F) denotes the location for the vertical cross-section in Figure 9. The black solid and dashed circles indicate the radius of the outer closed isobar (ROCI, with a radius of 555 km) and R = 1,000 km.
In the 900-hPa wind field on the synoptic scale (Figure 7C), a pronounced feature is an anticyclonic circulation to the southeast of Helene. The strong anticyclone was centered near 14°N, with a horizontal scale of about 2000 km. Thus, the cross-equatorial flow to the west of the anticyclone was extended to the circulation of Helene, which led to the inflow of over 6 m s−1 located to the south of Helene (Figure 7F). This synoptic-scale anticyclonic circulation was further examined in Figure 8 by showing the horizontal streamline before the formation of the tropical depression, prior to RI, and during the RI of Helene. It is noted that a synoptic-scale cross-equatorial flow existed between the longitude of 40°W and 55°W far before the formation of Hurricane Helene (Figure 8A). Prior to and during the RI of Helene, alternating regions of anticyclonic and cyclonic circulation appeared along the TC track in a northwest-southeast direction (Figures 8B,C), which is likely induced by the TC activity and called the Rossby train as proposed by previous studies (Carr and Elsberry 1995; Holland 1995; Wu et al., 2013b; Wu and Duan 2015). Of importance is that the anticyclonic circulation to the southeast of Helene strengthened during the RI of the eyewall expansion stage (Figure 8B). This enhanced anticyclonic circulation might be caused by the interaction of the TC-induced Rossby train with the tropical wave. Therefore, the synoptic-scale cross-equatorial flow to the west of the anticyclone was enhanced and extended to the circulation of Helene introducing the convergence of AAMF.
[image: Figure 8]FIGURE 8 | 900-hPa streamline for the synoptic-scale field at (A) 0000 UTC 12 (B) 1800 UTC 16 and (C) 1800 UTC Sep 17, 2006. The thick black solid line indicates the track of Helene from 0000 UTC 14 to 0000 UTC Sep 22, 2006. The red symbol indicates the TC position at the selected times. The letter “A” in blue color represents the anticyclonic circulation.
The low-level convergence of the AAMF was related to the synoptic-scale circulation. Figure 7D shows that the low-level convergence of the AAMF prevailed in the southeast semicircle, while the divergence of the AAMF prevailed in the northwest semicircle within a radius of 1,000 km except for a small area with the convergence of the AAMF in the northwest of Helene. Specifically, the cross-equatorial flow from the synoptic-scale wind field played an important role in transporting AAM inward to the southern area of Helene (Figure 7F). On the other hand, the low-level convergence of the AAMF in the northwest semicircle of Helene was generally caused by the low-frequency flow (cf., Figure 7D and Figure 7E). Since the convergence of the AAMF associated with the synoptic-scale wind field compensates for the low-level divergence of the AAMF, there was the net convergence of the AAMF after the azimuthal averaging (Figure 5A), suggesting that the synoptic-scale circulation influenced the intensity and size changes of Helene by changing the convergence of the AAMF.
The Middle-Level Synoptic-Scale Wind Field Associated With the AAMFD
The synoptic-scale anticyclonic circulation is also important to the middle-level convergence of the AAMF, which determines the intensification of the middle-level wind of Helene, especially outside the eyewall since the AAM is materially conserved (Shapiro and Willoughby 1982; Montgomery and Smith 2011). Figure 9 shows the 600-hPa wind field and AAMFD, and their synoptic-scale and the low-frequency components. As discussed in The Low-Level Synoptic-Scale Wind Field Associated with the AAMFD section, the pattern of the middle-level wind field was similar to the low-level wind structure. The strong cross-equatorial flow to the southeast of Helene was closely related to the synoptic-scale anticyclonic circulation (Figure 9C). As a result, the inflow induced by the synoptic-scale circulation was maximized to the south of Helene, which agrees with the convergence of AAMF at middle levels (Figures 9D,F). Without consideration of the friction diffusion, the convergence of AAMF at middle levels tended to intensify the storm especially outside of the eyewall where the maximum convergence of AAMF was located.
[image: Figure 9]FIGURE 9 | As in Figure 7 but for 600 hPa.
The vertical structures of the inflow/outflow induced by the synoptic-scale circulation are examined in Figure 10. It is confirmed that the inflow to the south of Helene was stronger than that to the north of Helene below the layer of 500 hPa. The low-to middle-level inflow prevailed and maintained during the RI with the expansion of the eyewall. Note that the maximum inflow was located near the radius of 600 km, which influenced the location of the maximum convergence of AAMF (Figures 7F,9F) that contributed to the intensification of the tangential wind outside of the eyewall.
[image: Figure 10]FIGURE 10 | Vertical cross-section of the magnitude of inflows (m s−1, dashed) and outflows (m s−1, solid) associated with the synoptic-scale circulation from south to north at (A) 1800 UTC Sep 17, 2006 and (B) 0600 UTC Sep 18, 2006.
The Upper-Level Helene-Trough Interaction and AAMFD
In the upper troposphere, Helene was located to the south of the westerly trough before the RI onset (Figures 11A,B). The TC-trough interaction can be measured by the eddy flux convergence of relative angular momentum (EFC, DeMaria et al., 1993; Molinari et al., 1995; Chen et al., 2015; Qiu et al., 2020). Following DeMaria et al. (1993), EFC is defined as [image: image], where [image: image] and [image: image] are the deviate radial and tangential wind from the azimuthal average, r is the radius from the TC center, and the overbar represents the azimuthal mean. DeMaria et al. (1993) found that RI cases usually featured with a value of 2–3 m s−1 day−1 of the EFC over a 300–600-km radial range at 200 hPa. The 200-hPa EFC over a 300–600-km radial range for Helene was about 3.5 m s−1 day−1 prior to the RI onset, indicating a significant TC-trough interaction and a favorable environment for the RI onset.
[image: Figure 11]FIGURE 11 | Streamline at 200 hPa for the total field after removing the TC vortex (A) 24 h and (B) 12 h prior to RI. The black solid circle indicates the radius of the outer closed isobar (ROCI) of 650 and 600 km for (A) and (B), respectively. The black dashed circle denotes R = 1,000 km. The red dashed lines denote the westerly trough.
During the RI period, a synoptic-scale circulation contributed to the intense northeastward outflow and the outward transport of AAM at upper levels, which intensified the secondary circulation as well as the intensity of Helene. Figure 12 shows the horizontal distributions of the upper-level wind field and the AAMFD of Helene. The upper-level outflow with a value over 12 m s−1 was located to the north-northeast of Helene (Figure 12D). This outflow was largely induced by the synoptic-scale circulation, which was found in Figure 12C as a synoptic-scale cyclonic circulation that was located to the northwest of Helene. The synoptic-scale cyclonic circulation was associated with a westerly trough that was seen in Figure 13. During the RI period with the eyewall expansion, the westerly trough moved eastward and became closer to Helene, leading to a cyclonic circulation to the northwest quadrant of Helene. Thus, the upper-level outflow was enhanced with the maximum outflow core located around the radius of 500 km, which favors TC intensification especially outside of the eyewall.
[image: Figure 12]FIGURE 12 | As in Figure 7 but for 200 hPa.
[image: Figure 13]FIGURE 13 | As in Figure 11 but for the RI period at (A) 1800 UTC 17 and (B) 0600 UTC Sep. 18, 2006. The black solid circle indicates the radius of the outer closed isobar (ROCI) of 556 and 740 km for (A) and (B), respectively. The black dashed circle denotes R = 1,000 km. The red dashed lines denote the westerly trough.
The upper-level divergence of AAMF that was influenced by the synoptic-scale circulation is further examined by showing the horizontal distribution of the AAMFD in Figure 12F. In agreement with the upper-level outflow, the divergence of AAMF was located to the northeast of Helene. Moreover, the upper-level divergence of AAMF was maximized at a similar radius as the maxima of the upper-level outflow within a radius of 1,000 km. The outflow prevailed and maintained in the upper troposphere during the eyewall expansion stage, which was a manifestation of the divergence of AAMF and the TC size expansion. While the low-frequency circulation presented a divergent wind field at upper levels, the divergence of AAMF associated with the low-frequency circulation was relatively weak (Figures 5, 11), suggesting that the synoptic-scale circulation determined the divergence of AAMF.
SUMMARY
Hurricane Helene (2006) experienced a 30-h RI under favorable environmental conditions, including the warm SST, high low-level humidity, weak large-scale VWS, and the upper-level TC-trough interaction. Under the environmental influence, Helene intensified rapidly with an expansion of the eyewall, suggesting that the intensity and inner-core size changes are not negatively correlated.
This study reveals that the synoptic-scale atmospheric circulation was likely responsible for the eyewall expansion during the RI of Helene through the environmental influences on the AAM transport. In the low and middle troposphere, the cross-equatorial flow associated with a synoptic-scale anticyclonic circulation was enhanced due to the intensifying TC and/or its interaction with the tropical wave. The enhanced inflow penetrated the Helene circulation and caused the convergence of AAMF, accelerating the tangential wind outside of the eyewall. In the upper troposphere, the divergence of AAMF was enhanced by a synoptic-scale cyclonic circulation associated with a westerly trough located to the northwest of Helene. Consequently, the environmental influences led to the low-level convergence and upper-level divergence of AAMF, which was superimposed on the secondary circulation of Helene, likely being important to the eyewall expansion during the RI of Helene.
In this study, for the first time we show that the RI can occur with the eyewall expansion. Hurricane Helene (2006) is such a case. The increase of the RMW of Helene is found in both the best-track data and the CFSR data, although the RMW is systematically overestimated in the CFSR data. Note that the expansion in Helene was also indicated in R33, R26, R17, and the ROCI. It is suggested that a TC can indeed experience the eyewall expansion during its RI. As a first step, we investigated the possible influences of the environmental flows on the phenomena of the size expansion using the CFSR data. The environmental influences are important to the eyewall expansion but more work in terms of the high-resolution simulation is necessary to understand the inner-core dynamics on the eyewall expansion for RI cases.
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