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The complex interactions between a tropical cyclone (TC) and the midlatitude upper-level trough or cutoff low (sometimes called a cold-core vortex) can lead to an unusual track, such as sudden turning motion, and intensity change of the tropical cyclone, often leading to large forecast errors. In this study, the track and intensity changes of Typhoon Bavi (2020) under the influence of the upper-level trough and the detached cutoff low from its base are investigated based on numerical experiments using the advanced Weather Research and Forecasting (WRF) model. Bavi formed over the western North Pacific between Taiwan and Okinawa Islands on 23 August 2020. Under the influence of an upper-level trough to the north, Bavi initially moved northeastward. As the trough propagated eastward, a cutoff low was detached from the base of the trough on the next day. The downward penetration of the upper-level cutoff low led to a sudden northwestward turning motion of Bavi when it intensified to a severe typhoon and then moved almost due north and made landfall over North Korea. These changes and processes are well captured in a control numerical experiment. In a sensitivity experiment with the mid-latitude upper-level trough removed in the initial conditions, the tropical cyclone moved primarily north-northeastward after 1-day simulation without the sudden northwestward turning. This track change led to an earlier landfall of the storm over South Korea and, thus, an earlier weakening than in the control experiment, which is termed as the indirect effect on the storm intensity due to the change in the tropical cyclone track. The results also show that eddy angular momentum flux convergence associated with the upper-level trough contributed little to the simulated tropical cyclone intensification, while the environmental vertical wind shear is key to the intensity change of Bavi.
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1 INTRODUCTION
Skillful prediction of tropical cyclone (TC) sudden track change and intensity remains one of the great challenges for both research and operational communities. Although the improvements in TC track and intensity forecasts are envisioned over the past few decades, large track and intensity errors still occur in some situations (Wang and Wu, 2004). Particularly, large errors are often related to the unusual sudden change in TC motion and rapid intensification (Elsberry et al., 2013). In addition, the multiscale interactions between the TC and its environmental weather and climate systems make the forecasts of TC track and intensity changes more difficult (Xin et al., 2021).
TCs over the western North Pacific (WNP) often interact with the large-scale weather systems. In addition to the low-level systems, the upper-level synoptic systems, such as the nearby upper-level westerly trough and the associated cutoff low, often have significant impacts on TC track, intensity, and structure. Such effects have been given considerable attention in the literature (Holliday and Thompson, 1979; Hanley et al., 2001; Li et al., 2012; Leroux et al., 2013; Leroux et al., 2016; Wei et al., 2016; Fischer et al., 2019; Yan et al., 2021). Specifically, the upper-level outflow channel of a TC may be modified by the upper-level westerly trough, and the upper-level cutoff low may affect TC motion and intensity through downward penetration.
An upper-level westerly trough often induces TC recurvature, a typical track over the WNP. In those cases, a TC moves northwestward and turns northeastward in the Northern Hemisphere (Riehl and Shafer, 1944; George and Gray, 1976; JTWC, 1988; Dobos and Elsberry, 1993; O’Shay and Krishnamurti, 2004; Zhang et al., 2013). Favorable conditions for TCs to recurve in the WNP include the southward penetration of a midlatitude upper-level westerly trough and the eastward retreat of the WNP subtropical high (Riehl and Shafer, 1944; George and Gray, 1976; Holland and Merrill, 1984; Elsberry, 1990; Evans et al., 1991). Yu and Kwon (2005) noticed the recurvature tracks of typhoons Olga (1999) and Prapiroon (2000) under the influence of the midlatitude trough, although they mainly focused on the TC intensity change. Wu et al. (2009) found that the steering effect of the midlatitude trough is one of the dominant factors that led to the recurvature of Typhoon Shanshan (2006). By evaluating the structure and evolution of the total energy singular vectors, Kim and Jung (2009) revealed the dominant role of the midlatitude trough in the track recurvature of Typhoon Usagi (2007). Other studies have mainly focused on the TC intensity change when the TC interacts with an upper-level trough. Leroux et al. (2016) provided a comprehensive map summarizing processes that may lead to TC intensity change under the influence of the upper-level forcing (see their Figure 1). Among those effects, it is still hard to distinguish whether the upper-level trough is “good” or “bad” for the development of a TC.
[image: Figure 1]FIGURE 1 | (A) Track of Typhoon Bavi (2010) with every 6-h position indicated by solid circles with different colors for different categories in storm intensity, (B) the storm’s central sea level pressure (hPa), and (C) the maximum sustained 10-m wind speed (m s−1) from 0000 UTC 23 August to 0000 UTC 27 August 2020 based on the JTWC best track data (red) and from both CTRL (blue) and No-trough (green) experiments.
The TC–trough interaction can induce a favorable environment for TC intensification. First, the upper-level outflow of a TC can be enhanced by the inward eddy angular momentum flux, which can lead to the strengthening of the secondary circulation and eyewall convection, and thus favorable for TC intensification (Sadler, 1975; Holland and Merrill, 1984; Merrill, 1988a, Merrill, 1988b; Molinari and Vollaro, 1989; Molinari and Vollaro, 1990; Molinari et al., 1995; Rodgers et al., 1991; Shi et al., 1997; Bosart et al., 2000; Titley and Elsberry, 2000). The upper-level potential vorticity (PV) associated with the midlatitude trough can serve as a dynamical forcing and also destabilizes the atmospheric vertical column, enhancing convection and the secondary circulation and, thus, the intensification of TC (Hoskins, 1990; Montgomery and Farrel, 1993; Molinari et al., 1995, 1998; Hanley et al., 2001). In addition, the upper-level trough is often accompanied by the upper-level westerly jet. The right entrance of the jet can trigger upward motion, which can enhance the outflow and eyewall convection when a TC moves into the region (Hoskins et al., 1985; Rodgers et al., 1991; Shi et al., 1997; Hanley et al., 2001; Komaromi and Doyle, 2018). Some other studies also found that the TC–trough interaction can trigger the secondary eyewall formation in TCs and lead to TC intensity change (Leoux et al., 2013; Leoux et al., 2016; Komaromi and Doyle, 2018). The TC–trough interaction may be unfavorable for TC intensification or lead to TC weakening. An approaching trough may bring strong vertical wind shear (VWS) that is unfavorable for TC intensification (Lewis and Jorgensen, 1978; Hanley et al., 2001). The cold and dry air intrusion may reduce the entropy gradient between the environment and the TC core and weaken the TC (Zhang et al., 2016).
The TC–trough interaction can be sensitive to the strength and depth of the trough and the initial structure of the TC (Kimball and Evans, 2002). Leroux et al. (2016) showed that the PV configuration associated with the upper-level trough increases the upper-level divergence while preventing strong VWS to affect TC Dora (2007). They found that TC intensification under the upper-level forcing is greater for stronger TCs and is favorable when the TC and the trough is at an appropriate distance. Based on idealized simulations, Komaromi and Doyle (2018) found that when the center of a TC is within 0.2–0.3 times the wavelength of a trough in the zonal direction and 0.8–1.2 times the amplitude of the trough in the meridional direction, the strong TC–trough interaction favors the occurrence of the TC intensification. From the climatological study of TCs in the North Atlantic during 1989–2016, Fischer et al. (2019) found that rapid intensifying TCs frequently occurred under the influence of the upper-level trough with shorter zonal wavelengths, especially at the base of the trough and greater upstream TC–trough displacement.
A number of studies have identified the eddy angular momentum flux convergence (EFC) as a parameter indicating the occurrence of TC–trough interaction (Molinari and Vollaro, 1990; Yu and Kwon, 2005; Komaromi and Doyle, 2018), but some other studies found that large EFC might not be a favorable factor for TC development (Titley and Elsberry 2000; Peirano et al., 2016). DeMaria et al. (1993) examined the EFC during the 1989–1991 hurricane seasons over the North Atlantic and found that TCs intensified just after the period of enhanced EFC. They defined the TC–trough interaction as any time when the EFC exceeded 10 m s−1 d−1 within 1,500 km of the TC center. When interacting with a trough, a TC over warm water is more likely to intensify than weaken in the composite study of TCs in the North Atlantic during 1985–1996 (Hanley et al., 2001). They adopted DeMaria’s 1993 criterion of the TC–trough interaction but added a temporal threshold, namely, the enhanced EFC must have lasted for two consecutive 12-h periods. Based on TCs over the North Atlantic during 1979–2014, Peirano et al. (2016) revisited the TC–trough interaction and found that troughs have a negative effect on TC intensification, and the EFC is a poor predictor of TC intensity change compared to the associated environmental VWS.
Large TC track forecast errors are often related to sudden turning motion or recurvature of TCs (George and Gray, 1976; Peak and Elsberry, 1986; Holland and Wang, 1995; Elsberry et al., 2013). In the WNP, most of TCs that experienced sudden turning motion are influenced by changes in large-scale circulations or synoptic interactions (George and Gray, 1976; Hodanish and Gray, 1993; Liu and Chan, 2003; Fudeyasu et al., 2006). The equatorial penetration of a midlatitude westerly trough or/and the associated cutoff low often provides favorable synoptic conditions for sudden turning motion or recurvature of a TC (Lander, 1996). Some previous statistical studies have indicated that part of the intensity forecast errors are related to errors in the predicted TC track, or equivalently skillful intensity forecasts may benefit from the improved track forecasts (DeMaria, 2010; Du et al., 2013; Kieu et al., 2021).
Most of the previous studies on the TC–trough interaction are based on global reanalysis data or real-case simulations to investigate the impact of TC–trough interaction on TC intensification as mentioned previously. However, few studies have focused on the sensitivity of the TC track to the upper-level trough or cutoff low, subsequently affecting the TC intensity change. In this study, Typhoon Bavi (2020) was chosen as a case study to illustrate how the upper-level trough affected the TC track and the associated intensity change. Bavi was selected because there were large differences in its track and intensity among the deterministic forecasts by different operational forecasting systems (Zhou et al., 2022). Notably, Bavi’s track was more difficult to predict than its intensity. Our study focuses on the dynamic processes that contributed to the northwestward track turning of Bavi, and the consequence of the track change under the influence of the midlatitude upper-level trough and the associated cutoff low based on numerical sensitivity experiments. Bavi experienced two sharp turning motions during its lifetime. One is the turning toward the northeast on August 23 and then the sudden northwestward turn on the next day. We will show that the interaction between the TC and the upper-level trough (and the associated cutoff low) played key roles in leading to the sudden track change but had little direct effect on the intensity. We will address the following two questions: what are the synoptic features or mechanisms that caused the special track of Bavi? Is the midlatitude upper-level trough “favorable” or “unfavorable” for the intensification of Bavi? The rest of the paper is organized as follows. Section 2 describes the data, model, and experimental design. An overview of Typhoon Bavi is given in Section 3. The simulation results are analyzed in Section 4. The robustness of the results is discussed with additional experiments in Section 5. Main conclusions are drawn in the last section.
2 DATA, MODEL, AND EXPERIMENTAL DESIGN
The fifth generation of the European Centre for Medium-Range Weather Forecasting (ECMWF) atmospheric reanalysis (ERA5) dataset was used to describe the synoptic conditions. The ERA5 dataset was chosen because of its high horizontal resolution (0.25° x 0.25°) and has shown improved representation of the location and intensity of TCs (Hersbach et al., 2020). The best track data are obtained from the Joint Typhoon Warning Center (JTWC), which include the 6-hourly TC position (longitude and latitude), maximum sustained near-surface wind speed, and minimum sea level pressure.
The numerical simulations presented in this study were performed using version 4.3.3 of the Advanced Research Weather Research and Forecasting Model (ARW-WRF; Skamarock et al., 2019), with three 2-way interactive nested meshes with horizontal grid spacings of 27, 9, and 3 km, respectively. The three meshes have sizes of 320 × 320, 310 × 310, and 478 × 358 grid points, respectively. The outermost mesh is fixed, and the two nested inner meshes automatically move following the model TC during the model integration so that the model TC is always located near the mesh centers. The model has 60 vertical levels extending from the surface to the model top at 50 hPa. The model’s physics include the Thompson cloud microphysics scheme (Thompson et al., 2008), Yonsei University planetary boundary layer (PBL) scheme (YSU, Hong et al., 2006), Rapid Radiative Transfer Model (RRTM; Mlawer et al., 1997) for longwave radiation calculation and the Dudhia scheme (Dudhia, 1989) for shortwave radiation calculation, Noah land surface scheme (Ek et al., 2003) for land surface processes, and Kain–Fritsch scheme (Kain, 2004) applied for the outermost model domain.
The model initial and lateral boundary conditions and daily SST dataset were obtained from the National Centers for Environment Prediction (NCEP) Global Forecast System (GFS) Final Analysis (FNL). The spectral nudging method was applied to the outermost domain to preserve the large-scale flow with wavelengths longer than 1,000 km throughout the model simulations (Wang et al., 2013). In the control experiment (CTRL), the upper-level trough to the north of the TC vortex was initially present as in the FNL analysis. In the sensitivity experiment (No-trough), the upper-level trough above 500 hPa, which is located to the north of Bavi, was removed in the initial fields by a smoothing algorithm (cubical smoothing algorithm with five-point approximation) such that the upper-level westerly trough was effectively filtered out in the initial conditions. As a result, a comparison of the simulations between CTRL and No-trough can help reveal the influences of the upper-level trough and its associated cutoff low on the track and intensity evolution of Typhoon Bavi.
3 AN OVERVIEW OF THE OBSERVED AND SIMULATED TYPHOON BAVI (2020)
On 19 August 2020, a broad area of low pressure about a couple of hundred miles northeast of the Philippines archipelago developed. The system rapidly organized on the next day and became a tropical depression on August 21 and was subsequently named Bavi by the JTWC. Bavi gradually strengthened between Taiwan and Okinawa over the WNP and subsequently moved northward and further strengthened into a tropical storm on 22 August. Bavi experienced a brief rapid intensification followed by a slow intensification from 23 August (Figures 1B,C) and moved east-northeastward (Figure 1A). It suddenly turned northwestward and was upgraded to a typhoon by the next day. Bavi further intensified to a severe typhoon on 25 August, turned to the north, and reached its peak intensity on 26 August. Soon afterward, as Bavi continued moving northward, it weakened rapidly. Finally, it made landfall over North Korea and became an extratropical cyclone.
Figure 2 depicts the evolution of the 200-hPa PV and wind fields from 0000 UTC 23 to 1200 UTC 25 August from the ERA5 analyses. On 23 August, there was a northeast-southwest-oriented westerly trough located north of 30oN between 120o–135oE, which was accompanied by strong cyclonic PV anomalies (Figure 2A). Bavi was located near the base of the trough axis to the north. This configuration indicates the possible TC–trough interaction. The westerly trough propagated eastward and later a cutoff low appeared and was detached from the base of the trough at 1200oUTC 24 (Figure 2D). The cutoff low was maintained at around 135oE and 30oN, with the maximum PV of 6oPVU and to the east of the TC near the time when Bavi turned northwestward. As Bavi continued moving northward under the influence of the new-coming westerly trough, the cutoff low dissipated.
[image: Figure 2]FIGURE 2 | 200-hPa wind barbs (m s−1) and potential vorticity (shaded, PVU) based on ERA5 reanalysis data for Typhoon Bavi with 12-h intervals. The green dot indicates the TC center from the JTWC best track data.
The CTRL experiment simulated the track of Bavi reasonably well compared with the JTWC best track, except for some small errors during the turning period and the extratropical transition stage (Figure 1A). Both CTRL and No-trough simulated the northeastward movement on the first day but considerable differences between the two experiments appeared after one and half day of simulations. The simulated Bavi in CTRL turned suddenly northwestward after one-and-half-day simulation, while that in No-trough turned nearly north-northeastward. The large track differences between CTRL and No-trough indicate that the TC–trough interaction contributed to the unusual motion of Bavi.
The simulated Bavi shows similar intensity evolution in CTRL and No-trough in terms of the central sea level pressure and the maximum sustained near-surface wind speed and compared reasonably well with those shown in the JTWC best track data (Figures 1B,C). The rapid weakening of the storm in No-trough occurred earlier than in CTRL mainly because the storm made landfall over South Korea instead of the west of North Korea. This suggests that the upper-level trough had little direct effect on the simulated storm intensity when the storm was not affected by landfall. Large difference in intensity at the later stage was mainly due to the indirect effect associated with the changes in the simulated storm track. Such an indirect effect, however, has not been discussed in previous studies.
Figure 3 shows the 200-hPa PV, wind, and geopotential height fields simulated in CTRL and No-trough. The simulated large-scale fields in the CTRL (Figures 3A–D) show little deviation from those in the FNL analysis throughout the simulation. In the No-trough experiment (Figures 3E–H), because the trough originally located north to Bavi was removed at the initial time, the cutoff low detached from the base of the westerly trough was absent during the simulation. The weak westerly trough appeared to the north of the TC after 1-day simulation was due to the eastward propagation of the PV maximum and westerly trough to the north of 43oN at the initial time. Almost no TC–trough interaction occurred in this case because the weak trough was about 2,000 km northeast of the TC center by the end of the simulation. Note that in the simulation, the northern boundary of the smoothing area to remove the westerly trough at the initial time was chosen to be 43 N, but the results are similar if the northern boundary is moved further northward (not shown).
[image: Figure 3]FIGURE 3 | Simulated PV (shaded, PVU), wind vectors, and geopotential height (contour, m) at 200 hPa. The upper panels are for CTRL experiment and the lower panels are for No-trough experiment, respectively.
4 EFFECT OF THE UPPER-LEVEL TROUGH ON THE TRACK AND INTENSITY OF THE SIMULATED BAVI
4.1 Relationship between the tropical cyclone track change and the steering flow
The TC track change is often related to changes in the large-scale environmental steering flow. The steering flow is often defined as the averaged wind vector between 300 and 850 hPa or at the nearly nondivergent level around 500 hPa (Wang and Elsberry, 1998). In this study, we calculated the steering flow as a wind vector averaged within a radius of 500 km from the TC center between 900 and 200 hPa. As we can see from Figure 4, the motion of the TC follows the steering flow well in the two experiments. The steering flow shows a strong northward component after one-and-half-day simulations in both experiments. The direction change of the zonal component of the steering flow is responsible for the sudden northwestward change of the track in CTRL, while the zonal component of the steering flow is always positive with a small magnitude in No-trough, indicating the slowly north-northeastward movement of the TC.
[image: Figure 4]FIGURE 4 | Time series of the zonal and meridional components (cx, cy; m s−1) of TC translation speed estimated with difference of the TC center positions and steering flow (st-u, st-v; m s−1) in the CTRL (A) and in No-trough experiments.
The TC movement is mainly steered by the asymmetric flow across the TC center. Figure 5 shows the evolution of the asymmetric wind fields at 500 hPa within 500 km from the TC center at 0000 UTC 24, 1200 UTC 24, 0000 UTC 25, and 0000 UTC 26, respectively, in CTRL and in No-trough. The calculated asymmetric flow is consistent with the TC motion, and the track change is largely caused by the change in the steering flow. The TC structure is nearly axisymmetric with weak asymmetric wind on the first day (Figure 5A), leading to the slowdown of the northeastward motion. In the next 12 h (Figure 5B), relatively strong northeasterly winds occurred in the northeastern quadrant of the TC, showing the interaction with the upper-level cutoff low. The southerly winds are prevalent in the northwestern quadrant of the TC, in agreement with the sudden northwestward turning motion of the TC. Weak southerly winds occur southwest of the TC center, while weak easterly winds appear east of the TC center, corresponding to the continuous northwestward motion of the TC during 1200 UTC 24 and 0000 UTC 25, (Figure 5C). By the next day (Figure 5D), the acceleration of motion speed is due to the gradually enhanced southerly winds in both the eastern and northwestern quadrants of the TC.
[image: Figure 5]FIGURE 5 | Simulated 500-hPa asymmetric winds (vectors, m s−1) and speeds greater than 2 m s−1 (shaded) in the 9-km domain in both CTRL (upper panels) and No-trough (lower panels). Black and blue thick arrows indicate the TC motion vector and the averaged asymmetric wind vector within 500 km from the TC center. Black dotted circles are 250 and 500 km away from the TC centers.
The asymmetric flow pattern in No-trough is greatly different from that in CTRL. At 0000 UTC 24 August (Figure 5E), strong southerly flow is dominant in the southeastern quadrant of the TC inner core, causing the northeastward turning of the TC track. In the next 12 h (Figure 5F), the TC structure becomes quasi-axisymmetric with relatively weak asymmetric winds, the TC continues moving northeastward. The TC accelerates due to the enhanced southerly winds outside the inner core since 0000 UTC 25 August (Figure 5G). During 0000 UTC 25–0000 UTC 26 August (Figure 5H), strong southerly winds rapidly spread in both the inner and outer core regions, leading to the faster north-northeastward movement of the TC. The direction of the TC motion corresponds well with the mean asymmetric wind vector at 500 hPa. This demonstrates that the middle-level asymmetric wind pattern can well indicate the TC motion.
4.2 Vertical penetration effect of the upper-level systems
The steering flow and the asymmetric winds over the TC core are largely controlled by the large-scale circulation that the storm is embedded. In the Bavi case, part of the steering flow is related to the vertical penetration effect of the upper-level synoptic system, namely, the cutoff low detached from the base of the westerly trough to the north as mentioned above. During the turning motion of the TC from 23 to 24 August, the upper-level PV streamer propagated along with the northwesterly winds down to the base of the trough. Then, a cutoff low characterized by cyclonic PV maximum and cyclonic circulation was detached from the base of the upper-level trough from 1200 UTC 24 August. To examine the interaction between the TC and the upper-level cutoff low, the orbiting tracks of the two systems are shown in Figure 6A. The interaction began when the two systems were oriented in the southwest-northeast direction. From 24 to 26 August, the separation distance between the TC and the upper-level cutoff low was around 1,000–1,200 km, which is within the critical distance of about 1,500 km defined by Patla et al. (2009). In the study by Patla et al. (2009), the upper-level system is a tropical upper-tropospheric trough (TUTT) cell, while here, the upper-level system is the cutoff low detached from the base of the westerly trough as an independent circulation system.
[image: Figure 6]FIGURE 6 | (A) Tracks of the TC and the cutoff low. The red (green) curve represents the track in CTRL (No-trough), and the blue curve denotes the track of the cutoff low and (B) the time evolution of the lowest level at which the upper-level trough and cutoff low can penetrate (km).
The upper-level cutoff low had a maximum PV of 5–6 PVU with a diameter of about 1,200 km based on the 200 hPa 0.5 PVU isoline. The cutoff low was located to the northeast of the TC center initially and then orbited anticyclonically with time because of the effect of the anticyclonic circulation in the outflow of Bavi from 0000 UTC 24 to 0012 UTC 24 August. Later, the directions of the TC and the upper-level cutoff low suddenly changed, with the TC moving from north-northeastward to northwestward and the upper-level cutoff low moving from southeastward to southwestward. During this period, the upper-level cutoff low increasingly affected the TC motion through vertical penetration and was responsible for the sudden northwestward turning motion of the TC. This is different from the track guidance for the influence of a TUTT cell on TC motion given by Patla et al. (2009). In their conceptual model, the TC moves toward the northeast if the upper-level TUTT cell is located to the northeast of the TC center. In No-trough with the cutoff low greatly suppressed, the TC kept moving north-northeastward, indicating that the upper-level cutoff low contributed to the northwestward motion of Typhoon Bavi during 24 and 25 August.
To further demonstrate the downward penetration effect of the upper-level system on the northwestward motion of Bavi, we estimated the Rossby penetration depth, which is defined as D = I×LR/N, where LR is the horizontal scale of the upper-level system, I is the inertial stability, and N is Brunt–Väisälä frequency. The horizontal scale of the upper-level cutoff low (trough) is defined as the outermost radius of the 0.5 PVU isoline of PV anomaly. The inertial stability at 200 hPa is calculated by using the tangential winds and relative vorticity radially averaged within the LR. N is also calculated within the LR at 200 hPa. For simplicity, D is shown as the lowest level to which the upper-level system can penetrate. There are two kinds of interactions during the track turning and the intensification of Typhoon Bavi (Figure 6B). During 23–24 August, the winds from the upper-level westerly tough can penetrate downward to around a 4-km height, indicating that the upper-level trough and the TC interacted with each other and the winds above 4 km were influenced by the upper-level trough. On the next day, the upper-level trough continuously propagated eastward with its base detached to form a cutoff low. The PV anomalies of the upper-level trough can penetrate down to about a 5.5-km height but become less penetrative from 1800 UTC 24 to 1800 UTC 25 August, indicating that the upper-level trough had a decreasing impact on the TC motion. However, the penetration depth increased again afterward because of the influence of the new-coming westerly trough from the west.
With the development of the upper-level cutoff low, the penetration depth increased with time. The largest penetration depth occurred on 1800 UTC 24 August, which corresponds to the direction change of the TC motion, indicating that the TC motion was influenced by the cutoff low. As the separation distance between the TC and the cutoff low increased, the effect of the upper-level cutoff low on the TC motion became negligible from 1800 UTC 25 August. The results, thus, strongly suggest that the Rossby penetration depth can help quantitatively evaluate the effects of the synoptical system on TC motion. In the case of Typhoon Bavi, both the upper-level trough and the associated cutoff low interacted with the TC at different stages of the TC development. Such interaction at different vertical levels contributed to the change in the steering flow and, thus, the TC motion.
4.3 Effects of vertical wind shear and eddy angular momentum flux convergence on intensity change of Bavi
Previous studies have demonstrated that the trough-related VWS in the TC environment can affect TC intensity change (Hanley et al., 2001; Peirano et al., 2016). The environmental VWS is commonly measured as the vector difference in the horizontal winds averaged over an area within a given radius (e.g., within a radius of 500 km from the TC center with the TC circulation removed) between 200 and 850 hPa (Emanuel, 2000; Zehr, 2003; Paterson et al., 2005). To investigate the effect of the environmental VWS associated with the upper-level circulation systems on the TC intensity change, we calculated the deep-layer shear between 200 and 850 hPa, upper-layer shear between 200 and 500 hPa, and low-layer shear between 500 and 850 hPa with the results shown in Figure 7.
[image: Figure 7]FIGURE 7 | Time series of the deep-layer shear (A) between 200 and 850 hPa (m s−1), upper-layer shear (B) between 200 and 500 hPa (m s−1), and low-layer shear (C) between 500 and 850 hPa (m s−1) in CTRL (blue) and No-trough (red), respectively.
In CTRL, there were moderate deep-layer shear (between 4.5 and 11 m s−1; Rios-Berrios and Torn, 2017) and upper-layer shear during the first 60 h of the simulation, consistent with the intensification period of the TC. Both the deep-layer shear and upper-layer shear then decreased gradually until 1000 UTC 24 August except that a transient large shear value appeared at 0000 UTC 25 August but increased rapidly when the new-coming upper-level trough approached the TC. The low-layer shear exhibited steady evolution before the TC reached its maximum intensity at 0000UTC 26 August and then increased with time quickly. There existed a lagged correlation between the low-layer shear and the deep-layer shear. In No-trough, both the deep-layer shear and the upper-layer shear were greater than 6 m s−1 for most of the time during the TC intensification period except that two transient large values of around 15 m s−1 and 10 m s−1 appeared at 0800 UTC 23 and 0800 UTC 24 August. The deep-layer shear and the upper-layer shear began to increase after 1000 UTC 25 August and reached their maximum values by the end of the simulation. The low-layer shear was weak during the TC intensification period and began to increase after the TC reached its peak intensity, consistent with the evolution in CTRL. There also existed a lagged correction between the deep/upper-layer shear and the low-layer shear as well as the TC intensity. In both experiments, the TC intensity is highly correlated with the low-layer shear, which is consistent with some statistical results for TCs over the WNP (Shu et al., 2013; Wang et al., 2015). Note that the deep-layer shear and the upper-layer shear are largely correlated with the 200-hPa wind. The magnitude of deep-layer shear and upper-layer shear are relatively smaller in CTRL than in No-trough due to the westerly trough to the north in the former being replaced by the westerly jet in the latter. These results suggest that the upper-layer shear may have a relatively weaker effect on TC intensity change than the low-layer shear for TCs interacting with the midlatitude westerly systems (Elsberry and Jeffries, 1996; Wang et al., 2015; Finocchio et al., 2016).
In addition to the environmental VWS, the EFC is often used to quantitatively characterize the TC–trough interaction through both the magnitude and duration (e.g., Molinari and Vollaro, 1989). From the perspective of balanced response, the upper-level trough can be viewed as a momentum source, which can spin-up the TC outflow and increase the upper-level divergence and eyewall ascending model, leading to the falling of the central pressure and the increase in surface wind. The TC–trough interaction is assumed to occur when the EFC averaged within 300–600 km of the TC center at 200 hPa is greater than 10 (m s−1) day−1 (DeMaria et al., 1993; Hanley et al., 2001). The value of the EFC was greater than 10 (m s−1) day−1 in the first day of the simulation in CTRL (Figure 8), indicating that the trough was within 300–600 km radii of the TC center. Namely, the southwesterlies ahead of the upper-level trough did reach the inner radii of the TC, leading to the convergence of the eddy angular momentum at the upper levels and thus the spin-up of the outflow. The EFC was not persistently large during the intensification period from 24 to 26 August when the westerly trough moved eastward, and the cutoff low was detached from the trough base and began to interact with Bavi. The interaction between the TC and cutoff low was associated with weak EFC and did not satisfy the criteria for the TC–trough interaction given in previous studies (Molinari and Vollaro, 1989; DeMaria et al., 1993; Hanley et al., 2001).
[image: Figure 8]FIGURE 8 | Time series of the EFC (m s−1 day−1) averaged over the annulus between the radii of 300–600 km at 200 hPa.
Although previous studies found that large EFC related to the upper-level trough is favorable for TC intensification, our results imply that the enhanced EFC used as a precursor for TC intensity change may depend on the type of the TC–trough interactions (Fischer et al., 2019). The TC continued to intensify after the TC interacted with the cutoff low. Note that when the TC reached its peak intensity, the EFC began to increase again. The enhanced EFC at the end of the simulation indicates the strengthened TC–trough interaction due to the new-coming trough. However, this new trough seemed to be a “bad-trough” and unfavorable for TC intensification. In No-trough, the EFC in the inner radii of the TC was almost unchanged in the 4-day simulation until 0600 UTC 26 August, showing quite small EFC forcing at the inner radii of the TC. This is consistent with the removal of the upper-level trough and subsequently, the absence of the upper-level cutoff low.
In addition, we noticed that the trough-induced large EFC that occurred on the first day of the simulation in CTRL could directly affect the outflow. The outflow in CTRL (Figure 9A) was much stronger than that in No-trough (Figure 9B). The enhanced outflow could strengthen the secondary circulation and thus the storm intensification. However, although the EFC differed greatly in the two experiments, the TC intensity evolution was comparable. This suggests that the TC–trough interaction might play a secondary role in the intensity change of Typhoon Bavi. The intensity change may be influenced more predominantly by the environmental VWS than the EFC in this case, which is consistent with the composite study by Peirano et al. (2016).
[image: Figure 9]FIGURE 9 | Radius–time plots of 200-hPa azimuthal-mean radial wind (m s−1) in CTRL (A) and No-trough (B), respectively.
5 DISCUSSION WITH ADDITIONAL SENSITIVITY EXPERIMENTS
The results discussed in Section 4 are based on one initial time. To see the robustness of the finding, similar experiments were conducted with the model initialized 24 h earlier. The upper-level westerly trough was orientated in the northeast-southwest direction and located north of 30oN between 115 and 130oE (Figure 10A). The PV maximum associated with the trough was concentrated near the trough line. At this time, Typhoon Bavi was located to the southeast of the trough line, which remained as the trough moved eastward. In No-trough, the aforementioned westerly trough was removed (Figure 10) as done in the No-trough experiment discussed in Section 4.
[image: Figure 10]FIGURE 10 | Simulated PV (shaded, PVU), wind vectors, and geopotential height (contour, m) at 200 hPa at the initial time of 0000 UTC 22 August in CTRL (A) and No-trough (B), respectively.
The simulated TC track and intensity in CTRL are similar to the observed (Figure 11). The TC began to move northeastward and then turned toward to the east-northeast as it interacted with the upper-level westerly trough. The sudden direction change occurred at 1200 UTC 24 August when the TC was influenced by the cutoff low, leading to the northwestward turning motion of the TC. The approach of the new-coming westerly trough caused the TC to accelerate northward eventually. In No-trough with the westerly trough initially removed, the TC moved northeastward after 2-day simulation and then turned northward with a faster translation speed than that in CTRL. The intensity in both experiments showed little difference in the first 4-day simulations. Significant differences appeared in the last day of the simulation, which was primarily due to the difference in the simulated TC track. This is an indirect effect of the upper-level trough on TC intensity. The direct effect of the upper-level trough on the TC is on the storm track in this case.
[image: Figure 11]FIGURE 11 | (A) Track of Typhoon Bavi (2010) with every 6-h position indicated by solid circles with different colors for different categories in storm intensity, (B) the storm’s central sea level pressure (hPa), and (C) the maximum sustained 10-m wind speed (m s−1) from 0000 UTC 22 to 0000 UTC 27 August 2020 based on the JTWC best track data (red) and from CTRL (blue) and No-trough (green).
An examination of the EFC (Figure 12A) confirms that the first TC–trough interaction occurred from 1800 UTC 23 to 0600 UTC 24 August and the second occurred from 0000 UTC 26 August, consistent with the result in the simulation initialized 24-h later discussed in Section 4. The steady evolution of the moderate VWS (Figures 12B–D) favored the TC intensification but the increased deep-layer shear associated with the new-coming upper-level westerly trough became unfavorable for TC intensification after 1000 UTC 25 August. Note that the VWS magnitude in the two experiments shows little difference. This further confirms that the VWS is the main control of TC intensification during the TC–trough interaction, consistent with the results discussed in Section 4 and also the findings by Peirano et al. (2016).
[image: Figure 12]FIGURE 12 | Time series of (A) the EFC (m s−1 day−1) calculated at 200 hPa averaged over the 300–600 km annulus and the deep-layer shear (B) between 200 and 850 hPa (m s−1), upper-layer shear (C) between 200 and 500 hPa (m s−1), and low-layer shear (D) between 500 and 850 hPa (m s−1) in CTRL (blue) and No-trough (red), respectively.
The aforementioned results together with those in Section 4 strongly suggest that the TC–trough interaction is complicated and more attention should be given to the relative importance of favorable and unfavorable aspects of the interaction. In addition to the direct effect, attention needs to be paid to the indirect effect as well. The TC–trough interaction directly led to the track change in the Typhoon Bavi case, while the effect on TC intensity was insignificant until the TC reached its peak intensity. Large intensity difference occurred by the end of the simulations largely due to the track difference. This effect is termed as the indirect effect of the TC–trough interaction in this study, which has not been emphasized in previous studies.
6 CONCLUSION
In this study, the effects of a midlatitude upper-level westerly trough on the track and intensity of Typhoon Bavi (2020) over the WNP has been investigated through numerical experiments using the advanced WRF model. Typhoon Bavi formed over the WNP on 23 August 2020 and moved northeastward between Taiwan and Okinawa Islands under the influence of the upper-level westerly trough. As the upper-level trough to the north of the TC center propagated eastward, a cutoff low formed as a detached circulation from the base of the westerly trough on the next day. The enhanced circulation of the cutoff low increased the vertical penetration depth, imposing a considerable effect on the motion of Bavi and leading to a sudden northwestward turning motion. Bavi intensified to a severe typhoon and moved almost due north under the influence of the upper-level cutoff low and finally made landfall over North Korea.
The aforementioned processes were well captured in a control numerical experiment and further confirmed with an experiment in which the upper-level westerly trough was removed in the initial conditions. Namely, in the experiment No-trough with the upper-level westerly trough above 500 hPa removed by a smoothing algorithm, the TC moved primarily north-northeastward after 1-day simulation without the sudden northwestward turning. We also showed that the interactions between the TC and the upper-level trough or the cutoff low were dominated by the downward penetration and steering effects on Bavi’s motion, while the effect of the environmental VWS associated with the upper-level systems showed little differences between the two experiments, implying that the VWS might play a secondary role in causing the different motion of the storm in the two experiments.
Although the EFC was shown to have an influence on the TC outflow through enhancing the TC outflow, the TC intensity showed little difference in the two experiments, while the EFC showed large different evolutions. This demonstrates that the TC–trough interaction is complicated, and the EFC is not always a good indicator of TC intensification, while the related VWS is the main control, at least in the Bavi case. Although the moderate deep-layer shear and upper-layer shear are favorable for the intensification of Bavi, the low-layer shear is also important to the intensity change of Typhoon Bavi. In the Bavi case, the increase in deep-layer shear and upper-layer shear occurred prior to the increase in the low-layer shear, and the increase in the low-layer shear corresponded well with the weakening of the TC in the late stage of the simulations.
The results from this study also show that the upper-level systems (including the westerly trough and the subsequent cutoff low) affect the TC motion through the downward penetration and modifying the steering flow. Such a downward penetration effect played a secondary role in affecting the TC intensification because the TC intensity change showed similar evolution before landfall in the experiments with and without the upper-level westerly trough. The difference in TC intensity in the later stage was mainly an indirect effect of the earlier landfall due to the change in the TC track. It should be pointed out that the interaction between a TC and the upper-level trough or cutoff low is complicated and could be quite sensitive to the relative location of the two systems. Komaromi and Doyle (2018) conducted idealized simulations to understand the TC–trough interactions, but they did not include the westerly jet environment. This study can be extended by conducting semi-idealized simulations with the upper-level trough of different strength and size and at different relative locations from the TC, which will be further conducted in a follow-up study.
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