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Abstract

:

In the South China Sea (SCS), 17% of tropical cyclones (TCs) formed in the late season (November−January) were associated with a strong northeasterly monsoon. This study explores the effects of northeasterly strength on TC formation over the SCS. The Weather Research and Forecasting (WRF) model is used to simulate the disturbances that develop into TCs (formation cases) and those that do not (non-formation cases). Two formation (29W on 18 November 2001 and Vamei on 26 December 2001) and two non-formation (30 December 2002 and 9 January 2003) cases are simulated. To address the importance of upstream low-level northeasterly strength to TC formation, two types of sensitivity experiments are performed: formation cases with increased northeasterly flow and non-formation cases with decreased northeasterly flow. If the strength of the northeasterly is increased for the formation case, the stronger cold advection reduces the convective instability around the disturbance center, leading to the weakening of the simulated disturbance. If the strength of the northeasterly is decreased for the non-formation case, the simulated disturbance can develop further into a TC. In summary, strength of the upstream low-level northeasterly flow does affect the environmental conditions around the disturbance center, resulting in the change of TC formation probability over the SCS in the late season.
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1. Introduction


The South China Sea (SCS) is a unique basin of the western North Pacific (WNP). The SCS, surrounded by lands, has warm sea surface temperature in the whole year and is affected by the synoptic-scale systems and longer timescale systems from the Maritime Continent [1,2]. These cause the synoptic characteristics of tropical cyclone (TC) formation in the SCS to differ from those in the WNP [3]. Due to the narrower ocean basin and shorter TC warning period, accurate TC formation forecast (occurrence, timing, and location) in the SCS is a significant challenge to the surrounding countries.



During the peak typhoon season (July−October), the monsoon trough provides a strong southwesterly flow with high moisture in the SCS, favoring the formation of tropical cloud clusters and TCs [4,5]. However, the probability density function (PDF) of TC formation number in the SCS during the peak typhoon season is lower than that in the WNP [6]. In turn, the SCS has higher PDFs of TC formation than the WNP during the early (May−June) and late (November−January) typhoon seasons, especially in May and December. The baroclinicity associated with the Mei-Yu front and the significant vertical wind shear in these two periods are unfavorable for TC formation. The TC formation that overcomes these unfavorable conditions over the SCS in the early and late seasons deserves to be studied further.



In the SCS, the TC formation associated with the Mei-Yu front has been explored [7], while the process of TC formation associated with strong northeasterly flow in the fall and winter is still unclear. Strong winter monsoon circulation affects tropical cloud cluster formation (i.e., a precursor of TC) and maintenance in the SCS and WNP, thus further influences the TC formation [8]. The northeasterly cold surges may result in the intensification of convective disturbances in the near-equatorial region of the SCS [9,10,11]. Under favorable conditions, disturbances that form within the semi-stationary, near-equatorial trough over the coast of northern Borneo, or a westward-propagating wave from the WNP can develop into TCs over the SCS. For instance, Typhoon Vamei, which formed in the southern SCS during the boreal winter of 2001, developed in a semi-stationary near-equatorial trough environment. Chang et al. (2003) [11] indicated that the formation process of Vamei was associated with a strong and persistent northeasterly cold surge. This characteristic caused a large background vorticity near the equator and an initial Borneo vortex that drifted into the southern SCS, resulting in the formation of Vamei.



Lin and Lee (2011) [6] have analyzed the differences in the circulation patterns between the formation and the non-formation disturbances in the SCS during the late season. They found that the 925-hPa northeasterly flow is stronger for the formation cases, and the 500-hPa subtropical high is stronger and extends farther westward for the non-formation cases. In addition, the averaged 200-hPa divergence over the southern SCS is stronger for the formation cases. They also indicated that the strong northeasterly surge provided large low-level background vorticity at lower latitude favorable for the formation of the initial vortex, which is also pointed out by Chang et al. (2003) [11]. However, the cold and dry advection associated with the strong northeasterly flow is not favorable for the following development of the initial disturbance or the formation of TC. Therefore, a weakening in the upstream low-level northeasterly flow after the formation of the initial disturbance would decrease the vertical wind shear and reduce the stabilizing effect associated with the intrusion of cold and dry air. This might be a critical factor for the subsequent development of the initial disturbance and the formation of a TC over the SCS in the late season. This is the hypothesis to be explored in this study.



The Weather Research and Forecasting (WRF) model can be used to simulate TC formation and explore the physical processes. The sensitivity experiment through the WRF model is a known method to evidence and quantify the contribution of a specific factor to TC characteristics (e.g., references [12,13,14,15,16]). For TC formation, the sensitivity experiments of the environmental vorticity [17], trade-wind surge [18], and moisture patterns [19] have been conducted. Building on these studies, this study uses the WRF model to simulate the formation and non-formation cases associated with strong northeasterly flow in the SCS, and performs the sensitivity experiments to examine the importance of upstream low-level northeasterly strength for TC formation.



In this paper, the data used in this study and the model settings are presented in Section 2. The formation and non-formation cases are selected, simulated, and analyzed in Section 3. Results of sensitivity experiments with changed northeasterly strength are presented in Section 4. Finally, the discussion and conclusions are summarized in Section 5.




2. Data and Methodology


2.1. Data and Case Selection


Referring to Lin and Lee (2011) [6], two formation and two non-formation cases are selected and simulated in this study. The formation cases are typhoon Vamei (26 December 2001) and the 29th TC (18 November 2001) over the WNP in 2001 defined by the Joint Typhoon Warning Center (JTWC; labeled as 0129W). The non-formation cases are the disturbances on 30 December 2002 (case A) and 9 January 2003 (case B). The locations and intensities of the formation cases are obtained from the six-hourly best-track data of the JTWC. The formation time is defined as the time when the surface maximum sustained wind speed of disturbance reaches 25 knots (~13 m s−1).



Model simulations use the Final Operational Global Analysis (FNL) of the National Centers for Environmental Prediction (NCEP) as the initial and lateral boundary conditions, except simulations for Vamei. The NCEP FNL is produced by the Global Forecast System (GFS), which is a 6-hourly, near-real time, 1° × 1°, 26-level, and globally dataset from 1999 to present. Because the track error of Vamei between the simulation with the NCEP FNL initial condition and the observation is large, the Advanced Operational Analysis of the European Centre for Medium-Range Weather Forecasts (ECMWF) is used for simulations of Vamei. It is a six-hourly, 1.125° × 1.125°, 26-level, and globally dataset from 1985 to 2010.



The QuikSCAT oceanic wind data, which are derived from microwave scatterometers [20,21], are used in this study for comparison with the simulation results. Daily weather charts of the Japan Meteorological Agency (JMA) are used to identify surface features. The infrared and visible satellite images from the Multi-Functional Transport Satellite (MTSAT) are used to verify these surface features and simulation characteristics.




2.2. Model Setting


This study uses the Advanced Research—WRF model version 3.2.1 (ARW). The WRF model considers fully compressible, Eulerian, and nonhydrostatic with a run-time hydrostatic option, and uses terrain-following and hydrostatic-pressure vertical coordinates [22]. For the simulations in this study, three nested domains, which are fixed geographically, are employed with two-way interaction. As Figure 1 shows, the domains use horizontal grid spacing of 45-, 15- and 5-km and grid dimensions of 150 × 150, 253 × 253, and 322 × 322, respectively. The domain 2 covers the whole South China Sea, and domain 3 focuses on the main development area of the four selected cases. Each simulation considers 28 vertical levels from the surface to 50 hPa.



In this study, the physical parameterization setting mainly follows Chang (2013) [18] and Hsieh et al. (2017) [17]. The WRF single-moment six-class microphysics scheme [23] is used for all domains. The Kain–Fritsch convective parameterization scheme [24] is used in the domains with 45- and 15-km resolutions. Moreover, the Yonsei University planetary boundary layer scheme [25], Dudhia shortwave radiation scheme [26], and rapid radiative transfer model longwave radiation scheme [27] are considered in all simulations. No additional data assimilation or vortex bogus method is adopted in the control simulations.



For TC 0129W, a four-day simulation initialized at 0000 UTC 17 November 2001 is performed (i.e., 41 h prior to the second TC formation alert issued by JTWC and 42 h before the 25-knot intensity). For Typhoon Vamei, a two-day simulation initialized at 0000 UTC 25 December 2001 is conducted (i.e., 36 h before the 25-knot intensity). For the two non-formation cases, three-day simulations initialized one day before the disturbances with a closed surface isobar in the JMA weather charts are performed.





3. Numerical Simulations


3.1. Verification


This section shows the simulation performance for the four selected cases, which are defined as the control runs (CTL) in this study. The simulated tracks agree well with the best tracks for the formation cases, 0129W and Vamei (Figure 2). The simulated intensities are also similar to those shown in the JTWC data, although the simulated 0129W intensifies more rapidly into a tropical storm (TS) stage than the observation. The simulated tracks for the non-formation cases, cases A and B, are similar to the disturbance positions obtained from the NCEP FNL (Figure 3) and the locations of the incipient vortex shown in QuikSCAT (Figure 4). These two non-formation cases are steered by the low-level northeasterly flow toward the northwest coast of Borneo. Their simulated intensities (~1008 hPa) are similar to the observation shown in surface map analysis, and hence the disturbances do not develop into TCs in observations and simulations.



The azimuthal-averaged 925-hPa relative vorticity for the four cases are shown in Figure 5. An intensification occurs within a 100-km radius where the relative vorticity increases substantially, after simulating 48 h for 0129W and after 24 h for Vamei. However, no intensification process is observed for the non-formation cases.




3.2. Analyses of Low-Level Northeasterly Flow and Equivalent Potential Temperature Advection


To examine the effects of northeasterly flow on TC formation process, the upstream northeasterly within a 10° × 10° box (defined as upstream area) is analyzed for each simulation. This box is centered at a point 5° to the northeast of the disturbance center (red box in Figure 4). Moreover, to analyze the contribution of temperature and moisture advection to TC formation, the equivalent potential temperature advection is calculated based on Bolton (1980) [28] as follows:


    ∂  θ e    ∂ t   = −  (  u   ∂  θ e    ∂ x   + v   ∂  θ e    ∂ y    )   



(1)






   θ e  =  T e     (     p 0   p   )     R   c p      = T    (     p 0   p   )     R   c p      exp  (   (    3.376    T L    − 0.00254  )  × q  (  1 + 0.00081 q  )   )   



(2)




where θe is the equivalent potential temperature, u and v are the horizontal and meridional wind, Te is the equivalent temperature, T is the temperature, TL is the temperature of lifting condensation level, cp is the specific heat of dry air, q is the mixing ratio, p0 and p are the reference pressure and local pressure, and R is the specific gas constant of dry air. In Equation (1), the difference in the equivalent potential temperature between the two adjacent grid points divided by the grid spacing distance is considered as the partial differential term.



The time series of the 1000-hPa northeasterly flow and equivalent potential temperature advection in the upstream area for 0129W and Vamei are shown in Figure 6a,b. The correlation coefficients between the northeasterly flow and the cold advection are 0.84 and 0.85 for 0129W and Vamei, respectively, which pass the Pearson’s correlation test at a 95% confidence level. For 0129W, both the northeasterly flow and cold advection increase from 30 h to 48 h, and then decrease afterward. For Vamei, the northeasterly flow and cold advection decrease after 15 h and 9 h, respectively. For the non-formation cases, there is no apparent decreasing tendency for the upstream cold advection (Figure 6c). The stronger northeasterly flow and cold advection in the upstream area are not favorable for TC formation.





4. Sensitivity Experiments


To assess the impact of northeasterly flow on the formation of late-season TCs in the SCS, sensitivity tests with the modified intensity of the continental high are performed. A similar experiment procedure has been used in Chang (2013) [18] to explore the relationship between the high intensity and TC formation. The circulation (u and v) of the continental anticyclone over an area of 35° × 30°, which is centered at the highest surface pressure center of the continental high, is changed in the initial field or during the integration. A 5° buffer zone with a linear decreasing tendency is located at the boundary of each nested domain.



4.1. Change of Environmental Northeasterly in the Initial Field for Formation Cases


For each formation case, four sensitivity experiments are performed with the values of initial wind fields (anticyclonic circulation) being reduced to 80%, 60%, 40%, and 20% of the original values (only 60% and 20% experiments are shown in this paper; labeled as H60 and H20; Table 1). Because the model needs about 12–24 h to adjust before reaching a balanced state, results of the first 24 h for each experiment are not analyzed.



Results show that the maximum intensity of the simulated disturbance decreases when the strength of the continental high is reduced. As shown in Figure 7, the intensity changes in the sensitivity experiments and control run are similar before 66 h for 0129W and before 42 h for Vamei. For H60 experiments, the simulated pre-TC disturbances of 0129W and Vamei can still develop into TCs, but with higher minimum surface pressure compared to that of the control run. For H20 experiments, however, the minimum surface pressure of the simulated pre-TC disturbance remains around 1001 hPa after these times, and no TC forms. When the initial continental high is reduced (H60 and H20), the initial shear vorticity is also reduced, which is not favorable for TC formation. If the continental high is weakened to 20% of the original strength, the background environment cannot support TC formation. This result agrees with the finding of Lin and Lee (2011) [6]. In summary, the northeasterly flow can provide some favorable environmental conditions (e.g., initial shear vorticity) for the development of pre-TC disturbance.




4.2. Change of Environmental Northeasterly during Formation Process


For the formation cases, the weakening in the northeasterly flow affects the later development process of the disturbance and may be a key factor of TC formation within this type of environment. Therefore, sensitivity tests are further performed to assess the effects caused by changing the environmental northeasterly during the TC formation process. The WRF grid nudging technique [29] is used to maintain the changed magnitudes of the continental high during the simulation period. The intensity of continental high is weakened for the non-formation cases and strengthened for the formation cases during their formation process, as shown in Table 1.



For the formation cases, the experiment setting is the same as that in Section 4.1, but the intensity of the continental high is increased by 20% and 40% (labeled as H120 or H140) compared to the original intensity. For 0129W, TC convective structure and cyclonic circulation can be simulated in the control run (Figure 8a−c) and the grid nudging technique is employed during the period 48–66 h of simulation for the sensitivity experiments. Note that the northeasterly flow for the control run of 0129W (shown in Section 3) shows a decreasing tendency during the period 48–66 h of simulation. As Figure 9c shows, the northeasterly flow of the sensitivity experiments for 0129W is 1–2 m s−1 stronger than that of the control run. The simulated disturbances weaken after 57 h of simulation (minimum surface pressure increases to 1007 hPa; Figure 9a), and do not develop into TCs (Figure 8d−f). The tendency of cold advection in the sensitivity experiments after 72 h (Figure 9e) is significantly increased than that of the control run, which is a potential factor causing TCs not forming in the sensitivity experiment.



For Vamei, the grid nudging technique is used during the period 12–48 h of simulation, which is the period with weakening northeasterly flow in the control run. When the northeasterly flow is enhanced in the sensitivity experiments (Figure 9d), the intensities of the simulated disturbances are lower than that of the control run (Figure 9b). Specifically, no TC formation is observed in H140, but a weak TC still forms in H120 (weaker than that of the control run in the first 44 h of simulation). The difference in disturbance intensity between the control run and the sensitivity experiments for Vamei is smaller than that of 0129W (Figure 9a,b). Note that the cold advection strength in the experiment of Vamei is not significantly increased, compared to that of 0129W, although the northeasterly flow is strengthened (Figure 9d,f). This indicates that although stronger northeasterly flow is not favorable for TC formation, the main suppressing effect on TC formation can be attributed to changes in cold advection intensity associated with the changes of the northeasterly flow.



For the non-formation cases A and B, the experiment setting is the same as that of the formation cases, but the intensity of the continental high is reduced by 20% and 40% (labeled as H80 and H60) compared to the original intensity. No TC formation process occurs in the control run (Figure 8g−i) and the grid nudging technique is conducted during the period 36–72 h of simulation for the sensitivity experiments. The northeasterly flow is weaker than that of the control run after 36 h of simulation for these two cases (Figure 10c,d). The cold advection is also weaker in these sensitivity experiments and the simulated disturbances for both cases can develop into TCs (Figure 8j−l).



In summary, the northeasterly flow affects TC formation during the TC formation process by changing the low-level cold advection. Although the northeasterly flow can provide the initial shear vorticity favorable for TC formation, the strong cold advection associated with the northeasterly flow may suppress the development of the disturbance during TC formation process.




4.3. Analysis of the Effects of Northeasterly Flow on TC Formation


To address the effects of the cold and dry advection or the warm and moist advection on TC formation, the flow field and the equivalent potential temperature field are analyzed. To simplify the comparison and highlight the difference, this section presents only the results for the formation case 0129W and the non-formation case B. Figure 11a shows the 925-hPa flow fields and the equivalent potential temperature advection for the control run of 0129W at 84 h (during the TC formation process) when the cold advection weakens obviously in the northeastern SCS (as shown in Figure 9e). For the H140 experiment of 0129W, the simulated disturbance does not develop into a TC, due to the cold air intrusion from the northeastern SCS (Figure 11c). Conversely, for the non-formation case B, the 925-hPa cold and dry air spreads over the southern SCS in the control run (Figure 11b), which is not favorable for the formation of a TC. However, in the H60 experiment of case B, the cold advection retreats from the southern SCS (Figure 11d) and the simulated disturbance can develop to a TC.



Figure 12 shows the convective instability at 925-hPa for the formation and the non-formation cases. Results show that for the formation case 0129W (Figure 12a,c), the convective instability of the control run is much stronger in the SCS during the formation process than that of the sensitivity experiment (H140). For the non-formation case B (Figure 12b,d), conversely, the convective instability in the SCS is much stronger for the sensitivity experiment (H60) than that of the control experiment. Figure 12d also shows that the air parcels with stronger instability to the North of Borneo tend to propagate gradually toward the northeast of the disturbance.



Moreover, Figure 13 shows the south-north cross-section of convective instability below 700 hPa at 118.5° E and 115° E for the formation and non-formation cases, respectively (about 600–800 km to the east of the disturbance center). According to Lin and Lee (2011) [6], the strength of the environmental northeasterly flow at the region 600–800 km to the east of the disturbance center, rather than the region close to the disturbance center, plays key role in differentiating the TC formation process over the SCS. The vertical development at the initial stage of the TC formation process is much shallower (below 700 hPa) over the SCS in the late season, compared to that in the WNP. During the formation process, a peak instability is observed at 900 hPa in the control run of 0129W (Figure 13a). This area with high instability is larger than that of H140 (Figure 13c). Specifically, the low-level cold air retreats from the northern SCS associated with the increase in equivalent potential temperature, which favors TC formation in the control run. In turn, the area of higher (>339-K) equivalent potential temperature extends further southward in the experiment of H60 for the non-formation case B (Figure 13d) compared to that of the control run (Figure 13b). This increases the low-level convective instability and favors TC formation.



To highlight the contribution of northeasterly flow to TC formation, the air parcels transporting toward the disturbance from different quadrants are further compared among the experiments. The backward trajectory analysis method of the Read Interpolate Plot version 4.7 is applied in this section. Sixty-four air parcel seeds are homogeneously placed at 345-K level (~1000 hPa) within a 6° × 6° box centered at the disturbance center for each experiment, and then are backward tracked during the nudging period. For 0129W, compared to the control run, the experiment H140 (with an environment with the stronger northeasterly flow) has a relatively higher percentage of air parcels coming from the northeast quadrant of the disturbance center (Table 2), and no TC formation occurs. However, for the non-formation case B, more air parcels coming from the southwest quadrant of the disturbance center are transported into the disturbance when the northeasterly flow is weakened in the experiment H60 (Table 2), and the disturbance can develop into a TC. These results show that the advection of the cold and dry air from the northeast of the disturbance tends to suppress the further development of the disturbance. In contrast, the advection of the warm and moist air from the southwest of the disturbance is more favorable for the further development of the disturbance.



In summary, in the SCS during the late season, the upstream cold and dry northeasterly flow is an unfavorable environmental condition for the TC formation process, based on the results of sensitivity experiments (Table 3). Although the strong northeasterly flow might provide an environment with strong shear vorticity, which is favorable for the formation of the initial disturbance, the disturbance would have less probability to further develop into a TC if the northeasterly flow keeps bringing cold and dry air from the northern SCS to the disturbance region. Conversely, a weakening in the northeasterly flow or more air transported from the southern SCS to the disturbance region would provide a higher probability for a disturbance to develop into a TC.





5. Discussion and Summary


In the SCS, the relative percentage of TCs that form in the late typhoon season is higher than that in the WNP, especially in December. The characteristics of TC formation in the SCS are likely different from those over the other basins. Most of the previous studies focused on the specific favorable environmental conditions for TC formation in the SCS, such as the shear vorticity and the warm ocean water [6,30], but the unfavorable conditions for TC formation are rarely discussed. In the SCS, some incipient disturbances can develop into TCs if the characteristics of strong environmental northeasterly are changed. This is a challenge for accurate TC formation forecasts. Strong northeasterly flow over the SCS provides different contributions to TC formation, depending on its strength, direction, and timing. The environment with the strong northeasterly flow is not a common circulation pattern for TC formation in the WNP [5,31,32,33]; thus, the interaction between northeasterly flow and pre-TC disturbance is still unclear. To increase our understanding of TC formation and improve the forecast skill of TC formation in the SCS, this study explores and quantifies the importance of strong northeasterly flow for TC formation in the SCS using numerical experiments.



Two formation cases (0129W and Vamei) and two non-formation cases (cases A and B) are simulated and compared in this study. When the environmental northeasterly in the initial field is weakened, the development of the simulated pre-TC disturbance is suppressed because the environmental shear vorticity is also weakened. However, during the developing phase of the pre-TC disturbance, the strong upstream low-level northeasterly flow may strengthen the cold and dry advection around the disturbance region, which would suppress the TC formation process. Conversely, if the upstream low-level northeasterly flow is weakened during the developing phase of disturbance, the simulated disturbance can develop into a TC in the sensitivity experiments for the non-formation cases. Although the performance whether TC forms in sensitivity experiments is similar for 0129W and Vamei, the corresponding changes in sensitivity experiments for Vamei are smaller than those for 0129W. This is likely because that Vamei is a rapid development case (i.e., developed to TS stage in 6 h after the first JTWC TC formation alert) and has a weak cold advection in observations. In addition, the formation of Vamei is associated with negative effects of the intraseasonal oscillation, and occurs nearby the equator [6,11]. Compared to 0129W, Vamei has less favorable large-scale environmental conditions; thus its formation process has a higher proportion contributed by mesoscale or convective-scale mechanisms [34,35]. These characteristics may cause the formation of Vamei to be less sensitive to large-scale northeasterly.



In summary, TC formation over the SCS in the late season is highly sensitive to the strength and timing of northeasterly. This study characterizes and discusses the different contributions of northeasterly flow to TC formation. Stronger northeasterly flow might result in stronger cold and dry air being transported from the northern SCS to the disturbance region, which is not favorable for TC formation. Although weaker northeasterly flow may reduce the cold and dry advection toward the disturbance region, it also reduces the environmental shear vorticity, which is another important factor for TC formation. Therefore, an accurate upstream northeasterly forecast can improve the forecast skill of TC formation in the SCS and advance the TC warning time for the coastal countries of the SCS. This study can be a critical reference for ensemble forecast, and the spatial and temporal selections of data assimilation for the SCS TC forecast.
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Figure 1. The domain setting used in this study. 
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Figure 2. Time series (h) of (a,b) the minimum central surface pressure (hPa) and (c,d) tracks of the observations (red) and simulations (blue) for 0129W (a,c) and Vamei (b,d). 
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Figure 3. As Figure 2, but for the non-formation case A (a,c) and case B (b,d). 
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Figure 4. The 10-m wind barb and wind speed (shaded; m s−1) of (a,b) the non-formation case A for (a) simulation at integrated 33 h and (b) QuikSCAT at 1000UTC 30 Dec 2002, and (c,d) the case B for (c) simulation at integrated 27 h and (d) QuikSCAT at 2200UTC 09 Jan 2003. The red box denotes the upstream area defined in this study for each case, and the red circle denotes the disturbance center. 
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Figure 5. Azimuthal average of 925-hPa relative vorticity (10−4 s−1) for (a) 0129W, (b) Vamei, (c) non-formation case A, and (d) non-formation case B. Curves with different colors represent different simulated times from 0 h to 96 h. 
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Figure 6. The time series (h) of the average 1000-hPa northeasterly flow (red; m s−1) and the 1000-hPa horizontal equivalent potential temperature (theta-e) advection (blue; °C × 6 h−1) in the upstream area (defined in Section 3.2) in the control runs for (a) 0129W, (b) Vamei, (c) non-formation case A, and (d) non-formation case B. 
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[image: Atmosphere 12 01147 g006]







[image: Atmosphere 12 01147 g007 550] 





Figure 7. Time series (h) of the minimum central surface pressure (hPa) for the control runs and sensitivity experiments for (a) 0129W and (b) Vamei. Curves with different colors represent the control run and different sensitivity experiments. 






Figure 7. Time series (h) of the minimum central surface pressure (hPa) for the control runs and sensitivity experiments for (a) 0129W and (b) Vamei. Curves with different colors represent the control run and different sensitivity experiments.



[image: Atmosphere 12 01147 g007]







[image: Atmosphere 12 01147 g008 550] 





Figure 8. The convective patterns (colored shading; dBZ), 925 hPa wind field (red barb), and sea surface pressure (contour; hPa) around the disturbance center at 48 h (a,d,g,j), 60 h (b,e,h,k), and 72 h (c,f,i,l) of simulations. (a−c) the control run of 0129W, (d−f) the experiment H120 of 0129W, (g−i) the control run of non-formation case B, and (j−l) the experiment H60 of non-formation case B. 
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Figure 9. Time series (h) of (a,b) the minimum central surface pressure (hPa), (c,d) the 925-hPa northeasterly flow in the northern SCS (m s−1), and (e,f) the 925-hPa equivalent potential temperature (theta-e) advection in the upstream area (°C × 6 h−1) for 0129W (a,c,e) and Vamei (b,d,f). Curves with different colors represent the control run and different sensitivity experiments. 
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Figure 10. As Figure 9, but for the non-formation case A (a,c,e) and case B (b,d,f). 
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Figure 11. The wind field (barb; knots), advection of equivalent potential temperature (shaded; 10−4 K s−1) at 925-hPa, and sea surface pressure (contour; hPa) for (a,b) the control runs and (c,d) sensitivity experiments of 0129W at 84 h (a,c), and of non-formation case B at 60 h (b,d). The sensitivity experiment is H140 for 0129W and H60 for case B. 
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Figure 12. The 925-hPa wind field (barb; knots), convective instability (shaded; K hPa−1), and geopotential height (contour; gpm) for (a,b) the control runs and (c,d) sensitivity experiments of 0129W at 84 h (a,c) and non-formation case B at 60 h (b,d). The sensitivity experiment is H140 for 0129W and H60 for case B. 
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Figure 13. The vertical cross-section (from surface to 700 hPa and the north to south) of convective stability (shaded; K hPa−1), wind vector (v and omega), and equivalent potential temperature (contour; <339 K) for (a,b) the control runs and (c,d) the sensitivity experiments of 0129W at 84 h (a,c) and non-formation case B at 60 h (b,d). Sensitivity experiment is H140 for 0129W and H60 for case B. The vertical cross-section is along 118.5°E from 5 to 21°N for 0129W, and along 115°E from 5 to 21°N for case B. 
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Table 1. The label and description of sensitivity experiments for the formation and non-formation cases.
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	Change in High Intensity
	Formation Case
	Non-Formation Case
	Development into TC





	Initial field, reduced to 20% of original
	H20
	-
	No



	Initial field, reduced to 60% of original
	H60
	-
	Yes



	Nudging field, reduced to 60% of original
	-
	H60
	Yes



	Nudging field, reduced to 80% of original
	-
	H80
	Yes



	Nudging field, increased to 120% of original
	H120
	-
	No *



	Nudging field, increased to 140% of original
	H140
	-
	No







* 0129W does not form in the experiment but Vamei forms with weaker intensity than the control run.
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Table 2. The percentage distribution (%) of the origin of air parcel transporting toward the disturbance from the four quadrants in each experiment. The last column shows the ratio of air parcels from the northeast quadrant to the southwest quadrant. The backward trajectory analysis is performed during 48 h to 72 h of simulation for 0129W, while it is during 36 h to 72 h of simulation for Case B.






Table 2. The percentage distribution (%) of the origin of air parcel transporting toward the disturbance from the four quadrants in each experiment. The last column shows the ratio of air parcels from the northeast quadrant to the southwest quadrant. The backward trajectory analysis is performed during 48 h to 72 h of simulation for 0129W, while it is during 36 h to 72 h of simulation for Case B.





	Experiment
	Northeast
	Northwest
	Southwest
	Southeast
	Ratio of Northeast to Southwest





	0129W control
	56
	2
	16
	26
	3.5



	0129W H140
	60
	11
	11
	18
	5.5



	Case B control
	70
	13
	12
	5
	5.8



	Case B H60
	33
	45
	22
	0
	1.5
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Table 3. Schematic summary of nudging sensitivity experiments for the four cases.
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	Case
	Difference in High Intensity
	Difference in Cold Advection
	Difference in Convective Instability
	Development into TC





	0129W
	Increase
	Stronger
	Less
	No



	Vamei
	Increase
	Neutral to stronger
	Neutral to less
	No *



	A
	Decrease
	Weaker
	Greater
	Yes



	B
	Decrease
	Weaker
	Greater
	Yes







* except for H120 experiment.
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