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The intraseasonal variability of multiple tropical cyclone (MTC) events in the western North Pacific (WNP) during 1979–2015 is analyzed using the best-track dataset archived at the Joint Typhoon Warning Center. MTC events are divided into three phases according to the time intervals of the tropical cyclone (TC) genesis, that is, active, normal, and inactive phases. Composite analysis results indicate that MTC events tend to occur in the active phase when the monsoon trough is stronger and located farther north than at other times. Initialized by the data from a 10-year stable running result, a 12-year control experiment is carried out using the hybrid atmosphere–ocean coupled model developed at the University of Hawaii (UH_HCM model) to evaluate its simulation capability. Compared with the climate observations, the model shows good skill in simulating the large-scale environmental conditions in the WNP, especially the subtropical high and the monsoon trough. In addition, the model can well simulate the climate characteristics of TCs in the WNP, as well as the differences in each MTC phase. However, the simulated frequency of TCs is less and their locations are more northeast, compared with the observations. The vorticity and moisture in the model appear to be the two main factors affecting MTC activity based on analyses of the genesis potential index.
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INTRODUCTION
The western North Pacific (WNP) is one of the main regions that generate global tropical cyclones (TCs). On average, about 30 TCs are generated in this region every year, which accounts for one-third of the global total. Of the western Pacific coastal countries, China is one of the countries most affected by TCs, and it experiences about 20 TCs every year on average. Therefore, TC forecasting and monitoring services are a top priority for disaster prevention and mitigation in China. At present, among the different timescales in TC forecasting, the 10–30-day extended-range forecast is the least accurate. In addition, the theoretical basis of the extended-range forecast, i.e., the study of subseasonal variation of TC activity, still needs improvement.
Observational results show that the TC activity in the WNP has notable subseasonal change features. The activity and inactivity of TC formation appear alternately. Previous studies have shown that the genesis of multiple TCs has a certain periodicity. The active period is about 1–2 weeks. Between two active periods, there is a 2–3-week inactive period (Gray, 1979; Xie et al., 2018). This phenomenon is abnormal for the subseasonal change of TC activity. Some studies have defined TCs that form in the same area and period as multiple tropical cyclone (MTC or TC clustering) activity. Previous studies have found that a substantial portion (34%–57%) of TCs can be described as MTC events, with a higher proportion in the WNP, compared with other MTC regions (Krouse and Sobel, 2010; Schenkel, 2015, 2017). The active phase of MTC formation is defined as when the number of TCs generating in a short period is abnormally large, and the opposite situation is called the inactive phase of MTC formation (Gao and Li, 2011, 2012). The active phase may result in a certain region being frequently affected by TCs over a short period, which increases the cumulative effect of TC damage and losses. In contrast, the inactive TC genesis phase in summer causes high temperatures and droughts.
At present, studies on TCs in the WNP area emphasize the interannual and interdecadal variations, and, in recent years, many studies on subseasonal-to-seasonal TC activity in the WNP have been carried out. The two major components of the intraseasonal oscillation—the 30–60-day Madden–Julian oscillation (MJO) and the 10–20-day quasi-biweekly oscillation (QBWO)—are the main factors affecting the intraseasonal variability of TCs. The MJO is the major component of the tropical intraseasonal oscillation, as the variability of the observed TC activity (i.e., genesis, track, and landfall) in the WNP is related to the MJO-related convection. The substantial increase (reduction) in cyclogenesis is found to be associated with the active (inactive) phase of the MJO (Nakazawa, 1988, 2006; Liebmann et al., 1994; You et al., 2019; Zhao and Li, 2019). The 10–20-day QBWO located in the Asian monsoon region presents northwestward-moving characteristics. Its energy is more powerful than that of the MJO, it exerts strong modulation on the intraseasonal activity of TCs, and it has a significant local influence on TCs (Li and Zhou, 2013a, Li and Zhou, 2013b; Zhao et al., 2015). As one of the abnormal phenomena of TC subseasonal variation, MTC events have been rarely studied. The low-frequency change in atmospheric circulation has a regulating effect on MTC events (Gao and Li, 2011). Some MTC events in the WNP are the successive cyclogenesis due to energy dispersion of preexisting TCs (Li and Fu 2006; Krouse and Sobel, 2010). The convectively coupled equatorial waves provide strong (weak) favorable environmental conditions that result in more (less) TC genesis. Compared with the synoptic-scale waves (tropical depression-type waves and mixed Rossby-gravity waves), the long-lasting equatorial Rossby waves produce more favorable humidity and convective conditions for MTC formation (Krouse and Sobel, 2010; Schenkel, 2015; Lai et al., 2020).
In the dynamic seasonal forecast, Manabe et al. (1970) were the first to find that atmospheric circulation models at low resolution can reproduce the observed low-pressure structure and physical characteristics of TCs (Bengtsson et al., 1982, 1995, 2007; Haarsma et al., 1993). Despite slight differences between the methods used for the detection and tracking of TCs in the models, most begin by identifying the distinctive atmospheric structure of TCs (i.e., the strong vortex and the warm-core structure). The ECHAM-4 general circulation model (GCM), developed by the Max Planck Institute for Meteorology (Roeckner et al., 1996), has been used for TC forecasting since the early 2000s. In 2003, the International Research Institute for Climate and Society in the United States built a dynamic prediction model using the ECHAM4.5 GCM for forecasting seasonal TC genesis frequency (Camargo and Barnston, 2009; Klotzbach et al., 2011). Fu and Hsu (2011) used a hybrid atmosphere–ocean coupled model developed at the University of Hawaii (UH_HCM model) to successfully predict a tropical cyclogenesis event in the northern Indian Ocean with a lead time of two weeks. The atmospheric component of the UH_HCM model is the ECHAM4.5 GCM, and the ocean component is a 2.5-layer equatorial upper ocean model. The UH_HCM model was developed by the International Pacific Research Center (IPRC) of the University of Hawaii (Fu et al., 2003; Fu and Wang, 2004) and it shows some prediction capability for subseasonal TC activity and a high forecast skill for the MJO (Fu et al., 2009, Fu et al., 2011; Fu and Hsu, 2011). At present, few studies have focused on the numerical simulation of MTC activity. Therefore, this paper makes a further assessment of the MTC simulation capacity of the UH_HCM model, to provide technical support for the extended-range numerical prediction of the subseasonal change of TCs in the WNP area.
MATERIALS AND METHODS
The data used in this paper are as follows. 1) The TC best-track dataset archived at the Joint Typhoon Warning Center (JTWC) from May to October 1979–2015. The original temporal resolution of the JTWC observation data is 6 h, but it was transformed into 1 day in this study. A TC is defined as a tropical storm with a maximum average wind speed over 35 miles per hour near the bottom center. 2) Reanalysis data (Reanalysis 1) from the National Centers for Environmental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) from 1979 to 2015 with a spatial resolution of 2.5 ° × 2.5 °. The temporal resolution of the NCEP reanalysis data is 1 day.
The genesis potential index (GPI) is an index that reflects whether the potential background is beneficial to a comprehensive quantitative description of TC genesis (Emanuel and Nolan, 2004). It is defined as
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where [image: image], [image: image], [image: image], [image: image], [image: image] is the absolute vorticity at 850 hPa in s−1, [image: image] is the relative humidity at 600 hPa in percent, [image: image] is the TC maximum potential intensity (in m s−1) defined by Emanuel, and [image: image] is the magnitude of the vertical wind shear between 850 and 200 hPa. Following Li et al. (2013), the deviation of the total GPI from its mean can be calculated by taking the logarithm and the total differential, and it can be written as
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With a simple conversion, the magnitude of the GPI anomaly ([image: image]) becomes a linear combination of four independent terms, i.e., absolute vorticity (Term1), moisture (Term2), maximum potential intensity (Term3), and vertical wind shear effects (Term4).
The UH_HCM model used in this study is an ocean–atmosphere coupled model. The atmospheric component (ECHAM4.5 GCM) has 19 layers extending from the surface to 10 hPa, and we used the T106 version (the corresponding horizontal resolution is about 1°) in this study. The ocean component with a resolution of 0.5 ° × 0.5 ° comprises a mixed layer and a thermocline layer. We use the climate circulation field and sea surface temperature field as fringe conditions for the control-run experiment. We run the experiment for 22 years and analyze the last 12 years’ data. In the UH_HCM control-run experiment, the temporal resolution of the output data is 1 day.
SUBSEASONAL VARIATION OF TROPICAL CYCLONES IN THE WESTERN NORTH PACIFIC
To describe the subseasonal variation of TCs in the WNP, we used the method of Gao and Li (2011) to divide MTC events into different phases. First, the TC genesis interval (TGI) sequences between every 2 TCs are calculated. Then, the relationship between the anomalous TGI (ATGI) and its 0.5-time standard deviation is compared. According to these two criteria, MTC events are divided into three phases (Table 1). An active phase is defined as a TGI less than or equal to 3 days, which means the genesis interval between two consecutive TCs is less than or equal to 3 days. A normal phase is with a TGI of 3–9 days. An inactive phase is defined as a TGI greater than or equal to 9 days. If two or more active or inactive phases occur successively, they are considered to be the same active or inactive phase. We use the numbers 1, 2, and 3 to indicate the inactive phase, the normal phase, and the active phase of the day, respectively, and obtain the sequences of MTC phases from 1979 to 2015 (Figure 1).
TABLE 1 | Classification of the MTC phases based on the standard deviation σ of the TC genesis interval (TGI) in the WNP (ATGI denotes the anomalous TC genesis interval).
[image: Table 1][image: Figure 1]FIGURE 1 | The numbers of TC genesis (red column) and the MTC phase sequences during May to October from 1979 to 2015. The numbers 1, 2, and 3 for the blue lines indicate the inactive phase, normal phase, and active phase of the MTC events, respectively.
This divides the lifetime of TCs in the WNP into inactive, normal, and active phases according to the MTC features. There are 83, 68, and 185 events for the three phases from May to October during 1979–2015, respectively. Typical events for the three MTC phases are selected and further analyzed to better show the differences in the circulation background of the three phases. For the inactive phase, 23 typical events that last for over 24 days (the average length of all events in the inactive phase) from July to September are selected. In addition, 17 and 22 typical events for the normal phase and active phase, respectively, that continuously generate five TCs (the average TCs of all events, both active phase and normal phase, is 5) or more are also selected. The outcomes are listed in Table 2. From here on, MTC events refer only to events in the active phase.
TABLE 2 | Typical events of the three MTC phases in the WNP.
[image: Table 2]Figure 2 shows the composite wind and vorticity fields at 850 hPa for typical events in the inactive, normal, and active phases. The time period of each composite environmental field ranges from the start day to the end day of each typical event. We find that the low-level circulation fields of the normal phase and the active phase are similar. They both have a distinct monsoon trough, and the monsoon shear line stretches from the South China Sea (SCS) to the central Pacific Ocean (150 °E), which corresponds to a high positive vorticity zone (>0.6 × 10–5 s−1). This means that there is a strong horizontal convergence within the shear line and most of the TCs are generated in this location. The center of the high positive vorticity zone is near the Philippines (>1.2 × 10–5 s−1), where the relative wind speed is faster, the positive vorticity range is wider, and the maximum positive vorticity is higher. Meanwhile, the composite low-level wind field of the active phase shows an apparent cyclone in the northern SCS and multiple TCs generate in the center of the cyclone. In the composite low-level wind field of the inactive phase, the wind speed is much weaker than that in the other two phases. The positive vorticity zone is farther south and the intensity is slightly weaker (mostly lower than 0.6 × 10–5 s−1). This large-scale background is not conducive to the genesis of TCs. The low-level wind difference of the active phase minus that of the inactive phase shows a large-scale cyclonic circulation in the WNP with a center near 130 °E, 22 °N (Figure 2D). Along the center, there is a zone of high positive vorticity in the zonal direction. Three distinct centers of positive value are located in the eastern SCS, from the northern Philippines to coastal Taiwan, and the midwestern Pacific Ocean. Compared with Figure 4A, we find that it is also the location for MTC genesis. This indicates that the MTC formation in the WNP is mainly affected directly by the monsoon trough in the WNP.
[image: Figure 2]FIGURE 2 | The composite wind fields and vorticity fields (shading, 10–5 s−1) at 850 hPa of the typical events in the (A) active phase, (B) normal phase, and (C) inactive phase. (D) The vorticity difference (shading) of typical events in the active phase minus those in the inactive phase. The dots represent values significant at the 95% confidence level using the t-test.
ABILITY OF THE UH_HCM MODEL TO SIMULATE CIRCULATION BACKGROUND FIELD IN THE WESTERN NORTH PACIFIC
The simulation ability of the model for the atmospheric circulation, water vapor condition, and dynamic condition are analyzed, all which have a close relationship with the genesis and development of TCs.
Early studies showed that, in the season when TCs are active in the WNP, both the western Pacific subtropical high and the monsoon trough have a great influence on the genesis location, frequency, intensity, and development pattern of TCs (Chen and Ding, 1979). For example, over 75% of TCs generate in regions where a monsoon trough exists (Briegel and Frank, 1997). According to observational data, among the various large-scale environmental fields in the active season of TCs (May to October), there is an evident subtropical high system and a monsoon trough related to the summer monsoon in the WNP area (Figure 3B). The high sea-level pressure (SLP) center is near 30 °N (Figure 3D). The monsoon trough stretches from the SCS to about 150°E, and its south side is dominated by southwesterly monsoonal flows. The features of the simulated low-level wind and SLP are relatively consistent with the observations. However, compared with the observations, the position of the simulated SLP center is farther north (around 35 °N), the simulated wind speed of the southwesterly wind entering the monsoon trough is weaker, and the location of the simulated monsoon trough is also farther north.
[image: Figure 3]FIGURE 3 | Climate state of the control-run experiment and NCEP reanalysis data during May to October. (A and B) Average wind field (m s−1) and vorticity field (10−6 s−1) at 850 hPa. (C and D) Average sea-level pressure (hPa). (E and F) Average specific humidity field (10−3 kg kg−1) at 500−700 hPa. (G and H) Average vertical wind shear field between 200 hPa and 850 hPa (m s−1).
[image: Figure 4]FIGURE 4 | Genesis density (A and B) and track density (C and D) of TCs per year during May to October. (A) and (C) are based on the 12-year control-run experiment and (B) and (D) are based on the JTWC observation data in 1991–2012.
The positive vorticity area in the lower atmosphere is one of the dynamic conditions to generate TCs. It can help drive updrafts of air, release the instable energy, and develop cumulonimbus cloud. The observed climate state of relative vorticity at 850 hPa (Figure 3B) shows a large area of negative values in the subtropical region and an obvious high vorticity band in the area between 10° and 20°N in the WNP where TCs are more concentrated. The maximum positive vorticity value is located in the SCS. The simulated positive vorticity band corresponds well with the observations (Figure 3A). The position of the subtropical high is farther northwest and the intensity in the WNP is weaker than that in the observations, and the simulated positive vorticity values in the SCS are larger than those in the reanalysis data.
In general, most TCs generate in the mid-troposphere where the humidity is high. This aids in the development of cumulonimbus clouds, the release of latent heat, and heating of the upper troposphere. Figures 3E,F shows the average specific humidity at 500–700 hPa in May–October (typhoon season in the WNP). The observed humidity in the middle and lower troposphere is high in the monsoon trough area (>4 × 10–3 kg kg−1) from the SCS to 160 °E, but low in the subtropical ridge area. The spatial pattern of humidity simulated by the UH_HCM model is relatively consistent with the observations, except that its values are generally larger, especially in the monsoon trough area.
Weak vertical wind shear is an important condition for generating TCs. It helps to concentrate the latent heat released by the convective condensation of the initial disturbance in the upper and middle troposphere and develop it into a warm-core structure. Then the upper-air divergence and the decreasing surface pressure help the formation of TCs. The strong vertical wind shear restrains the development of convection and thus limits the formation of the warm core and vortex. Figures 3G,H show the distribution of the vertical wind shear between 200 hPa and 850 hPa during May to October. We find that, near the SCS, east of the Philippines, and the Mariana Islands, the simulated weak vertical wind shear region (<9 m s−1) is basically the same region as in the observations. However, the simulated vertical wind shear is weaker near 0 °N and 20 °N west of 140 °E.
In summary, the regional climate model can reasonably simulate the spatial structures of the large-scale environmental fields, including pressure, wind, humidity, low-level vorticity, and vertical wind shear, but with relatively weaker intensities than the observations. In addition, the results indicate that the simulated large-scale conditions in the SCS are more conducive to the generation and development of TCs than the observations.
ABILITY OF THE UH_HCM MODEL TO SIMULATE MULTIPLE TROPICAL CYCLONE EVENTS IN THE WESTERN NORTH PACIFIC
To better examine the simulation performance of the UH_HCM model for MTC events, the criteria for TC identification and tracking in the typhoon hindcast experiment (Fu and Hsu, 2011) are adopted in this paper. The analysis above has shown that the intensities in the control-run experiment are weak. Therefore, we use the following standards. 1) A well-developed cyclone with maximum relative vorticity larger than 10 × 10–5 s−1 exists above 850 hPa, which is equivalent to the standard for TCs (the threshold was chosen as the best compromise for identifying TCs in this model; refer to Table 1 of Bengtsson et al., 2007). 2) The vertical section of the cyclone reveals a warm core (the average temperature at 700, 500, and 300 hPa is 0.75 °C higher in the internal 3 × 3 grid than that in the external 7 × 7 grid). On the basis of these two criteria, we locate the position of the TC in the UH_HCM model and go back to the time and location when the vorticity first meets 6 × 10–5 s−1. Then we go back to find where the vorticity is below 5 × 10–5 s−1 (we usually use the landfall intensity in this experiment).
We identify and track the TCs in the WNP area (0–35 °N, 100 °E–180 °W). TC activity with a lifetime no less than 2 days is selected in the 12-year control-run experiment. From May to October in 1979–2015, the WNP area generates an average of 20.5 TCs in a year (tropical storm or above). There is an interannual variation in the simulated TCs. The average annual TCs simulated by the UH_HCM model are 20.3, which is slightly less than the observations.
The genesis density of TCs per year from May to October is compared between the 12-year control-run experiment and the historical observation records during 1991–2012. Figure 4B shows that, near the SCS and the Philippines, there are two high-frequency centers of TC genesis in the WNP during the study period. The southwest monsoonal flows and easterly trade winds converge in these two regions, where the TCs tend to form. The frequency of the simulated TCs is less than that in the observations, and the simulated high-frequency center is located farther northeast (Figures 4A,B). Figures 4C,D shows the track density of TCs per year from May to October over 12 years. The TC activity paths that the UH_HCM model simulates are more scattered than the observed paths because of the coarse resolution. Combined with Figure 4A, we find that the simulated monsoon trough is systematically northward, which makes most of the simulated TCs active in areas north of 20°N. Furthermore, the subtropical high is located farther northwest and makes TCs active in the tropical central Pacific region (Figure 4C).
On the basis of the method provided above for analyzing the observed MTC formation features in the WNP, we show the annual phase sequence of TC genesis from May to October in the 12-year control-run experiment (Figure 5) and select some typical events in the inactive, normal, and active phases (Table 3). Table 4 shows the statistical results for all events of the three MTC phases in the 12-year control experiment and the historical observation records from the JTWC during 1991–2012. Compared with the observations, the annual frequency of MTC events in the control experiment is lower and their annual duration is longer. These differences may be because events of short duration in the control experiment are not included herein. Overall, the UH_HCM model is capable of simulating the climatic statistical characteristics of the MTC events to a certain extent. To prove that the UH_HCM model is capable of simulating MTC formation, we select a typical MTC event in the active phase for demonstration. This event occurs from 29 August to 28 September. During the 31 days, 12 TCs generate in the WNP in succession. Figure 6 shows the evolution of the outgoing longwave radiation (OLR) and the wind fields at 850 hPa from 12 September to 20 September, during which two MTC cases occur. The first case is from 14 to 15 September when 2 TCs occur. The second case is from 17 to 19 September. Two new TCs generate in this period and there are three active TCs at the same time.
[image: Figure 5]FIGURE 5 | Same as in Figure 1, but for the 12-year control-run experiment.
TABLE 3 | Typical events of the three MTC phases in the WNP of the control-run experiment.
[image: Table 3]TABLE 4 | Statistics of all events of the three MTC phases (observed data are the JTWC data for 1991–2012).
[image: Table 4][image: Figure 6]FIGURE 6 | Evolution of the OLR and 850 hPa wind fields from 12 to 20 September. The date is given in the upper left corner of each panel, and the position of the individual TCs is indicated by the tropical cyclone symbol.
Figure 7 shows the composite wind and vorticity fields of typical events in the inactive, normal, and active phases at 850 hPa. Compared with Figure 2, we find that there is an evident monsoon trough simulated in the UH_HCM model during the MTC active phase. The center of the high positive vorticity corresponds to the MTC formation region. The positive vorticity zone is more distinct in the normal phase, and there is a wide range of negative vorticity in the inactive phase. The composite low-level wind difference of typical events in the active phase minus those in the inactive phase shows a large-scale cyclonic circulation in the WNP (Figure 7D). Compared with the observations, the low-level wind speed in the active phase is greater than that in the inactive phase, thus the vorticity difference is larger. In general, the simulation results are consistent with the observations.
[image: Figure 7]FIGURE 7 | Same as in Figure 2, but for the 12-year control-run experiment.
Strong convection is an essential condition for the genesis and development of TCs. Figure 8 shows that the area of OLR lower than 230 W m−2 lies at 5–20 °N. This tropical convection activity belt covers the tropical Pacific Ocean in the Northern Hemisphere, which corresponds to the area where more TCs are generated in the control-run experiment. Compared with the active phase, the convective activity is weaker and the low value of OLR occurs at a lower latitude during the inactive phase (Figure 8B). During the active phase, the large value area of specific humidity at 600 hPa is very similar to the small value area of OLR. Furthermore, the atmospheric moisture condition is much better than that in the inactive phase, which is beneficial to TC genesis. Figure 8 also shows the large-scale wind field at 200 hPa and 925 hPa. During the active phase, the convergence in the lower atmosphere and divergence in the upper atmosphere can be clearly observed in the tropical western Pacific. However, there is a divergent circulation in the lower levels. The dissimilarities of the simulated circulation background match with those of the different MTC phases.
[image: Figure 8]FIGURE 8 | Composite fields of typical events in the active and inactive phases. (A and B) 200 hPa wind (m s−1) and OLR (W m−2). (C and D) 925 hPa wind (m s−1) and 600 hPa specific humidity (10–3 kg kg−1). The red solid marks denote the genesis location of TCs.
Using Eq. 2, we calculate the composite δGPI fields for the typical events of the three MTC phases. Figure 9 shows the spatial distribution during different phases. Larger positive values are concentrated in the 10–20 °N sea area during the active phase. Meanwhile, three maximum centers are located in the SCS and the central Pacific from 140 °E to 160 °E. During the inactive phase, relatively larger values of δGPI are widely distributed in the south of the 15 °N sea area, which is unfavorable for the MTC genesis. To further reveal how the four independent GPI terms influence MTC activity in the UH_HCM model, Figures 10 shows the composite difference of the active phase minus the inactive phase. Figure 10A (Term1) reflects the vorticity characteristics of 850 hPa and it agrees with the preceding context. The difference of Term2 (moisture) with a positive value is mainly distributed in the sea (15 °N–25 °N, 140 °N–180 °E) and the value is the largest among the four factors. In the active phase, extremely sufficient moisture in the low-level atmosphere contributes to the TC genesis in the Pacific Ocean. However, during the inactive phase, the location of the high moisture area is relatively farther north or south and it is not the main area for TC genesis. The difference of Term3 (potential intensity) is very small in the tropics. Negative values exist in the western Pacific area north of 15 °N and the maximum potential intensity simulated in the control-run experiment is not favorable for MTC activity. The difference of Term4 (vertical wind shear) is almost a negative value in the WNP, which is unfavorable for MTC activity in this model. In summary, different GPI terms have different effects on MTC activity as well as on different areas in the WNP. In the UH_HCM model, the vorticity and moisture have a significant impact on the MTC activity.
[image: Figure 9]FIGURE 9 | Same as in Figure 7, but showing the δGPI (GPI anomaly) fields.
[image: Figure 10]FIGURE 10 | The composite difference of four independent δGPI (GPI anomaly) terms in the active phase minus those in the inactive phase. (A) Term1 represents vorticity, (B) Term2 represents moisture, (C) Term3 represents potential intensity, and (D) Term4 represents vertical wind shear. The dots represent values significant at the 95% confidence level using the t-test.
CONCLUSION AND DISCUSSION
Three different phases of MTC events, i.e., the active phase, normal phase, and inactive phase, are determined during 1979–2015. By selecting typical events and performing composite analysis, the results suggest that MTC events tend to occur in the active phase when the monsoon trough is stronger and located farther north. In the control-run experiment, the UH_HCM model shows a certain ability for simulating the large-scale circulation background in the WNP area. For example, the model does well in simulating the northwest Pacific subtropical high and the monsoon trough. However, the location of the simulated subtropical high is farther northwest and the monsoon trough is farther north than in the observations. The UH_HCM model shows a certain ability for simulating TC activity in the WNP. Compared with the observational data, the frequency of TC genesis is lower, and the high-frequency center is farther northeast in the model results. As a whole, the model performs well in simulating the climatology and characteristics of the typical events in different MTC phases. The vorticity and moisture in the model appear to be the two main factors affecting MTC activity based on analyses of the GPI.
This study shows that there are some differences between the control-run experiment simulation and observational data. Our future study will use reanalysis data for historical hindcast experiments and improve the standards for TC identification, which will help to better describe the TC features and enhance the capacity of potential prediction for MTC events in the WNP.
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