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The interannual variations of tropical cyclone (TC) activity in the western North 

Pacific (WNP), which are closely related to El Niño-Southern Oscillation (ENSO), 

have been extensively discussed in the literature (Chan 1985; Dong 1988; Lander 

1994; Chen et al. 1998; Wang and Chan 2002; Chia and Ropelewski 2002; Chu 2004; 

Camargo and Sobel 2005; Camargo et al. 2007). Attention in previous researches was 

primarily paid to the TC formation with a general consensus that ENSO affects the 

location of TC formation in the WNP (Li 1985, 1986; Wu and Lau 1992; Chan 2000; 

Wang and Chan 2002). Wang and Chan (2002) found the enhanced TC formation in 

the southeast quadrant of the WNP basin during strong El Niño years, suggesting a 

southeastward shift in the mean TC formation location during El Niño years 

compared to La Niña years. Previous studies investigated the ENSO influence on TC 

tracks, mainly in terms of the associated TC landfalls (Saunders et al. 2000; Wang and 

Chan 2002; Liu and Chan 2003; Wu et al. 2004; Fudeyasu et al. 2006; Camargo et al. 

2007). Some of these studies argued that the impact of ENSO on TC tracks was 

relatively small compared to Antarctic oscillations (Yoo et al. 2004; Ho et al 2005).   

On the other hand, in association with ENSO, Chan (1994) and Camargo et al. 

(2007) identified large variability in TC tracks. Wang and Chan (2002) found that 

during the fall of strong warm years, the number of TCs that recurve northward 

increased significantly. Saunders et al. (2000) argued that ENSO had a remarkable 

impact on the landfall pattern of TCs in Vietnam and the Philippines. Wu et al. (2004) 

also showed the ENSO impact on TC landfall activity in the WNP, East Asia, and 

Southeast Asia. Similarly, Fudeyasu et al. (2006) examined the ENSO influence on 
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TC landfall characteristics during the peak TC season in the Korean Peninsula and 

Japan, China, and the Indochinese Peninsula. Ho et al. (2005) argued that Antarctic 

oscillations have more significant influence on large-scale circulations and thus TC 

track patterns especially in the East China Sea and East Asia than the ENSO. To date, 

the ENSO influence on TC prevailing tracks in the WNP basin is still not well 

understood. In particular, how changes in large-scale atmospheric circulation and TC 

formation locations affect TC prevailing tracks is not quantitatively addressed. One of 

the possible reasons is lack of an effective diagnostic tool for quantitatively 

identifying the contributions of changes in large-scale atmospheric circulation and TC 

formation locations.  
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 In recent years, the influence of global warming on TC intensity has received 

extensive attention (Knutson and Tuelya 2004; Emanuel 2005; Webster et al. 2005; 

Trenberth 2005; Hoyos et al. 2006; Kossin et al. 2007; Wu and Wang 2008; Wu et al. 

2008). Studies also documented interdecadal changes in typhoon tracks (Ho et al. 

2004; Wu et al. 2005; Tu et al. 2009). Some studies found that the overall 

TC-associated precipitation in China decreased over the past decades (Ren et al. 2006), 

but with increasing floods in the Yangtze River Valley (Gong and Ho 2002). A few 

studies have focused on possible changes in TC tracks under the background of global 

warming. With large-scale environmental flows from global warming experiments, 

Wu and Wang (2004) proposed a trajectory model to assess the possible impacts of 

global warming on TC prevailing tracks in the WNP. Emanuel et al. (2006) 

incorporated a similar trajectory model into their statistical deterministic system that 
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includes separate models for predicting TC formation, motion and intensification. 

These studies provide a useful way for understanding the interannual variations of TC 

prevailing tracks.   
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In this study, our objective is twofold. First, the capability of the trajectory model 

is evaluated on the interannual time scale. Second, the roles of the interannual changes 

of formation locations and large-scale environmental flows in TC prevailing tracks are 

quantitatively examined by statistically generating a large sample of formation 

positions and using the trajectory model. The rest of the paper is organized as follows. 

The data and selection of El Niño and La Niña years are described in section 2. In 

section 3, the observed changes in the prevailing tracks in the WNP basin are 

discussed. The statistical approach for generating TC formation locations and TC 

trajectory model are introduced in section 4. The influences of changes in the 

formation location and environmental flow on TC prevailing tracks during El Niño 

and La Niña years are investigated in section 5, followed by a summary in section 6.  

2. TC translation vectors and selection of El Niño and La Niña years  

On average the WNP basin experiences 26 TCs each year, accounting for about 

33% of the global TCs. The TC data in the WNP basin are the best track dataset from 

Joint Typhoon Warning Center (JTWC), including positions and intensities of tropical 

storms and typhoons at six-hour intervals. Our analysis period ranges from 1950 to 

2007 in this study. Although some TCs over the WNP basin might be missed in the 

JTWC best track data before the satellite era and TC intensity estimates prior to 1970 

include uncertainty, we find that their influences on our analysis results are little 
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because the difference of the prevailing track between El Niño and La Niña years is 

essentially the same when we use the data from 1970 to 2007 and only TC track data 

are used. Note that although TCs can occur all the year around in WNP basin, we only 

use the data for the peak TC season, namely from July to September, because the TC 

activity is so frequent in the peak season that the climatological mean winds can 

represent the large-scale steering flows (Wu and Wang 2004). The climatological 

wind data are from the NCEP Re-analysis monthly fields with a uniform 

latitude-longitude 2.5° resolution grid. By assuming that TCs are short lived and 

transient phenomena compared to climate change (Wu and Wang 2004), the mean 

large-scale steering flows for the El Niño and La Niña years are calculated as the 

mean environmental flows averaged between 850 and 300 hPa with mass adjustment. 
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The mean translation speed and beta drift of TCs are calculated over the TC 

peak season for El Niño years and La Niña years. Following Wu and Wang (2004), 

consistent with the resolution of the large-scale steering flows, we represent the WNP 

basin with 2.5º latitude by 2.5º longitude grid boxes. For each box, a mean translation 

speed is calculated based on all of the TCs that entered the grid box for El Niño years 

and La Niña years, respectively. Note that the mean translation vectors and mean beta 

drift are calculated only for each grid boxes with the sample size exceeding once a 

year.  

     The interannual variations of the TC activity in the WNP have been 

documented in previous studies, which are closely correlated with the Niño-3.4 (5º 

S–5º N; 170º W–120º W) sea surface temperature anomalies (SSTAs) (Chan 1984; 
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Lander 1994; Wang and Chan 2002). In this study, the Niño-3.4 SSTAs from the 

Climate Prediction Center are used to stratify the warm and cool years using the 

percentile method proposed by Camargo et al. (2007), in which the 25% of warmest 

and coldest years are selected. As shown in Fig. 1, the years with the SSTA larger 

(less) than 0.47º C (-0.47º C) are defined as El Niño and La Niña years, respectively. 

The other years are classified as neutral years. Thus we select 14 El Niño years (1951, 

1953, 1957, 1963, 1965, 1969, 1972, 1982, 1987, 1991, 1997, 2002, 2004, and 2006) 

and 14 La Niña years (1950, 1954, 1955, 1956, 1959, 1964, 1970, 1971, 1973, 1975, 

1988, 1998, 1999, and 2007).  
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The El Niño and La Niña years defined in this study generally agree with those 

from other methods (Trenberth 1997; Goddard and Dilley 2005). In Wu et al. (2004), 

the ENSO years were identified with the 5-month running mean SSTAs in the Niño 

-3.4 region with a SSTA threshold of 0.4º C (-0.4º C) for 6 months or more. Wang and 

Chan (2002) also used a threshold of 0.4º C (-0.4º C) to classify the ENSO events, but 

for the Niño-3.4 SSTA in the peak TC season. It should be pointed out that the 

selected warm and cool years are only slightly different. For example, Wang and 

Chan (2002) also classified 1994 and 1967 as warm and cool years, respectively. 

3. Changes of the prevailing TC tracks on the interannual time scale 

Figure 2 shows the differences of the TC translation vectors (Fig. 2a) and 

large-scale steering flows (Fig. 2b) between El Niño and La Niña years. The changes 

in the TC translation vectors can be largely accounted for by the differences in the 

large-scale steering in terms of both of the direction and magnitude. Over the WNP, 
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the westerly (easterly) anomalies of the large-scale steering agree well with the 

eastward (westward) anomalies of the TC translation vectors north (south) of 24º N. In 

the South China Sea, the changes in the TC translation vectors are mostly 

southeastward and eastward over the northern and southern parts, respectively, also 

well consistent with the corresponding changes in the large-scale steering.  
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Previous studies suggested that the mean translation speed is the sum of the 

climatological mean large-scale steering flow and beta drift (Holland 1983; Wu and 

Wang 2004). The beta drift in El Niño and La Niña years are derived as the difference 

between the translation vectors and large-scale steering flows (figure not shown). 

Although large-scale environmental flows can affect beta drift (Ulrich and Smith 1991; 

Smith 1991; Williams and Chan 1994; Wang and Li 1995; Li and Wang 1996; Wang 

et al. 1997, Zhao et al. 2009), the differences of the beta drift between El Niño and La 

Niña years are found to be very small in this case. For this reason, we do not consider 

the influence of the beta drift change on TC prevailing tracks in this study. 

The prevailing TC tracks are determined based on the frequency of TC 

occurrence, which is defined on each grid box of 2.5º latitude by 2.5º longitude (Wu 

and Wang 2004). The frequency indicates how often TCs affect a specific grid box. In 

this study, as shown in Fig. 3, the climatological prevailing tracks are detected as the 

grids with high frequency relative to the adjacent grids. In the WNP basin, three 

climatological prevailing tracks are identified in the peak season (thick arrows in 

Fig.3) during the period 1951-2007, which are used as a reference for examining track 

changes during El Niño and La Niña years in this study. First, a westward-moving 
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track extends from the tropical Pacific to the Philippine Sea and the South China Sea 

(the westward track or track I). Second, TCs move northwestward from the tropical 

Pacific to Korea and Japan (the northwestward track or track II), influencing the 

coastal region of East Asia and the surrounding waters. Third, TCs take the prevailing 

track recurving northeastward east of 140°E (the recurving track or track III). In 

addition, the identified prevailing tracks I, II, and III account for 23%, 53%, and 24% 

of all tracks, respectively, and the large red dots indicate the relatively concentrated 

positions of tropical cyclone formations. 
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Although the total numbers of TCs are nearly the same in the peak season for El 

Niño (181 TCs) and La Niña years (180 TCs), the changes in the frequency of TC 

occurrence or prevailing tracks can be clearly seen in Fig. 3. While the westward track 

(track I) slightly shifts northward and reduced TC activity east of 150º E in the La 

Niña years, TCs taking the northwestward prevailing track, by which TCs affect East 

Asia, including Taiwan Island, China mainland, Korea and Japan, tend to move more 

westward in the El Niño years while taking a more northward track in the La Niña 

years. The enhanced TC activity is also clearly shown in the difference of TC 

occurrence between the El Niño and La Niña years (Fig. 4). In general, the TC 

occurrence increases south of 20º N during the El Niño years. Using the 

Mann-Kendall test (Kundzewicz and Robson. 2000), the statistically significant 

changes at the 95% level occur mainly in the tropical Pacific east of 130º E. This is 

consistent with the enhanced TC formation in the southeast quadrant of the basin 

(Wang and Chan 2002). 
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4. TC formation and trajectory models 1 
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     While the impacts of global climate change on TC tracks were investigated with 

a simple trajectory model in previous studies (Wu and Wang 2004; Emanuel et al. 

2008), TC track changes on the interannual timescale received little attention, mainly 

because of lack of sufficient TC samples. Following Hall and Jewson (2007), a 

basin-wide stochastic formation simulation model is adopted for El Niño and La Niña 

years in the WNP basin in this study. Similar approaches have been used by James 

and Mason (2005) and Emanuel et al. (2006) and Emanuel et al. (2008).   

The statistical TC formation model is based on the historical TC formation 

locations during El Niño and La Niña years (Fig. 5). During the El Niño years, there 

are three TC formation maxima, which are located in South China Sea, east of the 

Philippines, and over the area of 10-15º N and 140-150º E (Fig. 5a). As shown in Fig. 

5b, the third formation maximum disappears during the La Niña years. One of the 

reasons may be the expansion of the warm SST in El Niño years (Wang and Chan 

2002). Then we construct a two-dimensional (latitude and longitude) probability 

density function (PDF) from the observed information. The Gaussian kernels include 

anisotropic variance length scales
1 and

2 , which are referred to as the bandwidths of 

the formation PDF. The formation PDF at (x,y) takes the form of  

17 

18 

2

2 2
11 2 1 2

1 ( ) (
( , ) exp[ ],

2 2

N
i

i

x x y y
f x y

N    

 
  

2)

2
i19 

20 

       (1) 

where N is the numbers of TCs, xi, yi are the longitudes and latitudes of historical 

formation locations, 
1 and

2  are bandwidths in the latitudinal and longitudinal 

directions. Here we assume that the direction bandwidths are equal in the longitudinal 

21 

22 
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and latitudinal directions. Formula (1) becomes  1 

2 2( ) ( )1
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To obtain the optimal bandwidths for El Niño and La Niña years, the bandwidth needs 

to be determined using the cross-validation method (Fig. 6). 

To show the importance of the optimal bandwidth, the kernel PDF with three 

different bandwidths for the El Niño year simulation is shown in Fig. 7. The PDF is 

calculated using (2) with the bandwidths of 1.5º, 2.9°, and 5º, respectively. The 

bandwidth of 1.5º gives under-fitted formation simulation because of too many local 

maxima, while the bandwidth of 5º shows over-smoothed simulation locations only 

with one maximum. In this study, we take the bandwidth of 2.9º as the optimal one, 

which makes the kernel density maximum. For the La Niña years, the optimal 

bandwidth is set to 3.4º. With the optimal PDFs, TC formation locations (latitude and 

longitude) can be simulated with a uniform random number generator. A formation 

location is selected only if it satisfies the observed PDF calculated with (2). This 

procedure continues until all of the required formation locations are obtained. In this 

study, ten times as many points as observed formation locations are simulated during 

El Niño and La Niña years (Fig. 8) and the distribution of the frequency simulation of 

formation positions agrees well with the observed distribution of formation locations 

(Fig. 5). 

Considering TC motion is mainly determined by climatological mean beta drift 

and large-scale steering flows. Wu and Wang（2004）showed that the prevailing TC 

tracks can be simulated using a trajectory model. In this study, all the TCs that are 

formed over the peak TC season for El Niño and La Niña years are considered to 

construct the climatological mean translation vectors while the formation positions are 
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derived from the formation simulation model. Since the climatologic motion vectors 

at some grids are not available, their translation velocity is taken as the sum of the 

mean steering flow and the mean beta drift that was computed by averaging the beta 

drift over all the grids at which the climatological motion vectors are available. The 

TC trajectory calculations end when the tracks are out of the whole domain (0-40º N, 

100-180º E). Fig. 9 shows the simulated frequency of TC occurrence for the El Niño 

and La Niña years. Comparing with the observed frequency of occurrence in Fig. 3, 

we can see that the trajectory model can well simulate the primary features of the 

prevailing TC tracks the El Niño and La Niña years. As shown in Fig. 10, the model 

can also well simulate the difference of the frequency of TC occurrence between the 

El Niño and La Niña years. 
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5. Contributions to changes of the prevailing TC tracks  

Chan (1985) suggested that ENSO-related changes in the horizontal and 

vertical atmospheric circulations cause the formation of an anomalous Walker 

circulation, which shifts areas of enhanced and suppressed convection, and thus TC 

formation locations and subsequent track trajectories. Wang and Chan (2002) found 

that the TC track shift from El Niño years to La Niña years is significantly associated 

with the changes in the large scale steering flows. Wu and Wang (2004) also 

suggested that the anomalous large-scale winds associated with different ENSO 

phases are consistent with different track types. These previous studies pointed out 

that changes in TC formation locations and large-scale steering flows are responsible 

for the observed changes in TC prevailing tracks. 

 TC tracks are simply controlled by two factors: their formation locations and 

translation vectors. The latter is a combination of large-scale steering and beta drift. 

As shown in Fig. 2, the interannual changes in translation vectors are dominated by 
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the changes in large-scale flows. In addition, as we mentioned above, a northwest 

shift in TC mean formation location from El Niño to La Niña years can be seen in Fig. 

5. Further calculation shows that the mean formation location is 15º N, 140º E in the 

El Niño years and 20º N, 136 º E in the La Niña years, significantly different at the 

95% level. What are the relative contributions of the two factors to the observed 

changes in TC prevailing tracks?  
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For this purpose, four numerical experiments are conducted using the 

trajectory model. As indicated in Table 1, the formation locations and large-scale 

steering in the El Niño (La Niña) years are used as the first (second) experiment, 

which is referred to experiment EE (LL). Note that the formation locations used in all 

four experiments are obtained using the formation model discussed in section 4. In 

order to demonstrate the influence of formation locations and large-scale steering on 

the prevailing tracks, two additional experiments, called experiments EL and LE, are 

performed. In experiment EL (LE), the large-scale steering and formation locations 

are obtained from El Niño (La Niña) and La Niña (El Niño) years, respectively.  

Figure 10 shows the simulated differences of the frequency of TC occurrence 

between experiments EE and LL. Although the simulated differences in the South 

China Sea shift northward, the trajectory model can successfully simulate the 

difference of the frequency of TC occurrence between El Niño and La Niña years. 

Figures 11a and 11b indicate the influence of the change in the formation locations 

while the large-scale steering remains unchanged. We can see that the simulated 

differences of the frequency of TC occurrence between experiments LE and LL (Fig. 

11a) and between experiments EE and EL (Fig. 11b) have a similar pattern with 

positive (negative) anomalies south (north) of 20º N. Figs. 11a and 11b suggest that 

the change of the formation locations between El Niño and La Niña years contributes 
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to the enhanced TC activity south of 20º N. The reason is that the TC formation 

locations shift eastward with a lower mean latitude in the El Niño years than in La 

Niña years.  
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Figures 11c and 11d indicate the influence of the change in large-scale steering 

while the TC formation locations remain unchanged. In experiments EL (EE) and LL 

(LE), the formation locations are derived from the La Niña (El Niño) years. The 

simulated differences in the frequency of TC occurrence between experiments EL and 

LL (Fig. 11c) and between experiments EE and LE (Fig. 11d) also have a similar 

pattern. As mentioned in section 2, during the El Niño years, TCs that follow 

prevailing track II tend to move more westward track. Figs. 11c and 11d suggest that 

the enhanced activity mainly results from the changes in large-scale steering flows. 

We can see that the change in large-scale steering also leads to increases in the 

frequency of TC occurrence over north South China Sea and over the ocean to the 

south of Japan. The latter is largely cancelled by the influence of the changes in 

formation locations. Therefore the observed changes in the TC prevailing tracks 

between El Niño and La Niña years are a combined result of the changes in both 

large-scale steering and formation locations.    

6. Summary    

Although the interannual variations of TC formation locations and large-scale 

steering flows are closely associated with TC prevailing tracks, the ENSO influence 

on TC prevailing tracks in the WNP basin has not well discussed. One of the possible 

reasons is lack of adequate tools for diagnosing the track change under the ENSO 

influence. In this study, based on the selected 14 El Niño years and 14 La Niña years 

during the period 1950-2007, the ENSO influence on TC prevailing tracks is 

examined with a statistical model for simulating TC formation and a trajectory model 
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for simulating TC tracks. 1 
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Our analysis indicates considerable interannual variations of TC prevailing tracks 

in the WNP basin. In the El Niño years, although the total number of TC formation in 

the entire WNP basin does not show significant ENSO influence, the southeast shift 

of the TC formation location, combined with the changes in large-scale steering flows, 

leads to the enhanced TC activity south of 20 ºN, in particular east of 130ºE. For TCs 

that take the northwestward prevailing track (II) affecting East Asia including Taiwan 

Island, China mainland, Korea and Japan, they tend to move more westward in the El 

Niño years, but taking a more northward track in the La Niña years. Our simulations 

with the statistical formation and trajectory models suggest that the prevailing track 

change is primarily a result of the ENSO-related changes in both large-scale steering 

flows and TC formation locations.  
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Table 1 Experiments for simulating the TC tracks by using the approach proposed in 
this study. The first column represents the name of experiments, the second the 
mean large-scale steering for El Niño (La Niña) years and the third the simulation 
of genesis points based on the observed of El Niño (La Niña) years. 

 

Figure Captions 

Figure 1 Niño-3.4 SSTA index averaged over July to September (JAS) according to 

the percentile method proposed by Camargo et al. (2007). The selected warm 

(cool) years are shown in red (blue) with black bars for neutral years. 

Figure 2 The difference of climatological tropical cyclone translation vectors (a) and 

the climatological layer (850-300hpa) mean large-scale steering flows (b) 

between the El Niño years and La Niña years in TC peak season (Jul-Sep). 

Contour intervals are 0.2 ms-1. 

Figure 3 The observed frequency of TC occurrence at 2.5º *2.5º resolution in the TC 

peak season (Jul-Sep) derived from the JTWC best-track data for (a) El Niño and 

(b) La Niña years with contour intervals of 3.0. 

Figure 4 Observed differences of the frequency of TC occurrence in the TC peak 

season (Jul-Sep) between El Niño and La Niña years. The change with the 

shading is statistically significant at the 95% level. 

Figure 5 The frequency of TC formation at 2.5º *2.5º resolution in the TC peak season 

(Jul-Sep) derived from the JTWC best-track data for (a) El Niño and (b) La Niña 

years with intervals of 0.3. Cross dots are the observed TC formation positions. 

 Figure 6 the out-of sample log-likehood (y-axis) versus bandwidths (x-axis) for 

kernel density function described in expression (2) and the optimal bandwidths 

are selected for (a) El Niño and (b) La Niña years using the Cross-validation 
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Figure 7 Kernel formation PDF with bandwidth 5º (top left), 2.9º (top right), and 1.5 º 

(down) for El Niño years The PDFs are normalized to the unit maximum. 

Figure 8 the simulated frequency of TC formations in the TC peak season (Jul-Sep) 

for (a) El Niño and (b) La Niña years with contour intervals of 0.2. The cross dots 

are the simulated TC formation positions. 

Figure 9 The simulated frequency of TC occurrence at 2.5º *2.5º resolution in the TC 

peak season (Jul-Sep) for (a) El Niño and (b) La Niña years with contour intervals 

of 3.0. 

Figure 10 Simulated differences of the frequency of TC occurrence in the TC peak 

season (Jul-Sep) between El Niño and La Niña years, which are calculated as the 

difference of the frequency of TC occurrence between EE (El Niño steering and 

El Niño formation locations) and LL (La Niña steering and La Niña formation 

locations). 

Figure 11 Simulated differences of the frequency of TC occurrence in the TC peak 

season (Jul-Sep) between (a) LE(La Niña steering and El Niño formation 

locations) and LL(La Niña steering and La Niña formation locations), (b) EE( El 

Niño steering and El Niño formation locations) and EL( El Niño steering and La 

Niña formation locations), (c) EL and LL, and (d) EE and LE,, indicating the 

influences of changes in formation locations (a and b) and large-scale flows (c 

and d). 
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Table 1 Experiments for simulating the TC tracks by using the approach proposed in 
this study. The first column represents the name of experiments, the second the mean 
large-scale steering for El Niño (La Niña) years and the third the simulation of genesis 
points based on the observed of El Niño (La Niña) years. 
 

1 

2 

3 

4 

5 

Experiments Large-scale steering Formation locations 

EE El Niño  El Niño  

LL La Niña  La Niña  

EL El Niño  La Niña  

LE La Niña  El Niño  

6  

 7 
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9 

10 

Figure 1 Niño-3.4 SSTA index averaged over July to September (JAS) according to 
the percentile method proposed by Camargo et al. (2007). The selected warm (cool) 
years are shown in red (blue) with black bars for neutral years. 

 22



 1 

2 

3 

4 

5 

6 

Figure 2 The difference of climatological tropical cyclone translation vectors (a) and 
the climatological layer (850-300hpa) mean large-scale steering flows (b) between the 
El Niño years and La Niña years in TC peak season (Jul-Sep). Contour intervals are 
0.2 ms-1. 
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Figure 3 The observed frequency of TC occurrence at 2.5º *2.5º resolution in the TC 
peak season (Jul-Sep) derived from the JTWC best-track data for (a) El Niño and (b) 
La Niña years with contour intervals of 3.0. 
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Figure 4 Observed differences of the frequency of TC occurrence in the TC peak 
season (Jul-Sep) between El Niño and La Niña years. The change with the shading is 
statistically significant at the 95% level.   
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Figure 5 The frequency of TC formation at 2.5º *2.5º resolution in the TC peak season 
(Jul-Sep) derived from the JTWC best-track data for (a) El Niño and (b) La Niña 
years with intervals of 0.3. Cross dots are the observed TC formation positions. 
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Figure 6 the out-of sample log-likehood (y-axis) versus bandwidths (x-axis) for kernel 
density function described in expression (2) and the optimal bandwidths are selected 
for (a) El Niño and (b) La Niña years using the Cross-validation method based on the 
observed information over TC peak seasons (Jul-Sep). 
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Figure 7 Kernel formation PDF with bandwidth 5º (top left), 2.9º (top right), and 1.5 º 
(down) for El Niño years The PDFs are normalized to the unit maximum. 
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Figure 8 the simulated frequency of TC formations in the TC peak season (Jul-Sep) 
for (a) El Niño and (b) La Niña years with contour intervals of 0.2. The cross dots are 
the simulated TC formation positions. 
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Figure 9 The simulated frequency of TC occurrence at 2.5º *2.5º resolution in the TC 
peak season (Jul-Sep) for (a) El Niño and (b) La Niña years with contour intervals of 
3.0. 
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Figure 10 Simulated differences of the frequency of TC occurrence in the TC peak 
season (Jul-Sep) between El Niño and La Niña years, which are calculated as the 
difference of the frequency of TC occurrence between EE (El Niño steering and El 
Niño formation locations) and LL (La Niña steering and La Niña formation locations).  
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Figure 11 Simulated differences of the frequency of TC occurrence in the TC peak 
season (Jul-Sep) between (a) LE(La Niña steering and El Niño formation locations) 
and LL(La Niña steering and La Niña formation locations), (b) EE( El Niño steering 
and El Niño formation locations) and EL( El Niño steering and La Niña formation 
locations), (c) EL and LL, and (d) EE and LE,, indicating the influences of changes in 
formation locations (a and b) and large-scale flows (c and d).  
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