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Abstract 21 
 22 

This study investigates the variation of tropical cyclone (TC) rapid intensification 23 

(RI) in the western North Pacific (WNP) and its relationship with large-scale climate 24 

variability. RI events have exhibited strikingly multidecadal variability. During the warm 25 

(cold) phase of the Pacific decadal oscillation (PDO), the annual RI number is generally 26 

lower (higher) and the average location of RI occurrence tends to shift southeastward 27 

(northwestward). The multidecadal variations of RI are associated with the variations of 28 

large-scale ocean and atmosphere variables such as sea surface temperature (SST), 29 

tropical cyclone heat potential (TCHP), relative humidity (RHUM) and vertical wind 30 

shear (VWS). It is shown that their variations on multidecadal timescale depend on 31 

evolution of the PDO phase. The easterly trade wind is strengthened during the cold PDO 32 

phase in the low level, which tends to make equatorial warm water spread northward into 33 

the main RI region due to meridional ocean advection associated with Ekman transport. 34 

Simultaneously, an anticyclonic wind anomaly is formed in the subtropical gyre of the 35 

WNP. This therefore may deepen the depth of 26°C isotherm and directly increase TCHP 36 

over the main RI region. These thermodynamic effects associated with the cold PDO 37 

phase greatly support RI occurrence. The reverse is true during the warm PDO phase. 38 

The results also indicate that the VWS variability in the low wind shear zone along the 39 

monsoon trough may not be critical for the multidecadal modulation of RI events.  40 

 41 

Keywords: Tropical Cyclone; Rapid Intensification; Multidecadal Variability;  42 

Pacific Decadal Oscillation. 43 

44 
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1. Introduction  45 

The significant improvements have been made in the forecasting of both tropical 46 

cyclone (TC) tracks and intensity over past two decades (DeMaria et al. 2014). However, 47 

compared with the forecasting of TC tracks, the forecasting of TC intensity change has 48 

been confronted with more enormous challenge, especially the forecasting of TC rapid 49 

intensification (RI) (e.g., Elsberry et al. 2007; Rappaport et al. 2009; Chen et al. 2011). 50 

The relatively low skill of intensity forecasts is primarily due to the complexity of the TC 51 

process, which involves multi-scale interactions between TC and environments in the 52 

ocean and atmosphere. TC RI is an essential characteristic of Category 4 and 5 TCs in the 53 

Saffir-Simpon scale. Category 4 and 5 TCs are called super typhoons in the western 54 

Pacific. 90% of super typhoons in the western North Pacific (WNP; Wang and Zhou 2008) 55 

and all Category 4 and 5 hurricanes in the Atlantic basin experience at least one RI 56 

process in their lifespan (Kaplan and DeMaria 2003). Better understanding of the RI 57 

mechanism will therefore help to reduce the loss caused by TC.  58 

The role of the upper ocean in TC intensification has been identified for several 59 

decades (e.g., Leipper 1967). The effect of sea surface temperature (SST) on the TC 60 

intensity has better been known. For example, the SST of 26-27°C is found to be the 61 

threshold for TC intensification (Chan et al. 2001). SST underlying a TC primarily 62 

determines the hurricane maximum potential intensity (Emanuel et al. 2004) which is an 63 

important statistical predictor of RI (e.g., Kaplan and DeMaria 2003; Kaplan et al 2010). 64 

Recently, tropical cyclone heat potential (TCHP), which represents ocean heat content 65 

contained in the water warmer than 26°C, has been shown to reduce the error in intensity 66 

forecasts of tropical Atlantic hurricanes when used as a predictor in statistical prediction 67 
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methods (e.g., Mainelli et al. 2008; Goni et al. 2009). Most of the major Category 4 or 5 68 

TCs in various basins have been found to rapidly intensify over regions of high TCHP 69 

associated with warm eddy or the thick and warm mixed layer (e.g., Shay et al. 2000; Lin 70 

et al. 2005, 2008, 2009a,b; Ali 2007; Rozoff and Kossin 2011). In regions of high fresh 71 

water input where significant salinity stratification sets within a deep isothermal layer, a 72 

barrier layer between the base of the isothermal layer and the base of the mixed layer can 73 

appears. Several studies have suggested an active role of the barrier layer in TC 74 

intensification (e.g., Wang et al. 2011; Balaguru et al. 2012). Generally speaking, the TC-75 

induced SST cooling plays a negative feedback role in TC intensification (e.g., Schade 76 

and Emanuel 1999; Cione and Uhlhorn 2003). Therefore, the effects of both the warm 77 

eddy and barrier layer on TC intensification may be to limit the reduction of TC-induced 78 

SST cooling, which in turn decreases the negative feedback effect from the ocean to 79 

atmosphere. 80 

Many studies have emphasized the importance of large-scale atmospheric 81 

environmental factors in the RI process. Observational and modeling results indicated 82 

that RI is more likely to appear when there is less interaction between a TC and upper-83 

level system (e.g., Emanuel 1999). In the North Atlantic, Kaplan and DeMaria (2003) 84 

suggested that RI is located at the regions of low vertical wind shear (VWS), weak upper-85 

level forcing from troughs and high relative humidity of the mid-low troposphere. 86 

Ventham and Wang (2007) found that in the WNP, RI is characterized by lower-level 87 

monsoon confluence environmental flows which play critical roles in determining RI. 88 

Shu et al. (2012) examined the effects of large-scale environmental factors on TC RI in 89 

the WNP. It was found that the RI cases have higher low-troposphere relative humidity 90 
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(RHUM), lower VWS and more easterly upper-troposphere flow than the non-RI cases. 91 

A great number of investigations have been made to address the influence of climate 92 

change on TC activity. It was argued that the recent increase of SST tends to cause the 93 

increasing intensity and potential destructiveness of TCs over the past about 30 years 94 

(Emanuel 2005). Meanwhile, others have argued that if the time series of TCs is extended 95 

to earlier years, the increase in TC intensity is actually part of a multidecadal fluctuation 96 

in the frequency of TCs (Landsea 2005; Chan 2006). Some studies have focused on the 97 

decadal variations of TC activity in the WNP. Ho et al. (2004) examined the interdecadal 98 

variability of the summertime typhoon tracks over the WNP. They divided the 1951-2001 99 

periods into two sub-periods of 1951–79 and 1980–2001, and found that the typhoon 100 

passage frequency decreased significantly over the East China Sea and the Philippine Sea, 101 

but increased slightly over the South China Sea in the latter period. Examining various 102 

thermodynamic and dynamic factors, Chan (2008) found that the frequency and tracks of 103 

Categories 4 and 5 TCs in the WNP undergo decadal variations due to variations in 104 

global oceanic and atmospheric conditions in association with El Niño-Southern 105 

Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO). Yeh et al. (2010) showed 106 

a decadal relationship between the TC frequency and tropical Pacific SST, with a positive 107 

correlation during the period 1990–2000 but a negative correlation during the period 108 

1979–1989. Liu and Chan (2013) examined changes in TC activity and atmospheric 109 

conditions during 1998-2011. TC activity shows a significant decrease, which is partly 110 

related to the decadal variation of the TC genesis frequency in the southeastern part of the 111 

WNP.  112 
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Most of the previous studies mentioned above focused on influence of climate 113 

factors on the genesis, tracks, duration and intensity of TCs. Few studies have attempted 114 

to examine TC RI variability on multidecadal time scale and associated it with oceanic 115 

and atmospheric signals in the WNP. If there are multidecadal fluctuations in TC RI 116 

events, it is of key importance to examine the corresponding changes in large-scale 117 

environmental factors and to determine whether there is a relationship between them on 118 

multidecadal time scale. The present study therefore attempts to examine multidecadal 119 

variation of TC RI in the WNP and its possible relationship with climatic signals such as 120 

the PDO. This study suggests a new mechanism by which the PDO may modulate large-121 

scale environmental factors to make a contribution to TC RI over the WNP on 122 

multidecadal timescale. 123 

The rest of this paper is organized as follows. The data and methodology employed 124 

in this paper are shown in section 2. Section 3 presents the climatological distribution of 125 

TC RI over the WNP. Section 4 investigates multidecadal variability of RI and the related 126 

large-scale environments and their relationship with the PDO. Summary and discussion 127 

are given in section 5. 128 

2. Data and methodology  129 

The 6-h best-track data of TCs occurring between 1951 and 2008 over the WNP are 130 

obtained from the Joint Typhoon Warning Center, which consist of the 6-h estimates of 131 

position, maximum sustained surface wind speed and central pressure. This dataset is 132 

used to identify the occurrence of RI. We follow the conventional definition which adopts 133 

95% percentile of over-water intensity changes in 24 hours for all of TCs as a critical 134 

value of RI (Kaplan and DeMaria 2003; Kaplan et al 2010). The intensity change 135 
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threshold of 30kt/24hours is employed to define RI events since it is nearly 95% 136 

percentile of the intensity changes in 24 hours in the WNP (Wang and Zhou 2008; Shu et 137 

al. 2012). 138 

The SST, TCHP, VWS between 200 and 850 hPa and RHUM in the 500 hPa are 139 

analyzed in order to examine large-scale environment associated with RI. The monthly 140 

dataset of the Extended Reconstruction SST (ERSST) is obtained from the National 141 

Climatic Data Center (NODC), National Oceanic and Atmospheric Administration 142 

(NOAA). The horizontal resolution is 2°×2° (Smith et al. 2008). 143 

Regions where TCHP is more than 60-90 kJ cm
-2 

have been empirically found to be 144 

conducive to TC intensification, and TCHP is often used as one of several parameters in 145 

hurricane prediction schemes (e.g., DeMaria et al. 2005; Oey et al. 2007). Leipper and 146 

Volgenau (1972) developed and formulated TCHP as: 147 

26

0

26p
D

TCHP c z T z dz                                                                 (1)  148 

where cp is specific heat at constant pressure (3.9 kJ kg
-1

 K
-1

), D26 is the depth of 26°C 149 

isotherm, ( )z  is the in-situ density, and ( )T z  is the in-situ temperature. TCHP is 150 

calculated using the monthly mean temperature-salinity from the Simple Ocean Data 151 

Assimilation (SODA) which is based on the Parallel Ocean Program ocean model with a 152 

horizontal resolution of 0.5°×0.5° and with 40 vertical levels. The SODA velocity fields 153 

are used to calculate the SST advection. 154 

Atmospheric variables are taken from twentieth century Reanalysis version 2 155 

(20CRv2) with monthly temporal and 2°×2°spatial resolutions (Compo et al. 2011). VWS 156 

is calculated as magnitude of the vector difference between winds at 200 and 850 hPa. 157 
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The oceanic and atmospheric variables for the months of May–November are averaged to 158 

represent environmental status of the active RI season. They are linearly detrended prior 159 

to analysis. The multidecadal variability is obtained through performing a 7-year 160 

Gaussian filter to the detrended oceanic and atmospheric variables.  161 

The overlapping bimonthly mean Multivariate ENSO Index (MEI) is obtained from 162 

the Climate Diagnostic Center of NOAA. The MEI is constructed based on the six main 163 

variables observed in the tropical Pacific, including sea level pressure (SLP), zonal and 164 

meridional components of the surface wind, SST, surface air temperature, and total 165 

cloudiness fraction of the sky (Wolter and Timlin 1998). The PDO index is constructed 166 

using the ERSST from NODC, which is defined as the leading principal component of 167 

monthly SST anomalies in the North Pacific poleward of 20°N (Mantua et al. 1997). The 168 

MEI and PDO indices during May–November are averaged to represent the status of the 169 

ENSO and PDO during the active RI season.  170 

In this study, the effective degrees of freedom in the correlation significance test are 171 

estimated from the formula (Quenouille 1952; Medhaug and Furevik 2011; Wang et al. 172 

2012): 173 

 
1 1 2 2

1 2 2
edf

x y x y

N
N

r r r r


     
                                          (2) 174 

where N is the length of time series x and y, 
1xr and 

1yr are the autocorrelations at lag 1, 175 

and 
2xr and 

2yr the autocorrelations at lag two for time series x and y, respectively. 176 

The degrees of freedom in the significance test of mean difference are calculated as 177 

(Michael 1986): 178 
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                                                 (3) 179 

where x  and y  is the standard deviation of the time series x and y, xn  and yn is the 180 

length of the time series x and y, respectively. If DF  is not an integer, it is rounded off to 181 

the nearest integer. 182 

3. RI climatology  183 

Over the WNP from 120°E to 180°E, 1223 RI events occur in 485 TCs of all 1346 184 

TCs (excluding tropical depression) during 1951–2008 (Note that a TC is likely to 185 

undergo at least one RI process during its lifecycle). The climatological annual-mean RI 186 

number in the WNP is 21.1 with a standard deviation of 14.4. Figure 1 shows 187 

climatological monthly variations of the RI and TC numbers in the WNP for the entire 188 

period of 1951–2008. The pronounced occurrence of RI events appears during May–189 

November. The maximum number of RI events in the WNP occurs in August and the 190 

minimum in February. The maximum (minimum) RI number may be related to more 191 

(less) TC genesis in August (February), which increases (decreases) the probability of RI 192 

occurrence (Fig. 1b). The number of RI during the months of May–November is 1122, 193 

which accounts for about 92% of the total RI number. We therefore focus on the related 194 

variation of large-scale environment in the active RI season of May–November in the 195 

following sections. 196 

Figure 2 shows the distribution of the 24-h tracks during each RI period as well as 197 

the total and annual-mean number of RI cases in each 5×5  box during the period of 198 

1951-2008. RI events tend to be more restricted in the region south of 25°N, with very 199 
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few cases occurring north of 25°N. The RI events tend to be more concentrated in the 200 

area between 8°N–20°N and 125°E–155°E where there is 68% of RI events. This area is 201 

defined as the main RI region. The maximum core region locates around 130°E, 15°N 202 

and gradually decreases extending eastward to 150°E. The maximum RI number in 5°×5° 203 

box reaches about 115 with the annual mean of 2 during 1951–2008. The features showed 204 

here are consistent with the results of Shu et al. (2012). 205 

4. Multidecadal variability of RI and large-scale environment 206 

An important source of multidecadal climate variability is the PDO in the North 207 

Pacific, which has an ENSO-like spatial signature in the SST field (e.g., Mantua et al. 208 

1997; Zhang et al. 1997). It was found that the PDO has a significant influence on TC 209 

activity over the WNP (e.g., Wang et al. 2010; Aiyyer and Thorncroft 2011; Liu and 210 

Chan 2013). In this section we attempt to investigate the multidecadal variability of RI 211 

and large-scale environment associated with the PDO. 212 

a. Multidecadal variability of RI and its relationship with the PDO 213 

The multidecadal variation in the annual RI number can be obviously seen from its 214 

time series (Fig. 3a, b). The RI numbers are above the normal during 1951–1972 and 215 

2002–2008, and below the normal during 1973–2001. Such multidecadal variability of RI 216 

is reminiscent to the PDO variations. The PDO shows two cold phase periods: 1951–217 

1978 (period I), 1998–2008 (period III), and a warm phase period: 1979–1997 (period II) 218 

(e.g., Shen et al. 2006; Wang et al 2009). There are generally higher values of RI during 219 

periods I and III, and lower values during period II. The mean numbers for each of these 220 

three sub-periods are 28.5, 9.0, and 23.1 with the standard deviations of 13.7, 5.3, and 221 

13.7, respectively. For the comparison of two cold phases, the annual-average RI number 222 
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in period I is higher than that in period III, which may be related to more TC genesis in 223 

period I. One can clearly see in Figs. 3a,b that the TC number in period I is much higher 224 

than that in period III, which increases the chance of RI occurrence in period I. 225 

The standardized time series of the annual RI number and PDO index are displayed 226 

in Figs. 3c, d. For the indices including all timescale variations, the correlation between 227 

the PDO and RI number is only about -0.11 (Fig. 3c). However, if we focus on longer 228 

timescale variation, the relationship between two indices is obvious (Fig. 3d). The 229 

correlation reaches about -0.51 with the effective degrees of freedom of 16, which is 230 

statistically significant at the 95% confidence level. This suggests a much greater 231 

influence of the PDO on the multidecadal variability of RI.  232 

To further clarify the PDO effect, we identify the positive (negative) years of the 233 

PDO if the standardized PDO index during May–November is ≥ 0.5 (≤ -0.5). The annual-234 

mean number of RI in the -PDO years (23 years) and the +PDO years (11 years) are 22.9 235 

and 16.9, respectively, and the mean difference is statistically significant at the 95% 236 

confidence level. Previous studies have found that ENSO can significantly influence the 237 

occurrence of RI in the WNP (e.g., Wang and Zhou 2008). The changes in the RI number 238 

may be due to ENSO events rather than the PDO because some +PDO (-PDO) years may 239 

be linked with El Niño (La Niña) events (e.g., Liu and Chan 2013). To remove the ENSO 240 

effect, we only consider ENSO neutral years (i.e., the average MEI index during May–241 

November is between -0.5 and 0.5). The annual-mean RI number for the -PDO years in 242 

ENSO neutral year (1952, 1953, 1961, 1963, 1998, 2000, 2001, 2008) is 22.4, which is 243 

much higher than 7 for the +PDO years (1981, 1995, 1996) in ENSO neutral years. The 244 

mean difference between them is statistically significant in the 95% confidence level. 245 
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The spatial distributions of the RI number and anomaly in each 5°×5° box for each 246 

of the three sub-periods (periods I, II and III) are shown in Fig. 4. The RI number 247 

anomalies in the three sub-periods are calculated as the RI numbers of the climatological 248 

mean over the 1951–2008 subtracted from each of the three sub-periods. Over the most of 249 

the main RI region, the climatological mean of the RI number in periods I and III is much 250 

higher than that in period II. The maximum cores of the average RI number in periods I 251 

and III locate near 130°E, whereas in period II the core shifts eastward to 140°E. It is also 252 

clear that the maximum core in period III shifts more northward. In fact, compared with 253 

that (15.14°N, 136.44°E) in period II, the average initial positions of the RI occurrence in 254 

periods I (15.67°N, 137.95°E) and III (16.33°N, 137.38°E) tend to shift poleward and 255 

westward, and the averaged position difference is statistically significant at the 99% 256 

confidence level. 257 

b. Large-scale environmental factors related to RI 258 

It has been shown that RI events have significant multidecadal variation associated 259 

with the PDO phases. The next part of this study is to identify the possible environmental 260 

factors responsible for such variations. The variations of large-scale ocean and 261 

atmosphere environmental variables such as SST, TCHP, VWS and RHUM are examined 262 

first and their possible relationships with TC RI are then discussed. The potential 263 

influence of large-scale environment on TC RI is investigated through composite 264 

anomaly in three sub-periods associated with the PDO phases. To compare the 265 

differences among the three sub-periods, the SST, TCHP, VWS, and RHUM anomalies 266 

are calculated by subtracting the climatological mean for May–November during 1951–267 

2008 from those of the three sub-periods (Figs. 5 and 6). In the main RI region, the 268 
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region-averaged magnitudes for SST, TCHP, VWS and RHUM are calculated during 269 

periods I, II, and III (Table 1).  270 

The distributions of the climatological mean SST for three sub-periods are shown in 271 

Fig. 5. The 26°C contour in period II is basically confined to the south of 20°N, whereas 272 

in periods I and III it shifts northward and exceeds the latitudinal line of 20°N between 273 

about 140°E and 180°E. According to Gray (1979), the TC development is assumed not 274 

to be possible if the SSTs are less than 26°C. Thus, the relevant RI events in periods I and 275 

III are more occurring in the region north of 20°N than those in period II. The SST 276 

anomaly structures in period II associated with the warm PDO phase consist of a tongue 277 

of positive SST anomalies stretching from the equatorial central Pacific to the eastern 278 

North Pacific, extending along the West Coast of the United States. Negative SST 279 

anomalies are found in the tropical western Pacific, extending northeastward to the 280 

subtropical latitudes of the central North Pacific. In contrast, the SST anomaly structures 281 

in periods I and III associated with the cold PDO phase show an opposite pattern (Fig. 5). 282 

In the cold (warm) PDO phase, anomalous warming (cooling) prevails over the main RI 283 

region (Fig. 5). The region-averaged SSTs of periods I and III are higher than that of 284 

period II in the main RI region. The mean difference between these periods is statistically 285 

significant at the 95% confidence level (Table 1). These results suggest that the SST 286 

anomaly in the main RI region may potentially contribute to the anti-correlation between 287 

the PDO and annual RI number on multidecadal timescales.  288 

The regions where TCHP is more than 60-90 kJ cm
-2 

have been empirically found to 289 

be conducive to TC intensification (e.g., Lin et al. 2008). One can note in the 290 

distributions of the climatological mean TCHP for each of the three sub-periods that the 291 
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area surrounded by 60 kJ cm
-2 

contours in period II is much smaller than those in periods 292 

I and III over the main RI region. This tends to decrease the probability of RI occurrence 293 

in period II. The TCHP anomaly pattern exhibits a distinct east-west dipole in the tropical 294 

Pacific with a significantly positive (negative) anomaly in the eastern (western) Pacific in 295 

association with the warm (cold) PDO phase (Fig. 5). During periods I and III, the 296 

region-averaged TCHPs in the main RI region are 74.51 and 82.61 kJ cm
-2

, which are 297 

higher than 66.64 kJ cm
-2

 of period II. The mean differences between them are 298 

statistically significant at the 99% confidence level (Table 1). These results suggest that 299 

compared to the warm PDO phase, the ocean in the cold PDO phase may provide more 300 

heat energy to the atmosphere over the main RI region, which is favorable to generate TC 301 

RI events.  302 

Weak VWS is one of the key environmental factors that promote TC intensification 303 

(e.g., Gray 1979; Kaplan and DeMaria et al. 2003; Shu et al. 2012). The VWS in periods 304 

I and III is slightly above the climatology mean along the low shear zone that is defined 305 

as the area surrounded by the 4 m s
-1

 contours in Fig. 6. Locating in the southwest and 306 

northwest flanks of the low shear zone, the VWS anomalies in periods I and III are 307 

negative. In contrast, those in period II show an opposite pattern. One can find that RI 308 

events in period II less occur in the north of 20°N where the positive VWS anomaly is 309 

less conducive for RI (Fig. 6 and Table 2). Therefore, it suggests that variability of the 310 

VWS in the southwest and northwest of the low shear zone can be critical for the 311 

variability of annual RI number, but it is not in the low shear zone. This is likely due to 312 

the reason that VWS is usually below threshold values in the low shear zone for each 313 

phase of the PDO. Although the mean VWS differences between periods I, III and II are 314 
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not statistically significant at the 95% confidence level (Table 1), the average VWS in the 315 

main RI region in the periods I and III is still lower than that in period II. 316 

RHUM in the mid-troposphere is one of the key factors influencing TC development, 317 

with high values of RHUM being necessary to overcome negative effects of the 318 

entrainment on convection during the TC development stage (e.g., Gray 1979, 1988). The 319 

thermodynamic factors such as RHUM and SST are not independent, but cooperate to 320 

influence instability and potential for cumulonimbus convection (Gray 1979). The 321 

RHUM shows similar anomaly pattern to the SST anomaly in some regions. For example, 322 

during the warm (cold) PDO phase, positive (negative) RHUM anomalies exist in the 323 

tropical eastern Pacific. In contrast, RHUM anomalies in the tropical western Pacific 324 

show an opposite sign. The RHUM fields show positive anomaly in the most of the main 325 

RI region during periods I and III, especially period III (Fig. 6). Compared with those in 326 

period II, RHUMs in periods I and III are above the average in the belt between 20°N and 327 

30°N, and those conditions are more conducive for RI. Actually, this also can result in 328 

more occurrences of RI events in the north of 20°N (Fig. 6 and Table 2). While the 329 

average RHUM differences between periods I, III and II are not statistically significant at 330 

the 95% confidence level (Table 1), mean magnitude of the RHUM in the main RI region 331 

in the periods I and III is still higher than that in period II. 332 

Next, in order to further examine relationship between RI and large-scale 333 

environmental factors, correlations of the SST, TCHP, VWS and RHUM during May–334 

November with the annual RI number series are calculated (Fig. 7). On multidecadal 335 

timescale, the correlation map between the annual RI number and SST shows a PDO-like 336 

pattern in the North Pacific. An active (inactive) RI era is associated with a warm (cold) 337 
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western Pacific and a cold (warm) eastern Pacific. The maximum core of the positive 338 

correlation emerges in the region of 10°N–30°N, 160°E–200°E where amplitude of the 339 

PDO mode is the strongest (Fig. 7a). The correlation field between TCHP and annual RI 340 

number almost exhibits a coherent pattern with the TCHP anomaly fields in Fig. 5, with 341 

an east-west seesaw distribution. The annual RI number is positively (negatively) 342 

correlated with a warm (cold) tropical western (eastern) Pacific (Fig. 7b).  343 

The correlation map between the VWS and annual RI number is similar to the VWS 344 

anomaly pattern in Fig. 6. The positive correlations are found over the tropical eastern 345 

Pacific, with maximum magnitude near 10°N, 230°E (Fig. 7c). The significantly negative 346 

correlation exists in the belt of 20°N–30°N, which tends to support that more RI events in 347 

the cold PDO phase occur in the north of 20°N than in the warm PDO phase (Table 2). 348 

The correlation map between the RHUM and annual RI number displays an ENSO-like 349 

pattern in the equatorial Pacific, with a positive (negative) correlation in western (eastern) 350 

equatorial Pacific. The correlation in most of the western equatorial Pacific is significant 351 

at the 95% confidence level (Fig. 7d). The results suggest that a high (low) occurrence era 352 

of RI is associated with a RHUM above (below) average in the tropical western Pacific 353 

Ocean. In summary, it has been shown that the multidecadal changes in SST, TCHP, 354 

VWS and RHUM may contribute to the variations of the annual RI number on 355 

multidecadal timescale.  356 

c. Large-scale environment factors correlated with PDO 357 

To further confirm that the multidecadal variability of RI is associated with the PDO, 358 

relationship between large-scale environmental factors and the PDO are examined. The 359 

correlation maps between the PDO index and SST, TCHP, VWS, 500-hPa RHUM fields 360 
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for the months of May–November are examined in Fig. 8. The SST-PDO correlation 361 

patterns are characterized by a wedge structure in the tropical eastern Pacific and an 362 

opposite pattern extending from the tropical western Pacific to the mid-latitude region of 363 

the North Pacific Ocean. The correlations are significant at the 95% confidence level. 364 

This structure is well-known and resembles the PDO (e.g., Mantua et al. 1997, Zhang et 365 

al. 1997). The PDO is negatively correlated with the local SST in the main RI region (Fig. 366 

8a). This means that when the PDO is in its cold phase, there are positive SST anomalies 367 

in the main RI region. In contrast, when the PDO is in its warm phase, there are negative 368 

SST anomalies in the main RI region. Thus, this supports that a higher (lower) SST is 369 

favorable (unfavorable) for RI in the main RI region during the cold (warm) PDO phase. 370 

TCHP-PDO correlations in the tropical North Pacific feature a distinct east-west dipole 371 

pattern, which is statistically significant at the 95% confidence level. Negative 372 

correlations are found over the tropical western Pacific, with the maximum amplitude in 373 

the western equatorial Pacific and main RI region. Positive correlations are observed over 374 

the tropical eastern Pacific, with the maximum amplitude in the region near 10°N, 210°E 375 

(Fig. 8b). This indicates that there are positive (negative) TCHP anomalies in the main RI 376 

for the cold (warm) PDO phase. These results further confirm that variation of the 377 

oceanic thermodynamic factors such as SST and TCHP over the main RI region may 378 

make a contribution to the out-of-phase relationship between the PDO and annual RI 379 

number. 380 

The PDO has great influence on the VWS over the tropical Pacific, and subtropical 381 

North Pacific. VWS-PDO correlations show a tripole pattern in the south of 40°N. The 382 

negative correlation is the strongest within the tropical eastern Pacific and a tongue 383 
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extends northwestward to near 20°N, 130°E. The significantly positive correlations at the 384 

95% confidence level exist in the western equatorial Pacific and the sector between 20°N 385 

and 40°N where the VWS is high (low) in the warm (cold) PDO phase, which tends to 386 

suppress (favor) RI occurrence in the region north of 20°N (Fig. 8c and Table 2).  387 

The significantly negative correlations between the RHUM and PDO are found over 388 

the western equatorial Pacific, stretching northward to the mid-latitude of the WNP. 389 

Negative correlations are statistically significant at the 95% confidence level in the main 390 

RI region, which indicates that the RHUM is higher (lower) in the cold (warm) PDO 391 

phase. This tends to produce the out-of-phase relationship between the PDO and annual 392 

RI number. The significantly positive correlations are observed over the eastern 393 

equatorial Pacific, extending northward to the west coast of the United States (Fig. 8d). 394 

Overall, the correlation maps between the PDO and environmental factors strongly 395 

resemble the corresponding anomaly patterns in Figs. 5 and 6, suggesting that the PDO 396 

does make a contribution to their changes which in turn affect the frequency and location 397 

of RI events occurrence on multidecadal timescale. 398 

d. Possible physical interpretation 399 

The above analysis using the composites and correlations suggests that the PDO has 400 

an association with the multidecadal variability of RI and large-scale environmental 401 

factors. It is of importance to understand the mechanism by which the PDO could 402 

influence RI and relevant large-scale environment over the main RI region. Vimont et al. 403 

(2001, 2003a, b) suggested that during the winter, intrinsic atmospheric variability in the 404 

mid-latitudes imparts a SST “footprint” onto the ocean via changes in the net surface heat 405 

flux. The SST footprint can persist into the late spring and summer seasons to force an 406 
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atmospheric circulation anomaly in the region of 0-20°N, which is so-called the seasonal-407 

footprinting-mechanism (SFM). SFM accounts for up to 70% of the inter-decadal 408 

variability along the equator (Vimont et al. 2003a). Based on this hypothesis, the 409 

relationships between the PDO and thermodynamic factors such as SST, TCHP and 410 

RHUM around the main RI region appear to occur due to a link involving surface winds. 411 

SLP fields are modified by the preceding winter SST footprint such that the pressure 412 

gradient over the equatorial Pacific is changed, resulting in the wind anomaly over these 413 

regions. During the warm PDO phase, over the western equatorial Pacific, the SLP 414 

increase induces the westerly wind anomalies along the equator (Fig. 9a), which tends to 415 

keep the warm water closer to the equator. The reverse is true during the cold PDO phase. 416 

This tends to make equatorial warm water spread northward during the cold PDO phase.  417 

TCHP variability mainly involves a link between sea surface wind and oceanic 418 

interior. Correlation between PDO and SLP is negative around the center of (15°N, 419 

140°E) (Fig. 9a), which means that there is negative (positive) SLP anomaly in the main 420 

RI region for the warm (cold) PDO phase. In turn, the negative (positive) SLP anomaly 421 

can induce the cyclonic (anticyclonic) gyre in the warm (cold) PDO phase. Thus, this 422 

may shoal (deepen) the D26 depth which in turn decreases (increases) the TCHP over the 423 

main RI region (Fig. 9b). The Pacific subtropical cells are associated with the divergence 424 

of warmer Ekman flows out of the equatorial Pacific forced by the easterly wind (Feng et 425 

al. 2010). Thus, the westerly (easterly) wind anomaly during the warm (cold) PDO phase 426 

can produce a convergence (divergence) anomaly of the warm equatorial water, which 427 

also tends to decrease (increase) TCHP over the main RI region. 428 
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The time series of SST, meridional SST advection and the PDO index further 429 

support these links (Fig. 10). Examining SST advection between 0-8°N and 125°E-160°E 430 

indicates that the regional-averaged meridional SST advection is positively correlated 431 

with the averaged-SST in the main RI region. The correlation coefficient is 0.45 which is 432 

statistically significant at the 95% confidence level with the effective degrees of freedom 433 

of 19. This suggests that SSTs are higher over the main RI region when meridional 434 

advection anomalies in the western equatorial Pacific are northward. The correlation 435 

between the PDO index and averaged meridional SST advection shows a magnitude of  436 

-0.48 which is statistically significant at the 95% confidence level. These relationships 437 

offer qualitative support that the warmer water from the western equatorial Pacific tends 438 

to spread northward during the cold PDO phase, which may maintain the warm ocean 439 

anomaly over the main RI region. 440 

In order to determine the effect of the PDO on VWS, the winds at 850 hPa and 200 441 

hPa are correlated onto the PDO index (Fig. 11). It is clear in the correlation maps that 442 

the cold PDO phase is associated with the easterly (westerly) wind anomaly in the lower 443 

(upper) troposphere along the equator, which reduces the local VWS in the tropical 444 

Pacific. When PDO is in its warm (cold) phase, the westerly (easterly) wind anomalies at 445 

lower troposphere level along the equator are attributed to weaker (stronger) than the 446 

normal lower-level easterly wind while the upper-level easterly (westerly) wind 447 

anomalies in that same region are due to stronger (weaker) than normal upper-level 448 

easterly wind (not shown). Simultaneously, the upper troposphere across the belt of 20-449 

50°N is associated with an anticyclonic wind anomaly pattern, which tends to weaken the 450 

local VWS to favor RI formation. These results are coherent with the VWS anomaly 451 
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distribution in Fig. 6. One potential explanation about these features can give based on 452 

the Gill’s (1980) theory. Gill (1980) show that an equatorial diabatic cooling source can 453 

produce anomalous low-level easterlies to its west with the anticyclonic circulations on 454 

its northwestern flank as a result of the equatorial Rossby wave response. During the cold 455 

PDO phase, the anomalous cooling in the eastern equatorial Pacific may therefore induce 456 

the anomalous tropical easterlies at the low level. This therefore can enhance the Walker 457 

circulation in the western equatorial Pacific and in turn induce the westerly wind anomaly 458 

in the upper level. 459 

5. Summary and discussion  460 

In this paper, we investigate the multidecadal variability of RI and explore how the 461 

multidecadal variations of large-scale environmental factors affect the frequency and 462 

location of RI events in the WNP. In particular, we focus on the PDO effect on the large-463 

scale environmental factors associated with RI.  464 

The PDO index exhibits significant negative correlation with the annual RI number 465 

on multidecadal timescale. The warm (cold) PDO phase is related to the low (high) 466 

annual RI number over the WNP. The RI formation tends to shift poleward and westward 467 

during the cold PDO phase, while it tends to shift equatorward and eastward during the 468 

warm PDO phase.  469 

The analyses show that the multidecadal variations of RI are significantly associated 470 

with the variations of large-scale oceanic and atmospheric variables such as SST, TCHP, 471 

VWS and RHUM. The SST anomaly patterns in the three sub-periods (1951-1978, 1979-472 

1997, 1998-2008) are strongly similar to the PDO SST mode seen in the global SST field 473 

analysis (Zhang et al. 1997). In the cold (warm) PDO phase, anomalous warming 474 
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(cooling) prevails over the main RI region. A distinct east-west dipole pattern in the 475 

TCHP anomaly is identified with significantly positive (negative) anomaly in the western 476 

(eastern) Pacific, which is in association with the cold (warm) PDO phase. RHUM 477 

anomaly shows a similar pattern to SST anomaly over the WNP, suggesting the 478 

cooperating influence of RHUM and SST on RI. The multidecadal variations of the 479 

thermodynamic factors are relevant to more (less) occurrence of the RI events in the cold 480 

(warm) PDO phase. They thus contribute to the out-of-phase relationship between the 481 

PDO and annual RI number on multidecadal timescale. 482 

It is interesting to note that during the cold (warm) PDO phase, the VWS anomaly in 483 

the low shear zone (i.e., the climatological average VWS is less than 4 m s
-1

) is positive 484 

(negative), showing an unfavorable (favorable) condition for RI. This suggests that the 485 

VWS variation in the low shear zone along the monsoon trough may have little 486 

contribution to the anti-correlation between the PDO and annual RI number. However, 487 

there are the out-of-phase VWS anomaly patterns in the southwest and northwest flanks 488 

of the low shear zone. Thus, variability of the VWS in the southwest and northwest of the 489 

low shear zone may be critical for modulation of RI frequency, but it is not in the low 490 

shear zone. It is likely that VWS is usually below the RI threshold value in the low shear 491 

zone for each phase of the PDO. 492 

It is further confirmed that the multidecadal variability of the SST, TCHP, VWS and 493 

RHUM during the active RI season is significantly correlated with the PDO. On 494 

multidecadal timescale, correlations between the PDO and SST over the mid-latitude of 495 

the WNP is up to -0.9, which affects SLP pattern as well as the winds and then affects 496 

ocean interior. The correlation maps between the PDO and environmental factors such as 497 
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SST, TCHP, VWS and RHUM strongly resemble the individual anomaly patterns 498 

associated with the PDO phases, suggesting that the PDO makes a contribution to the 499 

changes which in turn affect the RI variability on multidecadal timescale. 500 

The mechanisms by which the PDO affects large-scale oceanic and atmospheric 501 

environment over the main RI region are inferred from the SFM hypothesis (Vimont et al. 502 

2001, 2003a, b). In the active RI season, the SLP fields are modified by the preceding 503 

winter SST footprint such that the pressure gradient between the western equatorial 504 

Pacific and eastern equatorial Pacific is changed, resulting in the wind anomaly over the 505 

equatorial region. During the cold PDO phase, over the western (eastern) equatorial 506 

Pacific, the SLP decrease (increase) induces the easterly wind anomaly in the low level 507 

along the equator. Hence, the Walker circulation can be enhanced to induce a westerly 508 

wind anomaly in the upper level. The anomalous easterly wind further may produce local 509 

equatorial ocean upwelling to diverge the warmer water northward from the western 510 

equatorial Pacific into the main RI region, which in turn maintains the warm ocean 511 

anomalies over the main RI region. Simultaneously, the area of high mid-tropospheric 512 

RHUM associated with the warmer water spreads from the western equatorial Pacific into 513 

the main RI region. Our analysis also shows that the cold PDO phase can induce a local 514 

anticyclonic wind anomaly in the subtropical gyre of the WNP. This therefore may 515 

deepen D26 and directly increase the TCHP over the main RI region. These 516 

thermodynamic effects during the cold PDO phase greatly support RI occurrence over the 517 

WNP. The situation is the opposite during the warm PDO phase. 518 

This study suggests a new mechanism by which the PDO may modulate large-scale 519 

environmental factors to make a contribution to TC RI over the WNP on multidecadal 520 
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timescale. Coupled variability of the North Pacific SST and the atmosphere involves the 521 

complex thermodynamic/dynamic processes. There may be other mechanisms for the link 522 

between the North Pacific SSTs and atmospheric variability. But, it is beyond the scope 523 

of this study to discuss them. Alexander (2010) provides a detailed review and discussion 524 

on this topic.  525 
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 677 

Figure captions  678 

Figure 1. Monthly number of (a) RI events and (b) TC genesis (excluding the tropical 679 

depression). 680 

 681 

Figure 2. (a) 24-h tracks of RI events and the red dots represent the initial location. (b) 682 

Total RI number in each 5×5° box during 1951–2008. (c) Annual-mean number in each 683 

5×5° box during 1951–2008. 684 

 685 

Figure 3. Time series of (a) the annual RI and TC numbers (excluding the tropical 686 

depression), (b) RI and TC anomalies, (c) total standardized RI and PDO index, and (d) 687 

filtered standardized RI and PDO index during 1951–2008. A 7-year Gaussian filter is 688 

performed to obtain multidecadal variability of the standardized RI and PDO index in the 689 

(d). 690 

 691 

Figure 4. (a) Climatological mean of the RI number (left panel) and RI number anomaly 692 

(right panel) in each 5×5° box over the 1951–1978 (period I). The anomaly is relative to 693 

the climatological mean over the 1951–2008. (b) The same as in (a) except for the 1979–694 

1997 (period II). (c) The same as in (a) except for the 1998–2008 (period III). The 695 

rectangle box indicates the main RI region. 696 

 697 

Figure 5. (a) Climatological mean SST (contour) and SST anomaly (shaded) for each in 698 

the three sub-periods. Upper panel: 1951–1978 (period I); Middle panel: 1979–1997 (II 699 

period); Lower panel: 1998–2008 (period III). (b) The same as in (a) except for the TCHP. 700 
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The SST and TCHP anomalies are calculated by subtracting climatological mean for 701 

May–November during1951–2008 from those of the three sub-periods. SST and TCHP 702 

are detrended prior to the analysis. The dots show the initial location of RI events and the 703 

rectangle box indicates the main RI region. 704 

 705 

Figure 6. (a) Climatological mean VWS (contour; Dark brown lines indicate 4m/s VWS 706 

contour) and VWS anomaly (shaded) for each of the three sub-periods. Upper panel: 707 

1951–1978 (period I); Middle panel: 1979–1997 (period II); Lower panel: 1998–2008 708 

(period III). (b) The same as in (a) except for the RHUM. VWS and RHUM anomalies 709 

are calculated by subtracting climatological mean for May–November during 1951–2008 710 

from those of the three sub-periods. VWS and RHUM are detrended prior to the analysis. 711 

The dots show the initial location of RI cases and the rectangle box indicates the main RI 712 

region. 713 

 714 

Figure 7. Multidecadal correlation maps between the time series of annual RI number 715 

and environmental variables (a) SST, (b) TCHP, (c) VWS, and (d) RHUM. The cross 716 

sign indicates the statistical significance at the 95% confidence level. Multidecadal 717 

variability is obtained to perform a 7-year Gaussian filter to the detrended SST, TCHP, 718 

VWS and RHUM fields during May–November. The rectangle box indicates the main RI 719 

region. 720 

 721 

Figure 8. Multidecadal correlation maps between the PDO index and environmental 722 

variables (a) SST, (b) TCHP, (c) VWS, and (d) RHUM. The cross sign indicates the 723 
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statistical significance at the 95% confidence level. Multidecadal variability is obtained to 724 

perform a 7-year Gaussian filter to the detrended SST, TCHP, VWS, RHUM fields and 725 

the PDO index during May–November. The rectangle box indicates the main RI region. 726 

 727 

Figure 9. Multidecadal correlation maps between the PDO index and (a) SLP (shaded), 728 

10-m wind (vectors) and (b) D26 (shaded), 10-m wind stresses (vectors) during May–729 

November. The cross sign indicates the statistical significance at the 95% confidence 730 

level for SLP and D26. The black vectors are statistically significant at the 95% 731 

confidence level for wind and wind stress. All variables are smoothed to obtain 732 

multidecadal variability by a 7-year Gaussian filter. 733 

 734 

Figure 10. Standardized time series of the region-average SST in the main RI region 735 

(8°N–20°N, 125°E–155°E), region-average SST meridional advection in the region of 0–736 

8°N and 125°E–160°E, and PDO index during May–November. Each for the three 737 

variables is smoothed to obtain the multidecadal variability by a 7-year Gaussian filter. 738 

 739 

Figure 11. Correlation maps of (a) 200 hPa wind vectors and (b) 850 hPa wind vectors 740 

with respect to the PDO index during May–November. The black vectors are statistically 741 

significant at the 95% confidence level. All variables are smoothed to obtain multidecadal 742 

variability by a 7-year Gaussian filter. 743 

 744 

 745 

 746 
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 747 

Table 1.  The region-averaged magnitude for SST, TCHP, VWS and RHUM during 748 

1951–1978 (period I), 1979–1997 (period II), and 1998–2008 (period III) in the main RI 749 

region. D1 denotes the difference between periods I and II, and D2 shows the difference 750 

between periods III and I, respectively. 751 

Variable Unit Period I Period II Period III D1=I-II D2=III-II 

SST °C 27.19 27 27.41 0.19
﹡
 0.41

﹡
 

TCHP kJ cm
-2 

74.51 66.64 82.61 7.87
﹡﹡

 15.97
﹡﹡

 

VWS m s
-1 

5.66 5.92 5.55 -0.26 -0.37 

RHUM % 54 53.53 53.81 0.47 0.28 

 752 

﹡
The difference from the results of a Student t-test is statistically significant at the 95% 753 

confidence level. 754 

﹡﹡
The difference from the results of a Student t-test is statistically significant at the 99% 755 

confidence level. 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

764 
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 765 

Table 2. Annual-averaged RI number in the region north of 20°N, 8°N-20°N and South 766 

of 8°N for the PDO cold and warm phase. The number in the bracket indicates total 767 

number in the different periods. 768 

PDO phase North of 20°N 8°N-20°N South of 8°N 

Cold phase(1951-1978) 4.85 (136) 22 (616) 1.6 (46) 

Warm phase(1979-1997) 0.94 (18) 8.1 (154) 0 (0) 

Cold phase(1998-2008) 7.09 (78) 15.2 (168) 0.72 

 769 

 770 

 771 

 772 

 773 

 774 

 775 

 776 
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Figure 1. Monthly number of (a) RI events and (b) TC genesis (excluding the tropical 

depression). 
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Figure 2. (a) 24-h tracks of RI events and the red dots represent the initial location. (b) 

Total RI number in each 5×5° box during 1951–2008. (c) Annual-mean number in 

each 5×5° box during 1951–2008. 
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Figure 3. Time series of (a) the annual RI and TC numbers (excluding the tropical 

depression), (b) RI and TC anomalies, (c) total standardized RI and PDO index, and 

(d) filtered standardized RI and PDO index during 1951–2008. A 7-year Gaussian 

filter is performed to obtain multidecadal variability of the standardized RI and PDO 

index in the (d). 
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Figure 4. (a) Climatological mean of the RI number (left panel) and RI number 

anomaly (right panel) in each 5×5° box over the 1951–1978 (period I). The anomaly 

is relative to the climatological mean over the 1951–2008. (b) The same as in (a) 

except for the 1979–1997 (period II). (c) The same as in (a) except for the 1998–2008 

(period III). The rectangle box indicates the main RI region. 
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Figure 5. (a) Climatological mean SST (contour) and SST anomaly (shaded) for each 

in the three sub-periods. Upper panel: 1951–1978 (period I); Middle panel: 

1979–1997 (II period); Lower panel: 1998–2008 (period III). (b) The same as in (a) 

except for the TCHP. The SST and TCHP anomalies are calculated by subtracting 

climatological mean for May–November during1951–2008 from those of the three 

sub-periods. SST and TCHP are detrended prior to the analysis. The dots show the 

initial location of RI events and the rectangle box indicates the main RI region. 
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Figure 6. (a) Climatological mean VWS (contour; Dark Brown lines indicate 4m/s 

VWS contour) and VWS anomaly (shaded) for each of the three sub-periods. Upper 

panel: 1951–1978 (period I); Middle panel: 1979–1997 (period II); Lower panel: 

1998–2008 (period III). (b) The same as in (a) except for the RHUM. VWS and 

RHUM anomalies are calculated by subtracting climatological mean for 

May–November during 1951–2008 from those of the three sub-periods. VWS and 

RHUM are detrended prior to the analysis. The dots show the initial location of RI 

cases and the rectangle box indicates the main RI region.  
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Figure 7. Multidecadal correlation maps between the time series of annual RI number 

and environmental variables (a) SST, (b) TCHP, (c) VWS, and (d) RHUM. The cross 

sign indicates the statistical significance at the 95% confidence level. Multidecadal 

variability is obtained to perform a 7-year Gaussian filter to the detrended SST, TCHP, 

VWS and RHUM fields during May–November. The rectangle box indicates the main 

RI region. 
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Figure 8. Multidecadal correlation maps between the PDO index and environmental 

variables (a) SST, (b) TCHP, (c) VWS, and (d) RHUM. The cross sign indicates the 

statistical significance at the 95% confidence level. Multidecadal variability is 

obtained to perform a 7-year Gaussian filter to the detrended SST, TCHP, VWS, 

RHUM fields and the PDO index during May–November. The rectangle box indicates 

the main RI region. 
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Figure 9. Multidecadal correlation maps between the PDO index and (a) SLP 

(shaded), 10-m wind (vectors) and (b) D26 (shaded), 10-m wind stresses (vectors) 

during May–November. The cross sign indicates the statistical significance at the 95% 

confidence level for SLP and D26. The black vectors are statistically significant at the 

95% confidence level for wind and wind stress. All variables are smoothed to obtain 

multidecadal variability by a 7-year Gaussian filter. 
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Figure 10. Standardized time series of the region-average SST in the main RI region 

(8°N–20°N, 125°E–155°E), region-average SST meridional advection in the region of 

0–8°N and 125°E–160°E, and PDO index during May–November. Each for the three 

variables is smoothed to obtain the multidecadal variability by a 7-year Gaussian 

filter. 
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Figure 11. Correlation maps of (a) 200 hPa wind vectors and (b) 850 hPa wind 

vectors with respect to the PDO index during May–November. The black vectors are 

statistically significant at the 95% confidence level. All variables are smoothed to 

obtain multidecadal variability by a 7-year Gaussian filter. 
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