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 30 

Abstract 31 

 32 

This study investigates a new possible process linking the quasi-stationary Rossby 33 

wave propagation (SWP) over Eurasia along the Asian jet and the Pacific-Japan (PJ) 34 

pattern through the Rossby wave breaking (RWB) near the jet exit region during boreal 35 

summer using a reanalysis dataset. To assess the statistical significance of the process, 36 

we conduct a lag composite analysis of the past 44 RWB events east of Japan. The 37 

result of the lag composite analysis shows that the SWP along the Asian jet induces the 38 

RWB accompanied by an amplified anomalous anticyclone east of Japan. The 39 

associated “inverse-S” shaped overturning of the upper-level potential vorticity (PV) 40 

distribution causes the southwestward intrusion of the high PV toward the subtropical 41 

western North Pacific (WNP). The Q-vector diagnosis and vorticity budget analysis 42 

indicate that the upper-level positive vorticity advection associated with the RWB is an 43 

important factor dynamically inducing ascent and reinforcing convection over the 44 

subtropical WNP, which in turn excites the subsequent PJ pattern. Classification of the 45 

cases by RWB strength indicates that the stronger RWB is significantly related to the 46 

stronger preceding SWP and subsequent enhanced PJ pattern, and vice versa. A partial 47 

correlation analysis of all the cases quantitatively shows the greater contribution of the 48 

upper-level positive vorticity advection over the subtropical WNP to the enhanced 49 
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convection in this area and the formation of the PJ pattern, compared to that of the 50 

anomalous warm sea surface temperature condition. These results show that the SWP 51 

along the Asian jet can excite the PJ pattern, through the RWB east of Japan and the 52 

consequent intrusion of the high PV toward the subtropical WNP. 53 

 54 

Keywords teleconnection; wave breaking; Asian monsoon; Tibetan high; Pacific high 55 

56 



 

 3 

1. Introduction 57 

  Enhanced and persistent extension of the North Pacific Subtropical High (NPSH) is 58 

tightly linked to an anomalous summer climate over Japan, such as significantly hot 59 

conditions (e.g., Lu and Dong 2001, Shimpo et al. 2019) and, in some cases, torrential 60 

rainfall events because of the prevailing moisture inflow along the western fringe of the 61 

NPSH (e.g., Rodwell and Hoskins 2001, Sekizawa et al. 2019, Takemura et al. 2019). 62 

Enomoto et al. (2003) showed the existence of an equivalent barotropic anticyclone over 63 

Ogasawara Island that covers Japan during the post-Baiu season of the boreal summer, 64 

and referred it to as the Bonin high. Previous studies showed that the variability of the 65 

Bonin high is associated with two teleconnection patterns: the Silk Road (Enomoto et al. 66 

2003, Enomoto 2004) and Pacific-Japan (PJ) patterns (Nitta 1987, Kosaka and Nakamura 67 

2006). Lu et al. (2002) showed the existence of a wave train trapped along the westerly jet 68 

from North Africa to Eurasia during summer. Enomoto et al. (2003) referred to the wave 69 

train over Eurasia as “the Silk Road pattern”, which features a quasi-stationary Rossby 70 

wave propagation (SWP) along the Asian jet, inducing enhancement of the Bonin High 71 

through Rossby wave breaking (RWB) over the western North Pacific (WNP). The WNP 72 

climatologically corresponds to the Asian jet exit region, and it is well known that the SWP 73 

along the Asian jet can induce the RWB in this area (e.g., Postel and Hitchman 1999, 2001, 74 

Abatzoglou and Magnusdottir 2006, Hitchman and Huesmann 2007, Homeyer and 75 

Bowman 2013). Takemura et al. (2017) showed that the equatorward intrusion of the high 76 
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potential vorticity (PV) associated with the RWB results in dynamic ascent and promotes 77 

enhanced convection and the typhoon formation over the subtropical WNP. Horinouchi 78 

(2014) and Funatsu and Waugh (2008) also suggested using the Q-vector diagnosis that 79 

the enhanced upwelling and consequent active convection is dynamically induced because 80 

of the upper-level high PV over East Asia and the WNP. Moreover, it is well known that the 81 

equatorward-propagating Rossby wave over the North Pacific contributes to enhanced 82 

convection and synoptic-scale disturbances including typhoons and hurricanes over the 83 

tropical Pacific (Matthews and Kiladis 2000, Tam and Li 2006). These previous studies 84 

suggest influence of extratropical atmospheric variability on the tropical atmosphere 85 

through the RWB. Nitta (1987) found the PJ pattern, which is a lower-level teleconnection 86 

pattern, is characterized by a meridional seesaw between the enhanced (suppressed) 87 

convection over the Philippines and anticyclonic (cyclonic) circulation anomalies over 88 

Japan, respectively. The PJ pattern with enhanced convection over the Philippines 89 

corresponds to the enhancement of the Bonin high associated with the extension of the 90 

NPSH toward mainland Japan (Wakabayashi and Kawamura 2004); it results in hot 91 

summer conditions in this area (e.g., Kawamura et al. 1998, 2001). Although the PJ pattern 92 

can be affected by the RWB and the consequent enhanced convection over the subtropical 93 

WNP as shown by the aforementioned previous studies, a rigorous connection between the 94 

RWB and PJ pattern has not been shown. 95 

Kosaka et al. (2009) and Kosaka and Nakamura (2010) showed the coexistence of the 96 
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Silk Road and PJ patterns, based on a statistical analysis using a monthly-mean reanalysis 97 

dataset. However, a process linking these two teleconnection patterns was not clarified by 98 

these previous studies. JMA (2013) performed a case study of the boreal summer of 2012, 99 

and showed an influence of the SWP on the formation of the PJ pattern through the RWB 100 

east of Japan at a timescale of approximately 1 week. This case study indicates that the 101 

RWB near the jet exit region is an important factor linking the SWP along the Asian jet and 102 

PJ pattern. The following statistical analysis based on similar cases was needed to show 103 

the significance of the process linking these two patterns. It was highly expected that a 104 

statistical analysis based on not only monthly but also sub-monthly timescales could clearly 105 

describe the primary importance of the RWB. 106 

The present study shows a new possible process that the SWP along the Asian jet and 107 

the subsequent RWB near the jet exit region can excite the PJ pattern, based on a lag 108 

composite analysis using a daily reanalysis dataset. This line of investigation is important to 109 

promote our understanding of the major factors causing the anomalous summer climate 110 

over Asia, and to make further progress in forecasting the interaction between extratropical 111 

and tropical variabilities. It is also expected that this study will contribute to reduce the 112 

socio-economic impacts of the increased and unprecedented heat waves resulting from 113 

ongoing global warming (Imada et al. 2019). 114 

The reminder of the present paper is organized as follows. Section 2 describes the 115 

dataset and analytical methods. In Section 3, the climatology over a region from Asia to the 116 
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North Pacific is described to provide an overview of the circulation characteristics during the 117 

boreal summer Asian monsoon season. In Section 4, results of the lag composite analysis 118 

for all the extracted RWB cases and the cases classified by RWB strength are provided to 119 

show the significance of the process linking the SWP along the Asian jet and the PJ pattern 120 

through the RWB. In Section 5, using a quasi-geostrophic diagnosis, we assess the 121 

contribution of the upper-level positive vorticity advection associated with the RWB to the 122 

enhanced convection over the subtropical WNP. The results of a partial correlation analysis 123 

are described in Section 6 to show the relative importance of the upper-level positive 124 

vorticity advection and anomalous sea surface temperature (SST) to the enhancement of 125 

convection and the PJ pattern. Section 7 provides the major findings of the study. 126 

   127 

2. Data and Methods 128 

  The data used in this study are those from daily mean datasets of the Japanese 55-year 129 

reanalysis (JRA-55) for June–September (JJAS) during the 61-year period from 1958 to 130 

2018, with a horizontal resolution of 1.25o and 37 pressure levels from 1000 to 1 hPa 131 

(Kobayashi et al. 2015). We also used the daily mean dataset of COBE-SST (Ishii et al. 132 

2005) for June–August during the 61-year period, with a resolution of 1o, to analyze SST. 133 

Here, the anomaly is defined as a departure from the climatology, which is obtained as the 134 

60-day low-pass (Lanczos; Duchon 1979) filtered 30-year daily averages from 1981 to 135 

2010. To extract low-frequency components including the quasi-stationary Rossby wave, a 136 
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5-day-running mean is applied to the daily data. We applied a horizontal smoothing filter to 137 

relative vorticity fields using a triangular truncation retaining N = 24 wavenumbers (T24) to 138 

exclude the disturbances at a scale smaller than synoptic eddies. 139 

The propagation of quasi-stationary Rossby wave packets is analyzed using the wave 140 

activity flux (WAF) defined by Takaya and Nakamura (2001). The horizontal WAF is defined 141 

as follows: 142 

  𝑾 =
1

2|𝑼|
(

�̅�(𝜓𝑥
′2 − 𝜓′𝜓𝑥𝑥

′ ) + �̅�(𝜓𝑥
′ 𝜓𝑦

′ − 𝜓′𝜓𝑥𝑦
′ )

�̅�(𝜓𝑥
′ 𝜓𝑦

′ − 𝜓′𝜓𝑥𝑦
′ ) + �̅�(𝜓𝑦

′2 − 𝜓′𝜓𝑦𝑦
′ )

),    (1) 143 

where u is the zonal wind, v is the meridional wind, U is the climatological horizontal wind 144 

vector, and ψ is the geostrophic stream function at a reference latitude of ϕ0 = 40oN. The 145 

overbars (primes) denote the basic states (perturbations), defined as the climatology 146 

(anomaly). The subscripts x and y denote the partial derivatives with respect to longitude 147 

and latitude, respectively. 148 

To assess the waveguide of the quasi-stationary Rossby wave packets, the meridional 149 

gradient of the climatological absolute vorticity, which is referred to as effective β (Hoskins 150 

and Ambrizzi 1993), is calculated from the climatological zonal wind. The effective β (β*) is 151 

defined as follows: 152 

  𝛽∗ ≡ 𝛽 −
𝜕2𝑢

𝜕𝑦2
,   (2) 153 

where β is the meridional gradient of the latitude-dependent planetary vorticity. 154 

To identify the RWB cases east of Japan, we used a dynamical blocking index (Pelly and 155 

Hoskins 2003) based on the meridional distribution of potential temperature (θ) on the 156 
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dynamical tropopause defined by two potential vorticity units (PVUs). The blocking index 157 

(B; unit: K) is expressed as follows: 158 

  𝐵 =
1

∆𝜆
∫ {

2

∆𝜙
(∫ 𝜃𝑑𝜙 −

𝜙0+∆𝜙/2

𝜙0
∫ 𝜃𝑑𝜙

𝜙0

𝜙0−∆𝜙/2
)}

△𝜆/2

−△𝜆/2
𝑑λ,    (3) 159 

where λ is the longitude, ∆λ is the width of zonal average, ϕ is the latitude, ∆ϕ is the typical 160 

meridional scale of the wave breaking, and ϕ0 is the central latitude. We defined ∆λ as 5o 161 

and ∆ϕ as 30o, respectively, according to Pelly and Hoskins (2003). B has a positive value 162 

when there is high θ to the north and low θ to the south. An RWB event is detected when B 163 

is positive for at least four consecutive days for the period July–August from 1958 to 2018. 164 

Note that the RWB event with a smaller B is excluded when two peaks of B are detected 165 

within a period of 15 days to prevent effects of overlap during the period of two RWB events 166 

on the lag composite analysis. To conduct the lag composite analysis, we extracted the 44 167 

strongest RWB events (red-colored circle in Fig. 1) that occurred over the region from 168 

Japan to its east (25o–45oN, 130oE–180o, white rectangle in Fig. 1) with a maximum B 169 

higher than a threshold of +15 K (red-colored circle in Fig. 1). The region from which the 170 

RWB cases were extracted is defined according to the following two points: (1) the 171 

maximum frequency of the RWB is climatologically seen over the WNP (Abatzoglou and 172 

Magnusdottir 2006, Bowley et al. 2019), and (2) the RWB over the region can 173 

geographically affect the enhanced convection to its south and the PJ pattern over the WNP. 174 

Similar lag composite analysis results are shown even if the region and the threshold B are 175 

altered, although the amplitude and phase of the anomalies slightly weaken. The case of 176 
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the boreal summer of 2012 investigated by JMA (2013) is also included in the extracted 177 

cases. A central date of the RWB case was defined as “day 0” in the lag composite 178 

analysis. 179 

  To sharpen the composited signatures, the entire field was horizontally shifted before the 180 

composite analysis in such a manner that the central positions of the RWBs at day 0 181 

coincide with the reference point, which was defined as the averaged position of the 44 182 

RWB cases on day 0 (green-colored circle in Fig. 1). 183 

To assess the dynamical relationship between the equatorward intrusion of high PV air 184 

and enhanced convection, vertical motion induced under the quasi-geostrophic balance 185 

was diagnosed using Q-vectors (e.g., Hoskins et al. 1978, Holton 1992), defined in Eq. (4b), 186 

which was incorporated into the conventional diagnostic equation for the vertical motion 187 

(i.e., the 𝜔 equation) as follows: 188 

  (∇2 +
𝑓0

2

𝜎

𝜕2

𝜕𝑝2
) 𝜔 ≅

𝑓0

𝜎

𝜕

𝜕𝑝
[𝒗𝑔 ∙ ∇ (

1

𝑓0
∇2𝛷 + 𝑓)] +

1

𝜎
∇2 [𝒗𝑔 ∙ ∇ (−

𝜕𝛷

𝜕𝑝
)]   (4a-1) 189 

               ≅ −
2

𝜎
∇ ∙ 𝑸 +

𝑓0

𝜎
𝛽

𝜕𝒗𝑔

𝜕𝑝
,                           (4a-2) 190 

  𝑸 ≡ (−
𝑅

𝑝

𝜕𝒗𝑔

𝜕𝑥
∙ ∇𝑇, −

𝑅

𝑝

𝜕𝒗𝑔

𝜕𝑦
∙ ∇𝑇),                                (4b) 191 

where 𝜔 is the vertical p-velocity, f0 is the reference Coliolis parameter at the latitude of ϕ0, 192 

f is the Coliolis parameter, vg = (ug, vg) is the geostrophic horizontal wind vector, Φ is the 193 

geopotential, and T is the temperature, respectively. 𝜎≡RT0 p−1 dlnθ0/dp is the static 194 

stability, with the gas constant R and the basic-state potential temperature θ0, derived 195 

from the area-averaged temperature T0 north of 20oN. Eq. (4a-1) indicates that the vertical 196 
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motion is balanced with the vertical derivatives of vorticity advection (the first term of the 197 

RHS) and thermal advection (the second term of the RHS). Convergence and divergence 198 

of the Q-vectors, which are proportional to the first term of Eq. (4a-2), correspond to 199 

dynamically induced ascent and descent, respectively. Although a sum of the two terms of 200 

Eq. (4a-2) approximately expresses the total effect of the vorticity and thermal advection 201 

(RHS of Eq. 4a-1), the composite of the first term of Eq. (4a-2) shows a similar pattern to 202 

the total term of the equation (not shown), implying the validity of the Q-vector diagnosis in 203 

the present study. For adiabatic flow, the vertical motion can be solely represented by the 204 

Q-vector patterns. The Q-vectors can be calculated on a given isobaric surface using 205 

geopotential height and temperature. Furthermore, we conducted a simple vorticity budget 206 

analysis to show the relative importance of the upper-level vorticity advection associated 207 

with the RWB to the enhanced ascent, compared to that of the thermal advection. The 208 

anomalous absolute vorticity advection by a horizontal wind is expressed as follows: 209 

  [
∂ξ′

∂t
]

𝑎𝑑𝑣
≅ −𝒗′ ∙ ∇(𝜁̅ + 𝑓) − �̅� ∙ ∇𝜁′,    (5) 210 

where ξ is the absolute vorticity, v is the horizontal wind vector, and ζ is the relative vorticity, 211 

respectively. The overbars and primes are defined as in Eq. (1). The first and second terms 212 

of RHS in Eq. (5) indicate the contributions of anomalous and climatological horizontal wind 213 

to the absolute vorticity tendency, respectively. 214 

 215 

3. Climatological characteristics over the Asia-Pacific region 216 
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Figure 2 shows the climatology of 200- and 850-hPa height, WAF and effective β, and 217 

350-K isentropic PV averaged over the period July–August. The height field at 200 hPa 218 

shows an amplified planetary-scale anticyclone over southern Eurasia, corresponding to 219 

the enhancement of the Tibetan High (contour in Fig. 2a). The formation of the upper-level 220 

anticyclone is a result of the tropical active convection associated with the Asian summer 221 

monsoon (shading in Fig. 2c). The Asian jet is clearly seen along the latitudinal band of 222 

30o–50oN north of the Tibetan High and plays a crucial role as the quasi-stationary Rossby 223 

waveguide (shading in Fig. 2a). The propagating wave energy along the Asian jet can 224 

break near the jet exit region east of Japan, which is favorable for RWB occurrence. This 225 

result is consistent with that of Postel and Hitchman (1999), who examined the RWB 226 

climatology over the subtropical tropopause during summer. The PV at 350 K shows an 227 

equatorward extension of the high PV near the dateline (Fig. 2b) associated with the RWB, 228 

contributing to the formation of the climatological mid-Pacific trough (contour in Fig. 2a). 229 

In the lower troposphere, a low-pressure system is seen over southern Eurasia 230 

associated with the active Asian summer monsoon (Fig. 2c), and showing a baroclinic 231 

structure with an upper-level anticyclone (Fig. 2a). A high-pressure system (i.e., the NPSH) 232 

and its westward extension is clearly seen over the North Pacific associated with the active 233 

convection over a region from the Philippines to its east. The enhanced convection over the 234 

Philippines and the positive height anomalies over Japan, which are associated with the PJ 235 

pattern, correspond to the enhanced extension of the NPSH toward mainland Japan 236 
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(Wakabayashi and Kawamura 2004). 237 

 238 

4. Lag composite analysis of the 44 RWB cases 239 

  Figure 3 shows the composite of the upper- and lower-tropospheric relative vorticity 240 

anomalies and 350-K PV on days −7, −2, 0, +2, +4 for the 44 RWB cases. The SWP along 241 

the Asian jet is enhanced beginning on day −7 (Fig. 3a) and attains its peak on day −2 (Fig. 242 

3d). The wave energy accumulates near the jet exit region and contributes to RWB 243 

occurrence, accompanied by an amplified anomalous anticyclone east of Japan and a 244 

deepened trough south (Figs. 3d and 3g). The horizontal distribution of the 350-K PV 245 

shows an “inverse-S” shaped overturning associated with the RWB from day −2 to day 0, 246 

with a northeastward intrusion of low PV toward the sea east of Japan and a 247 

southwestward intrusion of high PV toward the subtropical WNP, respectively (Figs. 3e and 248 

3h). All of the 44 RWB cases are categorized as an anticyclonic (i.e., inverse-S) type 249 

because of the anticyclonic wind shear south of the jet core (not shown). This result is 250 

consistent with that of Bowley et al. (2019), which indicated much a higher frequency of 251 

anticyclonic RWBs compared to the cyclonic type over the WNP during summer. The 252 

equatorward intrusion of the upper-level high PV corresponds to the enhancement of the 253 

climatological mid-Pacific trough (Fig. 2a). The southwestward intrusion of the high PV is 254 

accompanied by enhanced convection east of the Philippines (Figs. 3e, 3h, and 3k). In the 255 

lower troposphere, southwest–northeast-oriented dipole vorticity anomalies arise on day −2 256 
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that are associated with the RWB occurrence (Figs. 3e and 3f), and are enhanced until day 257 

+2 (Figs. 3i and 3l). The dipole anomalies are accompanied by cyclonic circulation 258 

anomalies northeast of the Philippines and anticyclonic circulation anomalies east of 259 

mainland Japan, corresponding to the PJ pattern associated with the enhanced convection 260 

east of the Philippines. An enhancement of the anticyclonic circulation anomalies in the 261 

lower troposphere occurs prior to the enhancement of those that are cyclonic on day −2 262 

(Fig. 3f), exhibiting the equivalent barotropic structure with an amplified anomalous 263 

anticyclone in the upper troposphere (Fig. 1d). This is consistent with the formation 264 

mechanism of the Bonin high (Enomoto et al. 2003), and is different from the well known 265 

formation mechanism of the PJ pattern as clearly seen from day 0 to day +2 (Figs. 3i and 266 

3l). The SWP along the Asian jet becomes obscure on day +2 (Fig. 3j). On day +4, the 267 

RWB east of Japan terminates with the elimination of the PV overturning in the upper 268 

troposphere (Fig. 3n); consequently, the active convection and PJ pattern also weaken and 269 

dissipate (Fig. 3o). 270 

  Figure 4 shows the longitude–time cross section of 200-hPa anomalous relative vorticity 271 

anomalies and WAF along the Asian jet from day −15 to day +10. The SWP along the Asian 272 

jet is clearly seen from day −5 to day 0 (Figs. 3d and 3g), contributing to the enhancement 273 

and persistence of the large-amplitude anomalous anticyclone around 160oE. Another SWP 274 

is also seen from day −12 to day −7, although its amplitude is weaker than that of the SWP 275 

seen beginning on day −5, contributing to an enhancement of the anomalous anticyclone 276 
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around 110oE. Thus, the RWB east of Japan is mainly caused by the SWP seen beginning 277 

on day −5. 278 

  The longitude–time cross section of 360-K PV averaged between 20oN and 30oN and the 279 

500-hPa anomalous vertical p-velocity averaged between 15oN and 25oN are shown in Fig. 280 

5 to confirm the relationship between the southwestward intrusion of the upper-level high 281 

PV and the enhanced convection east of the Philippines. The enhanced convection is 282 

clearly seen ahead of the upper-level westward-moving high PV from the dateline to 150oE 283 

from day −4 to day 0. These results are consistent with those of Sato et al. (2005) and 284 

Takemura et al. (2017): The former suggested that the high PV associated with upper cold 285 

lows migrating westward from the mid-Pacific trough contributes to the enhancement of 286 

convective activities around Marcus Island while the latter showed that the southward 287 

intrusion of the upper-level high PV promotes dynamic upward motion and enhanced 288 

convection over the subtropical WNP. The enhanced convective activity attains its 289 

maximum around 140oE from day −1 to day +3 following the westward migration of the 290 

upper-level high PV, indicating the contribution of the high PV intrusion to the formation of 291 

the PJ pattern through enhanced convection (Figs. 3h and 3i). The PJ pattern implies the 292 

extension of the NPSH toward mainland Japan and contributes to hot summer conditions 293 

and, in some cases, torrential rainfall, as described in Section 1. Figure 6 shows a 294 

composite of anomalous SSTs averaged during the period from day −15 to day -6 when the 295 

SST is not affected by evaporative cooling resulting from an intensified surface wind (i.e., 296 
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the wind-evaporation-SST (WES) feedback; Xie and Philander 1994) associated with the 297 

enhanced convection east of the Philippines. There is no significant anomalous warm SST 298 

over the subtropical WNP that can contribute to the convective activity before the onset of 299 

the enhanced convection in this area and the PJ pattern. Notably, the significant anomalous 300 

cold SST is dominant over the equatorial central to eastern Pacific, indicating that La Niña 301 

conditions are favorable for RWB cases east of Japan. A detailed mechanism for the 302 

influence of the El Niño Southern Oscillation on the RWB near the Asian jet exit region 303 

should be examined from the perspective of inter-annual variability in future studies. 304 

  Here, we define three indices representing the SWP strength along the Asian jet, RWB, 305 

and PJ pattern. The first index is the Silk Road (SR) index, defined as the 200-hPa eddy 306 

(i.e., zonal wave numbers k ≧ 3) kinetic energy averaged longitudinally between 60oE and 307 

120oE and latitudinally between −5o and +5o from the 200-hPa climatological zonal wind 308 

(green shading in Fig. 7d) maxima at each longitude (black rectangle in Fig. 7d), following 309 

the procedure of Enomoto (2004). The decomposition of the eddy (k ≧ 3) component can 310 

be separated from the variability of the Tibetan High itself (i.e., k < 3), and the longitudinal 311 

range from 60oE and 120oE is away from the climatological wave source and sink (Enomoto 312 

2004). The large SR index value thus corresponds to the increased north–south 313 

meandering of the Asian jet, indicating the enhanced SWP. The second is the wave 314 

breaking (WB) index, defined as the difference in the areal averages of 350-K PV between 315 

[15–30oN, 150–170oE] (red dashed rectangle in Fig. 7d) and [30–45oN, 150–170oE] (red 316 
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solid rectangle in Fig. 7d). A positive WB index value indicates RWB occurrence with 317 

reversal of the meridional gradient of the PV east of Japan. The third is the PJ index, 318 

defined as the difference in the 850-hPa anomalous relative vorticity between [20–30oN, 319 

120–150oE] (blue solid rectangle in Fig. 7d) and [30–40oN, 140–180oE] (blue dashed 320 

rectangle in Fig. 7d). The two regions are defined according to the dipole vorticity 321 

anomalies in the lower troposphere seen from day 0 to day +4 (Figs. 3i, 3l, and 3o). A 322 

positive PJ index value corresponds to the enhancement of cyclonic and anticyclonic 323 

circulation anomalies near the Philippines and east of Japan, respectively. Figures 7a, 7b, 324 

and 7c show time variations in the SR, WB, and PJ indices from day −10 to day +10, 325 

respectively. An increased and large SR index is seen from day −7 to day -2 (Fig. 7a), 326 

corresponding to the enhanced SWP along the Asian jet as shown in Fig. 4. Thereafter, the 327 

SR index rapidly decreases and has small values after day +2, corresponding to the 328 

weakening of the SWP (Figs. 3j and 3m). The WB index subsequently increases until day 329 

−1, associated with RWB occurrence the east of Japan resulting from the enhanced SWP 330 

(Fig. 7b), followed by a peak in the PJ index on day +1 (Fig. 7c). These time variations 331 

show that the enhancement of the SWP along the Asian jet, consequential RWB, and 332 

subsequent formation of the PJ pattern can occur within a timescale of approximately 1 333 

week. 334 

These results indicate a possible process in which the SWP along the Asian jet can 335 

excite the PJ pattern, through the RWB-related southwestward intrusion of the upper-level 336 
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high PV toward the subtropical WNP and the subsequent enhanced convection ahead of 337 

the upper-level westward-moving high PV. 338 

To assess the relationship of anomalous circulation over the Asia-Pacific region to the 339 

RWB strength in each case, we conducted a composite analysis for the cases classified by 340 

the WB index. Here, “Case+” and “Case−” are defined as cases in which the WB index on 341 

day 0 exceeded +1 and was less than −1 standard deviations of the composite, respectively. 342 

Figures 8 and 9 show the composite of the relative vorticity anomalies for Case+ (6 RWB 343 

cases) and Case− (8 RWB cases) every 2 days from day −4 to day +4, respectively. In 344 

Case+, the upper-level quasi-stationary SWP is clearly seen along the Asian jet, particularly 345 

over a region from the Tibetan Plateau to the seas east of Japan, during a period from day 346 

−4 to day 0 (Figs. 8a, 8c, and 8e), indicating the influence of the more enhanced SWP 347 

along the Asian jet on the stronger RWB. The anomalous anticyclonic circulation seen over 348 

the Tibetan Plateau corresponds to the amplified Tibetan High over its eastern part 349 

compared to the climatology (Fig. 2a), showing one of the SWP wave sources. In the lower 350 

troposphere, the PJ pattern is clearly seen from day 0 to day +2 (Figs. 8f and 8h), showing 351 

the influence of the stronger RWB on the more enhanced PJ pattern. In Case−, in contrast, 352 

the upper-level wave propagation along the Asian jet and the consequent RWB is quite 353 

weak (Figs. 9a, 9c, and 9e) compared to the composite for the 44 RWB cases (Figs. 3d and 354 

3g). The subsequent formation of the PJ pattern following the weaker RWB is also 355 

suppressed (Figs. 9f and 9h) compared to the composite for the 44 RWB cases (Figs. 3i 356 
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and 3l). The case classification by RWB strength shows that the more enhanced SWP 357 

along the Asian jet can more efficiently excite the PJ pattern through the stronger RWB east 358 

of Japan, and vice versa. 359 

 360 

5. Dynamically induced ascent resulting from the RWB 361 

To examine the detailed influence of the RWB east of Japan on the enhanced convection 362 

east of the Philippines, Q-vector diagnosis and associated vorticity budget analysis are 363 

conducted for the composite circulation. First, we examine the relationship between the 364 

RWB strength and upper-level high PV intrusion toward the subtropical WNP. Figure 10 365 

shows a scatter diagram of the 5-day averaged WB index and 200-hPa anomalous 366 

absolute vorticity advection by horizontal wind (RHS in Eq. (5)) averaged over [15–25oN, 367 

130–170oE] (dashed green rectangle labeled “A” in Fig. 7d, hereafter referred to as “region 368 

A”) on day 0. It shows the relationship between the RWB strength and the consequent 369 

enhanced intrusion of the high PV to its south with a significant correlation coefficient 370 

(+0.37) at a confidence level of 90%, corresponding to the result of the composite analysis 371 

for the cases classified by the WB index (Figs. 8 and 9). A higher correlation coefficient 372 

(+0.44) at a confidence level of 99% is obtained when the WB index on day −1 is applied 373 

(not shown). The time-lagged relationship shows that the RWB is followed by the high PV 374 

intrusion. 375 

Vertically integrated (from 850 to 200 hPa) anomalous Q-vectors and their divergence 376 
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calculated from 5-day averages on day 0 are shown in Fig. 11; the dynamical influence of 377 

the high PV intrusion associated with the RWB on the vertical motion over the subtropical 378 

WNP is evident. The convergence of the Q-vector is seen immediately south of the 379 

southwestward-intruding high PV over the latitudinal band of 20oN over the subtropical 380 

WNP, suggesting a greater contribution to the vertical difference of vorticity advection 381 

associated with the strong positive vorticity advection in the upper troposphere than that of 382 

the mid-tropospheric thermal advection. Figure 12 shows 5-day averaged absolute vorticity 383 

advection at 200- and 850-hPa and their vertical difference on day 0. In the upper 384 

troposphere, positive vorticity advection is clearly seen over the latitudinal band of 20oN 385 

east of the Philippines (Fig. 12a), corresponding to the region where the convergence of 386 

Q-vector is seen (Fig. 11). Moreover, positive vorticity advection is seen immediately south 387 

of the anomalous positive vorticity because of the RWB (contour in Fig. 12a) and 388 

downstream of the trough along the climatological southward flow along the eastern fringe 389 

of the Tibetan High (vectors in Fig. 12a). This result indicates the essential role of the 390 

anomalous vorticity advected by the climatological wind (i.e., the second term of RHS in Eq. 391 

(5)). Although vorticity advection is also seen in the lower troposphere primarily because of 392 

the climatological absolute vorticity advected by the anomalous wind (i.e., the first term of 393 

RHS in Eq. (5)) associated with the PJ pattern (Fig. 12b), its amplitude is smaller than that 394 

in the upper troposphere (Fig. 12a). The vertical difference in the vorticity advection 395 

between the upper and lower troposphere is positive over the latitudinal band of 20oN east 396 
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of the Philippines (Fig. 12c) because of the stronger positive upper-level vorticity advection. 397 

These results are consistent with those of Takemura et al. (2017), who indicated the 398 

primary importance of the southward positive vorticity advection in the upper troposphere to 399 

the enhanced convection in the subtropical WNP in their case study. 400 

The Q-vector diagnosis and vorticity budget analysis show that the southwestward 401 

intrusion of the upper-level high PV associated with the RWB acts to dynamically induce 402 

ascent to its south, thereby contributing to the enhanced convection east of the Philippines 403 

and subsequent formation of the PJ pattern. 404 

 405 

6. Partial correlation analysis of the RWB cases 406 

To quantitatively show the relative importance of the possible factors in the enhanced 407 

convection east of the Philippines and formation of the PJ pattern compared to the 408 

anomalous SST, we performed a partial correlation analysis of the 44 RWB cases. Here, 409 

the contribution rate of each explanatory variable was estimated from the magnitude of the 410 

standardized partial regression coefficient. Unless otherwise noted, the variables to 411 

calculate the correlation are defined as 5-day mean areal averages over region A on day 0 412 

except for SST, which is averaged from day −15 to day −6. 413 

6.1 Relative importance of enhanced convection and SST to formation of the PJ pattern 414 

Figure 13 shows the relationship of 5-day averaged 500-hPa anomalous vertical 415 

p-velocity and anomalous SST to the PJ index. Figure 13a shows a strong relationship 416 
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between the enhanced convection east of the Philippines and formation of the PJ pattern 417 

with a high correlation coefficient (−0.70) at a confidence level of 99%, consistent with the 418 

result of Nitta (1987). It is also evident that a warmer SST condition contributes to 419 

enhancement of the PJ pattern (color in Fig. 13a). Although a positive correlation between 420 

the anomalous SST and PJ index is seen, its magnitude is much smaller than the 421 

correlation between the 500-hPa anomalous vertical velocity and PJ index and is not 422 

significant (Fig. 13c). The relationship between the enhanced convection and PJ index 423 

remains strong even without the variability associated with the anomalous SST, with a high 424 

partial correlation coefficient of −0.68 (Fig. 13b). In contrast, the relationship between the 425 

anomalous SST and PJ index clearly decreases without the variability associated with the 426 

enhanced convection, with a nearly zero partial correlation (Fig. 13d). The contribution 427 

rates of the enhanced convection and anomalous SST to the PJ index are estimated as 428 

72% and 5%, respectively. The partial correlation analysis shows that the enhanced 429 

convection east of the Philippines is primarily important to the formation of the PJ pattern. 430 

6.2 Relative importance of the positive vorticity advection and SST to enhanced convection 431 

To emphasize the primary importance of the RWB to the enhanced convection, the 432 

relationship of 5-day averaged 200-hPa anomalous absolute vorticity advection by a 433 

horizontal wind (RHS in Eq. (5)) and an anomalous SST to the 500-hPa anomalous vertical 434 

p-velocity is shown in Fig. 14. Figure 14a shows the strong relationship between the 435 

upper-level positive vorticity advection associated with the RWB and enhanced convection 436 
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east of the Philippines, with a high correlation coefficient (−0.53) at a confidence level of 437 

99%. The color shown in Fig. 14a and scatter in Fig. 14c show that a warmer SST condition 438 

also is related to the enhanced convection, with a correlation coefficient of −0.40, although 439 

its magnitude is smaller than that of the correlation between the upper-level vorticity 440 

advection and convection. The relationship between the upper-level vorticity advection and 441 

enhanced convection remains strong even without the variability associated with the 442 

anomalous SST, with a partial correlation coefficient of −0.48 (Fig. 14b). The relationship 443 

between the anomalous SST and the enhanced convection weakens without the variability 444 

associated with the upper-level vorticity advection, with a partial correlation coefficient of 445 

−0.32 (Fig. 14d). The contribution rates of the upper-level vorticity advection and 446 

anomalous SST to the enhanced convection are estimated as 46% and 28%, respectively, 447 

indicating that the upper-level positive vorticity advection associated with the RWB is 448 

primarily important for the enhanced convection east of the Philippines. 449 

6.3 Relative importance of the positive vorticity advection and SST to formation of the PJ 450 

pattern 451 

Furthermore, the primary importance of the RWB to formation of the PJ pattern should 452 

also be described. Figure 15 shows the relationship of 5-day averaged 200-hPa anomalous 453 

absolute vorticity advection by horizontal wind and anomalous SST to the PJ index. Figure 454 

15a shows a strong relationship between the upper-level positive vorticity advection 455 

associated with the RWB and the enhanced PJ pattern, with a high correlation coefficient 456 
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(+0.57) at a confidence level of 99%. There are a few RWB cases of negative PJ indices 457 

(Fig. 15a) and they show a negative or weak positive vorticity advection in the upper 458 

troposphere, indicating that cases which exhibit insufficient enhancement of the PJ pattern 459 

are associated with a weak RWB. A contribution of a warmer SST condition to the 460 

enhancement of the PJ pattern is also evident (color in Fig. 15a). Although a positive 461 

correlation coefficient between the anomalous SST and PJ index (+0.24) is seen, its 462 

magnitude is much smaller than that of the correlation between the upper-level vorticity 463 

advection and PJ index and is not significant (Fig. 15c). The relationship between the 464 

upper-level vorticity advection and the enhanced PJ pattern remains strong without the 465 

variability associated with the anomalous SST, with a partial correlation coefficient of +0.54 466 

(Fig. 15b). In contrast, the relationship between the anomalous SST and the PJ index 467 

significantly weakens without the variability associated with the upper-level vorticity 468 

advection, with a low partial correlation coefficient of +0.11 (Fig. 15d). The contribution 469 

rates of the upper-level vorticity advection and anomalous SST to the enhanced PJ pattern 470 

are estimated as 54% and 10%, respectively, indicating that the upper-level positive 471 

vorticity advection associated with the RWB is primarily important to enhancement of the PJ 472 

pattern. 473 

These partial correlation analysis results indicate the primary importance of the 474 

upper-level high PV intrusion associated with the RWB to formation of the PJ pattern 475 

through enhanced convection east of the Philippines, compared to that of the anomalous 476 
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SST conditions. 477 

 478 

7. Conclusion and discussion 479 

To show a possible process linking the quasi-stationary SWP along the Asian jet and the 480 

PJ pattern through the RWB during boreal summer and its statistical significance, we 481 

conducted a lag composite analysis for the past 44 RWB events east of Japan, using the 482 

JRA-55 reanalysis dataset. The lag composite anomalies show that the SWP along the 483 

Asian jet induces the RWB east of Japan with an “inverse-S” shaped meridional overturning 484 

of the upper-level PV distribution. An anticyclonic RWB is accompanied by a 485 

southwestward intrusion of the high PV toward the subtropical WNP in the upper 486 

troposphere. The Q-vector diagnosis and vorticity budget analysis indicate that the 487 

equatorward positive vorticity advection in the upper troposphere is important to the 488 

dynamically induced ascent and enhanced convection east of the Philippines. The 489 

enhanced convection in this area is accompanied by formation of the PJ pattern. Case 490 

classification by RWB strength indicates that the stronger RWB is significantly related to the 491 

more enhanced preceding SWP and subsequent enhanced PJ pattern, and vice versa. A 492 

partial correlation analysis of the 44 RWB cases was performed to quantitatively assess the 493 

relative importance of the upper-level positive vorticity advection and warm SST over the 494 

subtropical WNP to the enhanced convection in this area and formation of the PJ pattern. It 495 

was found that the upper-level positive vorticity advection is a more crucial factor 496 
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reinforcing the active convection and PJ pattern than the warm SST conditions. These 497 

results indicate the existence of a relationship in which the more enhanced SWP along the 498 

Asian jet can more efficiently excite the PJ pattern through the stronger RWB east of Japan. 499 

All 44 RWB cases extracted in this study were categorized as an anticyclonic type 500 

associated with the anticyclonically sheared basic state south of the jet core. An 501 

anticyclonic RWB is expected to be favorable to the southwestward intrusion of high PV 502 

toward the subtropical WNP, and hence formation of the PJ pattern, compared to a cyclonic 503 

RWB. This perspective motivates us to further analyze more RWB cases including a few 504 

that are cyclonic in terms of the influence of the morphology of the RWB on formation of the 505 

PJ pattern. 506 

It is well known that the active convection over the subtropical WNP and enhanced PJ 507 

pattern is closely related to the active phase of the Madden Julian Oscillation (MJO) 508 

propagating near the Maritime Continent (Molinari and Vollaro 2012, 2017), as well as the 509 

extratropical variability shown in this study. Figure 16a shows a longitude–time cross 510 

section of 200-hPa anomalous velocity potential near the equator from day −15 to day +15. 511 

There is no significant eastward propagation of the MJO phase before day −5, and 512 

suppressed convection associated with an inactive MJO phase is clearly seen around 513 

120oE near the Maritime Continent from day −4 to day +4. It is also well known that the 514 

boreal summer intra-seasonal oscillation (BSISO; Kikuchi et al. 2012, Lee et al. 2013) is 515 

activated during boreal summer, and is characterized as the northward propagation of 516 
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active and inactive phases of convective activities over the Asian monsoon region. To 517 

assess the influence of the BSISO, a time–latitude cross section for a composite of 518 

anomalous 200-hPa velocity potential and 500-hPa vertical p-velocity over the longitudinal 519 

band of the Asian monsoon region is shown in Fig. 16b. There is no signal of the northward 520 

propagation of the anomalous ascent and the upper-level divergence anomalies during the 521 

period of the RWB cases. Although a stationary anomalous descent is seen along the 522 

latitudinal band of 5o–15oN, its amplitude is quite small. The characteristics of the 523 

composite anomalies suggest that the contribution of the active phase of the intra-seasonal 524 

oscillation to the enhanced convection east of the Philippines and formation of the PJ 525 

pattern is small during the period of the RWB cases compared to that of the extratropical 526 

variability. However, notably, the extracted 44 RWB cases include a few cases affected by 527 

intra-seasonal oscillation such as the case shown by JMA (2013). Also notable is that an 528 

active phase of tropical convection is clearly seen over the longitudinal bands between 0o 529 

and 60oE from day −2, and it propagates eastward toward the Indian Ocean (Fig. 16). 530 

Although the tropical convective activity including the active MJO phase can excite the 531 

SWP along the Asian jet (e.g., Rodwell and Hoskins 1996) preceding the RWB, this 532 

process is outside the scope of the present paper. Further investigation is needed to assess 533 

the detailed influence of the tropical atmospheric variability on the process linking the SWP 534 

along the Asian jet and formation of the PJ pattern. 535 

 536 
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List of Figures 652 

 653 

Fig. 1 Central positions of the extracted 44 RWB cases (red-colored circle) and their 654 

average position (green-colored circle) at 32.4oN, 160.9oE. The white rectangle denotes 655 

the region (25o–45oN, 130oE–180o) used to extract the RWB cases. 656 
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 657 

Fig. 2 Climatological (a) 200-hPa height (contour interval: 100 m), meridional gradient of 658 

absolute vorticity (shading; unit: 10−11 m−1s−1), (b) 350-K potential vorticity, and (c) 659 

850-hPa height (contour interval: 20 m) and 500-hPa vertical p-velocity (shading; unit: 660 

10−2 Pa s−1) averaged for July–August. Red vectors indicate the time average of daily 661 

WAF (unit: m2 s−2) derived from the 5-day running mean over the climatological period. 662 

 663 

Fig. 3 Composite of (left) 200-hPa anomalous relative vorticity (contour; unit: 10−5 s−1), 664 

climatological zonal wind (shading; unit: m s−1), (middle) 350-K potential vorticity 665 

(shading; unit: PVU), 500-hPa anomalous negative vertical p-velocity (purple contour; 666 

unit: 10−2 Pa s−1) (right) 850-hPa anomalous relative vorticity (contour), and 500-hPa 667 

anomalous vertical p-velocity (shading) for the 44 RWB cases. Solid and dashed 668 

contours on the left and right panels denote negative and positive vorticity anomalies, 669 

respectively. Red vectors indicate the WAF (unit: m2 s−2). Black dots indicate statistical 670 

significance at a 95% level of the anomalous (left, right) relative vorticity and (middle) 671 

500-hPa vertical p-velocity. (a, b, c) day −7, (d, e, f) day −2, (g, h, i) day 0, (j, k, l) day +2, 672 

and (m, n, o) day +4. 673 

 674 

Fig. 4 Hovmöller diagram of composited 5-day running mean 200-hPa relative vorticity 675 

anomalies at intervals of 1 × 10−6 s−1 and the zonal component of WAF (vectors; unit: m2 676 
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s−2) averaged between 30oN and 50oN from day −15 to day +10. Solid and dashed 677 

contours denote negative and positive vorticity anomalies, respectively. Black dots 678 

indicate statistical significance at a 95% level of the anomalous 200-hPa relative vorticity. 679 

 680 

Fig. 5 Same as Fig. 4, but for composite of the 5-day running mean 360-K isentropic 681 

potential vorticity (shading; unit: PVU) averaged between 20oN and 30oN and 500-hPa 682 

negative vertical p-velocity anomalies (purple contour) averaged between 15oN and 25oN 683 

at an interval of 0.5 × 10−2 Pa s−1. The 360-K isentropic level corresponds to the 684 

subtropical tropopause. 685 

 686 

Fig. 6 Composite of anomalous SST (unit: oC) averaged from day −15 to day −6. Black dots 687 

indicate statistical significance at a 95% level of the anomalous SST. 688 

 689 

Fig. 7 Five-day running mean timeseries of three indices from day −10 to day +10. (a) SR 690 

index (unit: m2 s−2), (b) WB index (unit: PVU), (c) PJ index (unit: m2 s−1) on the left axis, 691 

and (d) defined region of the three indices labeled SR, WB, and PJ. Error bars and gray 692 

bars (right axes) in (b) and (c) denote the standard deviation of the indices. Green 693 

shading in (d) indicates the 200-hPa climatological zonal wind (unit: m s−1) on day 0. See 694 

text for the definition of the three indices. Dashed green rectangle labeled by “A” 695 

denotes the region used to calculate areal averages defined in Sections 5 and 6. 696 
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 697 

Fig. 8 Composite of (left) 200-hPa and (right) 850-hPa anomalous relative vorticity (contour; 698 

unit: 10−5 s−1) for the six RWB cases (Case+) with an WB index on day 0 that exceeded 699 

+1 standard deviations of the composite. Solid and dashed contours on the left denote 700 

negative and positive vorticity anomalies, respectively. Counter intervals are (left) 0.5 × 701 

10−5 s−1 and (right) 0.4 × 10−5 s−1. Red vectors indicate the WAF (unit: m2 s−2). Gray 702 

shading indicates the significance level of the difference in the anomalous relative 703 

vorticity compared to the composite of the 44 RWB cases. (a, b) day −4, (c, d) day −2, (e, 704 

f) day 0, (g, h) day +2, and (i, j) day +4. 705 

 706 

Fig. 9 Same as Fig. 8, but for the eight RWB cases (Cases-) in which the WB index on day 707 

0 was less than −1 standard deviations of the composite. 708 

 709 

Fig. 10 Scatter diagram of 5-day averaged WB index (X-axis; unit: PVU) and 200-hPa 710 

absolute vorticity advection (Y-axis; RHS in Eq. (5); unit: 10−11 s−2) averaged over region 711 

A (Fig. 7) on day 0 for the 44 RWB cases. Dashed line denotes a regression line with a 712 

confidence level greater than 90%. The corresponding correlation coefficient (R) is 713 

shown at the lower right of the panel. 714 

 715 

Fig. 11 Composite of vertically integrated anomalous Q-vectors (vectors; unit: s−1) and their 716 
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divergence (shading; unit: m−1 s−1) over a region north of 5oN derived from 5-day 717 

averages on day 0. Green shading indicates the convergence of the Q-vector. The 718 

vertical integration is taken from the 850-hPa to 200-hPa level. 719 

 720 

Fig. 12 Composite for 5-day averaged (a) 200-hPa, (b) 850-hPa, and (c) vertical differences 721 

(200-hPa minus 850-hPa) in anomalous absolute vorticity advection (shading; unit: 722 

10−11 s−2; RHS of Eq. (5)) by the horizontal wind on day 0. Contours and vectors in (a, b) 723 

show the anomalous relative vorticity (unit: 10−6 s−1) and climatological horizontal wind, 724 

respectively. Solid and dashed contours in (a) and (b) denote negative and positive 725 

vorticity anomalies, respectively. The contour intervals are (a) 5 × 10−6 s−1 and (b) 2 ×726 

 10−6 s−1. 727 

 728 

Fig. 13 Same as Fig. 10, but for (a, b) 500-hPa anomalous vertical p-velocity (X-axis; unit: 729 

10−2 Pa s−1) and PJ index (Y-axis; unit: 10−5 s−1), and (c, d) anomalous SST (X-axis; 730 

unit: oC) and PJ index (Y-axis). Anomalous 500-hPa vertical p-velocity and SST is 731 

averaged over region A. Anomalous SST in each case is represented by color in (a). In 732 

(b) and (d), the variability explained by the anomalous SST and 500-hPa vertical 733 

p-velocity is removed using the partial regression, respectively. The corresponding 734 

partial correlation coefficient (RP) and multiple correlation coefficient (RM) are shown at 735 

the lower right of the panel in (b) and (d), respectively. 736 
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 737 

Fig. 14 Same as Fig. 13, but for (a, b) 200-hPa anomalous absolute vorticity advection by 738 

the horizontal wind (X-axis; unit: 10−11 s−2) and 500-hPa anomalous vertical p-velocity 739 

(Y-axis; unit: 10−2 Pa s−1), and (c, d) anomalous SST (X-axis; unit: oC) and 500-hPa 740 

anomalous vertical p-velocity (Y-axis). In (b) and (d), the variability explained by the 741 

anomalous SST and 200-hPa absolute vorticity advection is removed, respectively. 742 

 743 

Fig. 15 Same as Fig. 13, but for (a, b) 200-hPa anomalous absolute vorticity advection by 744 

the horizontal wind (X-axis; unit: 10−11 s−2) and PJ index (Y-axis; unit: 10−5 s−1), and (c, 745 

d) anomalous SST (X-axis; unit: oC) and PJ index (Y-axis). 746 

 747 

Fig. 16 (a) Hovmöller diagram of composited 5-day mean 200-hPa anomalous velocity 748 

potential (unit: 106 m2 s−1) averaged between 5oS and 5oN from day −15 to day +15, and 749 

(b) time–latitude cross section of composited 5-day mean 200-hPa anomalous velocity 750 

potential (contour) and 500-hPa anomalous vertical p-velocity (shading; unit: 10−3 Pa 751 

s−1) averaged between 60oE and 150oE. Solid (dashed) contours denote the upper-level 752 

large-scale convergence (divergence) anomalies associated with inactive (active) 753 

phase of the tropical convection. Black dots indicate statistical significance at a 95% 754 

level of the (a) anomalous velocity potential and (b) anomalous vertical p-velocity. 755 

 756 
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 757 

 758 

 759 

Fig. 1 Central positions of the extracted 44 RWB cases (red-colored circle) and their 760 

average position (green-colored circle) at 32.4oN, 160.9oE. The white rectangle denotes 761 

the region (25o–45oN, 130oE–180o) used to extract the RWB cases. 762 

 763 
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 764 

 765 

Fig. 2 Climatological (a) 200-hPa height (contour interval: 100 m), meridional gradient of 766 

absolute vorticity (shading; unit: 10−11 m−1s−1), (b) 350-K potential vorticity, and (c) 767 

850-hPa height (contour interval: 20 m) and 500-hPa vertical p-velocity (shading; unit: 768 

10−2 Pa s−1) averaged for July–August. Red vectors indicate the time average of daily 769 

WAF (unit: m2 s−2) derived from the 5-day running mean over the climatological period. 770 

 771 
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 772 

Fig. 3 Composite of (left) 200-hPa anomalous relative vorticity (contour; unit: 10−5 s−1), 773 

climatological zonal wind (shading; unit: m s−1), (middle) 350-K potential vorticity 774 

(shading; unit: PVU), 500-hPa anomalous negative vertical p-velocity (purple contour; 775 

unit: 10−2 Pa s−1) (right) 850-hPa anomalous relative vorticity (contour), and 500-hPa 776 

anomalous vertical p-velocity (shading) for the 44 RWB cases. Solid and dashed 777 

contours on the left and right panels denote negative and positive vorticity anomalies, 778 

respectively. Red vectors indicate the WAF (unit: m2 s−2). Black dots indicate statistical 779 

significance at a 95% level of the anomalous (left, right) relative vorticity and (middle) 780 

500-hPa vertical p-velocity. (a, b, c) day −7, (d, e, f) day −2, (g, h, i) day 0, (j, k, l) day +2, 781 

and (m, n, o) day +4. 782 

 783 
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 784 

 785 

Fig. 4 Hovmöller diagram of composited 5-day running mean 200-hPa relative vorticity 786 

anomalies at intervals of 1 × 10−6 s−1 and the zonal component of WAF (vectors; unit: m2 787 

s−2) averaged between 30oN and 50oN from day −15 to day +10. Solid and dashed 788 

contours denote negative and positive vorticity anomalies, respectively. Black dots 789 

indicate statistical significance at a 95% level of the anomalous 200-hPa relative vorticity. 790 

 791 
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 792 

 793 

Fig. 5 Same as Fig. 4, but for composite of the 5-day running mean 360-K isentropic 794 

potential vorticity (shading; unit: PVU) averaged between 20oN and 30oN and 500-hPa 795 

negative vertical p-velocity anomalies (purple contour) averaged between 15oN and 25oN 796 

at an interval of 0.5 × 10−2 Pa s−1. The 360-K isentropic level corresponds to the 797 

subtropical tropopause. 798 

 799 
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 800 

 801 

Fig. 6 Composite of anomalous SST (unit: oC) averaged from day −15 to day −6. Black dots 802 

indicate statistical significance at a 95% level of the anomalous SST. 803 

 804 
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 805 

Fig. 7 Five-day running mean timeseries of three indices from day −10 to day +10. (a) SR 806 

index (unit: m2 s−2), (b) WB index (unit: PVU), (c) PJ index (unit: m2 s−1) on the left axis, 807 

and (d) defined region of the three indices labeled SR, WB, and PJ. Error bars and gray 808 

bars (right axes) in (b) and (c) denote the standard deviation of the indices. Green 809 

shading in (d) indicates the 200-hPa climatological zonal wind (unit: m s−1) on day 0. See 810 

text for the definition of the three indices. Dashed green rectangle labeled by “A” 811 

denotes the region used to calculate areal averages defined in Sections 5 and 6. 812 

 813 
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 814 

Fig. 8 Composite of (left) 200-hPa and (right) 850-hPa anomalous relative vorticity (contour; 815 

unit: 10−5 s−1) for the six RWB cases (Case+) with an WB index on day 0 that exceeded 816 

+1 standard deviations of the composite. Solid and dashed contours on the left denote 817 

negative and positive vorticity anomalies, respectively. Counter intervals are (left) 0.5 × 818 

10−5 s−1 and (right) 0.4 × 10−5 s−1. Red vectors indicate the WAF (unit: m2 s−2). Gray 819 

shading indicates the significance level of the difference in the anomalous relative 820 

vorticity compared to the composite of the 44 RWB cases. (a, b) day −4, (c, d) day −2, (e, 821 

f) day 0, (g, h) day +2, and (i, j) day +4. 822 

 823 



 

 46 

 824 

 825 

Fig. 9 Same as Fig. 8, but for the eight RWB cases (Cases-) in which the WB index on day 826 

0 was less than −1 standard deviations of the composite. 827 

 828 
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 829 

 830 

Fig. 10 Scatter diagram of 5-day averaged WB index (X-axis; unit: PVU) and 200-hPa 831 

absolute vorticity advection (Y-axis; RHS in Eq. (5); unit: 10−11 s−2) averaged over region 832 

A (Fig. 7) on day 0 for the 44 RWB cases. Dashed line denotes a regression line with a 833 

confidence level greater than 90%. The corresponding correlation coefficient (R) is 834 

shown at the lower right of the panel. 835 

 836 



 

 48 

 837 

 838 

Fig. 11 Composite of vertically integrated anomalous Q-vectors (vectors; unit: s−1) and their 839 

divergence (shading; unit: m−1 s−1) over a region north of 5oN derived from 5-day 840 

averages on day 0. Green shading indicates the convergence of the Q-vector. The 841 

vertical integration is taken from the 850-hPa to 200-hPa level. 842 

 843 
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 844 

Fig. 12 Composite for 5-day averaged (a) 200-hPa, (b) 850-hPa, and (c) vertical differences 845 

(200-hPa minus 850-hPa) in anomalous absolute vorticity advection (shading; unit: 846 

10−11 s−2; RHS of Eq. (5)) by the horizontal wind on day 0. Contours and vectors in (a, b) 847 

show the anomalous relative vorticity (unit: 10−6 s−1) and climatological horizontal wind, 848 

respectively. Solid and dashed contours in (a) and (b) denote negative and positive 849 

vorticity anomalies, respectively. The contour intervals are (a) 5 × 10−6 s−1 and (b) 2 ×850 

 10−6 s−1. 851 

 852 
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 853 

 854 

Fig. 13 Same as Fig. 10, but for (a, b) 500-hPa anomalous vertical p-velocity (X-axis; unit: 855 

10−2 Pa s−1) and PJ index (Y-axis; unit: 10−5 s−1), and (c, d) anomalous SST (X-axis; 856 

unit: oC) and PJ index (Y-axis). Anomalous 500-hPa vertical p-velocity and SST is 857 

averaged over region A. Anomalous SST in each case is represented by color in (a). In 858 

(b) and (d), the variability explained by the anomalous SST and 500-hPa vertical 859 

p-velocity is removed using the partial regression, respectively. The corresponding 860 

partial correlation coefficient (RP) and multiple correlation coefficient (RM) are shown at 861 

the lower right of the panel in (b) and (d), respectively. 862 

 863 
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 864 

 865 

Fig. 14 Same as Fig. 13, but for (a, b) 200-hPa anomalous absolute vorticity advection by 866 

the horizontal wind (X-axis; unit: 10−11 s−2) and 500-hPa anomalous vertical p-velocity 867 

(Y-axis; unit: 10−2 Pa s−1), and (c, d) anomalous SST (X-axis; unit: oC) and 500-hPa 868 

anomalous vertical p-velocity (Y-axis). In (b) and (d), the variability explained by the 869 

anomalous SST and 200-hPa absolute vorticity advection is removed, respectively. 870 

 871 
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 872 

 873 

Fig. 15 Same as Fig. 13, but for (a, b) 200-hPa anomalous absolute vorticity advection by 874 

the horizontal wind (X-axis; unit: 10−11 s−2) and PJ index (Y-axis; unit: 10−5 s−1), and (c, 875 

d) anomalous SST (X-axis; unit: oC) and PJ index (Y-axis). 876 

 877 
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 878 

Fig. 16 (a) Hovmöller diagram of composited 5-day mean 200-hPa anomalous velocity 879 

potential (unit: 106 m2 s−1) averaged between 5oS and 5oN from day −15 to day +15, and (b) 880 

time–latitude cross section of composited 5-day mean 200-hPa anomalous velocity 881 

potential (contour) and 500-hPa anomalous vertical p-velocity (shading; unit: 10−3 Pa s−1) 882 

averaged between 60oE and 150oE. Solid (dashed) contours denote the upper-level 883 

large-scale convergence (divergence) anomalies associated with inactive (active) phase of 884 

the tropical convection. Black dots indicate statistical significance at a 95% level of the (a) 885 

anomalous velocity potential and (b) anomalous vertical p-velocity. 886 

 887 


