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Abstract 24 

 25 

 The mechanism of the East Asian winter monsoon variability in response to El 26 

Niño-Southern Oscillation (ENSO)-related tropical forcing is investigated using Japanese 27 

long-term re-analysis project data, additionally aided by the Japan Meteorological Agency 28 

climate data assimilation system.  There are at least two different responses, zonally 29 

symmetric and asymmetric, of the Asian jet over South Asia to the ENSO-related tropical 30 

convective forcing during the Northern Hemisphere winter.  The zonally symmetric 31 

response, induced by zonally extended anomalous convection from the Philippine Sea 32 

through Southern India and Sri Lanka, is pronounced at the mature phase of ENSO.  The 33 

zonally asymmetric response is intimately associated with anomalous convection localized in 34 

the vicinity of the Philippine and South China Seas, accompanied by an anomalous Walker 35 

circulation cell between the Maritime Continent and tropical Indian Ocean.  When this 36 

asymmetric response is prominent, ENSO-related anomalous convection can give rise to a 37 

change in the East Asian winter monsoon system through stationary Rossby wave 38 

propagation along the South Asian waveguide.  The North Atlantic Oscillation 39 

(NAO)-related extratropical forcing is also a crucial factor and contributes not only to the 40 

downstream development of subpolar teleconnections across northern Eurasia but also to the 41 

reinforcement of the zonally asymmetric pattern of the Asian jet over South Asia, resulting in 42 

a significant effect on the East Asian winter monsoon circulation.  A combination of the 43 

ENSO- and NAO-related forcing plays a vital role in triggering the occurrence of 44 

extraordinary anomalous monsoon circulations, such as extremely heavy snowfall of the 45 

2005/06 winter in Japan. 46 

 47 

 48 
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1.  Introduction  49 

 Severe cold surges and associated heavy snowfall, which are intimately associated 50 

with variations of the East Asian winter monsoon system, have frequently caused serious 51 

damage to crops, daily life, and economic activities in East Asia.  Although the East Asian 52 

winter monsoon variability has been described by many authors, the question of which one of 53 

the proposed mechanisms is more essential to understand its variability and explore its 54 

potential predictability still remains.  Various low-frequency extratropical teleconnections, 55 

such as the Pacific/North American (PNA), the Western Pacific (WP), and the Eurasian (EU) 56 

patterns [e.g., Wallace and Gutzler, 1981; Barnston and Livezey, 1987; Kushnir and Wallace, 57 

1989], may regulate the monsoon interannual variability, whereas the Arctic Oscillation (AO) 58 

and/or the El Niño-Southern Oscillation (ENSO) may also play a partial role in the behavior 59 

of the monsoon system [e.g., Wang et al., 2000; Wu and Wang, 2002].  If we examine 60 

correlations between the East Asian winter monsoon variability and each phenomenon cited 61 

above, statistically significant correlations may be obtained in all cases.  In fact, a number of 62 

studies have found out various significant correlations [e.g., Nishimori and Kawamura, 1993; 63 

Zhang et al., 1996; Kodera, 1998; Wang et al., 2000; Yang et al., 2002; Wu and Wang, 2002; 64 

Jhun and Lee, 2004].  Even though the results exhibit meaningful relationships, however, 65 

they might cause further confusion because we have to consider more and more parameters to 66 

govern the monsoon variability.  To avoid such confusion, it is necessary to go back to the 67 

starting point, i.e., that the origins of the teleconnection patterns are located to the far west of 68 

East Asia, since the group velocities of stationary Rossby waves are eastward, and seek such 69 

origins of the major teleconnections that give rise to the interannual variations of the East 70 

Asian winter monsoon. 71 

 As is well known, two major waveguides in the vicinity of East Asia, i.e., a polar front 72 

jet and a subtropical jet, enable stationary Rossby waves to propagate eastward.  The former 73 
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waveguide favors the establishment and persistence of an extratropical teleconnection, which 74 

may be identified with the Eurasian type 1 (EU-1) or type 2 (EU-2) patterns [Barnston and 75 

Livezey, 1987], while the latter one facilitates eastward propagation of stationary waves from 76 

the vicinity of Europe [e.g., Hsu and Lin, 1992; Branstator, 2002; Watanabe, 2004].  It is 77 

possible that these teleconnection patterns propagating eastward through subpolar and 78 

subtropical routes play an active role in the East Asian winter monsoon variability.  This 79 

possibility will be presented in a later section, using an appropriate index of the monsoon 80 

intensity.  Thus, the present study focuses on the important role of the teleconnection 81 

patterns in the low-frequency variability of the East Asian winter monsoon.  In particular, 82 

we specifically highlight the subtropical jet over South Asia (the so-called Asian jet), which is 83 

the strongest jet in the Northern Hemisphere winter, and examine the Asian jet variations 84 

relevant to the subtropical teleconnections.  The question of how the teleconnection patterns 85 

through the subtropical route are excited and sustained has not been answered satisfactorily, 86 

in contrast to the case through the subpolar route [e.g., Takaya and Nakamura, 2005].  It has 87 

already been reported that the variability of the Asian jet over South Asia has an appreciable 88 

signal of ENSO in winter and spring [e.g., Webster and Yang, 1992; Yang et al., 1996].  If 89 

ENSO-related tropical forcing can affect the establishment and persistence of the subtropical 90 

teleconnections along the Asian jet, it might be interpreted that the winter monsoon system in 91 

East Asia is partially controlled by ENSO through the South Asian waveguide.  One of the 92 

alternate views may also be that the North Atlantic Oscillation (NAO) gives a significant 93 

impact on the Asian jet [Watanabe, 2004].  Inspecting possible mechanisms of the Asian jet 94 

variability over South Asia could lead to proper understanding of the East Asian winter 95 

monsoon system. 96 

In the present study, we will first show how the East Asian winter monsoon intensity 97 

is closely linked with the Asian jet variability over South Asia, presenting a regression map of 98 
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200-hPa stream function anomalies with an appropriate winter monsoon index.  As a next 99 

step, we will apply an empirical orthogonal function (EOF) analysis to the stream function 100 

anomaly field and extract the leading modes of the Asian jet variability.  As will be 101 

mentioned in later sections, the first two modes account for the remote response of the jet to 102 

ENSO-related tropical forcing, but only the second mode exhibits a typical stationary wave 103 

pattern and plays a vital role in the East Asian winter monsoon circulation.  We will provide 104 

the reasons that such differences occur despite the similar forcing originated from ENSO and 105 

then discuss the relative role of the ENSO-related tropical forcing in sustaining the 106 

subtropical teleconnection along the Asian jet, together with that of NAO-related extratropical 107 

forcing. 108 

Section 2 contains a description of the data used and analysis procedures.  Section 3 109 

is dedicated to the overall features of the two leading EOF modes that account for the 110 

interannual variability of the Asian jet and examines how the ENSO-related forcing 111 

contributes substantially to the stimulation of a stationary Rossby wave propagation along the 112 

jet.  Section 4 is an examination of the effects of combined ENSO-related tropical forcing 113 

and NAO-related extratropical forcing on the East Asian winter monsoon circulation.  The 114 

discussion and summary are presented in Sections 5 and 6, respectively. 115 

 116 

2. Data used and analysis procedure 117 

The interannual variations of the winter monsoon circulation and associated global 118 

circulation are investigated using data from the Japanese long-term Re-Analysis project 119 

(JRA-25) [Onogi et al., 2007] with a spatial resolution of 1.25º longitude by 1.25º latitude for 120 

the period of 1979-2004 and data from the Japan Meteorological Agency Climate Data 121 

Assimilation System (JCDAS) with the same resolution for the period of 2005-2007.  122 

Comparatively homogeneous atmospheric circulation data is available over 29 years 123 
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(1979-2007) using both the JRA-25 and JCDAS data.  Onogi et al. [2007] demonstrated that 124 

the JRA-25 data is reliable as well as other reanalysis data and also has many advantages.  125 

For instance, 6-hour forecast total precipitation compares well with observation, having the 126 

best correlation scores among the other reanalyses especially in the tropics, which means that 127 

JRA-25 is expected to be a reliable reference for large-scale tropical circulations. 128 

In addition, monthly outgoing longwave radiation (OLR) data are used with a spatial 129 

resolution of 2.5º x 2.5º observed from the National Oceanic and Atmospheric Administration 130 

(NOAA) satellites for the period 1979-2007 and datasets from the Hadley Center Sea Ice and 131 

Sea Surface Temperature (HadISST) [Rayner et al., 2003] with a spatial resolution of 1º x 1º 132 

for the same period.  Furthermore, we use monthly mean surface air temperature data 133 

derived from the 15 observational stations of JMA, as indicated in Fig. 1.  The JMA 134 

observational stations used for this study are divided into three regions: Northern Japan 135 

(Abashiri, Nemuro, Suttsu, Yamagata, and Ishinomaki), Eastern Japan (Fushiki, Nagano, 136 

Mito, Iida, and Choushi), and Western Japan (Sakai, Hamada, Hikone, Tadotsu, and 137 

Miyazaki). 138 

 In this study, we use a useful index, which provides an appropriate measure of the 139 

East Asian winter monsoon intensity, proposed by Watanabe [1990].  This monsoon 140 

intensity index is defined as the difference in sea level pressure (SLP) between Irkutsk in 141 

Russia and Nemuro in Japan (Irkutsk minus Nemuro).  It has long been known that the 142 

winter monsoon circulation in East Asia is governed by a combination of both the Siberian 143 

high and Aleutian low systems.  When both synoptic systems are enhanced, northwesterly 144 

monsoonal winds prevail in East Asia, particularly Japan, through the intense east-west 145 

gradient of SLP between the Asian continent and the North Pacific Ocean.  Within the scope 146 

of the present study, this simple definition appears to be reasonable, and the usefulness of the 147 

monsoon index has been assessed by Hanawa et al. [1989] and others.  Hereafter, for 148 
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convenience, we refer to the monsoon index as the MO index, as named by Watanabe.  149 

Since the reanalysis data is used in this study, we define the index as the difference in SLP 150 

between two grid points of (105ºE, 52.5ºN) near Irkutsk and (145ºE, 43.75ºN) near Nemuro.  151 

Jhun and Lee [2004] defined a new East Asian winter monsoon index (EAWMI) as the 152 

difference in the area-averaged 300-hPa zonal wind speed between two north-south boxed 153 

regions across Korea and Japan.  A comparison of the MO index and the EAWMI points to 154 

their similarity regarding the time series.  The correlation coefficient between the MO index 155 

and the EAWMI is 0.81 on a DJF mean basis.  As for December, the correlation reaches a 156 

value of 0.90. 157 

 To aid in the analysis of the interannual variations of the Asian jet, we applied an EOF 158 

analysis to monthly mean stream function anomalies at 200 hPa within a specific region (30º 159 

-150ºE, 10º -40ºN).  Anomalies are relative to the climatology of 1979-2007.  Since the 160 

time coefficients (i.e., principal component scores) of each EOF mode are standardized, we 161 

defined a month for which the coefficient is greater than +1.0 or less than -1.0as a specific 162 

event in which the spatial patterns explained by EOF predominate over South Asia.  To 163 

clarify how the leading modes derived are related to global atmospheric circulations, we then 164 

constructed composite maps for the monthly mean geopotential height, velocity potential, 165 

OLR, sea surface temperature (SST), and other variables.  To save space, most of the 166 

composite anomaly maps for respective phases are not presented here.  As an additional 167 

analysis, we applied a simple low-pass filter (the 31-day running average) to daily data and 168 

examined a low-frequency (LF) component (longer than about one month) of extratropical 169 

stationary wave patterns because the analysis of using monthly data has its limitations 170 

regarding the detailed features of the wave propagation.  It is noteworthy that the LF 171 

component is 31-day filtered data, but the annual cycle is removed in the LF component, 172 
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using the climatology of 1979-2007.  The LF component is largely dependent on the 173 

interannual variability, although it contains part of the intraseasonal variability.   174 

 175 

3.  Dominant patterns of the Asian jet variability over South Asia 176 

a. Anomalous circulations related to the MO index 177 

 Figure 2 shows the spatial patterns of the December-to-February (DJF) mean SLP, 178 

500-hPa geopotential height, and 200-hPa stream function anomalies regressed onto the MO 179 

index.  The time series of the MO index on the DJF mean basis is also demonstrated (Fig. 3).  180 

As expected, a significant positive anomaly of SLP over northern Eurasia and a negative one 181 

over the North Pacific Ocean are located, implying predominance of the East Asian winter 182 

monsoon due to the development of both Siberian high and Aleutian low systems.  In the 183 

middle of the troposphere (Fig. 2b), a remarkable negative geopotential height anomaly 184 

covers Japan and its surrounding region, and the deepening trough around Japan facilitates the 185 

intrusion of cold air into East Asia from higher latitudes.  Another notable feature at the 186 

500-hPa level is the appearance of a systematic wavetrain pattern across northern Eurasia, 187 

which may be identified with the EU-1 or the Northern Asian (NA) teleconnection patterns 188 

named by Barnston and Livezey [1987].  It is noteworthy that significant positive and 189 

negative anomalies also emerge over the North Atlantic Ocean and their spatial pattern is 190 

somewhat similar to that of NAO.  The coexistence of the above extratropical teleconnection 191 

through the subpolar route and the NAO-like pattern might be suggestive of possible 192 

implications of NAO in the East Asian winter monsoon variability, which will be discussed in 193 

a later section. 194 

 The regression map of 200-hPa stream function anomalies with the MO index, on the 195 

other hand, indicates a different feature in subtropical regions.  An immediate indication is 196 

the prominence of an anomalous anticyclonic circulation over southern China and Southeast 197 
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Asia.  The anomalies are further extended equatorward and eastward into the western 198 

tropical Pacific.  It seems, thus, that the presence of significant circulation anomalies in 199 

lower latitude regions suggests a linkage between the East Asian winter monsoon system and 200 

a tropical system.  A cyclonic circulation anomaly is also indicated over the Arabian Sea.  201 

The systematic distribution of those anomalies may reflect a teleconnection pattern 202 

propagating eastward through the subtropical route, in association with the tropical system.  203 

To clarify this issue, we will examine the dominant modes that represent the interannual 204 

variability of the Asian jet over South Asia in the next subsection.  Using Jhun and Leeôs 205 

index, we also made a similar analysis and confirmed that the obtained features coincide well 206 

with those of Fig. 2, indicating that the results do not depend on the choice of a particular 207 

monsoon intensity index. 208 

 209 

b. Extraction of the two types of responses of the jet 210 

 As reported in Section 2, we applied an EOF analysis to the wintertime monthly mean 211 

200-hPa stream function anomalies within a specific region (30º -150ºE, 10º -40ºN) and, as a 212 

result, focused on the first two EOF modes only because the contributions of the remaining 213 

modes to the total variance are considerably low and we find that those modes are statistically 214 

insignificant, using North et alôs [1982] method.  The first and second modes, which account 215 

for 58.5% and 12.6% of the total variance, respectively, are very robust even though the EOF 216 

domain was somewhat changed.  We then extracted the typical events of each mode, based 217 

on their time coefficients.  It should be remembered that we defined a month for which the 218 

time coefficient is greater than +1.0 or less than -1.0as a specific event.  Twelve and 11 219 

events are selected as the positive and negative phases of EOF1, respectively.  As for EOF2, 220 

we selected 14 and 13 events as the positive and negative phases, respectively. 221 
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 The upper panel in Fig. 4 shows the composite difference in 200-hPa geopotential 222 

height between the positive and negative phases of EOF1 together with the climatological 223 

DJF mean westerlies at the same level.  In addition, vectors are denoted that indicate the 224 

wave activity fluxes at 200 hPa defined by Takaya and Nakamura [2001].  A zonally 225 

elongated positive height anomaly is located along the Asian jet from the Arabian peninsula 226 

through the East China Sea.  Eastward wave activity fluxes are present along the subtropical 227 

waveguide, but their magnitudes are small.  Although some height anomalies are also 228 

indicated over Europe and northern Eurasia, no systematic and meaningful patterns of those 229 

anomalies could be detected.  The lower panel is the same as the upper panel except for 230 

EOF2.  A noticeable feature is that a systematic wavetrain pattern, characterized by two 231 

negative height anomalies over the Arabian Sea and Japan and a positive one over southern 232 

China, prevails along the Asian jet.  Salient eastward wave activity fluxes distributed along 233 

the jet allow us to interpret it as stationary Rossby waves propagating toward Japan and the 234 

North Pacific trapped in the subtropical waveguide.  Another wavetrain pattern accompanied 235 

by eastward fluxes can also be seen over Europe and northern Eurasia, which is clearly 236 

distinguished from the subtropical teleconnection.  Such a subpolar wavetrain appears to 237 

correspond to the EU-1 or the NA teleconnection pattern that has already been pointed out by 238 

previous researchers [e.g., Barnston and Livezey, 1987].  An intriguing feature is the 239 

similarity between this figure and Fig. 2c despite the fact that the analyses were entirely 240 

different.  This similarity suggests that EOF2 is more closely associated with the interannual 241 

variations of the East Asian winter monsoon circulation than EOF1 is.  We then inspected 242 

how each mode is related to global atmospheric circulations. 243 

 244 

c. Global features related to EOF1 245 
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 Figure 5 demonstrates the time coefficients of EOF1 for December, January, and 246 

February.  In December, the variability is small, whereas, in January and February, it is 247 

much larger.  As a consequence, many typical events when the coefficient is greater than 248 

+1.0 or less than -1.0 were selected from January and February.  Simultaneous correlation 249 

coefficients between EOF1 and the Niño-3 SST index, which is one of the ENSO indices, are 250 

-0.72 for January and -0.55 for February (see Table 1), indicating a close relationship between 251 

the two at the mature phase of ENSO. 252 

To confirm that EOF1 fluctuates along with anomalous tropical circulations, we 253 

present, in Fig. 6a, the composite difference in the 200-hPa geopotential height between the 254 

positive and negative phases of EOF1.  The heavy and light shades denote statistically 255 

significant regions with 99% and 95% confidence levels, respectively.  Very significant 256 

negative anomalies cover the entire tropics.  A north-south dipole structure of the 257 

geopotential height anomalies over the central tropical Pacific is a typical signature of the 258 

upper tropospheric response to ENSO [e.g., Kumar et al., 1996; Kawamura et al., 1997; Lau 259 

and Nath, 2000].  In a similar fashion, the middle panel in Fig. 6 shows the composite 260 

differences in OLR and the 200-hPa velocity potential.  A markedly negative anomaly of 261 

OLR expands westward into the tropical Indian Ocean from the Philippine Sea and South 262 

China Sea, while a positive anomaly is observed over the central tropical Pacific.  The 263 

anomaly field of the upper-level velocity potential is quite consistent with that of OLR, which 264 

demonstrates an anomalous Walker circulation cell accompanied by a divergent anomaly over 265 

the Maritime Continent and a convergent anomaly over the central tropical Pacific.  The SST 266 

anomaly distribution in Fig. 6c also exhibits a typical pattern of La Nina mature phase.   267 

 The results reported above provide clear evidence that EOF1 accounts for the major 268 

dynamic response of the Asian jet over South Asia to ENSO at its mature phase and are 269 

consistent with those from previous studies [e.g., Yang et al., 1996; Kawamura, 1998; Wang 270 
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et al., 2000; Barlow et al., 2002].  Since anomalous convective heating (inferred from OLR 271 

anomalies) over the Maritime Continent and tropical Indian Ocean shifts northward from the 272 

equator, an equatorially asymmetric response of the upper troposphere to tropical forcing is 273 

theoretically expected [Matsuno, 1966; Gill, 1980].  Indeed, an anomalous anticyclonic 274 

circulation is appreciably pronounced along the Asian jet, as seen in Fig. 6a, but no 275 

systematic and significant circulation anomalies are found over the southern Indian Ocean 276 

south of 20ºS.  A logical question is why the upper tropospheric response represented by 277 

EOF1 is zonally elongated.  It is probably because the response depends strongly on the 278 

geographical configuration of the convective heat source, i.e., the zonally extended anomalies 279 

of OLR from the Philippine Sea through the vicinity of Sri Lanka, although, of course, the 280 

interaction between the wave energy and the synoptic-scale disturbances and local jet stream 281 

possibly modifies the Rossby wave response [Barlow et al., 2002].  For convenience, we 282 

hereafter refer to the response of EOF1 as the zonally symmetric response. 283 

 284 

d. Global features related to EOF2 285 

 The time coefficients of EOF2 for each winter month are shown in Fig. 7.  In 286 

December, the variability tends to be amplified after the mid-1990s, although its cause is 287 

unclear.  December 2005, when the coefficient amounts to about +1.5, is well known as a 288 

cold month with severely heavy snowfall on the Japan Sea coast of central Japan.  289 

Conversely, the amplitude in February is fairly small during the 2000s, except for 2007.  290 

Japan experienced an extremely warm winter during the period from December 2006 to 291 

February 2007.  Likewise, although the high values persisted for three months in the 292 

1980/81 winter, extraordinarily  heavy snowfall hit the Japan Sea coast of central Japan and 293 

caused serious disasters.  Focusing on a cross-correlation between EOF2 and the Niño-3 294 
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SST index (see Table 1 again), its coefficient reached a value of -0.67 for December but was 295 

relatively low for January and February.  This is in contrast with EOF1. 296 

 Figure 8a is a display of the composite difference in the 200-hPa geopotential height 297 

between the positive and negative phases of EOF2.  Both the subtropical and subpolar 298 

wavetrain patterns over the Eurasian continent, already described in Fig. 4, have a fully 299 

statistical significance.  In the tropics, significant anomalies are mainly confined to the 300 

Maritime Continent and the eastern tropical Indian Ocean, and there are no systematic 301 

anomalies over the tropical Pacific, which exhibits a very different feature from EOF1.  302 

Further differences between the two modes can be seen in the OLR and 200-hPa velocity 303 

potential anomaly fields (Fig. 8b).  A distinctive negative OLR (divergent) anomaly emerges 304 

over the Philippine Sea and Maritime Continent, while a positive OLR (convergent) anomaly 305 

covers the entire region of the tropical Indian Ocean.  Such an east-west seesaw pattern 306 

between the Maritime Continent and tropical Indian Ocean is indicative of the development 307 

and persistence of an anomalous Walker-like circulation cell.  Because another positive OLR 308 

(convergent) anomaly is located over the central equatorial Pacific, we anticipate another 309 

anomalous east-west circulation cell  over the Pacific Ocean.  The lower panel in Fig. 8 310 

shows the composite anomalies of SST.  The SST anomaly distributions in the Pacific sector 311 

indicate a La Nina-like situation, but their magnitude and significance are not very clear.  312 

Weak but significant negative anomalies are indicated over the South China Sea and part of 313 

the tropical Indian Ocean.   314 

 As reported above, EOF2 is supposed to explain a significant part of the Asian jet 315 

variability that is independent of EOF1.  The remarkable signals of OLR and the upper-level 316 

velocity potential over the Maritime Continent and tropical Indian Ocean indicate, however, 317 

that EOF2 also captures the extratropical response of the jet to anomalous convective heating 318 

in the tropics as well as EOF1.  In the case of EOF1, the zonally symmetric response of the 319 
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Asian jet is primarily attributed to the convective heat source zonally elongated into the 320 

tropical Indian Ocean, whereas the zonally asymmetric pattern (EOF2) appearing in the 321 

variability of the jet is in conjunction with the east-west seesaw pattern of the heat source 322 

between the tropical Indian Ocean and the Maritime Continent.  We cannot disregard any 323 

significant roles of ENSO in such a zonally asymmetric response of the Asian jet because 324 

Table 1 reveals a close relationship between them, especially in December.  It is certain that 325 

the OLR and velocity potential anomaly patterns shown in Fig. 8b are often observed in the 326 

growth phase of ENSO (late fall and early winter), which will be discussed later.  We 327 

emphasize, at any rate, that there are at least two different types of responses of the Asian jet 328 

to tropical convective forcing, i.e., the zonally symmetric and asymmetric responses, although 329 

it is possible that such responses are somewhat modified by the interaction between the 330 

Rossby wave energy and the synoptic-scale disturbances and local jet stream, as mentioned 331 

earlier. 332 

 333 

e. Regional features in East Asia related to EOF2 334 

 In Section 3b, we pointed out a possible impact of EOF2 on the East Asian winter 335 

monsoon, as inferred from the pattern similarity between Figs. 2c and 4b.  Table 2, indeed, 336 

confirms very high correlations between EOF2 and the MO index.  The correlation 337 

coefficients for December, January, and February are 0.59, 0.41, and 0.49, respectively.  In 338 

contrast, we have no significant correlations between EOF1 and the MO index.  This 339 

suggests that ENSO cannot easily influence the East Asian winter monsoon system through 340 

the subtropical route over South Asia when the upper tropospheric response of the Asian jet 341 

to the ENSO forcing is zonally symmetric.   342 

 A closer look at Fig. 8c shows that there are significant negative SST anomalies in the 343 

vicinity of Japan, including the Japan Sea and the East China Sea, although their magnitudes 344 
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are somewhat small.  If the East Asian winter monsoon is very active, enhanced 345 

northwesterly winds give rise to the heat loss of the ocean, mainly in the form of surface 346 

sensible and latent heat transfer, eventually inducing the decrease in SST over the East China 347 

Sea, the Japan Sea, and their vicinity.  Figure 9 contains the composite anomalies in the 348 

850-hPa temperature and wind vector at the positive and negative phases of EOF2.  In 349 

addition, the climatological wintertime 850-hPa temperature distributions are denoted.  In 350 

accordance with its positive phase, northwesterly anomalies prevail over the eastern coast of 351 

China, Korea, and Japan.  Negative temperature anomalies due to cold advection expand 352 

almost the entire region of northern East Asia, and the center of those anomalies is located 353 

around Western and Southern Japan.  As for the negative phase of EOF2 (Fig. 9b), we can 354 

obtain quite a mirror image with opposite signs.  Table 3 also indicates very significant 355 

correlations between EOF2 and surface air temperature variations in Northern, Eastern, and 356 

Western Japan in all winter months.  Specifically, higher correlations with EOF2 are 357 

obtained for Eastern and Western Japan, and these results are quite consistent with those of 358 

Fig. 9.   These features strongly suggest that, when the extratropical response of the Asian 359 

jet to anomalous tropical convection is zonally asymmetric, the corresponding subtropical 360 

teleconnection affects the East Asian winter monsoon system through the South Asian 361 

waveguide.  This table also confirms that the MO index is well correlated with the 362 

wintertime surface temperature variations in Japan.  It is noteworthy that the MO index 363 

accounts for about 70% of the December temperature variability in Eastern Japan. 364 

 365 

4.  Combined effects of ENSO- and NAO-related forcing 366 

 As seen in Fig. 4b, the stationary wave pattern also prevails through the subpolar route 367 

over northern Eurasia, concurrently with the predominance of the subtropical teleconnection 368 

along the Asian jet.  It is uncertain why both the subpolar and subtropical teleconnection 369 
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patterns tend to appear at almost the same period.  Another interesting feature is that the 370 

wave activity fluxes in Fig. 4b indicate an eastward propagation of stationary waves from 371 

Europe to the Arabian Sea, which appear to reinforce the subtropical teleconnection over 372 

South Asia.  Likewise, the NAO-like pattern is also evident over the North Atlantic despite 373 

the application of an EOF analysis for the South Asian sector, as can be seen in Fig. 8a.  We 374 

cannot disregard such a significant relationship of it with EOF2 and the East Asian winter 375 

monsoon activity although our primary concern was not necessarily the behavior of NAO.  376 

In this section, we thus examine how a teleconnection emanating out of an extratropical origin 377 

is related to the zonally asymmetric pattern of the Asian jet in conjunction with the anomalous 378 

tropical convection.  To see the detailed temporal evolutions of such teleconnection patterns, 379 

we highlighted the variability with the LF component, as mentioned in Section 2. 380 

 381 

a. ENSO-related tropical forcing 382 

 As mentioned earlier, when the EOF2 pattern is dominant, the OLR anomaly localized 383 

in the vicinity of the Philippine Sea appears, accompanied with that with an opposite sign 384 

over the tropical Indian Ocean.  Considering this result, we use a simple OLR index as an 385 

appropriate measure of tropical convective forcing relevant to EOF2.  The index is concisely 386 

defined as the daily OLR values averaged over the region (100º -140ºE, 5º -17.5ºN).  We 387 

compute the standard deviation ( ) of the low-pass-filtered OLR index in winter during the 388 

29-year period and then defined a period greater than +1.0 or less than -1.0 as a specific 389 

event in which anomalous tropical convection around the Philippine Sea predominates in the 390 

LF component.  Following the above criterion, we extracted 14 and 16 events as the active 391 

and inactive phases of the tropical convection, respectively. 392 
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Figure 10 shows the composite differences of the filtered 200-hPa geopotential height 393 

anomalies on day -5, day 0, and day +5 between its active and inactive phases (active minus 394 

inactive), along with the wave activity fluxes at the same level.  Here, day 0 denotes the 395 

peak day when the OLR index exhibits a maximum or a minimum value.  As expected, a 396 

distinctive positive height anomaly can be seen over southern China in response to 397 

ENSO-related convective heating over the South China Sea and Philippine Sea.  Moreover, 398 

an anomalous negative height of less than -80 m over Northern Japan is persistent from day -5 399 

to day +5, although its center gradually migrates eastward.  Northward wave activity fluxes 400 

prevail between the two height anomalies, being indicative of a remote influence of tropical 401 

convection to the East Asian winter monsoon circulation.  Another wavetrain pattern 402 

appears from the North Atlantic to northern Eurasia, but it is significantly different from the 403 

spatial pattern shown in Fig. 8a, especially in the North Atlantic and Europe.  404 

 405 

b. NAO-related extratropical forcing 406 

 Another simple index is also used to see the time evolutions of the stationary wave 407 

patterns emerging from the vicinity of Europe and the North Atlantic.  We define it as the 408 

difference in the 200-hPa geopotential height between two grid points of (40ºW, 60ºN) near 409 

Greenland and (15ºE, 50ºN) over central Europe (former minus latter), considering the center 410 

of action of the NAO-like feature (Figs. 2b and 8a).  It is noteworthy that, for instance, the 411 

anomaly pattern over the North Atlantic in Fig. 8a does not necessarily exhibit a typical 412 

pattern of NAO.  It looks like that the shape of the anomalies is modified as compared to 413 

pure NAO.  Thus, we use a different index from the so-called NAO index.  For 414 

convenience, we hereafter call it a modified NAO (m-NAO) index in this study.  According 415 

to a similar criterion to that used in the previous subsection, we extracted 16 and 14 events as 416 

the positive and negative phases of the m-NAO index, respectively.  The m-NAO index has 417 
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no significant correlations with the OLR index defined as a measure of ENSO-related tropical 418 

forcing. 419 

Figure 11 shows the composite differences of the filtered 200-hPa geopotential height 420 

anomalies on day -5, day 0, and day +5 between its positive and negative phases (positive 421 

minus negative) of the m-NAO index.  Also exhibited are the wave activity fluxes at the 422 

same level.  A notable feature is that the NAO-like pattern predominates over the North 423 

Atlantic Ocean from day -5 to day +5.  A remarkable negative height over central Europe, 424 

which is part of the NAO-like signal, becomes a junction of energy propagation toward the 425 

subpolar and subtropical routes.  Eastward fluxes are evident along the subpolar route over 426 

northern Eurasia, and the associated negative height anomaly is located in the vicinity of 427 

Korea.  The downstream development of the subpolar teleconnection influences the winter 428 

monsoon circulation in East Asia [e.g., Takaya and Nakamura, 2005].   429 

As for the subtropical route, it is worthwhile to note that a significant negative height 430 

anomaly is observed over the Arabian Sea, whereas the positive height anomaly over southern 431 

China is less clear than that in Fig. 10.  This suggests that, although the NAO-related 432 

extratropical forcing indeed contributes to the stimulation of the subtropical teleconnection 433 

along the Asian jet, the ENSO-related tropical forcing is also necessary for reinforcing the 434 

stationary wave propagation trapped in the subtropical waveguide.  Watanabe [2004] 435 

pointed out that the downstream extension of the NAO is accomplished by quasi-stationary 436 

Rossby waves trapped on the Asian jet waveguide and excited by a vorticity source associated 437 

with the NAO.  He also noted that an anomalous vorticity source in the vicinity of the 438 

Mediterranean is optimal in exciting the wavetrain on the Asian jet.  His finding is basically 439 

consistent with our results.  It seems, thus, that a combination of the ENSO- and 440 

NAO-related forcing plays an essential role in forming the zonally asymmetric pattern 441 

(EOF2) appearing in the wintertime Asian jet variability. 442 
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 443 

c. A typical combined case 444 

 The results of Figs. 10 and 11, based on both the OLR and m-NAO indices, are 445 

consistent with the idea that the EOF2 pattern can be interpreted as a mixture of the stationary 446 

wave patterns excited by the ENSO-related tropical forcing and the NAO-related extratropical 447 

forcing.  To further confirm that, we present a typical combined event when both indices 448 

have extreme values.  As mentioned earlier, in December 2005, Japan experienced 449 

extremely heavy snowfall along the coast of the Japan Sea.  The monthly mean value of the 450 

MO index, exceeding 2.8 times of its standard deviation, indicates that the monsoon activity 451 

in December 2005 was most pronounced in the past 50 years or so (figure not shown) and is 452 

mainly responsible for the occurrence of the extraordinarily  persistent heavy snowfall and 453 

very cold conditions.  During that month, the standardized m-NAO index had a peak with a 454 

value of 2.1 on December 3, and the standardized OLR index reached its minimum value of 455 

-1.9 on December 16.  Figure 12 shows the filtered 200-hPa geopotential height and OLR 456 

anomalies on December 16.  As expected, the vicinity of Korea and Japan is covered by a 457 

noticeable negative anomaly, and associated subpolar and subtropical teleconnection patterns 458 

are coexistent, showing a very similar spatial pattern to that in Fig. 4b.  In addition, we also 459 

had extremely heavy snowfall in Japan in January 1981, when similar circulation patterns to 460 

those in Fig. 4b were observed.  This allows us to suggest that a combination of the 461 

ENSO-related tropical forcing and the NAO-related extratropical forcing is responsible for 462 

the occurrence of extremely heavy snowfall in Japan during December 2005. 463 

 464 

5. Discussion 465 

In the previous sections, we demonstrated that the combination of the tropical and 466 

extratropical forcing results in the development of the EOF2 pattern and has a significant 467 
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impact on the change in the East Asian winter monsoon circulation.  Table 4 shows the cross 468 

correlations between each index and the surface temperature variations in the entire region of 469 

Japan on a monthly basis.  The m-NAO index is significantly correlated with the surface 470 

temperature variability in December and January, and the OLR index has a comparatively 471 

high correlation, particularly in December.  It is noteworthy that both indices are 472 

independent of each other.  The multiple correlation coefficients derived from the 473 

combination of the two indices are 0.62, 0.55, and 0.49 for December, January, and February, 474 

respectively; these are significant values in all winter months, thus confirming the prime 475 

importance of the coexistence of two different types of forcing for the variability of the East 476 

Asian winter monsoon. 477 

 We would like to briefly discuss here why EOF2 has significant signals of ENSO, 478 

especially in early winter.  Kawamura et al. [2003] proposed a possible transition 479 

mechanism of anomalous Walker circulation relevant to tropospheric biennial oscillation 480 

(TBO)-like ENSO.  According to their study, a single-cell regime with an ascending branch 481 

over the Indian Ocean and a descending branch over the central and eastern Pacific begins to 482 

emerge from late spring to early summer, corresponding to the onset phase of a cold event of 483 

ENSO.  As the cold event further develops from fall to winter, a new east-west circulation 484 

cell builds up over the tropical Indian Ocean, resulting in the transition to a double-cell 485 

regime with an ascending branch over the Maritime Continent and two descending branches 486 

over the western Indian Ocean and the central and eastern Pacific.  The double-cell regime 487 

in late fall or early winter is usually accompanied by intense tropical convection localized in 488 

the vicinity of the South China Sea and the Philippine Sea (see their Fig. 11).  It must be 489 

stressed that Fig. 8b reveals the fundamental features of such a double-cell regime.  Figure 490 

13 shows the same as in Fig. 8 but for the December composite only.  The double-cell 491 

structure, which is characterized by two convergent anomalies over the tropical Indian Ocean 492 
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and the central equatorial Pacific and a divergent anomaly over the Maritime Continent, is, 493 

overall, better organized than that in Fig. 8b.  Associated with this double-cell structure, a La 494 

Nina condition emerges in the equatorial Pacific, which is similar to the situation shown in 495 

Fig. 8c.  This is presumably why the simultaneous correlation between the Niño-3 SST 496 

index and EOF2 time coefficients is particularly significant in December.  Since 497 

ENSO-related anomalous convection, such as that shown in Fig. 13a, tends to facilitate the 498 

prominence of the subtropical teleconnection along the Asian jet at the developing phase of 499 

ENSO, eventually giving rise to the anomalous winter monsoon circulation in East Asia, it 500 

appears that the correlation between the Niño-3 SST index and surface temperature variations 501 

in Japan becomes significant in early winter (December) only (see Table 4 again).  502 

If the turnabout of ENSO commences after December, the localized active convection 503 

area over the Philippine Sea disappears or shifts eastward.  Thus, it seems that the 504 

relationship between ENSO and EOF2 becomes vague in January and February.  Conversely, 505 

if ENSO still persists and reaches its mature phase around January and February, the zonally 506 

elongated anomalous convection tends to develop from the Philippine Sea to the vicinity of 507 

Sri Lanka, as seen in Fig. 6b.  In this case, the ENSO signal is embedded in EOF1, which 508 

explains the zonally symmetric response of the Asian jet to the tropical convective forcing, 509 

consistently with the results of Table 1.  Although the Niño-3 SST index is obviously very 510 

useful as one of the ENSO indices, it must be borne in mind that the index cannot fully 511 

represent the geographical configuration of anomalous convective heating over the Philippine 512 

Sea, the South China Sea, and the tropical Indian Ocean.  Whether the ENSO signal is more 513 

embedded in EOF1 or EOF2 depends critically on its configuration. 514 

Although our findings might appear to be inconsistent with those of Wang et al. 515 

[2000], who proposed the Pacific-East Asian teleconnection mechanism, this is not the case.  516 

They clarified the role of the western North Pacific anticyclone in the East Asian winter 517 
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monsoon through the lower troposphere, while this study highlights possible teleconnections 518 

via the upper tropospheric waveguide over South Asia.  As they pointed out, the western 519 

North Pacific anticyclone (cyclone) can be seen at the negative (positive) phase of EOF1 520 

(figure not shown), which is well correlated with the Niño-3 SST index, particularly in 521 

January and February.  The MO index, however, has no significant correlations with EOF1, 522 

as stated earlier; thus, the monsoon index used in this study may reflect the anomalous 523 

monsoon features in the northeastern part of East Asia, especially Korea and Japan, rather 524 

than those in its southern part.  According to their study, low-level southerly (northerly) 525 

anomalies along the western periphery of the western North Pacific anticyclone (cyclone) 526 

contribute mainly to the lower tropospheric warming (cooling) in the southern part of East 527 

Asia.  It seems, in contrast, that the teleconnection mechanism proposed here is more 528 

necessary for understanding the winter monsoon variability in the northeastern part of East 529 

Asia. 530 

 The NAO-related extratropical forcing is also an important factor in understanding the 531 

variability of the East Asian winter monsoon as well as the ENSO-related tropical forcing.  532 

Watanabe [2004] noted that the downstream extension of the NAO signal is more evident in 533 

late winter.  His result may be consistent with the fact that the variability of EOF2 is also 534 

large in February (see Fig. 7c), even though the ENSO signal in late winter tends to be 535 

embedded in EOF1.  In the previous section, we showed a typical combined event of both 536 

types of forcing.  However, if the ENSO-related anomalous convection, which is expressed 537 

by the OLR index, had an opposite sign in that event, it would inhibit the appearance of the 538 

stationary wave pattern along the Asian jet.  Even though the sign is not opposite, if the 539 

convection anomaly were zonally elongated, the zonally symmetric response (EOF1) of the 540 

jet would be dominant, eventually disturbing the eastward propagation of stationary waves 541 

from Europe.  Our results strongly suggest that the occurrence of extraordinary anomalous 542 
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monsoon circulations in East Asia is dependent on how the ENSO-related tropical forcing and 543 

NAO-related extratropical forcing are combined during the Northern Hemisphere winter. 544 

 545 

6.  Summary 546 

 To clarify the dominant mechanisms of the East Asian winter monsoon variability on 547 

interannual timescales, we investigated the wintertime Asian jet variability over South Asia in 548 

terms of tropical and extratropical forcing using JRA-25 and JCDAS data.  The major 549 

findings in this study are briefly summarized as follows: 550 

There are at least two different types of responses of the Asian jet over South Asia to 551 

ENSO-related tropical forcing, i.e., zonally symmetric (EOF1) and asymmetric (EOF2) 552 

responses.  The former and latter responses tend to dominate at the mature and developing 553 

phases of ENSO, respectively. 554 

When the zonally symmetric response is prominent, ENSO cannot easily affect the East 555 

Asian winter monsoon circulation through the South Asian waveguide. 556 

When the zonally asymmetric response is dominant, ENSO-related anomalous convection 557 

strongly influences the East Asian winter monsoon through the stationary Rossby waves 558 

trapped on the Asian jet over South Asia. 559 

The NAO-related extratropical forcing is also a crucial factor and contributes not only to 560 

the downstream development of subpolar teleconnections along the polar front jet over 561 

northern Eurasia but also to the reinforcemnet of the zonally asymmetric pattern of the Asian 562 

jet over South Asia. 563 
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The combined effects of ENSO- and NAO-related forcing are intimately associated with 564 

the occurrence of extraordinary anomalous monsoon circulations (e.g., the extremely heavy 565 

snowfall of the 2005/06 winter in Japan). 566 

 Although the results derived from this study allow us to understand the importance of 567 

not only the ENSO-related tropical forcing but also the NAO-related extratropical forcing for 568 

the East Asian winter monsoon activity, it is still uncertain how the stationary Rossby waves 569 

excited by these two types of forcing interact with each other within the subtropical 570 

waveguide over South Asia.  This study focused specifically on the winter monsoon 571 

variability with periods longer than about one month, but it should be borne in mind that its 572 

variability contains both interannual and intraseasonal variability.  The questions of how the 573 

Madden-Julian oscillation is associated with the ENSO-related anomalous convection and 574 

how midlatitude intraseasonal variations modulate the subpolar and subtropical 575 

teleconnections across the Eurasian continent remain to be answered.  Further intensive 576 

studies on these issues are required. 577 
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 660 

Table 1  Cross-correlation coefficients between the Niño-3 SST index and each EOF mode 661 

for December, January, and February.  Note that double and single asterisks denote the 662 

coefficient with 1% and 5% levels of statistical significance, respectively. 663 

 664 

 

Niño-3 SST index  

December January February 

EOF1 -0.39 -0.72** -0.55** 

EOF2 -0.67** -0.09 -0.32 

 665 

 666 

 667 

 668 

Table 2  Cross-correlation coefficients between the MO index and each EOF mode for 669 

December, January, and February.  Note that double and single asterisks denote the 670 

coefficient with 1% and 5% levels of statistical significance, respectively. 671 

 672 

 MO index 

December January February 

EOF1 0.08 0.12 0.20 

EOF2 0.59** 0.41* 0.49**  

 673 

 674 

 675 
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 677 

 678 

 679 

Table 3  Cross-correlation coefficients of wintertime monthly surface air temperature (SAT) 680 

variations in Japan with the MO index and each EOF mode.  Note that double and single 681 

asterisks denote the coefficient with 1% and 5% levels of statistical significance, respectively. 682 

 683 

 SAT (Northern Japan) SAT (Eastern Japan) SAT (Western Japan) 

Dec. Jan. Feb. Dec. Jan. Feb. Dec. Jan. Feb. 

EOF1 -0.05 -0.15 0.08 -0.11 -0.11 -0.17 -0.05 -0.15 -0.19 

EOF2 -0.09 -0.54** -0.44* -0.51** -0.65** -0.50** -0.58**  -0.62** -0.50** 

MO index -0.46* -0.28 -0.47* -0.82** -0.59** -0.71** -0.75** -0.63** -0.74** 

 684 

 685 

 686 

Table 4  Cross-correlation coefficients of wintertime monthly surface air temperature (SAT) 687 

variations in Japan with the Niño-3 SST, OLR, and m-NAO indices.  Note that double and 688 

single asterisks denote the coefficient with 1% and 5% levels of statistical significance, 689 

respectively.  Here, ñall stationsò indicates the 15 stations shown in Fig. 1. 690 

 691 

 SAT (all stations in Japan) 

December January February 

Niño-3 SST index 0.44* 0.06 0.09 

OLR index 0.56** 0.33 0.31 

m-NAO index -0.46* -0.48** -0.36 

 692 

 693 
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 696 

Figure Legends 697 

 698 

Fig. 1  JMA observational stations in Northern, Eastern, and Western Japan used for this 699 

study. 700 

 701 

Fig. 2  Spatial patterns of the wintertime (December-to-February) mean (a) SLP, (b) 702 

500-hPa geopotential height, and (c) 200-hPa stream function anomalies regressed into the 703 

MO index.  The contour intervals for SLP, the 500-hPa geopotential height, and the 200-hPa 704 

stream function are 0.5 hPa, 5 m, and 0.5x10
6
 m

2
s

-1
, respectively.  Heavy and light shadings 705 

denote regions with 1% and 5% levels of statistical significance, respectively. 706 

 707 

Fig. 3  Interannual time series of the standardized DJF mean MO index during the period of 708 

1979/80-2006/07. 709 

 710 

Fig. 4  (a) Spatial pattern of the composite difference in the 200-hPa geopotential height 711 

between the positive and negative phases of EOF1 (former minus latter) in the vicinity of the 712 

EOF domain (30º -150ºE, 10º -40ºN).  The contour interval is 20 m with the zero contour 713 

suppressed.  Wave activity fluxes are shown at the same level.  The reference arrow is 40 714 

m
2
s

-2
.  Shading denotes regions of climatological DJF mean westerlies at 200-hPa.  (b) As 715 

in (a) but for EOF2. 716 

 717 

Fig. 5  Time coefficients of EOF1 for (a) December, (b) January, and (c) February. 718 
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 719 

Fig. 6  (a) Global feature of the composite difference in the 200-hPa geopotential height 720 

between the positive and negative phases of EOF1 (former minus latter).  The contour 721 

interval is 20 m with the zero contour suppressed.  Heavy and light shadings denote regions 722 

with 1% and 5% levels of statistical significance, respectively.  (b) As in (a) but for OLR 723 

and the 200-hPa velocity potential.  The contour interval for the velocity potential is 1.5x10
6
 724 

m
2
s

-1
.  (c) As in (a) but for SST.  The contour interval is 0.3 K with the zero contour 725 

suppressed.  Heavy and light shadings denote regions with 1% and 5% levels of statistical 726 

significance, respectively. 727 

 728 

Fig. 7  Time coefficients of EOF2 for (a) December, (b) January, and (c) February. 729 

 730 

Fig. 8  As in Fig. 6 but for EOF2. 731 

 732 

Fig. 9  Composite anomaly patterns in the 850-hPa temperature and wind vector in East 733 

Asia at (a) the positive phase and (b) the negative phases of EOF2.  Shading denotes regions 734 

with a 5% level of statistical significance.  The shading interval for the temperature is 0.25 735 

K.  Thick vectors denote regions with a 5% level of statistical significance.  The reference 736 

arrow is 1 m s
-1
.  Also shown are the climatological wintertime 850-hPa temperature 737 

distributions (contour). 738 

 739 

Fig. 10  Composite differences of the filtered 200-hPa geopotential height anomalies on day 740 

-5, day 0, and day +5 between the active and inactive phases of tropical convection (former 741 

minus latter) based on the OLR index.  The shading interval for the geopotential height is 20 742 
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m with the zero contour suppressed.  Wave activity fluxes are also exhibited at the same 743 

level.  The reference arrow is 40 m
2
s

-2
.   744 

 745 

Fig. 11  As in Fig. 10 but for the m-NAO index. 746 

 747 

Fig. 12  Spatial pattern of the filtered 200-hPa geopotential height and OLR anomalies on 748 

December 16.  The shading interval for the geopotential height is 20 m with the zero contour 749 

suppressed.  Contour interval for the OLR is 5 W m
-2
 with thick black lines. 750 

 751 

Fig. 13  (a) Composite differences in OLR and the 200-hPa velocity potential between the 752 

positive phase (5 events) and negative phase (4 events) of EOF2 for December only.  The 753 

contour interval for the velocity potential is 1x10
6
 m

2
s

-2
.  (b) As in (a) but for SST.  The 754 

contour interval is 0.5 K.  Heavy and light shadings denote regions with 1% and 5% levels 755 

of statistical significance, respectively. 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 
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 767 

Fig. 1  JMA observational stations in Northern, Eastern, and Western Japan used for this 768 

study. 769 

 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 
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 780 

 781 



 

 

34 

34 

 782 

Fig. 2  Spatial patterns of the wintertime (December-to-February) mean (a) SLP, (b) 783 

500-hPa geopotential height, and (c) 200-hPa stream function anomalies regressed into the 784 

MO index.  The contour intervals for SLP, the 500-hPa geopotential height, and the 200-hPa 785 

stream function are 0.5 hPa, 5 m, and 0.5x10
6
 m

2
s

-1
, respectively.  Heavy and light shadings 786 

denote regions with 1% and 5% levels of statistical significance using a t test, respectively. 787 
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Fig. 3  Interannual time series of the standardized DJF mean MO index during the period of 797 

1979/80-2006/07. 798 
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Fig. 4  (a) Spatial pattern of the composite difference in the 200-hPa geopotential height 816 

between the positive and negative phases of EOF1 (former minus latter) in the vicinity of the 817 

EOF domain (30º -150ºE, 10º -40ºN).  The contour interval is 20 m with the zero contour 818 

suppressed.  Wave activity fluxes are shown at the same level.  The reference arrow is 40 819 

m
2
s

-2
.  Fluxes of less than 5 m

2
s

-2
 are suppressed.  Shading denotes regions of 820 

climatological DJF mean westerlies at 200-hPa.  (b) As in (a) but for EOF2. 821 
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Fig. 5  Time coefficients of EOF1 for (a) December, (b) January, and (c) February. 829 
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Fig. 6  (a) Global feature of the composite difference in the 200-hPa geopotential height 838 

between the positive and negative phases of EOF1 (former minus latter).  The contour 839 

interval is 20 m with the zero contour suppressed.  Heavy and light shadings denote regions 840 

with 1% and 5% levels of statistical significance, respectively.  (b) As in (a) but for OLR 841 

and the 200-hPa velocity potential.  The contour interval for the velocity potential is 1.5x10
6
 842 

m
2
s

-1
.  (c) As in (a) but for SST.  The contour interval is 0.3 K with the zero contour 843 

suppressed.  Heavy and light shadings denote regions with 1% and 5% levels of statistical 844 

significance using a t test, respectively. 845 
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Fig. 7  Time coefficients of EOF2 for (a) December, (b) January, and (c) February. 849 
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Fig. 8  As in Fig. 6 but for EOF2. 858 
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Fig. 9  Composite anomaly patterns in the 850-hPa temperature and wind vector in East 868 

Asia at (a) the positive phase and (b) the negative phases of EOF2.  Shading denotes regions 869 

with a 5% level of statistical significance.  The shading interval for the temperature is 0.25 870 

K.  Thick vectors denote regions with a 5% level of statistical significance using a t test.  871 

The reference arrow is 1 m s
-1
.  Also shown are the climatological wintertime 850-hPa 872 

temperature distributions (contour). 873 
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Fig. 10  Composite differences of the filtered 200-hPa geopotential height anomalies on day 885 

-5, day 0, and day +5 between the active and inactive phases of tropical convection (former 886 

minus latter) based on the OLR index.  The shading interval for the geopotential height is 20 887 

m with the zero contour suppressed.  Wave activity fluxes are also exhibited at the same 888 

level.  The reference arrow is 40 m
2 
s

-2
.  Fluxes of less than 5 m

2 
s

-2
 are suppressed. 889 
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Fig. 11  As in Fig. 10 but for the m-NAO index. 895 
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Fig. 12  Spatial pattern of the filtered 200-hPa geopotential height and OLR anomalies on 907 

December 16.  The shading interval for the geopotential height is 20 m with the zero contour 908 

suppressed.  Contour interval for the OLR is 5 W m
-2
 with thick black lines. 909 
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