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Abstract

The medanism of the East Asian wintenonsoonvariability in response to El
Nifio-Souhern Oscillation (ENSQjelatedtropical forcingis investigated usinglapanese
long-term re-analysis project dataadditionally aided byhe Japan Meteorologic#igency
climate dita assimilation ystem There are at least two different responsesnally
symmetric and symmetric of the Asian jet over South Asia tbe ENSQrelatedtropical
convective forcing duringthe Northern Hemisphere winter The zonally symmetric
responsg induced by zonally extendednomalousconvection fom the Philippine Sea
through Southern India andri Lanka is pronounced at the mature phase of ENSOhe T
zonally asymmetric response is intimately associated with anomalous convectbreld in
the vicinity of the Philippine and South China §eaccompanied bgn anomalous Walker
circulation cell between théMaritime Continentand tropical Indian Ocean When this
asymmetric response is prominent, EN&Mted anonlaus convection aa give rise toa
change inthe East Aian winter monsoon systerthrough stationary Rossby wave
propagation along the South Asian waveguideThe North Atlantic Oscillation
(NAO)-related extratropical forcing also acrucial factor anccontributes not oml to the
downstream development of subpoldetennectionsacrossnorthern Eurasia buwlsoto the
reinforcemenbf the zonally asymmetric patteafi the Asian jebver South Asia, resulting in
a significant effect on the East Asian winter monsoon circiide. A combination of the
ENSO and NAOrelated facing plays a vital role in triggerg the occurrence of
extraordinary anomalous monsoon circulations, such as extremely heavy snowfall of the

2005/06 winter in Japan.
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1. Introduction

Severe cold sues and associated heavy snowfall, which are intimately associated
with variations of the East Asian winter monsogystem havefrequently causederious
damage to crops, daily lifand economic activities in East AsiaAlthough the East Asian
winter morsoon variability habeen described by many authdbs question of with one of
the proposedmechanismss more essentiato understandits variability andexplore its
potential predictabilitystill remains Various lowfrequency extratropical telecorsi®mns,
such as the Pacific/North American (PNA), the Western Pacific (i) the Eurasian (EU)
patternge.g.,Wallace and Gutzler981;Barnston and Livezey987;Kushnir and Wallace,
1989] may regulate the monsoon interannual variabilitiereashe Arctic Oscillation (AO)
andbr the El Niio-Southern Oscillation (ENSO) masoplay a partial role in the behavior
of the monsoon systenfe.g., Wang et al.,2000; Wu and Wang2002] If we examine
correlations between the East Asian winter monsooiahitity and each phenomenaited
above statisticallysignificantcorrelationamaybe obtained in all casesln fact, a number of
studies havéound out various significant correlations [e §ishimori and Kawamural993;
Zhang et al.1996;Kodera,1998; Wang et al.2000;Yang et al.2002;Wu and Wang2002;
Jhun and Lee2004. Even though the results exhibteaningfulrelationshipshowever,
they might causefurther confusionbecause we have to consider manel morgparameters to
governthe monson variability To avoid such confusiorit, is necessary to go back tioe
starting pointi.e., thatthe origins of the teleconnection patterns are located to the far west of
East Asia, since the group velocities of stationary Rossby waves are eastwhbsgek such
origins of the major teleconnections that give rise to the interannual variations of the East
Asian winter monsoon.

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

jet and a subtropical jet, enablatonary Rossby waves to propagate eastwafdhe former
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4
waveguide favorshe establishment and persistence of an extrataebpeleconnection, which
may be identified with the Eurasian type 1 (EVor type 2 (EWR) patterns Barnston and
Livezey,1987, while thelatter onefacilitates eastward propagation of stationary waves from
the vicinity of Europe [e.g.Hsu and Lin,1992; Branstator,2002; Watanabe2004]. It is
possible that these teleconnection patterns propagating eastwhardugh subpolar and
subtropical routeplay an active role in the East Asian winter monsoon variabilifihis
possibility will be presented in a later sectjomsing an appropriate index of the monsoon
intensity. Thus the present study focusem the important roleof the teleconnection
patternsin the lowfrequency variability of the East Asian winter monsooin particular,
we specifically highlight the subtropical jet over South Adli@ §o-called Asian jet), which is
the strongest jet in the Northern Hemisphere wjnémd examine the Asian jet variations
relevant tathe subtropicateleconnections The question of how thieleconnectiorpatterrs
through the subtgcal route are excited and saied has nobeen answered satisfactorily
in contrast to the cagbrough the subpolar roufe.g., Takaya and Nakamur2003. It has
alreadybeenreported that the variability of the Asian jet over South Asia has an appreciable
signal of ENSO in winter and spring [e.@Vebster and Yand,992;Yang et al.1996]. If
ENSOrelated tropical forcingan affect the establishmeamd persistence of the subtropical
teleconnections alontpe Asian jetjt might be interpreted that the winter mons@®ystemin
East Asiais partially controled by ENSCthrough the South Asian waweige. One of the
alternate views mawglso be that the North Atlantic Oscillation (NAO) gives a significant
impact on the Asian jetfatanabe2004]. Inspectingossible mechanisms of the Asian jet
variability over South Asiacould lead to proper underating of the East Asian winter
monsoon system.

In the presenstudy, we will first showhow the East Asian winter monsoon intensity

is closely linked with the Asian jet variabiliver South Asiapresenting a regression map of
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5
200-hPa stream function anmlies with an appropriate winter monsoon index. As a next
step, wewill apply an empirical orthogonal function (EOF) analysis to the stream function
anomaly field and extract the leading modes of the Asian jet variability. wiksbe
mentioned in latesections, the first two modes account for the remote response of the jet
ENSOrelatedtropical forcing, butonly the second modexhibits a typical stationary wave
pattern and plays a vital role in the Easiah winter monsoon circulation We will provide
the reasons thatch differences occur despite the similar forcing originated from EAIO
then discuss the relative role of the ENB#ated tropical forcing in stemning the
subtropicakeleconnection along the Asian jet, together it of NAO-related extratropical
forcing.

Section 2contains aescription ofthe data used armhalysis proceduse Section 3
is dedicated tahe overall features of the two leading EOF modes that account for the
interann@al variability of the Asian jetand examnes how the ENS®elated forcing
contributes substantially to the stimulation of a stationary Rossby wave propagation along the
jet. Section 4is an examination ofhe effects of combined ENS@elated tropical forcing
and NAOrelated extratropical forcingn the East Asian winter monsoon circulatiofhe

discussiorand summanarepresentedn Sectiors 5 and 6, respectively

2. Data usedand analysis procedure

The interannual variation®f the winter monsoon ciralation and associated global
circulation are invesigated using data fronthe Japanese lorfigrm ReAnalysis project
(JRA-25) [Onogiet al.,2007 with a spatial resolution df.25° longitude byl.25° latitude for
the period of 1972004 and data from the Japan Meteorological Agency Climate Data
Asdmilation System (JCDAS) with the same resolution for the period of -2003

Comparatively homogeneous atmospheric circulation data is available over 29 years
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6
(19792007) using both the JRA5 and JCDAS data.Onogi et al.[2007] demonstrated that
the RA-25 data is reliable as well as other reanalysis data and alsoamsadvantages.
For instance6-hour forecast totaprecipitationcompares well with observation, having the
best correlation scores among the other reanalyses especially in the tibpetsmeans that
JRA-25 is expected to be a reliable reference for lzagde tropical circulations.

In addition,monthly outgoing longwave radiation (OLR) datee usedvith a spatial
resolution of 2.5x 2.5° observed fronthe National Oceanic and Atmpheric Administration
(NOAA) satellites for the period 1972007 anddatasets fronthe Hadley Cemt Sea Ice and
Sea Surface Temperature (HadISEayner et al.2003 with a spatial resolution df° x 1°
for the same period. Furthermore,we use monthf mean surface air temperature data
derived from thel5 observational stationsf JMA, as indicated in Fig..1 The JMA
observational stations used for this study are divided into three redianthern Japan
(Abashiri, Nemuro, Suttsu, Yamagat@nd Ishimmaki), Eastern Japan (Fushiki, Nagano,
Mito, lida and Choushj) and Western Japan (Sakai, Hamada, Hikone, Tadoésul
Miyazaki).

In this study, we use a useful indexhich providesan appropriate measure thfe
East Asian winter monsoon intensityroposed byWatanabe[1990]. This monsoon
intensity index is defined as the difference in sea level pressure (SLP) betlugshk in
Russia andNemuro in Japarflrkutsk minus Nemuro) It has long been known that the
winter monsoon circulation East Asiais governed by a combination bbth the Siberian
high and Aleutian low systemsWhen both synoptic systems are enhanced, northwesterly
monsoonal winds prevail in East Asia, particularly Japan, through the intenseesast
gradient of SLP between the Asi continent and the North Pacific OceafVithin the scope
of the present studyhis simple definition appears to lbea®nable and the usefulness of the

monsoon indexhas been assesxt by Hanawa et al.[1989 and others Hereafter, for
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7
convenience, weefer to the monsoon index as the MO index, as nametlVatanabe
Since the reanalysis data is used in this studydefinethe indexas the difference iSLP
between two grid points ofl05°E, 52.%N) nearlrkutsk and (45°E, 43.75°N) near Nemuro
Jhun and Lee [2004defined a new East Asian winter monsoon index (EAWMI) as the
difference in the areaveraged 30@Pa zonal wind speed between two natlith boxed
regions across Korea and JapaA comparison othe MO indexandthe EAWMI points to
their similarity regardingthe time series. Theorrelationcoefficient between the MO index
and the EAWMI is0.81 on a DJF mean basis.As for December, the correlation reaches a
value of 0.90.

To aid in the analysis of theterannual variations of the Asiget, we applied an EOF
analysis to monthly mean stream function anomalies at 200 hPa within a specific region (30
-15C°E, 1@ -4(°N). Anomalies are relative to the climatology of 19M®7. Since the
time coefficients(i.e., principal component scojesf each EOF mode atandardizedwe
defined amonthfor which thecoefficient isgreaterthan+1.0 or less tharl.0as aspecific
event in whichthe spatialpatterrs explained by EORpredominateover South Asia To
clarify how the leading modes derived are related to global atmospheric circulatethgn
constructed composite maps fibre monthly meangeopotentialheight, velocity potential,
OLR, sea surface temperatur&ST), and other variables. To save space, most of the
composite anomaly maps for respective phases are not presented Asi@n additional
analysis, weappled asimple lowpass filter (the31-day running average) tdaily dataand
examineda lowfrequency(LF) component(longer thanabout one monjhof extratropical
stationary wave patterngecause the analysis of using monthly data has its limitations
regarding thedetailed features of the wav@opagation It is noteworthythat the LF

component is 3tlay filtered data, buthe annual cycle is removed in the LF component,
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173 using the climatology 0fl9792007. The LF component is largely dependent on the
174 interannual variabilityalthough it contais part of the intraseasonal variability.
175
176 3. Dominant patterns of the Asian jet variability over South Asia
177 a.Anomalous circulations related theMO index
178 Figure 2 shows the spatial patterns thfe Decembetto-February (DJF) meaBSLP,
179 500-hPa geoptntial heightand 206hPa streanfunction anomalies regressed onto the MO
180 index. The time series of the MO index tme DJF mean bas is also demonstrated (Fig. 3
181 As expecteda significant positive anomaly of SLP over northern Eurasia and a negaig/
182 over the North Pacific Ocean are located, implying predominance of the East Asian winter
183 monsoon due to the development of both Siberian high and Aleutian low systems. In the
184 middle of the tropospher@-ig. 20), a remarkable negative geopotentiaighe anomaly
185 covers Japan and sirrounding regionand the deepenirtgough around Japan facilitates the
186 intrusion of cold air into East Asia from higher latitudeg&nother notablefeatureat the
187 500-hPa levelis the appearance of a sysggic wavetrar pattern acrossorthern Eurasia,
188 which maybe identified withthe EU1 or the Northern Asian (NA) teleconnection patterns
189 named byBarnston and Livezey1987]. It is noteworthy that significant podive and
190 negative anomaliealso emergeover the NorthAtlantic Ocean and their spatial pattern is
191 somewhat similar tthat ofNAO. The coexistence of treboveextratropicakeleconnection
192 through the subpolar routand the NAO-like pattern mightbe suggeste of possible
193 implications of NAO in the East Agiawinter monsoon variability, which will be discussed in
194 alater section.
195 The regression map of 200Pa stream function anomalies with the MO indaxthe
196 other handjndicates a different feature in subtropical region&n immediate indication is

197 the prominerce of an anomalousnticyclonic circulationover southern China and Southeast
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9
Asia. The anomalies are further extendeguatorward and eastward into the western
tropical Pacific It seems thus,that the presence of significant circulation anoesain
lower latitude regionsuggesta linkage between the East Asian winter monsoon system and
a tropical system. Acyclonic circulation anomaly is also indicated over the Arabian Sea.
The systematic distribution of hbse anomaliesmay reflect atelecanection pattern
propagating eastwarthrough the subtropical royten association with the tropical system
To clarify this issuewe will examine thedominant modes that represeaht interannual
variability of the Asian jet over South Asia the nextsubsection Using Jhun and Le&
index, we also made a similar analysis and confirmed that the obtained features coaticide w
with those of Fig. 2, indidang that the results do not depend on the choice of a particular

monsoon intensity index.

b. Extraction ofthetwo types ofresponses of the jet

As reportedin Section 2, we applied an EOF analysighe wintertimemonthly mean
200-hPastrean function anomaliewithin a specific region (30-15CE, 1¢ -40°N) and, as a
result, focused on the firsivo EOF modes only becausiee contributions of the remaining
modes tahetotal variance are considerably low and we find thase modes are statistically
insignificant, usingNorth et afs [1982] method. The first and second modeashichaccount
for 585% and 12.6% of the total variance, respectivaig very robust even though the EOF
domain was somewhat changedVe then extractedhe typical events of each mode, based
on their time coefficients. It should be remembered that Wefineda monthfor which the
time coefficient is greater than1# or less thanl.0as aspecificevent. Twelve andl1l
events are selected @ positive and negative phases of EOF1, respectively. As for EOF2,

we selected 4 and13 events ashepositive and negative phaseaespectively
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The wpper panelin Fig. 4 showsthe compositedifference in 20€hPa geopotential
height between the posié and negative phases of EOthether withthe climatological
DJF mean westerlies at the same levéh addition vectorsare denotedhat indicatethe
wave activity fluxesat 200 hPadefined by Takaya and Nakamur§2001]. A zonally
elongated positive height anomaly is locatdoing the Asian jet from the Arabian peninsula
throughthe East China Sea Eastward wave activity fluxes are present along the subtropical
waveguide,but their magnituds are small. Although some height anomalies are also
indicated over Europe and northern Eurasia, no systematic and meaningful patterns of those
anomaliescould be detected The lbwer panel is the same as the upper pareeptfor
EOF2. A noticeable fature is that a systematic wavetrain pattern, characterized by two
negative height anomalies over the Arabian Sea and Japanpasitige one over southern
China, prevails along the Asian jet.Salienteastward wave activity fluxes distributedong
the jet allow us tointerpret itasstationary Rossby waves propagating toward Japaithe
North Pacific trappeth the subtropical waveguide . Another wavetrain pattern accompanied
by eastward fluxezan also be seeaver Europe and northern Eurasvahich is clearly
distinguished from the subtropical teleconnectioBuch a subpolar wavetraiappears to
correspondo the EU1 or the NA teleconnection pattern that has already been pointég out
previous researcherde.g., Barnston and Livezey]l987]. An intriguing feature is the
similarity between this figure and Figc2lespite the fact that the analyses were entirely
different. This similaritysuggests that EOF2 is more closa$sociated with theterannual
variations of the East Asian winter monsoorcalation than EOF1s. We theninspeced

how each mode is related to global atmospheric circulations.

c. Global features related tBOF1

1C
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Figure 5 demonstrates the time coeffictenof EOF1 for December, Januagnd
February In Decemberthe variabiity is small, wheregsin January and Februamnt is
much larger. As a consequence, many typical ewshen the coefficient is greater than
+1.0 or less thanl.0 were selected from January and Februa§imultaneous correlation
coefficients between EBL and the Nio-3 SST index, which is one of the ENSO indices, are
-0.72 for January and.55 for February (see Tiabl), indicating a close relationshyetween
the two at the mature phase of ENSO

To confirm that EOF1 fluctuates along widmomaloustropical circulations, we
present, inFig. 6a, thecomposite difference ithe 200-hPa geopotential height between the
positive and negative phases of EOFThe heavy and light shad denote statistically
significant regions with99% and95% confidence leve] respectively. Very significant
negative anomalies cover the entire tropics. A nsdith dipole structure of the
geopotential height anomalies over the central tropical Pacific is a typical signature of the
upper tropospheric response to ENSO [&Kgmar et al.,1996;Kawamura et al.1997;Lau
and Nath,2000. In a similar fashion the middle panelin Fig. 6 shows the composite
differences in OLR andhe 200-hPa velocity potential. A markedly negative anomaly of
OLR expands westward into the trogi Indian Ocean from the Philippine Sea and South
China Sea, while a positive anomaly is observed over the ceramtdal Pacific. The
anomaly field of the uppédevel velocity potential is quite consistent with that of OLR, which
demonstrates an anotoas Walker circulation cell accompanied &ylivergent anomaly over
the Maritime Continentand a convergent anomaly over the central tropical Pacilibe SST
anomaly distributionn Fig. 6 also exhibits a typical pattern of La Nina mature phase.

The resultsreportedabove provide clear evidentieat EOFlaccounts foithe major
dynamicresponse of the Asian jetver South Am to ENSO at its mature phasad are

consistent withthose fromprevious studies [e.gY,ang et al.1996; Kawamura,1998 Wang

11
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271 et al.,200Q Barlow et al.,2003. Since anomalous convective heat{imferred from OLR
272 anomalies) over thMaritime Contineniand tropical Indian Oceashifts northward from the
273 equator, an equatorially asymmetric response of the upper troposphespital forcing is
274 theoretically expectedMatsuno, 1966; Gill, 1980]. Indeed, an anomalous anticyclonic
275 circulation is appreciably pronounced alotfye Asian jet, as seen in Figa,6but no
276 systematic and significant circulation anomalies are found thesisouthern Indian Ocean
277 south of 26S. A logical question isvhy the uppe tropospheric response represents
278 EOF1 is zonally elongated.lt is probablybecause the response depends stronglyhen
279 geographicatonfiguration ofthe convective heat smce, i.e., the zonally extendediomalies
280 of OLR from the Philippine Sea through the vicinity ®fi Lanka although, of course, the
281 interaction between the wave energy and the syngptte disturbances and logal stream
282 possibly modifies the Rosshyave responseBjarlow et al.,2002] For conveniencewe
283 hereafterefer tothe response of EARasthe zonally symmetricesponse.
284
285 d. Global features related to EOF2
286 The time coefficients of EOF2 for each winter month are showfign 7. In
287 Decemberthe variability tends to be amplified after the rl®9Gs, athough its cause is
288 unclear December 20Q5vhenthe coefficient amounts to about +1i$ well known as a
289 cold month with severely heavy snowfalbn the Japan Sea coaef central Japan.
290 Conwrsely the amplitude in February is fairly small during the 200®sceptfor 2007.
291 Japanexperiencedan extremelywarm winter during the period from December 2006 to
292 February 2007. Likewise, althougihe high values persist for three months in the
293 1980/81 winter,extraordinaity heavy snowfall hit the Japan Sea coast of central Japan and

294 causedserious disaster Focusing on a crossorrelation between EOF2 and thefiH3

12
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295 SST index (see Table 1 again), its coefficient redehealue 0f-0.67 for Deemberbut was
296 relativelylow for January and February. This is in contrast with EOFL1.
297 Figure 8a is a display othe composite difference ithe 200-hPa geopotential height
298 between the positive and negative phases of EOBBth the subtropical and subpa
299 wavetrain pattern®ver the Eurasian continendlready describeth Fig. 4 have a fully
300 statistical significance. In the tropics, significant anomalies naagnly confined to the
301 Maritime Continentand the eastern tropical Indian Ocgamd there areo systematic
302 anomalies over the tropical Pacifizvhich exhibits a very different feature from EOF1.
303 Further difference between the two modes can be seen in the OLR anchR0velocity
304 potential anomaly fields (Fighd. A distinctive negatie OLR (dvergent) anomaly emerge
305 over the Philippine Sea amdaritime Continentwhile a positive OLR (convergent) anomaly
306 covers the entire region of the tropical Indian Ocean. Such afrwesttseesaw pattern
307 between theMaritime Continentand tropical IndiarOceanis indicative ofthe development
308 and persistence of an anomalous Walkex circulation cell. Because another positive OLR
309 (convergent) anomaly is located over the central equatorial Pacific, we anticipate another
310 anomalous eastest circulation cé over the Pacific Ocean The lbwer panelin Fig. 8
311 shows the composite anomalies of SSThe SST anomal distributionsin the Pacific sector
312 indicatea La Ninalike situation but their magnitude and significance are not very clear.
313 Weak but significat negative anomalies are indicated over the South China Sea and part of
314 the tropical Indian Ocean.
315 As reported aboveEOF2 is supposed texplain a significant part of the Asian jet
316 variability that is independent of EOF1The emarkablesignals of OIR andthe uppetlevel
317 velocity potential over thdaritime Continentand tropical Indian Oceandicate however,
318 that EOF2 also captures the extratropical response of the jet to anomalous convective heating

319 in the tropics as well as EOF1In the case ofEOF1, he zonally symmetric responeéthe

13
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Asian jet is primarily attributedo the convective heat soureenally elongated into the
tropical Indian Ocean, wheredke zonally asymmetric pattern (EOF2) appearing in the
variability of the jet is in conjuction with the easivest seesaw pattern tfe heat source
between the tropical Indian Ocean and kharitime Continent We cannot disregard any
significant roles of ENSO isuch azonally asymmetric response of the Asian jet because
Table 1 reveals a cde relationship betwedhem especiallyin December. It is certain that
the OLR and velocity potenti@nomaly patterns shown in Figb &re often observed the
growth phase of ENSO (late fall and early wintemhich will be discussed laterWe
emphaize, & any ratethat there are at least two different tgpe responses of the Asian jet
to tropical convective forcing, i.e., the zonally syetric and asymmetric responses, although
it is possible that suclhesponsge are somewhatmodified by the inteaction betweerthe
Rossbywave energy and th&/nopticscale disturbances and local jet streas mentioned

earlier

e. Regional features in East Asia related to EOF2

In Section 3h we pointed out a possible impact of EOF2 on the East Asian winter
monoon, as inferred from the ftarn similarity between Figsczand 4. Table 2, indeed,
confirms very high correlations between EOF2 ahe MO index. The correlation
coefficients for December, Januagnd February ar8.59, 0.41and0.49, respectively. In
contrast, we have no significagbrrelationsbetween EOF1 andhe MO index. This
suggestghat ENSO cannot easily influence the East Asian winter monsoon system through
the subtropical route over South Asihen the upper tropospheric response efAlsian jet
to the ENSO forcingis zonally symmetric

A closer look aFig. 8 shows thathere aresignificantnegativeSST anomalies ithe

vicinity of Japan, including the Japan Sea #mEast China Sea, although their magnitudes

14
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345 are somewhat small If the East Asian winter monsoon is very active, enhanced
346 northwesterly windsgive riseto the heat loss of the ocean, mainlytie form of surface
347 sensible and latent heat transfer, eventually inducing the decrease in SST over the East China
348 Sea, thelapan Seaand tleir vicinity. Figure 9 containsthe composite anomalies ithe
349 850-hPa temperature and wind vector at the positive and negative phases of HOF2.
350 addition, the climatological wintertime 850-hPa temperature distributiorsse denoted In
351 accordance with its positive phase, northwesterly anomalies prevail over the eastern coast of
352 China, Koreaand Japan Negative temperature anomalies due to cold advection expand
353 almost the entire region of northern East Asiad the center of those analies is located
354 around Western andsouthern Japan. As for the negative phase of EOfRz2g. %), we can
355 obtain quite a mirror image with opposite sign3able 3 also indicates very significant
356 correlations between@®2 and surface air temperature vaoias in Northern,Eastern and
357 WesternJapan in all winter months. Specifically, higher correlatns with EOF2 are
358 obtained forEastern andVestern Japargnd these results acgiite consistent witlthoseof
359 Fig. 9 These features strongly suggest tidten the extratropical response of the Asian
360 jet to anomalous tropical convection is zonally asymmethe,corresponding subtropical
361 teleconnection affectshe East Asian winter monsoosystem through the&outh Asian
362 waveguide This table also confirmghat the MO index is well correlated with the
363 wintertime surface temperature variations in Japan. Hoteworthythat the MO index
364 accounts for about 70% tfe Decerber temperature variability iBastern Japan.
365
366 4. Combined effects of ENS@and NAO-related forcing
367 As seen in Figdb, the stationary wave patteatso prevailghrough the subpolar route
368 over northern Eurasiaoncurreny with the predominance of the subtropical teleconnection

369 along the Asian jet. It is uncertain why both the subpoland subtropical teleconnection
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patternstend to appeaat almost the same periodAnother interesting feature is thdtet
wave activity fluxes in Fig. # indicate an eastward propagation of stationary waves from
Europe to the Arabian Sewhich appear taeinforcethe subtropical teleconnection over
South Asia. Likewise, the NAQGIike pattern is also evident over the North Atlard&spite
the application of an EOF analysis for theuh Asian sectoras can be seen in Figa.8 We
cannot disregard suchsignificant relationship of it with EOF2 and the East Asian winter
monsoon activity although our primary concern was mextessariljthe behavior of NAO.

In this sectionwe thus examine hoateleconnection emanating outarf extratropical origin
is related tothe zonally asymmetric patteafithe Asianjetin conjunction withtheanomalous
tropical convection. To see the detailed temporalolutions of such teleconnection patterns,

we highlighted the variability with the LF component, as mention&ation 2.

a. ENSQrelatedtropical forcing
As mentioned earlier, when the EOF2 pattern is dominant, the OLR anomaly ldcalize

in the vicinity of the Philippine Sea appsaaccompaniedvith that with an opposite sign
over the tropical Indian Ocean. adering his result, we use a simple OLiRdex as an
appropriate measure of tropical convective forcing relevant to EOH2e index is concisely
defined as thelaily OLR values averaged over the regid®@® -140°E, 5° -17.9N). We
compute the standakviation ) of the low-passfiltered OLR indexin winter during the
29-year periodandthendefined a periogreater than .0 ¢ or less thanrl.0 ¢ as aspecific
event in whichanomalous tropical convecti@round the Philippine Sgaedominatesn the

LF component Following the above criterion, we extractéd and 16 events aghe active

and inactive phases of the tropical convection, respectively.
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Figure 10 showsthe compositalifferences ofthe filtered200-hPa geopotential height
anomalieson day-5, day Q andday +5between its active and inactive phagastive minus
inactive) along with the wave activity fluxeat the same level Here, day 0 denotes the
peakday when the OLR index exhibits a maximum aminimum value. As expected a
distincive positive height anomaly can be seen over southern China in response to
ENSOrelatedconvective heating over the South China Sea and Philippine $taeover
an anomalous negative heigtitess than80 moverNorthern Japan is persistent from day
to day +5, although its center gradually migrates eastward. Northward wave activity fluxes
prevail betweenhe two height anomalies, ibg indicative ofa remote influence of tropical
convection to the East Asian winter monsooinculation Another wavé&ain pattern
appeardrom the North Atlantic to northern Eurés but it is significantly different from the

spatialpatternshown in Fig. &, especiallyin the North Atlantic and Europe.

b. NAO-related extratropical forcing

Anothersimple index isalso used to see the time evolutions of the stationary wave
patterns emerging from the vicinity of Europe and the North Atlantic. We define it as the
difference inthe 200-hPa geopotential height betwewvo grid points of 40°W, 60°N) near
Greenlandand (L5°E, 50°N) over central Europé&ormer minus latter)considemg the center
of action ofthe NAO-like feature (Figs. 2b anda® It is noteworthy that, for instancthe
anomaly pattern over the North Atlantic in Fig. 8a does not necessarily exhibitcal typ
pattern of NAO. It looks like that the shape of the anomalies is modified as compared to
pure NAO. Thus, we use a different index froitihe secalled NAO index. For
convenience, we hereafter call imodifiedNAO (m-NAO) index in this study. Accadiing
to asimilar criterion tothat used irthe previous subsectiowe extracted.6 and14 events as

the positive and negative phases o tiNAO index, respectively. The mNAO index has

17
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418 no significant correlations with theLR index definedhs a measerof ENSOrelated tropical
419 forcing.
420 Figure 11 showsthe compositalifferences ofthe filtered 206hPa geopotential height
421 anomalieson day -5, day Q and day +5Sbetween itgositive and negative phases (positive
422 minus negativepf the mNAO index Also exibited are the wave activity fluxesat the
423 same level. A notablefeature is that the NAQDKke pattern predominates over the North
424  Atlantic Ocean from day5 to day +5. A remarkable negative height over central Europe,
425 which is part ofthe NAO-like signd, becomes a junction of energy propagation towhed
426 subpolar and subtropical routesEastward fluxes are evident along the subpolar route over
427 northern Eurasiaand the associated negative height anomalypdatedin the vicinity of
428 Korea The downstam development of the subpolar teleconnection influences the winter
429 monsoon circulation in East Aje.g., Takaya and Nakamur2005]
430 As for thesubtropicalroute, it isworthwhileto note that a significant negative height
431 anomaly is observed ovdrda Arabian Sea, wheretee positiveheight anomaly over southern
432 China B less clear than thah Fig. 10 This suggests thatlthough the NAGrelated
433 extratropical forcingndeed contributeso the stimulation of the subtropical teleconnection
434 along the Asian jet,the ENSGrelated tropical forcing is also necessary for reinforcing the
435 stationary wave propagationtrappedin the subtropical wavegde Watanabe[2004]
436 pointed out that the downstream extension of the NAO is accomplished bystptasiary
437 Rossby waves trapped on the Asian jet waveguide and excited by a vorticity source associated
438 with the NAO. He also noted that an anomalous vorticity soiurcte vicinity of the
439 Mediterrmnean is optimal in exciting the wavetrain on Asgan jet. His inding is basically
440 consistent withour results. It seems thus, that a combination ofthe ENSO and
441 NAO-related forcingplays an esseiat role in forming the zonally asymmetric pattern

442 (EOF2) appearing in theintertimeAsian jet variability
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c. A typical combined case

The results of Figs. 10 and ,1lbasedon both the OLR and +NAO indices, are
consistent with the idea that the EOF2 pattam be interpreted asmixture of the stationary
wave patterns excited by the EN$&ated tropical forcing antthe NAOrelated extratropical
forcing. To further confirm thatwe present typical combined everwhen both indices
have extreme values As mentioned earlier,ni December 2005, Japan experienced
extremely heavy snowfall along the coast of the Japan Sés monthly mean value dhe
MO index exceeding 2.8 times of its standard deviatindicates that the monsoon activity
in December 2005 was most pronounced in the past 50 geacgfigure not shownpandis
mainly responsible for the occurrence tbé extraordinaity persistent heavy snowfadnd
very cold conditions During that month, thetandardizean-NAO index hal a peak with a
value of 21 on December 3and thestandardizedLR index reacheits minimum value of
-1.9 on December 16 Figurel2 shows thefiltered 208hPa geopotential heiglaind OLR
anomalieson December @. As expeatd the vicinity of Korea and Japan is covered by a
noticeable negative anomalnd associatesubpolar and subtropical tetemection patterns
are coexistentgshowinga very similarspatial patterrio thatin Fig. 4. In addition, we also
had extremely heavy snowfall in Japan in January 1@8&n similar circulation patterns to
those inFig. 4o were observed. This allows us to suggest that combination of th
ENSOvrelated tropical forcing anthe NAO-related extratropical forcing is responsible for

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

5. Discussion
In the previous sections, we demonstrated thatcombination of the tropi¢aand

extratropical forcingresults in the development tie EOF2 pattern and $a significant
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impact on the change in the East Asian winter monsoon circulatitable 4 showshe cross
correlationsbetween each index atige surface temperature variatis inthe entire region of
Japan ora monthly basis. The mNAO index is significantly correlated witthe surface
temperature variability iDecember and January, atite OLR index has aomparatively
high correlation particularly in December. It is naeworthy that both indices are
independent of each other.The nultiple correlation coefficients derived from the
combination of the two indices abe62, 0.55and 0.4%or December, Januargnd February,
respectively these aresignificant valuesin all winter months,thus confirming the prime
importance of the axistenceof two differenttypes offorcing for the variability of the East
Asian winter monsoan

We would like to briefly discuss here whiyOF2 ha significant signals of ENSO
especially in early winter Kawamura et al.[2003] proposed a possible transition
mechanism of anomalous Walker circulation relevantrépospheric biennial oscillation
(TBO)-like ENSO. According to their studg, singlecell regime with an ascendirganch
over the hdian Ocean and a descending branch over the centtaastern Paic beginsto
emergefrom late spring to early summegorresponding to the onset phase of a cold event of
ENSO. As the cold eventurther developsfrom fall to winter a new eastvest érculation
cell builds up over the tropical Indian Ocean, resultinghe transition toa doublecell
regime with an ascending branch over iharitime Continentand two descending branches
over the western India@cean and the central and eastern Pacifithe doublecell regime
in late fall or early winters usuallyaccompanied bintense tropical convectidincalized in
the vicinity of the South China Sea atigk Philippine Segsee their Figll). It must be
stressedhat Fig. & reveals the fundamti features okuch a doubleell regime. Figure
13 shows the sameas in Fig. 8but for the December composite onlyThe doublecell

structure, which is characterized by two convergent anomalies over the tropical Indian Ocean

2C



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

21
and the central equatoriBlacific and a divergent anomaly over taritime Continentis,
overall, better organized thahat in Fig.8b. Associated with this doubleell structure, a La
Nina conditionemergs in the equatorial Pacific, which is similar ttee situation shown in
Fig. 8&. This is presumably why the simultaneous correlation between the3NEST
index and EOF2 time coefficients is particularly significant in Decembe®ince
ENSOrelated anomalous convection, suchtlest shown inFig. 13, tends tofacilitate the
prominence of the subtropical teleconnection along the Asian jbedevelopingphaseof
ENSQ eventually giving rise tdghe anomalous winter monsoon circulation in East Asia,
appearghatthe correlationbetween the Nio-3 SST index and surface tperature variations
in Japan becomes significant in early winter (December) only (see Table 4 again).

If the turnabout of ENSO commencaiter Decembetthe localized active convection
area over the Philippine Sedisappears orshifts eastward Thus it seens that the
relationship between ENSO and EOF2 becomes vague in January and February. Conversely,
if ENSOstill persists and reaches its mature phase around January and Febeuaopally
elongatedanomalous convection tends to develapm the Philppine Sea tdhe vicinity of
Sri Lanka as seen in Fig.l6 In this case, the ENSO signalesnbeddedn EOF1 which
explains the zonally symmetric response of the Asian jétedropical convective forcing,
consisterly with the results of Table.1 Althoughthe Nifio-3 SST index i®bviously very
usefulas one of the ENSO indices, must be borne in mindghat the indexcannot fully
represent the geographical configuration of anomalous convective heating over the Philippine
Seathe South China Seand thetropical Indian Ocean Whetherthe ENSO signal is more
embeddedn EOF1 or EOF2 depends criticathy its configuration.

Although our findings might appear to lsconsistent with those divang et al.
[2000], who proposed the PacifiEast Asian teleonnection mechanisrhis is not the case.

They clarified the role of the western NortlacRic anticyclone in the East Asian winter
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monsoon through the lower troposphere, while this study highlights possible teleconnections
via the upper tropospheric weguide over South Asia.As they pointed out, the western
North Pacific anticyclone (cyclone) can be seerhat negative (positive) fase of EOF1
(figure not shown) which is well correlatedwith the Nfio-3 SST index particularly in
January and February The MO index howeverhas no significantorrelationswith EOF],
as stated earlierthus, the monsoon index used in this study may reflect the anomalous
monsoon features in the northeastern part of East Aspecially Korea and Japamather
than those inits southern part. According to their study, lovevel southerly (northerly)
anomalies along thevesternperiphery of thewesternNorth Pacificanticyclone(cyclone)
contribute mainly to the lower tropospheric warming (cooling) in the southerrop&ast
Asia. It seems, in contrast, thdhe teleconnection mechanism proposkere is more
necessary founderstandinghe winter monsoon variability in the northeastern part of East
Asia.

The NAO-related extratropical forcing is also an importantdaad understanding the
variability of the East Asian winter monsoon as well as the E&S&ed tropical forcing.
Watanabg2004] noted that the downstream extiamsof the NAO signal is more evident in
late winter. His result may beonsistent with thdact that the variability of EOF2 ialso
large in February (see Fig.c}, even thoughthe ENSO signaln late wintertends to be
embedded in EOFL1.In the previoussection, we showed typical combined evemtf both
types offorcing. However, f the EN®-related anomalous convectiomhich isexpressed
by the OLR indexhadan opposite sigin that eventit would inhibit the appearance of the
stationary wave pattern along the Asian jet. Even though the sign is not opposite, if the
convection anomaly &e zonally elongatedthe zonally symmetric respangEOF1)of the
jet would be dominant, eventually disturbing the eastward propagation of stationary waves

from Europe. Our results strongly suggest ththe occurrace of extraordinary anomalous
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monsoon trculations in East Asia is dependent on how the EN&@xed tropical forcingnd

NAO-relatedextratropicaforcing are combineduringthe Northern Hemisphereinter.

6. Summary

To clarify the dominant mechanisms of the East Asian winter monsoorbiiyrian
interannual timescales, we investigated the wintertime Asian jet variability over South Asia in
terms of tropical and extratropicabrting using JRA25 and JCDAS data. Theajor

findings in this study arbriefly summarized as follows:

There are at least two different typef responses of the Asian jever South Asiao

ENSOrelated tropical forcing, i.e., zonally symmetric (EOF1) and asymmetric (EOF2)
responses. The former and latter responses tend to dominate at the mature lapthgeve

phases of ENSO, respectively.

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

Asian winter monsoon circulation tugh theSouth Asia waveguide

When the zonally asymmetric response is dominant, ENS#Ded aomalous convection

strongly influences the East Asian winter monsoon thmnotige stationary Rossby waves

trapped on the Asian jet over South Asia

The NAO-relatedextratropicalforcing is also arucial factor and contributes not only to

the downstream alelopment of subpolar teleconnections along the polar front jet over
northern Eurasia bwlsoto the reinforcemnet of the zonally asymmetric pattern of the Asian

jet over South Asia.
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The combined effects of ENS@nd NAGrelated forcing are intimatelysaociated with

the occurrence of extraordinary anomalous monsoon circusat#og., the extremely heavy
snowfall ofthe2005/06winterin Japan).

Althoughthe results derived from this study allow us to understand the importance of
not only the ENSQelated tropical forcing but also the NAf@lated extratropical forcinfpr
the East Asian winter monsoon activity, it is stiicertainhow the stationary Rossby waves
excited by these twdypes of forcing interact with each other within the subtropical
wavegyuide over South Asia. This study focused specifically on the winter monsoon
variability with periods longer than about onentig butit should be borne in minthat its
variability contains both interannual amdraseasonal variability. The questioaof how the
MaddenJulian cscillation is associated with the ENS€lated anomalous convection and
how midlatitude intraseasonal variationmodulate the subpolar and subtropical
teleconnections across the Eurasian contimentainto be answered Further ntensive

studies on these issues are required.
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Table 1 Crosscorrelation coefficients étween the Nio-3 SST index and each EOF mode
for December, Januagnand February. Note that double and single asterisks dertbee

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

Nifio-3 SST index

December January February
EOF1 -0.39 -0.72** -0.55**
EOF2 -0.67** -0.09 -0.32

Table 2 Crosscorrelation coefficients between the MO index andheBOF mode for
December, Januaryand February. Note that double and single astessklenote the
coefficient with1% and 5% levels of statistical significance, respectively.

MO index
December January February
EOF1 0.08 0.12 0.20
EOF2 0.59** 0.41* 0.49**
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676
677
678
679
680 Table 3 Crosscoarelation coefficient®f wintertime monthlysurface aitemperatur¢SAT)
681 variations in Japawith the MO index and each EOF modeNote that double and single

682 asterisks denote the coefficient with 1% and 5% levels of statisignificance, respectively.
683

SAT (Northern Japan SAT (Eastern Japgn 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
687 Table 4 Crosscorrelation coefficients of wintertime monthdyrface aitemperatur¢SAT)

688 variations in Japan Wi the Niio-3 SST, OLR and mNAO indices Note that double and
689 single asterisks denote the coefficient with 1% and 5% levels of statistical significance,

690 respectively. Her e, fAal | st aGstatomsshowniifigdli cates t he 1
691
SAT (dl stationsin Japa
December January February

Nifio-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

29



694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

3C

Figure Legends

Fig. 1 JMA observational stations iNorthern, Eastern and Western Japan used for this

study.

Fig. 2 Spatial patterns othe wintertime (Decembeitto-February) mean (a) SLP, (b)
500-hPa geopotential heighand (c) 20enPa strem function anomalies regresseda the
MO index. The @ntour intervas for SLP,the 500-hPa geopotential heighandthe 200-hPa
stream functiorare0.5 hPa, 5m, and 0.5x1®& m’s*, respectively. Heavy and light shadings

denote regions with 1% and 5% levels of statisticaliggmce, respectively.

Fig. 3 Interannual time series tfe standardizedJF mean MO index during the period of

1979/8062006/07.

Fig. 4 (a) Spatial pattern ofhe composite difference ithe 200-hPa geopotential height

between the positive and negative phases of EOF1 (former minusilatiee)vicinity of the

EOF domain 3C° -15C°E, 1@ -40°N). The ®ntour interval is 20 nwith the zeo contour

suppressed Wave activity fluxes are shown at the same level. The reference arrow is 40
252

m°s“. Shading denotes regions of climatological DJF mean westerlies -#P200 (b)As

in (a) but for EOF2.

Fig. 5 Time coefficients of EOF1 for (a) @ember, (b) Januarand (c) February.
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Fig. 6 (a) Global feature othe composite difference ithe 200-hPa geopotential height
between the positive and negative phases of EOF1 (former minus lafteg. ontour
interval is 20 mwith the zero contousuyppressed Heavy and lighshadings denote regions
with 1% and 5% levels of statistical significance, respective{i) As in (a) but for OLR
andthe 200-hPa velocity potential. The ontour interval fothe velocity potential isL.5x16
m?s®. (c) As in (a) but for SST. The ®ntour interval is 0.3 Kwith the zero contour

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

significance, respectively.

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

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

Fig. 9 Composite anomaly patterns the 850-hPa temperature and wind vector in East
Asia at (a) the positive phase and il negative phases of EOF2Shading denotes regisn
with a 5% level of stastical significance. The $iading interval fothe temperature is 0.25
K. Thick vectors denote regienvith a 5% level of statistical significance. h& reference
arrow is 1 m 8. Also shown arethe climatological wintertime 85®G\Pa temperature

distributions (contour).

Fig. 10 Composite differences of the filtered 268Ba geopotential height anomalies on day

-5, day Q and day +5 between the active and inactive phases of tropica¢ction (former

minus latterbased on the OLR index The $ading inerval forthe geopotential height is 20
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m with the zero contousuppressed Wave activity fluxes are also exhibited at the same

level. The reference arrow is 4Gsn.

Fig. 11 As in Fig. 10but for the mNAO index.

Fig. 12 Spatial pattern of theltered 206hPa geopotentidheight and OLR anomalies on
December 16 The $ading interval fothe geopotential height is 20 mith the zero contour

suppressed Contour interval fothe OLR is 5 W n¥ with thick black lines

Fig. 13 (a) Composite diffeences in OLR andhe 200-hPa velocity potential between the
positive phase (5 eventgnd negative phase (4 events) EOF2 for December only. The
contour interval forthe velocity potential is £10° m’s2.  (b) As in (a) but for SST. The
contourinterval is 0.5K. Heavy and light shadings denote regions with 1% and 5% levels

of statistical significance, respectively.
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782

783 Fig. 2 Spatial patterns ofthe wintertime (Decembeto-February) mean (a) SLP, (b)
784 500-hPa geopotential heighaind (c) 206hPa stream function anomalies regressed into the
785 MO index. The @ntour intervad for SLP,the 500-hPa geopotential heiglandthe 200-hPa

786 streamfunctionare0.5 hPa, 5 mand 0.5x1®m?’s™, respectively. Heavy and light shadings
787 denote regions with 1% and 5% levels of statistical significastey at test respectively.
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797 Fig. 3 Interannual time series tiie standardizeBJF mean MQndex during the period of
798 1979/8062006/07.
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(a) EOF1 ZZOO & WAF200
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(b) EOFZ ZZOO & WAF2OO
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Fig. 4 (a) Spatial pattern ofhe composite difference ithe 200-hPa geopotential height
between the positive and negative phases of EOF1 (former minus latter) in the vicinity of the
EOF doman (3C° -15C°E, 1@ -40°N). The mntour interval is 20 m with the zero contour
suppressed. Wave activity fluxes are shown at the same level. The reference arrow is 40
m’s?.  Fluxes of less than 5 %Y are suppressed. Shading denotes regions of
climatdogical DJF mean westerlies at 28Pa. (b)As in (a) but for EOF2.
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829 Fig.5 Time coefficients of EOFL1 for (a) December, (b) Januang (c) February.
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Fig. 6 (a) Global feature othe composite difference ithe 200-hPa geopotential heig
between the positive and negative phases of EOF1 (former minus lafteg. ontour
interval is 20 m with the zero contour suppressed. Heavy and light shadings denote regions
with 1% and 5% levels of statistical significance, respectively. A¢)n (a) but for OLR

andthe 200-hPa velocity potential. The @ntour interval fothe velocity potential is 1.5x10

m?s™. (c) As in (a) but for SST. The ®ntour interval is 0.3 K with the zero contour
suppressed. Heavy and light shadings denote regiohsl#tand 5% levels of statistical

significanceusing at test respectively.
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Fig. 7 Time coefficients of EOF2 for (a) December, (b) Januang (c) February.

1952 1394 1336 1338 2000 2002 2004 2006
YEAR

39

39



857
858

859

860

861

862

863

864

865

Fig. 8 Asin Fig. 6 but for EOF2.
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(b) T850 & UVB50 EOF2(-)
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Fig. 9 Composite anomaly patterns the 850-hPa temperature and wind vector in East

Asia at (a) the positive phase and ttig negative phases of EOF2. Shading denotes region

with a 5% level of statistical significance.The $ading interval foithe temperature is 0.25

K. Thick vectors deote regios with a 5% level of statistical significancaesing at test

The reference arrow is 1 m’s Also shown arehe climatological wintertime 85G\Pa

temperature distributions (contour).
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Fig. 10 Composite differences of the filter&)0-hPa geopotential height anomalies on day
-5, day Q and day +5 between the active and inactive phases of tropical convection (former
minus latter) based on the OLR indexthe $ading interval fothe geopotential height is 20

m with the zero contouruppressed. Wave activity fluxes are also exhibited at the same

level. The reference arrow is 4G sf. Fluxes of less than ®s? are suppressed.
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895 Fig. 11 As in Fig. 10 but for the ANAO index.
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Fig. 12 Spatial pattern of the filted 206hPa geopotential height and OLR anomalies on
December 16. The $ading interval fothe geopotential height is 20 m with the zero contour

suppressed. Contour interval for the OLR is 5 Wwith thick black lines
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