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Popular Summary

Floods and droughts associated with the Asian summer monsoon (ASM) are among the most
devastating natural disasters affecting human society. Year-to-year fluctuations of the Asian
monsoon affect not only Asian countries but also the rest of the world through
"teleconnecfion". Teleconnection is the linkage between weather and climate phenomena in

geographic regions separated by vast distances, manifested as signals in the large-scale
atmospheric circulation, temperature, air pressure, sea surface temperature, and ocean
circulation. Better understanding of the physics of teleconnection may help in improving

climate predictions.

In this paper, the teleconnections between summertime precipitation anomalies over East
Asia and over North America are examined. Two teleconnection modes linking ASM

variability to summertime precipitation over the continental North America were identified.
These modes link regional circulation and precipitation anomalies over East Asia and
continental North America, via coupled atmosphere-ocean variations over the North Pacific.
The first mode (Mode-l) has a large zonally symmetric component in the atmosphere, which
are associated with subtropical jetstream variability. Because a wavetrain pattern links
centers of precipitation anomalies of the same sign over Japan and the US Midwest, Mode-1
has been dubbed the "Tokyo-Chicago Express". The second mode depicts a wavetrain with
wavenumber 6, spanning East Asia, the North Pacific and North America. It affects rainfall
over central East Asia and the central US, earning it the nickname: "The Shanghai-Kansas

Express". Both modes possess strong SST expressions in the North Pacific. The two-
teleconnection modes may be derived from intrinsic modes of sea surface temperature
variability in the extratropical oceans, which are forced in part by atmospheric variability

and in part by air-sea interactions.

The potential predictability of the ASM associated with SST variability in different ocean
basins is explored using a new canonical ensemble correlation (CEC) prediction scheme. It is
found that SST anomalies in tropical Pacific, i.e., E1 Nifio, is the most dominant forcing for

the ASM, especially over the maritime continent and eastern Australia. SST anomalies in the
Indian Ocean may trump the influence from E1 Ni_fio in western Australia and western
maritime continent. Both E1 Nifio and North Pacific SSTs contribute to monsoon

precipitation anomalies over Japan, southern Korea, and northern and central China. By
optimizing SST variability signals from the world ocean basins using CEC, the overall

predictability of ASM can be substantially improved.

_NASA/Goddard Space Flight Center

2Science Systems and Applications, INC.
3Seoul National University



Abstract

In this Chapter, aspects of global teleconnections associated with the interannual

variability of the Asian summer monsoon (ASM) are discussed. The basic differences in

the basic dynamics of the South Asian Monsoon and the East Asian monsoon, and their

implications on global linkages are discussed. Two teleconnection modes linking ASM

variability to summertime precipitation over the continental North America were

identified. These modes link regional circulation and precipitation anomalies over East

Asia and continental North America, via coupled atmosphere-ocean variations over the

North Pacific. The first mode has a large zonally symmetry component and appears to

be associated with subtropical jetstream variability and the second mode with Rossby

wave dispersion. Both modes possess strong SST expressions in the North Pacific.

Results show that the two teleconnection modes may have its origin in intrinsic modes of

sea surface temperature variability in the extratropical oceans, which are forced in part by

atmospheric variability and in part by air-sea interaction.

The potential predictability of the ASM associated with SST variability in different

ocean basins is explored using a new canonical ensemble correlation prediction scheme.

It is found that SST anomalies in tropical Pacific, i.e., El Nifio, is the most dominant

forcing for the ASM, especially over the maritime continent and eastern Australia. SST

anomalies in the India Ocean may trump the influence from E1 Nifio in western Australia

and western maritime continent. Both El Nifio and North Pacific SSTs contribute to

monsoon precipitation anomalies over Japan, southern Korea, northern and central China.

By optimizing SST variability signals from the world ocean basins using CEC, the

overall predictability of ASM can be substantially improved.



1. Introduction

Floodsanddroughtscausedby variability of the Asiansummermonsoon(ASM) are

amongthe most devastatingof natural disasterswhich impact a large segmentof the

world population. ASM floods and droughtsareextremelyvariable in spaceand time.

During thesummerof 1998,thegreatflood over theYangtzeRivercauseda record3700

deaths,223 million peopledisplacedand up to 30billion US dollars in crop lossesand

property damages. In the sameyear, excessivemonsoonrainfall also causedsevere

flooding over Bangladeshdisplacing 30 million people and wrecking up losses and

propertydamagesto over3 billion US dollars. Yet, oneyearbefore,in the summerof

1997,the aboveregionshadnearly normal summerrainfall, while northernChinahad

beenstrickenwith arecorddroughtwhich begansincetheearly 1990's. During thesame

year,southernChinawasgrippedby wide spreadflooding,but the averagedrainfall over

theentireIndia subcontinentwasnearlynormal.

Becauseof thepossibility of mitigatingtheadverse socio-economicimpactscaused

by ASM anomalies, understanding and predicting ASM monsoon variability is

paramount.Recentstudieshaveshownthat the largevariability within theASM maybe

relatedto the intrinsic variability, suchasintraseasonaloscillations(ISO), tropospheric

biennialoscillation(TBO), seasurfacetemperatureanomaliesin theIndo-Pacific region,

andtheir interactionswith theEl Niflo SouthernOscillation (ENSO) (Lau andWu 2001;

Lau andNath2000;MeehlandArblaster 1998;ShenandKimoto 1999; Meehl 1997;Ju

andSlingo 1995andmanyothers). Lau andWu (1999,2001) found that both regional

and basin-scale processescontributed significantly to the observed ASM rainfall

anomaliesin 1997and 1998.Lau et al. (2000)demonstratedthat, basedon the regional



characteristicsof dynamics and lower boundary forcings, at least two major sub-

componentsof theASM, i.e., the SouthAsiamonsoonand theEast-Asiamonsoonneed

to bedistinguished. Thesetwo components,while connectedto eachother,mayinteract

differently with ENSO and other global climate phenomena,e.g., the North Atlantic

Oscillation,decadal-to-interdecadalvariability andglobalchange,to yield very different

responsesto globalscaleforcings (Kumaret al. 1999; Changetal 2001).

Therearenow growing evidencethat not only is the ASM affectedby global scale

forcings, the ASM itself can influence global climate (Yasunari and Seki 1992).

Kirtman andShukla(2000)andChungandNigam(2000) foundthatmomentumandheat

fluxes associatedwith anomaliesof the ASM may increasethe variability of ENSO

cycles. Kim and Lau (2000) demonstratedthat the 6-month time lag betweenASM

surfacewind forcingsandpeak SSTin thetropical easternPacificmay inducebiennial

tendencyin ENSOcycles. Hoerlingset al (2000) showedthat decadalclimate change

signals in the North Atlantic may havetheir roots in tropical convection in the Indo-

Pacific regions. Teleconnectionarising from monsoonprocesseson seasonalto

interannualtime scaleshavebeenexploredin previousstudies.Nitta (1987)andHuang

and Sun(1992)showedthat summertimeconvectionin the vicinity of thenorthernSouth

ChinaSeaandthePhilippinesmayexciteRossbywavetrainthatspantheNorthPacific to

North America. Lau (1992)and Lau and Peng(1992)suggestedthat similar wavetrain

signal may stemfrom instability of the summertimelarge-scalebasic flow, and hence

maynot besensitiveto theexact locationof the forcing. More recently,Lau andWeng

(2000a,b) haveshownevidencethat summertimerainfall anomaliesover theEastAsian

continentandNorthAmericamaybe linkedby teleconnectionpatterns,with pronounced
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SSTsignalsin theextratropicalPacific.Ting andWang (1997)notedthat NorthAmerica

summertime rainfall anomalies may be correlated with extratropical Pacific SST.

However,it is not clearwhethertheteleconnectionpatternsarederivedfrom variability

of the atmospherealoneor arecomponentof intrinsic coupledatmosphere-oceansystem

in thee:_tratropics.If the latter is true,it is possiblethatextratropicalSST,in additionto

tropicalSST mayhaveimplicationonpredictabilityof theASM.

In this Chapter,we focuson the discussionof theclimate teleconnectionassociated

with theASM andimplicationson its potentialpredictability. Aspectsof the interannual

variability of the ASM including effects of intraseasonaloscillations, tropospheric

biennialoscillations,andENSOarecoveredin otherChaptersof this book. In Section2,

we review thebasic structuresof thetwo basiccomponentsof theASM, i.e., the South

AsianMonsoon(SAM) andthe EastAsian Monsoon(EAM). In Section3, we discuss

theborealsummerteleconnectionpatternsassociatedwith monsoonvariability andwith

North America summertimeprecipitation anomalies. In Section 4, we show results

demonstratingthat the teleconnectionpatternsaremanifestationsof intrinsic, recurrent

summertimeSSTmodes in theextratropicaloceanswhich aredistinct from ENSO. In

Section5, we assessthe potentialpredictability of the ASM, andits sourcesassociated

with SST variability in different oceanbasins. Concluding remarks are presentedin

Section6.

2 Interannual variability of the ASM

The interannualvariability of the ASM encompassesa complexmix of regionaland

sub-regionalscale characteristics. To better define monsoonregionality and ENSO

impacts,a numberof ASM regional indiceshave beenproposedby different authors



(Goswamiet al. 1999;WangandFan 1999; Lau et al.2000;Wangetal. 2001). Lau et al

(2000) defined two indicesRMI and RM2, respectivelyfor the SouthAsian Monsoon

(SAM) and theEastAsian Monsoon(EAM). RM1 is a measureof the vertical shearof

the meridional wind over the longitudesectorof the Indian subcontinentincluding the

Bay of Bengal. RM2 is measureof the lateraldisplacementof the EastAsianjetstream,

representedasthezonalwind gradientbetweenthemidlatitudeandthesubtropics:

RMI --- (V850mb- V200mb)

over the region [10 ° N - 35 ° N, 70 ° E - 110 ° E,] (1)

RM2 = (u 200rob [40 ° N -50 ° N, 110 ° E-150 ° E]

- U 200rob[25 ° N- 35 ° N, 110°-150 ° E])

(2)

where the zonal and meridional winds are averaged over the geographic regions

indicated. It should be pointed out that while these two indices bring out salient features

separating the SAM and EAM especially with respect to teleconnection, the results are

largely independent of the indices used, as far as separating the two components of the

ASM. Similar patterns can be obtained from EOF or combined EOF analyses (not

shown) or by using other indices (e.g. Wang et al 2001).

a. SAM variability

The patterns shown in Figs. 1 and 2 are regressions of RM1 and RM2 based on

CMAP monthly rainfall and NCEP reanalysis wind. Fig. la depicts a classic monsoonal

inverse relationship in rainfall between land and ocean, associated the interannual

variability of SAM. Regions of largest positive rainfall anomalies are found over land

and coastal regions of South Asia, including the Indian subcontinent, the Bay of Bengal,

northern Indo-China and southern East Asia. Negative rainfall anomalies are found in

the surrounding oceanic areas. The strongest negative anomalies are found over the
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southeasternIndian Ocean,theSouthChinaSea,andthe subtropicalandtropical western

Pacific. Associatedwith thepositive rainfall anomaliesarestrong low-level westerly

and southwesterlyflows over the Arabian Seaand the Bay of Bengal (Fig. lb). This

circulationpatternsuggestsanenhancementof theclimatologicalASM circulation.Two

branchesof cross-equatorialflow canbe identified: one locatedalong the eastcoastof

Africa andasecondoneemergingfrom southeasternIndianOcean. The latterappearsto

be the main supplyof the low-level inflow into the Bay of Bengal. Another regionalof

strongmeridional flow is found around 110° E, from southernto northern East Asia,

associatedwith a low-level anticyclone over the East China Sea. This anticyclone

representsanenhancementandwestwardextensionof theWestPacificSubtropicalHigh,

which is associatedwith surfaceeasterliesand subsidenceover the SouthChina Sea

region. At the upper level, a prominentanticyclonecenter,identified asthe SouthAsia

High, is foundto thenorthwestof the positiveheating (Fig. lc). The circulationpattern

is alsoconsistentwith inducedRossby-typecirculationby latentheatinglocatedoff the

equator(Gill 1980,Lau andLim 1982). Furtherdownstream,anupper levelanticyclone

is found over northern Korea (near 40°N, 120°E). Recent resultshave shown that

interannual variability of the SAM is influenced directly by the shift of the Walker

circulationduringanEl Nifio. Landregionsin SAM particularlyaresensitiveto the local

overturningsinducedby theshift of the Walker circulation (AnamalaiandSlingo 1999,

Ju and Slingo 1995, Lau and Nath 2000). The local overturningsare themselves

affectedby thestrongintraseasonalvariability in SAM. Thustheregional consistencyof

theresponsesof SAM to largescaleSSTforcingsis not veryhigh from yearto year(Lau

andWu 2000).



b. EAM variability

In contrast to RM 1, the precipitation pattern for RM2 in Fig. 2 shows well-defined

zonaly oriented structure, indicating alternating dry and wet belts over the subtropical

western Pacific and East Asia sector, with only weak signal over the Indian subcontinent.

The meridional extent of the monsoon-related rainfall anomalies is very large, covering

regions from the equator to 50 ° N. In Fig. 2b, the low level circulation field indicates a

strong influence from the West Pacific Subtropical High (WPSH). When convection is

strongly developed over Southeast Asia/South China Sea region, low level westerly flow

prevails from the southern Bay of Bengal to the western Pacific, across Indochina and

central South China Sea. The circulation pattern signals a northward advance of the

WPSH over East Asia. The easterly inflow near 25 -30°N is associated with local

sinking motion and the returning westerly flow is linked to rising motion near 35-45°N

(not shown). At 200 hPa (Fig.2c), the most prominent feature is the presence of an

intensive anticyclone over East Asia, associated with the meridional shift of the axis of

the climatological subtropical jet in response to tropical heating in the Southeast Asia

region (Lau et al. 2000). The East Asian anticyclone is connected upstream to an

anomalous anticyclone associated with the South Asian High.. Because the East Asian

jetstream is controlled by extratropical dynamics as much as by tropical heating, the

EAM has been called a "hybrid " monsoon system. As shown in Lau et al. (2000), the

interannual variability of EAM is closely tied to intrinsic SST variations in the

subtropical and extratropical North Pacific, more than to those in the tropical eastern

Pacific. Given the weak, and somewhat inconsistent response of EAM to ENSO, it is

possible that the EAM anomalies may be strongly influenced by the presence of intrinsic



climatemodesinvolvingtheWestPacific SubtropicalHigh, the subtropicaljetstreamand

relatedair-seainteractionin the extratropicaloceans. Thispossibility is furtherexplored

in Sections3 and4.

3. Teleconnection Dynamics

Analysis of the vorticity balance in the RM1 region shows an approximate

cancellation between the meridional advection of planetary scale vorticity and generation

by the divergence of the anomalous flow, suggesting that the vorticity balance of the

SAM is of the classic Sverdrup-type i.e.,

fly' + (_ + f)V • V' = 0

(3)

A similar analysis shows that the dominant balance for the EAM in the RM2 region,

(30-40°N) is between the vorticity generation induced by divergence and the advection of

the anomalous vorticity by the mean circulation, i.e.,

(_+ f)VoV'+V.V_"=0

(4)

vorticity

dynamics of

As shown in the following discussions, the fundamental difference in the

balance between SAM and EAM has important implication on the

teleconnection patterns generated by SAM and EAM respectively.

a. ASM teleconnection

Figure 3a and 3b show the correlation maps of the northern hemisphere 300hPa

geopotential field with RM1 and RM2 respectively. Areas with correlation coefficients

equal to or exceeding the 95% significance level are shaded. For RM1 (Fig. 3a), the

anticyclone over northwestern India due to heating over South Asia appears as a part of



anelongatedridgesystemextendingfrom northernAfrica. TheSouthAsia anticycloneis

linked to ahigh overnortheasternAsia. As discussedpreviously,this high is associated

with the fluctuation of the WPSH. The teleconnectionpatternassociatedwith RM2 is

broadly similar to thatof RM1, but muchstrongerand morewell-defined with a strong

zonallyorientedtrough/ridgesystemspanningthecoastalregionof EastAsia, Japan,and

thenorthcentralPacific (Fig. 3b). This system is connected to the north-south migration

of the subtropical jetstream associated with anomalous heating over the South China Sea

and western Pacific region (See Fig. 2a). The similarities between the RM1 and RM2

teleconnection patterns in the Asian and western Pacfic sectors indicate that the

northward shift of the jetstream and the fluctuation of the West Pacific High may be tied

to the development of the South Asia High, with enhanced heating over the South Asian

land regions (see Fig. la). Note that the wavetrain appears to extend over North

America, downstream of the north Pacific anomalies. The result that similar downstream

teleconnection signals are excited independent of the sources suggests that the

teleconnection pattern may be manifestation of intrinsic unsable modes in the northern

summer basic state flow (Lau and Peng 1992). The RM2 teleconnection pattern is also

similar to the Pacific-Japan pattern associated with tropical heating near the Philippines

and zonally banded convective pattern over the subtropical western Pacific reported by

Nitta (1987). As we show in the next subsection, teleconnection pattern similar to those

shown in Fig. 3 can also be recovered based on North America precipitation anomalies.

The results are consistent with the vocticity balance of Eq (4) which suggests that the

basic state vorticity gradient associated with the East Asia jetstream is a major source of

vorticity and that the teleconnection pattern is more strongly controlled by the media in
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which theplanetarywavespropagateor grow, than energydispersionfrom the specific

locationof theheatsource.

b. North America teleconnection

In this subsection we present results of possible teleconnection linking East Asian

monsoon variability to North America summertime rainfall anomalies. Teleconnection

between North America summertime climate and ASM variability may arise not only

from direct ASM influence but also from the fact that both system are simultaneously

under the control of the same global scale forcings, e.g. E1 Nifio, the Pacific Decadal

Oscillation or the Arctic Oscillation. Hence understanding of the teleconnection between

climate anomalies in Asia and in North America may shed new light on the mechanism

and predictability of summertime climate fluctuations for both continents.

Two characteristic patterns linking US summer precipitation to large scale

circulation and SST anomalies have been identified (cf. Lau and Weng 2000 a, b).

Figures 4 shows the patterns of 850-hPa wind, rainfall and SST associated with the most

dominant mode (Mode-1) based on a Singular Value Decomposition of the US rainfall

and 500hPa geopotential variability. Mode-1 explains 35% of the co-variability between

US rainfall and 500 hPa geopotential height. Its principal component (not shown)

projects strongly on the severe flood over the US Midwest in 1993. Mode-1 depicts a

zonally oriented Pan-Pacific pattern rainfall/circulation stretching from East Asia/Japan

region to North America (Fig.4a). Excessive rainfall is found over the northern and

northwestern North America and deficient rainfall over the eastern and southeastern U. S.

The rainfall pattern is coupled to an anomalous low-level anticyclonic flow over the

eastern US, which favors the transport of warm moist air from the Gulf coast to the US
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Midwest. Along the equator,there is a weaker signal indicating generally enhanced

rainfall in a large fetch of enhancedwesterlies in the central and easternequatorial

Pacific. The zonally oriented rainfall and circulation patternsover the Asian-West

Pacific sector is quite similar to that associatedwith EAM asshownin Fig. 2a. The

patternlinks rainfall anomaliesof the samesign overJapan,westernCanadaandthe US

Midwest,andhasbeenreferredto asthe"Tokyo-ChicagoExpress".

The regressedSST anomaly pattern for Mode 1 suggestspossible E1 Nifio

influence,asevidencedin thepositiveSSToverthe equatorialeasternandcentralPacific

(Fig 4b). However, the dominant feature here is an extensive cold tongue in the

extratropicalPacific (near40°N), stretchingfrom the seaof Japanto the west coastof

North America. This cold SSTanomalyappearsto underlie the anomalouslow-level

cyclonic circulation and rainfall anomaliesover the North Pacific (Fig.4a). Increased

cyclonicactivitiesimply strongersurfacewind, andcloudy andrainy conditions,leading

to the cooling of the upper oceanby evaporationand by shortwavecloud shielding.

Hence,the result suggeststhat the SSTanomaliesin the extratropicsmay arise from

forcingsof theextratropicaloceanby atmosphericwind thathavebeenshownto operate

duringborealwinter (Lau andNath, 1996,2001). Here,wesuggestthat coupledair-sea

interactionmy also play a critical role in sustainingand/or amplifying the atmospheric

andoceanicanomalies.

Mode-2 explains 30% of the covariability between US rainfall and global

geopotentialheight. The associated850-hPawind andrainfall patternssuggestthat US

summertimerainfall variability maybeassociatedwith monsoonrainfall variability over

Indo-Chinaandthe tropicalwesternPacific region(Figs. 5a). Theprincipal component
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(not shown)of thismodeshowsa strongprojectionon theseveredroughtover theUS in

the summerof 1998. Excessiverainfall is found over the west coastof Canadaand

below normalrainfall over centralUS. Theassociatedlow-level flow indicatesa large

anticycloneovernortheasternNorth Americacoupledto a cycloneover the Gulf region.

This anticyclone/cyclonecouplet inducesanomalouslow-level easterliesin southern

U.S.,effectivelycuttingoff moisturesupply from theGulf of Mexico, leadingto reduced

rainfall conditionover thecentralUS. Thewave patternoverNorth America appearsto

bea partof a much largerandwell-organizedwavetrainemanatingfrom the subtropical

western Pacific, in an arc across the north Pacific to North America. Regions of

enhanced(reduced) rainfall appear to align along the direction of the wavetrain,

coinciding with low-level cyclonic (anticyclonic)circulation that canbe tracedback to

enhancedconvectionover Indo-China. The anticyclone over the subtropicalwestern

Pacific nearthe Philippine hasbeenidentified as one of the key featuresof the Asian

summermonsoonvariability affecting droughtsand floods in China, Japanand Korea

(Lau andWu 2001,Wanget al. 2001). The Mode-2teleconnectionhasbeenreferredto

asthe"Shanghai-KansaExpress"astheyaffect rainfall variability of thetwo regions.

Mode-2 is associatedwith well-defined extratropicalSSTanomalies,with positive

(negative)SSTanomaliesunderlyingthe anticyclones(cyclones)(Fig. 5b). Again, the

displacementof the circulation patternwith respectto the SSTagainsuggeststhat the

SSTanomaliesmaybe forcedby localatmosphericcirculation. However,the large-scale

SST gradient so generatedis likely to provide a strong feedbackto the overlying

atmosphere.Thereis only a weakSSTsignalin thetropical easternPacific. Hence,this
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mode appearsto be independentof El Nifio/La Nifia, but more closely related to

variability of theAsian/WestPacificmonsoonconvection.

c. Global Linkages

To confirm that the teleconnection patterns shown in Figs 4 and 5 are truly global,

Fig. 6 shows the regression of the Mode-1 PC against the global 500 hPa geopotential

and 850hPa wind and 200hPa velocity potential. For Mode-1 (Fig.6a), the "Tokyo-

Chicago Express" emerges a distinct feature in the 500hPa field, embedded in a global

pattern that include signals over western Europe possibly connecting with the Atlantic

region via the polar regions. The 850 hPa wind anomaly is consistent with the 500 hPa

height anomaly, indicating quasi-geostrophic flow, with deep vertical structure at least up

to the mid-troposphere. Figure 6a strongly suggests that the regional circulation over the

US is a part of a global pattern associated with extratropical stationary waves and

jetstream variability along latitude belts between 30o-60 ° N. Mode-1 also features strong

low-level wind signal in the equatorial central Pacific and the maritime continent. The

200hPa velocity potential regression (Fig.8b) suggests that Mode-1 may be related to the

fluctuation of the Walker circulations, driven by heat sources and sinks in the western

Pacific/maritime continent, and the Mexican monsoons. The divergent circulation

associated with these overturning cells may cause through vorticity advection, the

midlatitude jetstream to accelerate or decelerate, effectively providing a source of

vorticity for downstream wave development (Sardesmuckh and Hoskins 1988, and Lau

and Peng 1992). Large scale coherent signals are also found over the Southern

Hemisphere extratropics, which experiences the austral winter during JJA.

The Mode-2 regression pattern suggests that the "Shanghai-Kansas Express" shown

in Fig. 7a is clearly a part of a circum-global Rossby wave pattern, spaning the northern
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extratropics(Fig. 7a). A majorapparentheatsourceis evidencein thedivergentcenterin

the Indian Ocean in Fig. 7b. Elsewhere, the upper level divergent and convergent

patternsareconsistentwith thewavetrainsignal shownin Fig. 7a. The overall velocity

potential patternsuggeststhat in addition to heatsourcesof the Indo-Pacific monsoon,

thoseassociatedwith theSouthPacificConvergenceZone, thenorthwesternPacificand

the easternequatorialPacificmaybe importantin forcing theMode-2response.

3 Extratropical climate modes

The strong coherent SST signals in the North Pacific, and global linkages

associated with the teleconnection patterns suggest that they may stem from summertime

intrinsic SST modes in the subtropical and extratropicai oceans, distinct from ENSO.

This notion is confirmed in Figs. 8a and b, which show the first two EOF modes of SST

interannual variability of the North Pacific and North Atlantic (>20 °N) during June-

August. Analyses using only North Pacific SST or only North Atlantic SST yield similar

results. It is clear that the SST patterns associated with the first and second SST modes

have strong similarities in the North Pacific to that associated with Mode-1 and Mode-2

respectively (See Figs. 4b and 5b). In addition, in the first extratropical EOF mode

(ESST1), the North Pacific SST varies coherently with that over the North Atlantic,

having anomalies of the same sign, centered at 40 ° N. The structures of second mode

(ESST2) in the two oceans are also similar and have the same polarity (Fig.8b). This

coherence in oceanic signals suggest the underpinning of an "atmospheric bridge" linking

the two ocean basins (cf. Lau and Nath 1996).

The lagged correlation analysis of the principal components of ESST1 and ESST2

with Nifio 3.4 SST is shown in Fig. 9. ESST1 is correlated with Nifio 3.4 SST (>95 %
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confidence level) for the current and previous seasons. Yet it is not significantly

correlatedwith Nifio 3.4 SST in the previousor following winters, when the E1Nifio

signalsarestrongest.ThelaggedcorrelationSSTspatialpatternsassociatedwith Mode-1

(not shown) are distinctly different from the evolution of El Nifio. For ESST2, no

significant correlationwith Nifio 3.4 SSTexistsat any lag. Henceit maybe concluded

thatbothextratropicalSSTmodesaredistinct from E1Nifio.

Compositeanalyseswith respectto thepositive andnegativephasesof the ESST1

andESST2 yield teleconnectionpatternsin 850hPawind and500hPageopotential(Fig.

10and 11)thataresimilar to Mode-1andMode-2. Thezonallyorientedstructuresin the

North Pacific in the ESST1compositeis quite similar to the "Tokyo-ChicagoExpress"

patternshownin Figs4 and6. The simultaneousoccurrenceof low level anticyclonesin

thenorthwesternPacificandtheAtlantic over regionsof warm SSTis the mostdistinct

feature(Fig. 10a). Here, one getsthe impressionthat the Pacific signal is a part of

global pattern including largeanomaliesnot only over the extratropicaloceanbut also

overthepolar landregions. The teleconnectionpatternreversessignwith respectto the

phasesof SST in theextratropics(Fig. 10b). Overall, thepatternssuggestthe presence

of zonally symmetric structuresin the global atmosphere-ocean,interruptedby land-

oceanthermalcontrastsin thenorthernhemisphere.

Likewise,theESST2composites(Fig. 11)showsa circum-globalwavetrainsignal,

thatbearstrongsimilarity, in theNorthPacificregion,to the"Shanghai-KansasExpress"

pattern shown previously. This wavetrain appears to have shorter wavelength

(approximatelywavenumber6) comparedto its wintertime counterpart,i.e., the Pacific

North American pattern (Wallace and Gutzler 1982). The signs of the wavetrain are
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reversedduring the positive and negativephasesof ESST2(Fig.1 lb). The wavetrain

seemsto be associatedwith the fluctuationsof the subtropicaljets. Its linkage to the

tropics is throughananomalousanticyclonein the subtropicalwesternPacificnortheast

of thePhilippines.As suggestedin thediscussionof Fig.5a,thismodemaybeassociated

with the fluctuationof large-scaleheat sourcesand sinks in the equatorialIndo-Pacific

region.

5. ASM Rainfall Predictability

Interannual variability of the ASM can arise from internal dynamics and from

changes in boundary conditions such as sea surface temperature (SST) and land surface

conditions (Shukla 1984, Webser et al 1998). For seasonal-to-interannual predictions, the

former constitutes the chaotic or unpredictable component, while the latter, the

potentially predictable component of the ASM. The degree to which the ASM is

controlled by each component determines the overall predictability of the ASM (Lau et

al. 2000).

Up to now, season-to-interannual prediction of the ASM have depended on the

existence of a physical relationship between ASM and ENSO (Rasmusson and Carpenter

1983, Webster et al. 1998, Ju and Slingo 1995, Lau and Bua 1998, and others). However

this relationship has undergone significant interdecadal variations. For example, the

linear correlation of Indian summer monsoon rainfall and the Nifio 3.4 SST has decreased

dramatically in the last two decades (Kumar et al. 1999; Krishnamurthy and Goswami

1999, Chang and Li 2001). Previous studies and forecast experience have also shown

that, while there may be some useful skill in forecasting ASM using ENSO-related

indices, many extreme ASM droughts and floods occur without ENSO. By some
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estimate,morethanhalf of themajor monsoonrainfall extremesin theASM occurredin

non-ENSOyears,suggestingthat other factorsmust alsocontributeto thepredictability

(or lack thereof)of the ASM (Websteret al. 1998). Other predictorsof ASM rainfall,

suchasregionalSST,wintertime snow cover, springtimesoil moistureand largescale

circulation parametershave beenusedin conjunctionwith ENSO. Howeversomeof

thesepredictors may be a function of the SST itself. Furthermore,many previous

predictability studies tend to focus on the impact of the ASM by ENSO and paid

relatively little attentionto the possiblecontribution by possibleintrinsic variability of

SSToutsidethe tropicalPacific.

Discussionsin the previoussectionssuggesttheremay be naturalvariability in the

extratropicaloceansthat aredistinct from ENSO,but can profoundly affect climate of

EastAsiaandNorth America during theboreal summer. This raisesthepossibility that

regional SSTvariability outsidethe tropical Pacific, eventhough relatively smaller in

variancecomparedto ENSO, may provide additional information that will improve

regional ASM predictions. Recently, Lau et al (2001) and Shen et al (2001) have

developeda new Canonical EnsembleCorrelation (CEC) prediction and diagnostic

procedurethatutilizes,amongothers,informationfrom variousbasinscaleSSTmodesto

maximizeregional rainfall prediction skills. In the following, we shall illustration the

applicationof the CECto evaluatethepotentialpredictabilityof theASM rainfall dueto

thevariousoceanbasins. To captureSSTsignalscontainedin the variousoceanbasins,

the world oceanis divided into five non-overlappingsectors: the tropical Pacific, the

North Pacific, the tropical Atlantic, the North Atlantic and the Indian Ocean,with the

tropicaloceansdefinedwithin the latitudesof 30°Sand30°N, andthenorthoceansnorth
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of 30°N. The southernoceanshave not been included in the present analysis. A

canonicalcorrelationpredictionmodel is developedfor eachof theoceanbasinandused

to predictthe sametargetASM rainfall field, i.e., 2 x2.5 degreeCMAP rainfall over the

Asian-Australia land domain (seeFig. 12 and 13). Up to six canonicalvariablesare

usedto depict the intrinsic variability within eachoceanbasin. Separateforecastsare

madefrom eachoceanbasin,andthencombinedinto anensembleforecastusingvarious

ensemble averaging strategies including those used in super-ensemblepredictions

(Krishnamurtiet al. 2000). For illustration,herewe usethemaximumskill ensemble,in

which the best forecast amongthe five ocean-basinforecastsis always chosenat a

particulargrid point.

Theresultsshownin the following arebasedon 49years(1950-1998)of seasonal

meanASM rainfall andSST. To increasedatasample,a bootstrappingmethodis usedin

which a forecast for a particular year is carried out by taking out that year from the

training period (48 years),and all the statistics are recomputedbasedon the new 48

years. To quantify prediction skill, we chosea three categoryhit score (HS). The

observedrainfall is rankedin termsof threeequal-sizecategories,above-normal,normal

andbelow-normalat eachgrid point, accordingto themagnitudeof therainfall anomaly.

TheHS is definedasthepercentageof thenumberof hits in anyonecategoryto thetotal

numberof forecasts. Hence,a hit scoreof 33.3%will be consideredno skill. For the

samplewe used,the 5% and 1%confidencelevel correspondsrespectivelyto a HS of

45% and50%respectively.

The CEC is a prediction schemethat canbe usedfor empirical forecastingASM

seasonalrainfall anomalieswith different leadtimes,At.>0. Here, we define the potential
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predictability astheHS obtainedwhenAt=0, i.e.,whenthereis perfectknowledgeof the

predictor (SST)field. Usingtheaboveprocedure,thepotentialpredictability is obtained

as the climatological HS computedbasedon 49 forecasts. To put the ASM rainfall

variability andpredictability in a broadercontext,we show resultsfor the entire Asian-

Australian monsoon (AAM) region. Fig. 12 shows the potential predictability, or

climatologicalHS from eachmodel forecasts(with zerolag) basedon SSTvariability in

eachoceanbasin andthe overall potential predictability basedon the CEC. For the

individual oceanbasins,it canbe seenthat the tropical Pacific and the Indian Ocean

provide the largestcontribution to potential predictability (>45%) to the ASM, mostly

over Indonesiaand Australia. The North Pacific, the tropical Atlantic and the North

Atlantic also contributeto potential predictability in variousregions,but in decreasing

orderof importance. Obviously,thereis a largedegreeof spatialvariability of potential

predictabilityattributedto SSTvariability in thedifferentoceanbasins. For example,the

tropical Pacific affectsmoststrongly easternAustralia, while the Indian Oceanhasthe

dominant impact on western Australia and southwestern Indonesia. Potential

predictabilityover IndiaandEastAsia is very low basedonSSTvariability of individual

oceanbasins only, including the tropical Pacific. Remarkably, using the CEC

technique,in which SSTvariability associatedwith intrinsic modesin eachoceanbasin

are optimized, the potential predictability over the AAM region as a whole is

substantiallyenhanced. The potential predictability is much increasedover Australia

and Indonesia, and also over central East Asia and central Asia, and regions in southern

and eastern India.
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Fig. 13showsthe distribution of sourcesof potential predictability for the AAM

region. The color shading indicates the ocean basin which gives the highest mean HS

(based on 49 forecasts) for that location. Although the following discussion is focused on

JJA, all four seasons are shown in Fig. 13 for comparison. Overall, the SST in the tropical

Pacific stands out as the most important source of potential predictability, as evidenced in

the large proportion of areas shaded red for all seasons. This result is not surprising,

confirming the notion that E1 Nifio is the primary contributor to monsoon rainfall

variability in the AAM region. In some regions, such as central and northern India, the

impact from the tropical Pacific (El Nifio) alone, while ranked the best, may still be sub-

critical, in the sense of yielding a significant HS score based on tropical Pacific SST

alone. During JJA, the source of potential predictability in western Australia and western

rim of Indonesia appear to be from the Indian Ocean (colored purple). This means that

the impact of the Indian Ocean SST anomalies trumps that from the El Nifio in the above

regions. Over southern Japan and coastal region of China, the importance of the SST in

the North Pacific (colored blue) is noted. Indeed, in the northern subtropics and

extratropics, much of the potential predictability can be attributed to North Pacific SST,

especially in MAM and SON. During DJF, the North Atlantic (colored green) appears to

gain influence over the extratropical latitudes.

In summary, CEC provides a prediction and diagnostic tool whereby potential

predictability of ASM rainfall arising from both regional and remote influences can be

estimated. Most important, via CEC, the source of potential predictability can be easily

identified and traced to specific canonical climate modes (not shown here). Therefore

CEC can be very useful in unraveling the physical mechanisms and the sources for ASM
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predictability. It also providesa commonframework in which ASM predictionsfrom

generalcirculationmodelsand from empiricalschemescanbequantitativelycompared.

4 Conclusions

In this Chapter, we have presented results of the latest research on the global

teleconnection associated with interannual variability of the ASM and its possible

implications on potential predictability of ASM. We have pointed out differences in

basic dynamics in interannual variability between SAM and EAM. One of the main

consequences in the fundamental difference in dynamics between SAM and EAM is that

the interannual variability in the EAM is underpinned by more pronounced

teleconnection patterns. The dominant teleconnection patterns associated with

summertime rainfall anomalies over EAM and North America project strongly,

respectively on two intrinsic SST modes in the North Pacific and North Atlantic. The

first mode (Mode-I) features extensive body of cold (warm) water along 40°N, stretching

across the entire North Pacific and Atlantic, lying underneath zonally oriented low (high)

500 hPa height anomalies. Over the East Asia/western Pacific region, Mode-1 resembles

the characteristic structure of associated with the fluctuation of the East Asian jetstream.

Over North America, it projects on a regional circulation pattern that regulates moisture

transport from the Gulf coast to the US Midwest. Mode-1 appears to be related to the

variability of the boreal summer subtropical jetstream linking warm/dry or cool/wet

summertime climate of Japan and South Korea to anomalies of the same sign over

western Canada, the northern Great Plains and the US Midwest.
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Mode-2 depicts a circum-global wavetrain (approximate wavenumber 6) connecting

Eurasia via the North Pacific to North America and the North Atlantic. The wavetrain is

linked to a pronounced low-level anticyclone over the subtropical western Pacific, and

dominant heat source/sink variability in the Indo-Pacific region. Mode-2 is likely to be

associated with Rossby wave dispersion derived from fluctuation of anomalous heat

sources and sinks in the western Pacific and Indian Ocean, and because of its insensitivity

to the exact location of the forcing, it is also consistent with marginally unstable

summertime basic state found in previous studies (Nitta 1987; Lau and Peng 1992). As

such, Mode-2 will be affected by the Mode-1 which is likely to alter the climatological

monsoon basic flow.

Using a canonical ensemble correlation (CEC) prediction scheme, the potential

predictability of the ASM derived from intrinsic SST variability in the major world ocean

basins has been assessed. It is confirmed that the tropical Pacific is the major source of

predictability in the Asian-Australia monsoon region, especially over Indonesia and

eastern Australia. However, there are monsoon sub-regions, where the major source of

predictability is derived from ocean basins outside the tropical Pacific. Predictability is

low over the India subcontinent from all individual ocean basins, including the tropical

Pacific. In JJA, the Indian Ocean contribution to rainfall variability in the western

Australia, and the southwestern Indonesia is stronger than those from the tropical Pacific.

The North Pacific contributes more to rainfall variability over southern Japan and

northern China in boreal summer and fall. Most important, by optimizing contributions

from the different ocean basins, the CFC prediction yields overall improvement in

potential predictability in all ASM regions, including the Indian subcontinent.
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Figure Captions

Fig. 1 Linear regression of South Asia Monsoon index, RM1, against a) rainfall

anomalies (mm/day), b) 850 hPa wind (msd), and c) 200 hPa wind (ms-l).

Areas with correlation exceeding the 95% confidence level are shaded yellow in

b) and c).

Fig. 2. Same as in Fig. 1, except for the East Asian Monsoon index, RM2.

Fig. 3. Correlation map showing the teleconnection pattern of the 300 hPa geopotential

height associated with a) RM1 and b) RM2. Units are non-dimensional with a

contour interval of 0.1.

Fig. 4. Linear regressions of principal component of Mode-1 North America summer-

time rainfall, against a) global precipitation (mm day d) and 850 hPa winds

(ms-l), and b) sea surface temperature (°C).

Fig. 5. Same as in Fig. 4, except for Mode-2.

Fig. 6. Lnear regression of Mode-1 against a) global 500 hPa geopotential height (dm)

and 850 hPa winds (msd), and b) 200 hPa divergent circulation (msl).

Fig. 7. Same as in Fig. 6, except for Mode-2.

Fig. 8. Eigenvector of JJA seasonal SST in the North Pacific and North Atlantic for a)

first mode and b) second mode, and c) corresponding principal components.

Multiplication of contour values and time coefficients yield units in °C.
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Fig. 9. Laggedcorrelationof ESST1and ESST2principal componentswith monthly

SST in Nifio-3.4 regionfor 12monthsbeforeandaftercurrentsummerseason.

Confidencelevelsof 1%and5%aremarked.

Fig. 10. Compositesof 500 hPageopotentialheight (dm) and 850 hPawinds (ms-l)

with ESST1 for a) positive phaseof ESSTI- warm North Pacific, and b)

negativephase- cold NorthPacific.

Fig. 11. Sameasin Fig. 10, exceptfor ESST2.

Fig. 12 Potential Predictability (see text for definition) of ASM monsoonseasonal

rainfall basedon SSTvariability in thevariousoceanbasins, a) tropicalPacific,

b) North Pacific, c) tropicalAtlantic, d) North Atlantic, e) Indian Oceanand f)

CEC.

Fig. 13 Sourcefunction showing distribution of most influential (basedon anomaly

correlations)oceanbasinon predictability in ASM region for a) DJF,b) MAM,

c) JJAandd) SON.
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