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전지구 상세기후모델을 이용한 동아시아 여름 몬순에 미치는

IOD와 ENSO영향에 관한 연구

김 인 원

부경대학교 대학원 환경대기과학과

요 약

이미 예전부터 열대기후와 동아시아 여름 몬순의 경년 변동간의 관계에 대한 다양한

연구가 활발히 진행되어 왔으며,그 중 태평양을 끼고 있는 동아시아 지역의 여름 몬순의

경년변동과 ENSO(ElNiñoandSouthernOscillation)현상과의 관계에 대해 주로 집중되

어 왔다.하지만 최근 거리상으로 동북아시아와 6,000km이상 떨어져 있는 인도양의 중

요성이 대두됨에 따라 인도양 해수면 온도의 이상 현상인 IOD(IndianOceanDipole)와

동아시아 몬순과의 원격 상관에 관한 연구도 눈여겨보고 있다.따라서 본 연구는 전지구

상세기후 모델을 통해 IOD와 ENSO현상이 동아시아 여름 몬순 변동성에 미치는 영향에 대

해 알아보고자 30년간 현재기후모의 결과를 이용하여 전지구 상세기후모델이 제안하는 동

아시아 몬순에 대한 IOD와 ENSO의 관계를 설명하고자 한다.또한 추가로 현재기후 분석을

바탕으로 하여,동아시아 여름 몬순에 작용하는 해수면온도의 역할을 직접적으로 알아보

고자 IOD,ENSO와 관련된 해수면온도 편차를 강제력으로 주어 8개의 민감도 실험을 수행

하였다.

먼저 30년 동안의 현재기후 모의분석 결과를 통해 겨울철 IOD지수와 ENSO지수는 한국

지역의 여름철 강수와 양의 상관관계를 보이며,일본 지역의 여름철 강수와 음의 상관관

계가 나타났다.눈 분석을 통해 IOD는 ENSO현상보다 우리나라와 일본 북쪽 지역의 겨울철

눈 두께간의 높은 상관성을 확인하였으며,겨울철 눈 두께의 영향이 지속되어 봄철 눈 두

께와 일본의 여름철 강수와 양의 상관관계를 가진다.따라서 모델은 가을에 발달하는 IOD

는 겨울부터 봄철까지 한국과 일본 북부지역의 강한 눈을 유발시킴에 따라 이 지역의 여

름동안 강한 북풍이 나타나며,이로 인해 일본지역에 수증기 공급을 방해하여 IOD의 영향

이 일본 북부 지역의 몬순활동에 전달하는 역할로 작용할 수 있다고 제안한다.

또한 IOD와 ENSO의 해수면온도 변화 강제력에 따른 민감도 실험 결과로부터 IOD는 동
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아시아 지역의 여름몬순 강수와 음의 상관관계를 가지며,IOD는 ENSO현상보다 겨울 및 봄

철의 한국과 일본 지역의 눈 두께와 강한 상관관계를 확인할 수 있었다.이러한 한국과

일본 북부 지역의 눈은 북풍과 함께 한국과 일본 지역으로 건조한 공기의 이동을 유발하

며,적도횡단류를 약화시켜 태평양으로부터의 수증기 공급 방해를 가져온다.따라서 이러

한 대기 순환의 특징은 한국과 일본 지역의 강수 활동 약화시킬 수 있다.
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1.Introduction

EastAsiansummermonsoon(EASM)isamaincomponentofthe

Asian summermonsoon system and subtropicalmonsoon including

China,Korea and Japan (20̊N-45̊N,100̊E-140̊E).TheEastAsian

summermonsoonplayscrucialroleontheweatherandclimateover

theregionalaswellasonaglobalscalethatisquiteacomplicated

system (XuandWu1999).Severalstudieshavealsoexploredthat

EASM isassociated with interannualvariability to changesin the

EurasiaorTibetan Plateau snow coverand thePacificandIndian

OceanSeaSurfaceTemperature(SST).

EspeciallyinthisstudywedealwithdelayedimpactofthePacific

andIndianOceanSST onEastAsiansummermonsoon.Manystudies

havecitedtheElNiñoSouthernOscillation(ENSO)phenomenonas

theprimary factorforthedelayed impacton EastAsian summer

monsoon.SummerrainfalloverEastAsiaregionisgreatlyinfluenced

by the western North Pacific subtropicalhigh (WNPSH)and the

intensity oftheanomalousWNPSH isakey factorin theEASM

variation(Leeetal.2005).TheanomalousPhilippineSeaanticyclone

conveysimpactsofElNiñotoEastAsianclimateduringthemature

anddecayofanElNiño(Wangetal.2001).However,recentstudies

haveexaminedinfluenceoftheIndianOceanDipole(IOD)onEASM.

IOD isacoupledocean-atmospherephenomenonintheIndianOcean.

ItisnormallycharacterizedbyanomalouscoolingofSST inthesouth

easternequatorialIndianOceanandanomalouswarmingofSSTinthe
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westernequatorialIndianOcean.(Sajietal.,1999;Webseteretal.,

1999;Behera etal.,1999).The differentphases ofthe dipole that

differentphasesoftheIOD modechangetheintensityoftheSouth

AsianHighandthewesternNorthPacificsubtropicalhighinsummer

(LiandMu2001).IODgeneratesaRossbywavetrainthatcausesan

extremelyhotanddrysummerineasternAsiancountries(Guanetal.

2003).SST inthetropicalIndianOceanplaysanimportantrolein

prolongingtheIOD impactontheatmosphericcirculationoverSouth

andEastAsia(Yuanetal.2008a).

Inafollow-upstudy,Kripalanietal.2010isfoundthatpositive

dipoleduringautumncouldsuppressthefollowingsummermonsoon

activity overEastAsia threeseasons laterin particularoverthe

Korea-Japan sector.Additionally they emphasize thatIOD has a

stronger relationship with the subsequent summer monsoon

precipitationdistributionoverEast-Asiawestern-NorthPacificregion

thantheENSOphenomenon.However,inpreviousstudy,itisdifficult

toexplainthedetailedprecipitationinformationduetothelimitofdata

about coarse resolution.Moreover some studies pointed out the

increase ofthe horizontalresolution is crucialforrealistic climate

simulatingusingtheAGCM.(DequeandPiedelievre,1995;Stendeland

Rockner,1998;Stratton,1999).

Inthisstudy,were-examinetherelationshipofIODandENSOon

EASM usingtheglobalhighresolutionmodelGME.First,wehave

analyzed the present climate simulation and performed sensitivity

experimentinducedbyvariationofSSTassociatedIODandENSO.
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2.Present-dayClimatesimulationAnalysis

2.1Modeldescription

The higher horizontalresolution has been chosen in order to

representmorerealisticallyclimatesimulationthatissupposedtoplay

a crucialrole.In thisstudy wehaveused theGME atmospheric

generalcirculationmodel(AGCM)(Majewskietal,2002)with40km/

40layerstoinvestigatetherelationshipofIndianOceanDipole(IOD)

and ElNiño/Southern Oscillation (ENSO) on EastAsia Summer

Monsoon.

GME isbasedon an almostuniform icosahedral-hexagonalgrid.

GME grid pointapproach also avoids the large amountofglobal

communicationrequiredbyspectraltransform techniquesaswellas

thelargenumberofarithmeticoperationsnormally associated with

Legendretransformsathighspatialresolution.A majoradvantageof

theicosahedral–hexagonalgridistheavoidanceoftheso-calledpole

problem thatexists in conventionallatitude–longitude grids.The

singularitiesatthepolesleadtoavariety ofnumericaldifficulties

including a severe limitation on the time step size unless special

measuresareundertaken.Thesedifficultiessimplyvanishforgridsnot

havingsuchsingularities.Togeneratethegrid,aregularicosahedron

isconstructedinsidethespheresuchthat2ofits12verticescoincide

withtheNorthandSouthPoles.Fiveoftheother10verticesare
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spacedatequallongitudinalintervalsof72̊(=360̊/5)alongalatitude

circleat26.565̊N,theother5 along a latitude circleat26.565̊S.

Connectingnearestneighborsamongthese12pointswithgreatcircle

arcsdividesthesphericalsurfaceinto20equalsphericaltriangles(Fig.

2.1).Beginningfrom thisgridoficosahedraltriangles,anew finergrid

oftriangles isgenerated by connecting midpointsofthespherical

trianglesidesbyanadditionalsetofgreatcirclearcs(Fig.2.1b).This

processmay berepeated untila grid ofthedesired resolution is

obtained(Fig.2.1cand2.1d).Thisconstructionprocedureyieldsagrid

consistingof10ni
2
+2gridpoints(nodes)and20ni

2
elementaryspherical

triangles,whereniisthenumberofequalintervalsintowhicheach

sideoftheoriginalicosahedraltrianglesisdivided.Each ofthese

10ni
2
+2gridpointsiissurroundedby6nearestneighborsexceptfor

theoriginal12icosahedralvertices,whicharesurroundedbyonly5.

Wethereforerefertothese12specialpointsaspentagonalpoints.If

weplaceallvariablesattheverticesofthetriangles(ArakawaA

grid),thedualmeshconsistsexclusivelyofhexagonsexceptforthe

12pentagonsatthepentagonalpoints.
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Fig.2.1Grid generation by successively halving the

triangleedgestofrom new triangles.Parameterniis

thenumberofintervalsonmajortriangleedge.
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Radiationandclouds RitterandGeleyn(1992)

Grid-scaleprecipitation DomsandSchattler(2003)

Convection Tiedtke(1989)

TurbulentfluxesintheABlandthe

freeatmosphere

Muller(1981),basedonLouis(1979)

MellorandYamada(1974)

SoilModel HeiseandSchorodin(2002)

SSoscheme LottandMiller(1997)

Table4.1SummaryofphysicalparameterizationmethodsinGME

Intheverticaldirection,finitedifferencesareappliedinahybrid

(sigmapressure)coordinatesystem toallprognosticvariables.The

prognosticequationsforhorizontalvelocities,temperature,andsurface

pressurearesolvedusingasemi-implicitEulerianapproachandfor

two moisture fields using a semi-Lagrangian scheme to ensure

monotonicityandpositivity.Prognosticvariablesareps,u,v,T,qv,

qc,qi,O3.GeodesicModelGMEgenerallyemploysthesamemethods

andproceduresasappliedinNWP(NumericalWeatherPrediction)grid

schemes.

Different physicalparameterization methods used in GME are

summarizedinTable2.1.
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2.2Dataandmethodology

Theprimarydatasetsusedinthisstudyincludepresent-dayclimate

simulationdatausingtheGlobalmodelGME.Theyprovide3hourly

informationof0.4̊ (longitudeandlatitude)resolution,coveringthetime

periodfrom 1979to2008.Daily climatologicalAMIPⅡ SeaSurface

TemperatureandSeaIceobservationshavebeenusedforthelower

boundary.

To classified the IOD and ENSO,we calculated the seasonal

standardizedDMI(DipoleModeIndex)andNiño3indexfrom 1979to

2008.A yeariscountedasbeing aIOD yeariftheseasonaltime

seriesexceeds±0.5fortwoormoreconsecutivemonthsbetweenand

includingJuneandDecember.ElNiño(LaNiña)yeariscountedifthe

seasonaltimeseriesislarger(smaller)than+0.5(-0.5)fortwoormore

consecutivemonthsbetweenandincludingJuneandFebruaryofthe

followingyear.Withthesecriterion,theyears1982,1991,1994,1997,

2002,2006,2007areidentifiedaspositiveIOD.Inasimilarway,the

years1980,1981,1984,1989,1990,1992,1993,1996,1998,2001,2005

areidentifiedasnegativeevents.Theyearsofpositivedipoleevents

associatedwithElNiñoare1982,1991,1997andtheyearsofpositive

dipoleeventsassociatedwithLaNiñaare1981,1984,1992,1996,1998.

TheyearofElNiñowithoutIOD eventsare1987,2002andLaNiña

withoutIODeventsare1988,1999(Fig.2.2).Inadditionsomepositive

IODeventsoccurduringthesameyearasElNiño,andthesamecan

besaidaboutnegativeIODeventsandLaNiña.
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Fig.5.2ClassificationofyearswhenpositiveornegativeIODandElNiñoor

LaNiñaoccurred
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2.3RainfallvariabilityoverEastAsia

ToascertainEASM inter-annualvariabilitydependingonIOD,we

analyze accumulated precipitation distribution overEastAsia region

usingtheresultofmodelsimulationfor30yearsperiod.Togeta

broaderperspectiveon thesurrounding region,differencesoverthe

EastAsiadomain lying between 15°N–40°N and110°E–145°E are

determined.Inthediscussionstofollow,thesuffix−1,0and+1with

theseasonsindicatetheseasonsforthepreceding,concurrentandthe

followingyear,respectively,associatedwiththedipoleevents.

The composite precipitation differences between positive and

negativedipoleeventsforthesummeroftheconcurrentyear(JJA0)

andforthesummerduringthefollowingyear(JJA+1)areshownin

Fig.2.3.ThesecompositesalsoincludeENSO-relatedyears.Fig.2.4.

issameasFig.2.3.butforthedifferencesbetweenElNiñoandLa

Niñaevents.ThesecompositesalsoincludeIOD-relatedyears.Fig.2.3.

revealsthatthepositiveprecipitationanomaliesprevailoverEastAsia

domainduringJJA0.

However,thereisindicationofnegativeprecipitationanomaliesover

JapanandpositiveanomaliesoverKorearegionduringthefollowing

summer(JJA+1).Strongerpositiveprecipitationanomaliesprevailover

EastAsiadomainduringJJA+1thanduringJJA0(Fig.2.3).Although

regionofKoreaandJapanisadjacent,thephasesofanomalyshow

oppositeduring JJA+1(Fig.2.4).Thus,inthisstudyweespecially

focusonKoreaandJapanareaovertheEastAsia.
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Fig.2.3Compositeaccumulatedprecipitationanomaliesinmillimetersforthe

positiveminusnegativedipoleevents;(a)theconcurrentyearsummer(b)

followingyearsummer

Fig.2.4SameasFig.2.3.butfortheElNiñominusLaNiña events;(a)

theconcurrentyearsummer(b)followingyearsummer
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Toascertainwhetherthecoherentnegativeprecipitationanomalies

prevailingovertheJapanandpositiveanomaliesoverKoreacanbe

relatedwiththeIODM and/orENSO phenomenon,atimeseriesof

area-meansummer(JJA+1)precipitationoverthesectoroccupiedby

intensenegativeprecipitationanomaliesovertheareaA (36°N-40°N,

126°E-129°E)and positive precipitation anomalies overthe area B

(32°N-38°N,135°E-144°E)is prepared.Lead/lag CCs are computed

betweenthisprecipitationtimeseriesandindicesoftheIODM and

ENSOphenomena.SinceIODandENSOsometimesco-occur,wehave

usedapartialcorrelationanalysistoextractasoleinfluenceofIOD

andENSOonEastAsiansummermonsoon.

Thepartialcorrelationmeasuresthedegreeofassociationbetween

tworandom variables,withtheeffectofasetofcontrollingrandom

variables removed.Partialcorrelation coefficient is calculated by

Equation(1).

  ∙ 
 






(1)

  

  

   
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Thepartialcorrelationcoefficientbetweentheprecipitationwiththe

IODM removing ENSO effectandtheprecipitation with theENSO

moderemovingIODM effectisalsocomputed.Forasampleofthis

sizethesignificantCCis∼0.3at90% confidencelevel.

TheupperpanelofFig.2.5revealspositiverelationshipofIOD

index with subsequent summer monsoon rainfall over Korea.

Furthermore,the relation of autumn IOD index with subsequent

summermonsoonrainfalloverKoreaisstillsimilaraftertheENSO

effectiseliminated.But,thisareaisnotrelationshipwithENSO.

Ontheotherhand,thelowerpanelofFig.2.5showssignificant

negative relationship ofENSO index during SON and IOD index

duringDJFoverJapan.(significantCCat90% confidencelevelis∼

0.3forasampleofthesize)ThisanalysisshowsthattheIOD might

haveastrongerrelationship with thesubsequentsummermonsoon

precipitationdistributionoverEAWNP(EastAsia-WestPacific)region

thantheENSOphenomenon.
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Fig.2.8CorrelationcoefficientsbetweentheseasonalIODM and

ENSOindiceswitharea-meansummerprecipitation;(a)Korea(b)

Japan IODM-ENSO (ENSO-IODM) illustrates the partial

correlation coefficientwith IODM (ENSO)afterremoving the

effectofENSO (IODM).Theseasonsontheleft(light)ofJJA0

indicateindicesleading(lagging)summermonsoonprecipitation.
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2.4RelationshipofIODandENSOuponsnow depth

AtmosphericcirculationassociatedwithIOD andENSO doesnot

havesuchalongmemory.However,accordingtoCortietal.2000,the

largescalelong-lastinganomalouscirculationsystem maydetermine

bothwinterandearlyspringsnow depthanomaliesoverEurasia,due

topersistence.Kripalanietal.2005suggestthatdelayedinfluenceof

positiveIOD couldbecarriedbytheEurasiansnow viathenorthern

hemispheremid-latitudes.

Basedonthediscussionoftheabove-citedstudies,wespeculate

relationship between snow depth and IOD to explain the delayed

impactofIOD and ENSO.The composite snow depth differences

betweenthesetwosetsofextremedipoleeventsforthefollowing

winterand spring have been determined (Fig.2.6).Positivesnow

depthanomaliesindicatingheavysnow havebeennotedinthenorth

ofKorea over the region 50°N–60°N,130°E–140°E and western

Eurasiaovertheregion50°N–60°N,40°E–100°E during thewinter

andspringseason.

ThusthisanalysissuggeststhatIOD maybeassociatedwiththe

winterandspringsnow distributionoverthenorthKoreaandwestern

Eurasiaregion.Inparticular,thepositivephaseofthedipoleduring

summer/autumn may favour heavy snow during the following

winter/springovernorthoftheKoreaandwesternEurasia.
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Fig.2.9Compositesnow depthanomaliesincentimetersforthe

positiveminusnegativedipoleevents;(a)DJF0,(b)MAM+1
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Again the above composites also contain ENSO-related years.

Hencetofurtherascertainthepossibleroleofthedipolemodeonthe

snow distributionoverKoreaandwesternEurasiaregionarea–mean

timeseriesofsnow depthduringwinter(DJF)andspring(MAM)are

prepared.(Fig.2.7centralpanel).Again lead/lag CCS arecomputed

betweenthesnow depthtimeseriesandindicesoftheIODM and

ENSOphenomenaasshowninFig.2.7.

To assesstheroleoftheENSO phenomena in theserelations,

partialCCS ofIODM indexwithsnow deptharedetermined,afterthe

varianceassociatedwithENSOphenomenonisremoved.InDJF,snow

depth over area C (50°N–60°N,40°E–100°E)has largerpositive

relationship with ENSO than IOD (Fig.2.7b),negativerelationship

withIODandENSO.

Ontheotherhand,snow depthoverareaD(50°N–60°N,130°E–

140°E) during both DJF0 and MAM+1 is significant positive

relationshipwithIOD andENSO (significantCC at90% confidence

levelis~ 0.3forasampleofthesize).AlsoCCS ofsnow depthwith

IOD is larger than ENSO.Thus,the composite and correlation

analysessuggeststhattheautumnIOD hasastrongerrelationship

withthesubsequentwinterandspringsnow distributionoverareaD

thanENSOphenomenon.
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Fig.2.10Area-meanwinterandspringsnow depth;(a)over50̊N-60̊N,130̊E-140̊E regionduring

theDJF0,(b)over50̊N-60̊N,130̊E-140̊EregionduringtheMAM+1,(c)over50̊N-60̊N,40̊E-100̊

EregionduringtheDJF0,(d)over50̊N-60̊N,50̊E-100̊EregionduringtheMAM+1
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2.5Relationshipbetweensnow depthandrainfall

RecentlyWuandKirtman(2007)examinedtherelationshipbetween

winterandspringEurasiansnow withsubsequentspringandsummer

precipitationoverEastAsia.Theysuggestedthatsnow andmonsoon

variabilitycouldbothbeinducedbyENSO forcing andthesnow–

monsoon relationship could be a product of ENSO.They also

suggestedthatsnow effectscouldalsobeindependentofENSO.To

examinethisissue,thespringarea–meansnow depthoverthecentral

Asiaand north ofKoreaand Japan iscorrelated with area–mean

summerprecipitationoverEastasia.Table2.2,Table2.3showsthat

summerrainfalloverbothKoreaandJapanhasnorelationshipwith

snow depthoverareaCduringthewinterandspring.Table2.4also

showsthatthereisnorelationshipbetweensnow depthoverareaD

summerrainfalloverKorearegion.ButsummerrainfalloverJapanis

significantnegative relationship with snow depth overarea D in

MAM+1.The correlation coefficientbetween the spring snow and

summerprecipitationis−0.309.OncetheIODeffect(orENSO effect)

isremoved,thepartialcorrelationcoefficientisstillsimilar.;significant

at90% confidencelevel.
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Variable1 Variable2 Controlvariable CCs(orPCCs)

Snow depth

(DJF0)

Snow depth

(MAM+1)
- -0.034

Snow depth

(DJF0)

Precipitation

(JJA+1)
- -0.128

Snow depth

(DJF0)

Precipitation

(JJA+1)
ENSO -0.061

Snow depth

(DJF0)

Precipitation

(JJA+1)
IODM -0.188

Snow depth

(MAM+1)

Precipitation

(JJA+1)
- 0.234

Snow depth

(MAM+1)

Precipitation

(JJA+1)
ENSO 0.224

Snow depth

(MAM+1)

Precipitation

(JJA+1)
IODM 0.212

Table2.2Correlation coefficientsbetween snow depth overarea C and

precipitationoverareaA
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Variable1 Variable2 Controlvariable CCs(orPCCs)

Snow depth

(DJF0)

Snow depth

(MAM+1)
- -0.034

Snow depth

(DJF0)

Precipitation

(JJA+1)
- 0.069

Snow depth

(DJF0)

Precipitation

(JJA+1)
ENSO 0.042

Snow depth

(DJF0)

Precipitation

(JJA+1)
IODM 0.063

Snow depth

(MAM+1)

Precipitation

(JJA+1)
- -0.122

Snow depth

(MAM+1)

Precipitation

(JJA+1)
ENSO -0.143

Snow depth

(MAM+1)

Precipitation

(JJA+1)
IODM -0.118

Table2.3Correlation coefficientsbetween snow depth overarea C and

precipitationoverareaB



- 21 -

Variable1 Variable2 Controlvariable CCs(orPCCs)

Snow depth

(DJF0)

Snow depth

(MAM+1)
- 0.743

Snow depth

(DJF0)

Precipitation

(JJA+1)
- 0.055

Snow depth

(DJF0)

Precipitation

(JJA+1)
ENSO 0.035

Snow depth

(DJF0)

Precipitation

(JJA+1)
IODM 0.054

Snow depth

(MAM+1)

Precipitation

(JJA+1)
- 0.082

Snow depth

(MAM+1)

Precipitation

(JJA+1)
ENSO 0.112

Snow depth

(MAM+1)

Precipitation

(JJA+1)
IODM 0.082

Table2.4Correlation coefficientsbetween snow depth overareaD and

precipitationoverareaA
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Variable1 Variable2 Controlvariable CCs(orPCCs)

Snow depth

(DJF0)

Snow depth

(MAM+1)
- 0.743

Snow depth

(DJF0)

Precipitation

(JJA+1)
- -0.107

Snow depth

(DJF0)

Precipitation

(JJA+1)
ENSO -0.056

Snow depth

(DJF0)

Precipitation

(JJA+1)
IODM -0.117

Snow depth

(MAM+1)

Precipitation

(JJA+1)
- -0.309

Snow depth

(MAM+1)

Precipitation

(JJA+1)
ENSO -0.300

Snow depth

(MAM+1)

Precipitation

(JJA+1)
IODM -0.311

Table2.5Correlation coefficientsbetween snow depth overareaD and

precipitationoverareaB
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2.6Circulationassociatedwithheavysnow

Recentstudiessuggestthatthelarge-scalelong-lastinganomalous

circulationsystemsandthewinterandspringsnow depthanomalies

overEurasiaarewellconnected(FerrantiandMolteni,1999;Kripalani

andKulkarni,2001;Cortietal.,2000).Snow depthchangesaremore

indicativeofchangesinthelarge-scalemid-latitudecirculation.This

couldfurtheraffectthelandtemperature,land-seatemperaturecontrast

andsubsequentmonsoonstrength(Meehl,1994,1997).Theland-sea

temperaturecontrastplaysimportantroleon monsoon.Shukla1987

hypothesizedthatanexcessivesnowfallduringthepreviouswinterand

springseasonscandelaythebuildupofthemonsoonaltemperature

gradientbecausepartofthesolarenergywillbereflectedandpart

willbe utilized formelting the snow orforevaporating the soil

moisture.A relativelysmallamountofenergywillbeleftforwarming

thesurfaceandhencetheatmosphere.Snow melting,soilhydrology,

changethemeridionalgradientofthetemperatureofthelandand

overlying atmosphere,and in turn affectthe developmentofthe

followingmonsoon(Barnettetal.1989).

Inaboveanalysis,theIODshowssignificantrelationshipwithsnow

depthoverareaD.Toexaminethecirculationpatternsassociatedwith

thesnow depthovertheaboveidentifiedlocation,compositedifferences

arepreparedforheavyminuslightsnow events.AsshownFig.2.8to

definetheextremesnow eventswestandardized snow depth from

1979to2008period.Afterthat,weidentifyheavy(light)snow events
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ifstandardizedvalueexceed+1.0(-1.0)Withthiscriterion,extreme

winterseasonswithheavysnow (intheyears1994,1996,1997,2002)

and lightsnow (in the years 1981,1989,2005)overarea D are

identified.

Fig.2.8 Standardize snow depth over the area D and

RainfalloverareaBfrom 1979to2008
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Toexaminethecirculationpatternsassociatedwiththesnow depth

overtheaboveidentifiedlocation,compositedifferencesareprepared

for heavy minus light snow events.Fig.2.9 indicate 500 hPa

geopotentialheightdifferencesfortheheavyminuslightsnow events

(upperpanel)and850hPawindvectordifferences(lowerpanel).In

caseofheavysnow events,5880lineofgeopotentialheightapproach

towards Korea region.Itmeans North Pacific Subtropicalhigh is

intensifiedduring summer.Butthereisnegativegeopotentialheight

differencesnorthofJapanregionunlikeKorea.Fig.2.9(lowerpanel)

revealsthatlow-levelnortherlywindsoverJapanandsoutherliesover

Koreaarestrong.Thisnortherly windssuppresssummermonsoon

overJapansincenortherlywindsoverJapanwillinhibitthemoisture

supplytowardsJapan.Onthecontrary,southerlywindsstrengthenthe

moisture supply towards Korea that intensified summer monsoon

rainfalloverKorea.

Thereforethecirculationanomaliesindicatesomesignalsofsnow

effects.Itisinterestingtonotethatthemaininferencesdrawnfrom

Fig.2.9aresimilartotheonesbasedonthecompositesofextreme

dipoleeventsshownbyKripalanietal2010.Thus,thesimilarityof

the anomalous mid-latitude circulation patterns associated with the

positivedipolemodeovertheIndianOceanandheavysnow overarea

Dsuggeststhattheymaybeinter-linked.
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Fig. 2.9 Composite seasonal differences of 500hPa

geopotentialheightin metersfortheextremenow depth

events(heavyminuslightsnow overareaD)
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2.7 Relationship of IOD and ENSO on surface

temperature

To ascertain whether the north-south land-sea contrastis an

importantfactor,a time series ofarea-mean surface temperature

anomaliesovertheEastAsiaisprepared.AsinFig.2.5andFig.2.7

correlationandpartialcorrelationanalysisofsurfacetemperatureover

KoreaandJapanwiththeIODM andENSO indicesarepresentedin

Fig.2.10.showssurfacetemperatureoverKoreaisstrongerpositive

relationshipwith IOD inDJF0thanENSO.OverJapanthereisalso

positiverelationshipwithIOD inDJF0but,CCS issmallerthanover

Korea.

ThepositiveCCS implythatheaviersnow couldbeassociatedwith

highertemperaturesoverKoreaandJapan.Itisapparentthatheavier

snow depth corresponds to lower temperature.Thus the lower

temperaturesoverthenorthandhighertemperaturesoverthesouth

would increasethemeridionaltemperaturegradientresulting in air

flow from thenortherncoolerregiontothesouthernwarmerregion.
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Fig.2.10 Correlation coefficients between the seasonal

IODM andENSO indiceswitharea-meansummersurface

temperature; (a) Korea (b) Japan IODM-ENSO

(ENSO-IODM)illustratesthepartialcorrelationcoefficient

with IODM (ENSO)afterremoving theeffectofENSO

(IODM)
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3.Sensitivityexperiments

3.1Experimentdesign

Inthisstudyninesetsofnumericalexperimentsareperformedby

GME model:thecontrolrunwithclimatologicalSSTs,and8setsof

sensitivity experiment with additionalforcing from the composite

anomalies associated with IOD and ENSO. The nine sets of

experimentshavebeendescribedinTable3.1.Sensitivity experiments

arecomposedbytherunswithSSTsassociatedwithonlythepositive

andonlynegativephaseofthedipolemode(notinconcurrencewith

ElNiño/LaNiña),runswithSSTsassociatedwithonlyElNiñoorLa

Niña(notinconcurrencewithIOD),runswithSSTsassociatedwith

positivedipoleinconcurrencewithElNiño,runswithSSTsassociated

with positivedipolein concurrencewith LaNiña,runswith SSTs

associatedwithnegativedipoleinconcurrencewithElNiñoandruns

with SSTsassociated with negativedipolein concurrencewith La

Niña.

To identify the sensitivity, we use the observed AMIPⅡ

(AtmosphericModelInter-comparisonProject)SST from 1960to1999.

TodeterminetheSST anomalypatternsassociatedwiththepositive

andnegativephasesofthedipolemode,timeseriesofmonthlyDipole

Mode Index (DMI)and Niño3 has been examined.An index to

quantifytheIOD hasbeenproposedbySajietal.(1999).Thisisthe

differenceinSSTanomalybetweenthewesternIndianOcean(50̊E-70
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˚E,10̊S-10̊N) and the southeast Indian Ocean (90̊E-110̊E,10̊

S-equator)andisdenotedasDMI.

ENSO phenomenon is quantified by the Niño3 Index that is

standardizedSSTanomaliesoverNiño3region(5̊S-5̊N150̊W-90̊W).

TheDMIandNiño3indexcalculatedfrom 1960to1999isshownin

Fig.3.2.

DMI>0.5 -0.5<DMI<0.5 DMI<-0.5

Niño3>0.5
(a)PositiveIOD

andElNiño

(b)NoDipole

andElNiño

(c)NegativeIOD

andElNiño

-0.5<Niño3<0.5
(d)PositiveIOD

andNeutral
(e)Climatology

(f)NegativeIOD

andNeutral

Niño3<-0.5
(g)PositiveIOD

andLaNiña

(h)NoDipole

andLaNiña

(i)NegativeIOD

and LaNiña

Table3.1GroupofIODandENSOusingtheNiño3indexandDMI
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Fig3.1Mapshowingtheregionofanalysis

Fig 3.2 IOD Index (upperpanel)and Niño3

Index(lowerpanel)from 1960to1999
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TheSSTanomalypattern(Fig.3.3upperpanel,left)showspositive

anomalieswestof80̊E andnegativeanomalieseastofthismeridian

forthepositivephaseofthedipolemodeinequatorialIndianOcean.A

reverseanomalypatternisclearlyvisibleforthenegativephaseofthe

dipolephenomenon(Fig.3.3upperpanel,right).(Fig.3.3centralpanel,

left)representsElNiño.SignificantpositiveNiño3SST anomaliesare

visibleinPacificOcean.SignificantnegativeNiño3SST anomaliesare

visiblein PacificOcean indicating La Niña (Fig.3.3centralpanel

right).TheseSST patterns(Fig.3.3centralpanel)associatedwithEl

NiñoandLaNiñaareindependentofIODM.Fig.3.3(Lowerpanel,

left)depictspositiveIODM eventoccurringwithLaNiña.Inthiscase,

SST anomaly patterns (Fig.3.3 lower panel,left)show positive

anomalieswestof80̊E,negativeanomalieseastofthismeridianand

overtheentirePacificOcean.SimilarlyapatternfornegativeIODand

ElNiñohasbeenpresentedinFig.3.3(Lowerpanel,right),showing

positiveSST anomalieseastof90̊E,butwithsomeweaknegative

SSTanomaliesalong150̊E.
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Fig.3.3.CompositeSST anomaliesassociated with IOD and ENSO;(a)

PositiveDipoleandElNiñocase(b)ElNiñoonlycase(c)NegativeDipole

andElNiñocase(d)PositiveDipoleonlycase(e)Climatologyfrom 1960to

1999(f)NegativeDipoleonlycase(g)PositiveDipoleandLaNiñacase(h)

LaNiñaonlycase(i)NegativeDipoleandLaNiñacase
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These SST composites have been super-imposed on the

climatologicalSST patternsfortheeightsensitivityexperiment.Thus

controlrunisperformedwithonlySST climatologyfrom 1960to1999

,andthesensitivityexperimentsarecarriedoutwithadditionalforcing

from the composite anomalies associated with the extreme dipole

phases.IOD initiates in summer and peaks in autumn,so the

sensitivity experimentwasdesignedinsuch away that50% SST

forcing was given in summer,full100% forcing in autumn,50%

forcing in winter and thereafter experiment continued with

climatologicalSST.(Fig.3.4.)

Finallyweapplytothemiddleeachmonth,anddailySSTswere

obtainedbylinearlyinterpolatingbetweenthesemonthlymeanvalues

fortheboundarycondition.After,toreducetheinitialtransientswe

conductedprocedureofspin-upforonemonthwithinitialcondition

andboundarycondition.Modelsimulationisperformedfrom Marchfor

twoyears.
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Fig.3.4Schematicrepresentation ofdesign of(a)Controlrun and (b)

sensitivityexperiments.
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3.2Resultofexperiments

3.2.1RainfalldistributionoverEastAsia

Fig.3.5showsrainfalldifferenceinmillimetersduringthefollowing

summer (JJA+1) by present climate simulation (left panel) and

sensitivityexperiments(rightpanel).Fig.3.5aindicatesPositivedipole

minusNegativeIOD phaseexcludingENSO andFig.3.5bshowsEl

NiñominusLaNiñaphaseexcludingIOD.AsseeninFig.3.5ain

caseofpositivedipolephasepresent-day climatesimulation shows

negative anomalies over East Asia and similar with sensitivity

experiments.

Howeverthestrengthofthenegativeanomaliesduringsensitivity

experimentsappeartoincreaseinparticularoverKorea.Asseenin

Fig.3.5b in case of El Niño minus La Niña excluding IOD

present-day climatesimulation shows positiveanomalies overEast

Asia.Butinsensitivityexperimentsweseethepositiveandnegative

anomalies,pictureisnotclear.Thuswiththesensitivityexperiments

itappeartheIOD delayedimpactismorethanthedelayedimpactof

ENSO.
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Fig.3.5 Rainfalldifference in millimeters during the following summer

(JJA+1)bypresentclimatesimulation(leftpanel)andsensitivityexperiments

(rightpanel);(a)PositivedipoleminusNegativeIOD phaseexcludingENSO

(b)ElNiñominusLaNiñaphaseexcludingIOD
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3.2.2Snow depthdistributionoverEastAsia

Fig.3.6 shows snow depth difference in centimeterduring the

winterandspring by sensitivity experiments.Upperpanelindicates

PositivedipoleminusNegativeIOD phaseexcludingENSO andlower

panelshowsElNiñominusLaNiñaphaseexcludingIOD.Comparing

upperpanelandlowerpanelweseethatmoresnow isinducedover

theNHmid-latitudesfortheIODM case.Ifwefocusonattentionjust

northofKorea-Japan,wecanseepositivesnow anomaliesforthe

IODM case,butfortheENSOcaseresultsarenotclear.
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Fig.3.6 Snow depth differencein centimeterduring thewinterand spring by sensitivity

experiments;PositivedipoleminusNegativeIOD phaseexcludingElNiño(upperpanel)andEl

NiñominusLaNiñaphaseexcludingIOD(lowerpanel)
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3.2.3CirculationassociatedwithIOD andENSO

Fig.3.7 shows 500 hPa geopotentialheightdifference in meter

duringthewinterandspringbysensitivityexperiments.Upperpanel

indicatesPositivedipoleminusNegativeIOD phaseexcludingENSO

andlowerpanelshowsElNiñominusLaNiñaphaseexcludingIOD.

IncaseofPositivedipoleminusNegativeIOD thereexistpositive

anomaliesoverKorea and negativeanomaliesovernorth ofJapan

whileinElNiñominusLaNiñatherearenegativeanomaliesover

northofKoreaandJapan.

Fig.3.8shows850hPaWindvectordifferenceinm/sduringthe

winterandspring by sensitivity experiments.Upperpanelindicates

PositivedipoleminusNegativeIODphaseexcludingElNiñoandlower

panelshowsElNiñominusLaNiñaphaseexcludingIOD.Theflow

patternforpositiveIOD minusnegativeIOD showsweakeningoflow

leveljetwhichwillinhibittransportofmoisturefrom pacifictowards

KoreaandJapan.Thismayleadtolessrainfall.Nosuchfeatureis

clearlyseenfortheENSOcase.
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Fig.3.7 500 hPa geopotentialheightdifferencein

meterduringtheSummerbysensitivityexperiments;

PositivedipoleminusNegativeIOD phaseexcluding

ElNiño(upperpanel)andElNiñominusLaNiña

phaseexcludingIOD(lowerpanel)
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Fig.3.8 850 hPa Wind vectordifference in m/s

during the Summer by sensitivity experiments;

PositivedipoleminusNegativeIOD phaseexcluding

ElNiño(upperpanel)andElNiñominusLaNiña

phaseexcludingIOD(lowerpanel)
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4.SummaryandConclusions

Inthisstudy,wehavere-examinedtheimpactofIOD andENSO

onEastAsiansummermonsoon,inparticularoverKoreaandJapan.

First,weanalyzepresentclimatesimulationfor1979-2008toexamine

relationshipIOD andENSO withEASM throughclimatemodel.IOD

during the winter shows negative relationship with the following

summermonsoon rainfalloverKoreaand positiverelationship over

Japan.IOD hasastrongerrelationshipthanENSO withsnow depth

overtheareaD during winter.Snow depth overtheareaD has

positiverelationshipwithsummerprecipitation overJapan.IOD has

positive correlation with summer surface temperature over Korea.

ModelsuggeststhatdelayedimpactofIOD becarriedbythesnow

distribution overareaD.Thisresultin anomalousnortherly winds

overnorthJapanduringsummer,whichtransportscoldanddryair

towardsJapan.Thus,thatleadstosuppressedrainfalloverJapan.

In addition wecarried outsensitivity experiments to verify the

impactofSSTvariabilityrelatedwithIODand/orENSOonEastAsia

summer monsoon.According to sensitivity experiments,IOD has

negativerelationshipwiththefollowingsummermonsoonrainfallover

EastAsiainparticularKorea-Japan.IOD hasastrongerrelationship

than ENSO with snow depth over the northern hemisphere in

particularKorea-Japanduringwinterandspring.Theheavysnow just

north of Korea-Japan will induce dry air from north towards

Korea-Japan.Theweakeningofcross-equatorialflow inhibitmoisture
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supplyfrom thePacific.Allthesefeaturescouldleadtolessrainfall

activityoverKorea-Japansector.

Consequently highresolutionclimatemodelcouldexplain possible

mechanism ofdelayedimpactofIOD onEastAsiansummermonsoon

whichissuggestedbyKripalanietal2010.Butithaslimittoverify

clearlyimpactofIOD andENSO onEastAsiasummermonsoononly

with high resolution climate model. Thus, to improve our

understandingofphysicalmechanism abouttheresultofclimatemodel

simulation,variousattemptisnecessary.
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