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                                  Absamace

       Forgnation mechai3isgn of the arid c]imate in northeastern Asia is iRvestigated using a

regional cMmate modei. Two kinds of long-terrri numerical experiwaents are carried out with a

reakopograpby and with a modified topography which does not contain the TianShan and the

Agtai Mountakns. Simu}ated ragnfagl distrgbution with the real topography shows maxignum

precipitatgon over upwifid sgope of the mountain and minimum precipitation in downwind side

of gt, which is consistent with the feature of ragn-shadow in other regions of the world,

However, numerical experiment without the TianShan Mountains also simulates the area of

distinct mgnimum precipitation in the same iocation. This leads that the arid climate is formed

eveA though the rain-shadow effect is absent. The difference in rainfall amount between these

two experiments is very small around the downwind side characterized by the arid region. On

the other hand, more intense and frequent rainfall events tend to occur in upwind side of the

mountain range due to forced lifting of environmental flow, which just emphasizes the contrast

in rainfagl distribution between upwind and downwind side of the mountain. Regardless the

TianShan Mountains exists or not, the subsidence prevails over the arid region iR summer, and

suppresses precipitation when synoptic scale disturbances are situated in vicinity of the desert

reglon.

       Sensitivity of the subsidence prevailing over the arid region during summef is

investigated by regionag climate model experiments. An experiment without diabatic heating

shows very gentle vertical motion over the arid region, which indicates that the Mnechanical

effect of the Tibetan Plateau is not enough to cause the subsidence, On the other hand, the

svebsidence is stronggy enhanced in case that the diabatic heatiRg processes, such as radiation

and condensation, are added in the model, Additionally, horizontag and vertical structures of

verticag motion are very similar even when diabatic heating by oRly radiation process is

inckuded in the model, The elevated ground surface of the mountainous region, especially the

Tibetan Piateau, is heated in the model as a result of solar radiation inducing iarge sensible
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heat flxgx. Atrr}ospheric circxglation areund the East Asia shoggld be strog¥)ggy inffuenced by the

eRevated he3t s(>xirce. I'revi()itjis stggdies maifimly focamses on the reRatiog}s}kgp betweeg. } the ariCgity

iia rxkiddje gatitRide Asia aded diabatic heatiRg over t}xe tropicaE regioxfts sjn£e verticalgy iittegrated

diabatic heating rate is larger in tropical regioits thait over the 'I"ibetaR PIateagja. gR this stk}dy,

further seRsitivity experiments asstgming an alirtifici31 heating over the Tibetait Pgateau are

condxgcted iR order to study the thermaA ethct of the rl-ibetait PlateaRjE on tlrke se}bsidence. rTbe

sin2ugated featk}re of verticag motieit is very similar with that by fuRI diabatic heating gnodeg

showing distinct svgbsidence over the arid region. IIeritce, the diabatic keating ever the plateavk

is crucially important to cavkse the arid cgiiik3te in northeasterR Asia.

       The statiowary wave driven by diabatic heatiftg over the pgateaai tends to propagate

fterthward dtEring bereag sk}rnmer, siftce subtrepicag westerly jet lecates itorth ef the plateavg.

Conseqvgeittly, precipitatiopt is suppressed by the stationary descendiitg metioR arovEitd the arid

reggon iR portkeasterxx Asia, which is cavgsed by the interaction between zoma} wind aRd

diabatie heating over the Tibetait Plateavg.

Keyworcis.' aridclimage,
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E.g. Affkdi cRimaee im pmoffgheasEema Asga

     Artd cgimate covers broad extent oveff Raitd affeas where pr.ecgpgtation amoupmt gs very

sgxitagl aitd over eceans with cogd cgrrents. Fgggre k.1 shews tBie ggobag dgstrtbgtgoxt of aitnuag

pffecRpgtatRoem cMi]igatogogyi. Over the ocean, arg{iR cgirrnates are fokien(di corgresg)on(iifRfi]g go tkie ccpgd

eceait curreitts affound Cagifoffi]ia ()grrent, Can3fies (;urrent, EEeRrcrgbo}dt (vgfgent, Beitggella

Curreent, arEd West AustragRarit CgrffeRt. Ovef gand, major argdEty ageas can be foikitd tw the

S,khara, Kagah3fg, A"stragian I¥)esert, Ar3biagk Desert, gragegan Desert, Terkes'gafft Deseft,

"W.akgag ¥(iakan, ¥(}ebE, North Agnergcaxi Desert, and Atacagma. SERce the geographicaP dlstribgtiogx

c¥)f arj-dity, Efl particmiar deserts, has strongly RgffEegted the hrkeviait actkvfity iit hRstofgca.g [it?nes,

these deserts deserve to iitvestigate thekff Rature and formatioit gif}ecka!agsgifks.

     The stgkdy aren gncludes the two of the garge,gt dese･f,t reggofias im Asia of the Takg.Sg¥iakafi

arad tRike Cicblr>i t,Seserts (]Fig. 1.2). Both reggoits can be rcgarde. (i 2.pts" gbaft oLf" sk}bsifepieaG 3rg'giE

i.'.]Efi'kate iRk ]IF･vgiasiaxk coittgitent exteitdiitg frogn t}ke Arabic"･n ]'c,:.i,kf,siiR-a, (L'iesr,4ttifa] Asi-a, pmortR?.efit

Charka, and twifoitgolga. Figure i.3 shows the spatgag distrEb"t.g'oik H¥)f Agand cover ovsr As'la

provRded by the U. S. GeoRogicag Survey (USGS). Aifgd reggoii caeJe.rv"rgzed as deseft type

covers gafge g)Drtgon of rtorthwestern ChRfta, especgagly affoygRcl ghe Takaggnakagi 6eseift ait(S tke

Gobg desert and sofiiRie p3rts of southem Mongogia. Seff}mg-desert reggoia dg'strgbutes sutrrogftdimg

the desert type, tkat gs, westerri 'ffgbetan Piateau, the liL3ke of BagEthash im KazakhsgaR, aged

soEgtherfia haEf of Mongoita. Short grass type can be fogRd kn easterffk and noffthern hagf of

MongoaRa ascd eRevated ffnoasntaiitews reggoits seEch as the rTkaitShak Moeeittaifts afld the ARtai

MoxgpmtagRs. ffife geitefal, vegetatgoit cover is stfoRgAy affecte¥(l Dy anitkxag precgpgtatkon as weRE as

avefage temperategre. Fkgewe 1.4 shows the angeekag pfecRpStatgoit dgstrgbutgon iR the stwdy affea

durgng 1979 aftd 200a gsing (}P()P daeaset. k is evident ghat the desert aRd seffnS-desert

     t.
i Based on Globak Precgpitatgon CXifEgatoRogy Preject (GPCP) versioit 2 dataset (Adillef et all.,

2003¥).
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cXffy}ates corffespeitd weRl to the dry reggon where annu3R precipgtatSoit gess thaR XOO rrkxn.

     ]Fgggfe g.S igRustrates the cEimatology of snckentl]Ey precgg¥)keatkon grr} Asga dEEygitg g979 and

20()g wskpmg GP()P dataset. HofgzowtaR ceEr}ec>oxtent of tifte verggcaERy Rwtegrated watef vapor ffgx

gsgng NCEP/NCAR reanagysgs (KaEnay et aE., g996) is agso dyawn tw the figgre. git g3Rwary,

finoRthgy precfipgtatgon gs less than 10 mgpt over whoie the TgbetarR Pgateau and the Mongokait

Pllatean, aRCI the watef vaper trasusif)c)rt gs vefy sffnaee iit tkkese reggoit (ffTgg. E.5a). Wkiereas,

refiativegy Eaifge g>recgpitatioit rate is obsefvegdi ifi CentraE Asia aroekRCE the Caspgaft Sea an¥(I the

Aral Sea fesaskgng gn the wettest season gn thgs reggon. The ragnfallll am.oasRt gs veify dgffefent

betweeit the west and east of the dftvidiftg ggaogntagn ranges sEich as the Tj aRShan Moisntain, ghe

AEtag MoggRtakn, aged the Sayage Mountaiit. Moitthgy precgpj.tatioR j.s garger than 20 gngn in the

west of those meaxittaRn ranges, whRRe the gnenthgy precipgtatiQR ks geeargy zero gffg the e3st Gf

theRrk. The 3.fea of the dry regkopm, gn respect with precgpgtattioR rate gess than 10 gcrim mowtftg-i,

becomes gradukagRy smalli and Aimited ift the desert and semg-dese･g't yeggosc igk April (.paR'g. I .5'b).

The waeer vapor traitsport exhibits garger amo"nt at the saffB.e tg'me. in spring, ftesthem ChgRa

afgd sony"lk:3.ii¥} Moitgogia becogxaes most progrkgnent season of t]me drxst sf-g."a"gn eve.nts (Kgrosakg

3yAd Mikaffng, 2002¥) beca"se syxtoptgc scage distufbances are oyntek passi,ng throesgk thEs ffegiok

afterths digsappearance of the cogd wgRter aRticycAoRe over t¥( e northem Asi, a. Psecipgtatioy.lt rk'te

over the argd reggon increases after ApyiP, aitd it reackes the higkesg im bugy g'rk g-gkosft. part of

llortheasteme Aska (Fig. g.Sc). 'pto the contyary, in cengffag Asgax., tbe rakkxfa,gl fate is 'beiRg Ress thagk

gO Eiftgg) iKkoittRk-i cagsgng a coitsiderabge ark(iity iit itortk)easters Asia, Earge l)c)rti(>R of anitgaR

precipRtatgoft occurs durgng warm season, whereas anitgag pffectpatatioR is contifRb"ted gnaExkgy

by wifteertgicr}e precgg¥)gtatgon wt Cenerag Asga. SucliR featwfes of tfree seasonaE variabkPRty of

precgpitatRofi have aRso beeit described gn Yatagai aftd thsggnark (g995). Fggaxife i.6 glgustrates

aRfiesag precgpitatioit aitd the contrtbgtkoge ef samggaertgKrte pffecipitatgon based oit the rain gauge

observatkoit fecofds. As ffnentioited above, anit"aR pfecgpitaeieR is fiess than SO mKn gR the

RrakEkmakait desert, aRd afouitd IOO ffifxm iR tke Gobg desert; but ffifiere than hagf portRon of

aRitgall precipgtatgoge is observed as s"Enmeftgme vagRfagll. On the other haitd, aitngag

precgpitatioit kR ()entraA Asga has a EngRRgxkgwt wRth lless thag} 200 KK)gxk, and fowwd that tke
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coRtrgbution of the seemgner precSpRtatiofg Rs bEow gO %. The ckaracterRstgc dgfferences tw

seasonag varSatgoR Rpmdgcates that the feasoRs of the 3rEdity ffg3ay differ betweeit Cewtifag Asga and

northeaseergR Asaa, alltheugh it may be fegafded as gnRque bEite Earge argd reggen gxk respect to the

annasag precgpgtatkon.

R.2. Pffevgows stwdy oit ghe ewRd ffegton foffgzigigaegoee fipm Easg Asfia.

     (}E()b3g Cggstrgbutgen of arid cAimate can be cfiassifRed ERto severag types accefding to t&ge

reasog} of few rainfaRg events as descrgbed gn many gStefatures such as }Iotgghtoifa (1984). Majof

desert regiofts over land are consgdefed to owe to at geast oite of the follRowkng causes.

     (g) Located gft subsidence afms of E{adley aptd Wagker c･Rrcufiations, where su'btffopSca]

         a¥(RtRcycgones prevaig.

     (2) iLee ef dgvgdiRg Enoxkwtaiit range becae]se ftREgmi($. aj.r feow is bRcpckeCg aER($ RSfteCif to its

         condegesatgeR ReveA ovef the upwipmd sgope finaggy cazigsing. r, aiitfagg theffes as a i'esutgt,

         Y.ess hgEifngd air fis transpofted to l.eeside, so caXgedi Tai:,x--skadow effe".(t tf･ [Fkg. g.'l')

     (3) Apart froxn w3tef resouyces of ocean.

     (4) Iitactive syitoptic distxErbances owgng to the statioigafy Ro.:=sby wave., whick can. -ig.a

         seeR aroimd Iarge scale mogntaifts.

gtrg gepmeva1, suiost of arid areas oit the Earth llocate Rit sabtffopi･･:.ai regioits de}e to tk{e cakese (g).

The hfigh pressgre bel-t"' Rear 300 latRtude gs krkewn as pffevagKng sRJgbsideitce mf}otRon because t'ings

bel･t fis sRt"ate(i between the actRve coitvectioit in g'ffCZ (girkter-[Rrro-geicaE ( ()i2vergeitce Zoite) aitd

stab]e ascent assecgated wgth gxkad-gatitwde storgxks. FigeEre 1.7 gllEmstfates a schematic dgagraEifx of

the "raRn-shadow effect" as assigited by cause (2). The physRcag barfRer of the moEsteJgre

traRsport by the gxiowRtain yange has beeit cgaggined by many ak}thors descffgbing desert

formatgoft processes. The raan-shadow indgced desefft caR be found itear Eee of garge scaEe

finoesRtagn or the diveding meesRtagg raitges. For exampge, ptgg. g.8 shows aRitmpak precipgtatgoit iR

the gsEand ef HawagE. LocaR minagncegms are promgitent Rn west sRde of t&ge RneuRtagR peak s"ffxce

eastergy tfade wind pfevaR}s an thRs region. Fgggre i.9 agso shows the exawapge of ragn-shadow
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whRch is obsefved aEong logeggtudiitag transect iit Nerth Agiierica. Agen"]ag precipgtatgopm cSearEy

decffeases gR ghe iee of the dividgftg ffRompittagR raenges.

       'ffhe (Sesert feggoft gR northeastergR Asga gs Eocated gR reRatgveEy ft)igSaer Ratfitgde

cogKkg)ared wgth otgtaeff ffnajc)r (Eeserts wgthtw snbtff()pRcag z()]3e, e.g. the Sahara and interRor of the

Ae]stragian coittgnewt. rg'he fact iRdRcates that the Hadley cgrcgliatgen gs oniy RgttRe regated wath

the forgimatioR of the afgdgty. As ffneRtaoncd by Mawtbe and Broccogg (if990), abseRce of

raarft-gnduciitg distEgrbances gs iitdeed pffomgitent gn wkwter; however Rt woeeggig contrgbeete sARghtgy

to the sifgmmer dryness because zonal wRitd velocity ks reRatgveXy weakei' gft sasmgner. Pfevgo"sgy

sgggested ffeasoRs for the warm season dryitess can be summaritzed as gh.e combgitatRoit of

above mentgogeed cause (2) and cagse (3) in gefterae (Houighton, 1984; HartKn3Rit, 1994;

ShgRoda, 2002¥). Recentgy, hydrofogicag cycRe oveff Rand becomes a veify imporsaitt theifne to

*itdefstag}C9 the ggebag hy(dlroEogicall regiffne. Ifg paftick]gar, water recyc}e 1 s orRe･ Gf tiige interesttwg

gssEees ovey ari(S reggoft gn ffrkkd-gatgtude Asia. BosiRovich .axitd Sckiekbert (2,O02) stydied the roEes

ef hydrogoggcaR cycRe over gaxgd by shewiRg a contrRbutgore frotiin evc"f.g,ogatgoxft at tk..e gaRd 3esrface

'to the aptxigaR g¥)fecipitatien, axRg[i sgggested that very smaRk frtitct.g'oit of vaRra wate:ti" is erigXRated

f"rom oceait in mafty desert regions Rit the world. gn itortheasterr} A.sia, m/ore tkaft gg % of ifatw

wateif owes to the evai)oratRon fr()ffit ganCg searface. 'I'Ske resekY.t igedicateg ff)ossath)le conifftectScKi

li)eSweeR t}'ke distance fr()nk the eceait and argd cRREnate distrEbeti()g).s. E(owevef, the cog)tfRbljtSs)it

iFCrom evapoffated water is knowit to show another value dependiing on the gnethod of ewma¥)ysSs

¥(Treitberth, g999¥). Addgtgonakgy, sogEie GCM ¥(GeneraP Cgrcgllatg'oit. Modeg¥) expertffif}eRts, for

exafinpge Mawtbe ard Terpstra (i974) aed Manabe ajmdi Broccogif (1990), have shDwpm aim.est

aRnggar distrtbgtion of ragnfaEg iit the gnckodeE gR c3se that afiy ffnotgntagns oR the ggobe wefe

3bseget. rE'hves, the distance froffn the oceag¥) gs Rot agways segected retason ]whgch can aRswer why

the arid regioit is Rocated Rit the cgrreftesocatkoR.

       As it can be seen ftit Fig. 1.10, the deseft feggorits afe surfirougeded wgtk the TiaitShan

aRd tfr}e Aetag ffnountagn raxgges except for the east sRde of thewt. rghe eRevatioyss of tSkese

mouRtaan rgdges exceed 2000 En. ggi partgcugar, the peak okhe TRanShan MoEitRtagits as hggher

thage 7000 ffxR whRch gnfixeeitce on the precipStation systegns coitsgderably Obsefved ftnftgag
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precgpgtatgon gs Earger thait 300 ffx}su} in the west, aitd sxgmaA]eff thaft ftOe giiitm ift ithe east of the

twountagR rag}ge. Skich a charactefRstgc ragnfaeE dgstrgbvgtfioR is epme of tkRe eniy evgdegice whgch

s$pports the importapmce of ragn-shadow effect in thgs area becawse oniy obsefvatgonag

inferences were achReved so far coptcemgng proprgety of the rawt-shadow effect. Coffg}paffed

witgi scheKERatic figEgre of ragn-shaCEow gn gFgg.a.7, eig}wgR¥(i cpf tklte ffN}eesff}tagit, CentvaE Asga Rs never

huifngd as gRmeRtgoitedi git sectioR 1.g. [Rrherefore, the infgiiences of vagiig-shadow effect oit thgs

region are not adeqEgatefiy cgear even t}iough it h3s beeit beXeved very gff] kportawt as a prgRcgpag

reasoit of deseft forffn3tgoR. in addgtRon, dgring sugximer, Eaimd-s£a heatgng coittrasts over the

Astan ffxioRsoon region widegy xr¥)odify the atgiEtespheric ciffcgllaeioR, and forms qgite differeitt

systeKmit froizlim that iR wgntertgme. Eranaka et ag. (2004) atternpted ghe quana'gtgve estRggiitatioR of the

coittrfib"tRoR of. Effadgey, Wagker aged Knonsooit circaxgat*.on to the ggebag divergexRth fiegd.

se]ggesting regatSvegy large coittrSbwtioit froffKk gxkoRsoen cgfcalatjon gn beffea.g sttvamer. RodwePg

aixd EEoskgRs (a996) seggested the gxkonsoon-desert sckec'hangsfiin. tc {expgaif} the ari.dgty

mechanksEn in the MedgterfaReait Sea and CexttraA Asia. They cosxcgasded 't.hat hEEge dfiabatRc

S'iea.tig}g offigina{ied frogik deep cenvectioit over the SoEieh Asia regnoteRy cawses t,ke arfidity

ig]teractgitg with the mitCR-gatitExde westergy. ffIowever, they ¥(iiEig n,et coitsiCger t}me i"oRe of,' g`fike

rff`iE)etari Pliateau as an egevaeed heat source whgckR was eRgcS.(iat"e(! by maxgy recept. werks g)ased

ffnakptgy oit observatSoitag and aitagyticag reseafch ¥(EEe et ag.. 1987; iLIeda et aA., 2.003; WeE Eitpd

Zhaitg, a998; Minogma et all., 20e3). Luo aRd Yait3g (1983) foutitd ghvA iittense asceifftdgpmg giio#vion

                                                                      '
eveif the Tgbetait Pgatea" and descent oveff the (}ffeat thr"dgan R)eseye (Fig. g.gg). They fufthef

                    '
sgggested tkat descent siy}otioit prevagls over the iterth of the T.gbetvait Pgate3xg on the 40-days

rcnean basas (FSg.g.i2). Maity observational efforts have ceme eo g"eveag the envgroRgKieptaR

circgeRatfiork aroeiitd the rFabetan Pgateau. Nevert}]eless, titey do Rot ff>rove tkge roEe of the [gribetan

Plateaex oit the argdgty as wela as the ragR-shadow effect sgRce ghey just descffkbe the

cgrcgxRstance evideRces.
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g.3. Pasmpose ef ehe stwdy

     As ffEkeittiofted above, the forffnatgoR giitechaitgsgEk ofthe arRd cggg]a3te RR Rortheasterff} Asia

is stgfig ifnatter of debate regardggeg the gitffgeRces of topography. AddgtgescagPy, ne gnvestggataopms

have achSeved te claffgfy the thermag effects of the Tgbetan Plateag oit the argd clgKr}ate afithoggh

m3rky oE)seifvatRoffltag an(I 3]uagytacali researches have descfgbed the cietaEE strgctwre of the heatgRg

ever t]ee pAateau. ffhws, thgs study aRs]xs to reconsi(iEef and to cXgitrify the formatgc)R gikechaRksni of

t}ifte afgd cAgmaate, mainRy with respect to sgffrckKE}ertgmae pifecgpReatgoit, by serges of seRsitivggy

expefgs}ents usgng a regional cfiRmate xi}odeE (RC]N(g).
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2. Metdempdiopdogy

2.g. NeemaertcaB Modek

     E'he nggr}eficag model adopted Rit this stgdy gs the 'ffERC-RAMS ¥(riferrestrgaR EeevgroRffitent

Research Cewter - Regiomall Atxrkosphergc MedelRng System; Sato and Kggxg"¥)ra, 20e3; 2005¥).

The orgggitall RAMS (The Regioi2ag AtEEitosphergc ModeEgng SysteErk) was developed at

Cogorado State Ungversity (PieAke et aR., g992). Physicag parameterRzatgc)Rs eetRlgzed in thgs

stexdy afe sekr[¥)grkarized fin rRrabRe 2.1. i¥)e "ffERC-RAMS, radgatRon schexne was feplaced by

Nakajigna et ag. (2000), caEcugatgRg the short wave an(i AoRg wave ra(fiiatSen gn every k}our.

Cgffxitugus convectgeR schefite was aEse ifepEaced by Arakawa aitd Schmbert (1974). [Rrhe nuffnber

of horgzontag grgd is 80 x 60 with 150 kna grid spacing cewtefed at 850E aRd 300N, so that gnost

paft of the easteme Eurasga Rs incAuded in the gg2odeg doficr}ain. The vertficag grid gntefvaR is giO giEg

gR the Aowestiayeff, aitCE it gra(ig!aggy stretches Ekp to 90C) gn in tSRe wappeff Rayer. [grhe reanallysis

data provided by N¢EPI[NCAR (Kalitay et aE., g996) were gsed as an RngtRag condgtgon of the

signugatgoge. Moitthly giif}ean sea sgrface teifxyperatgre data of the Optgsu}aExn ggRtempoRatioit Sea

Sggrface TeffKkperature Versgoit 2 (OgSSTv2) data (Reynolids et ag., 2002) provgded by NOAA gs

gsed fof the surface bouitdary coRdgtioit for the oceait. VegetatgoR type over Rargd is assgpt[aed to

be shoft grass aRI over the ffnedeg doptRatw for sirnpagcgty. The gE}edek has fia soig llayeffs beEow the

ground wgth O cm, 5 cm, gO cm, 18 cffif¥), 30 cm, 50 cm, 70 cgx ft, 90 cm, 120 cm, 150 cfigi tgnd 180

cxx} deptk. R]gyitiag soifi moisture as assgmed to be hortzontagRy hoKnogeReggs wgth O.6 of

voggginetric watef coRtewt above 50 cm, and incfeases to a.O gn the deepest Rayer. 'ifhe

advagEtage to gse RCM is aR abgEity to carffy ogt the ideaggzed sensgtgvity studies rathef than the

hggher spatiaE reseRutgoit. SeveraR semsgtRvgty expertgnents afe carffged ogt by this pm}odeR as Rksted

up gn Mabge 2.2, aRd they are addressed git Rext section.
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2. fi . eopmg-eeffffifR fintegraegepm (krEi-CTk affitdi grffLNoM)

     First ef alig, the soEe of the KxkoeefttagR vange, seech as the [E"ganSkan, the Agtag aRd the Sayait,

as a barrger of tftie precgpgtatgon systeg¥)], that its ragn-shadew effect by s$rroEaftdgng ffifgogRtagRs, ks

gnvestigated by twcp kiitds of Roitg-term RrRtegratgons by the cgRgcr}ate maoCgeR. rffhe farst exg¥)eraggment,

referred to as goRg-term controg rtxR (gL gr-CTL), sknmggates realigstgc atmosphefgc cfirc"RatSon apmd

precgpgtation usRitg sRx-hoe]rgy reaitaAysgs data as boasndary coitdgtgon. kn another sensgtRvRty

expefgfinent, referEred to as loitg-term eno gxxogRtaait rwage (gJrc-NolVff), ftot oniy the 'ifaanShaR

Moeentaiffts bgt agso apmy topography over MoftgoRRan plateaki Rs assenffmeed to be ffat wgth 500 m

elievation. rropogffaphy used in botk expergffgigeemts is gglustrated gR FggR]re 2.1. Note that the both

E[gr-CTL aitd g"[g7-NoM expertrEReRts afe basicalfiy same except for the topography Outputs of

these simu13tions afe analyzed aftef fgve days spgn-up pefiod. Tke pffogpmostgc vargabges in the

}ateral beuRdary are itudged to the reaitagysis d3ta wgth a'gRnear gevgdggitg coeffkcient. Whereas,

the TERC-RAMS gtsegf caRcugates the meteoroaogacag eleffneRts wgthout reanallysks data oveif

ify}ost of the ffy]edeg domagn except for the boggndary. Nuffxertcal Rwtegration of each experiment

is carfRe(l ogt for terR years of g"Ry frc)m 19{IPa to 200C).

2.2. ZowaaR waeapm expergments

     As waeRtioited above, oRe of the Earge advantages to use R¥(]N¥(ff gs gts capabiggty of

charactergstgc experRgiifgents coftCgixcted by iCgeaA bogftdary c()ndgtgoRs. ffn thgs stekdy, zonaR ifnean

ffiegd is adopted as a boundafy coitdgtRoit of the itgg]ltefficag ifif}odeR. Such experignent xif}akes gt

possabRe to investigate the iginpact of the zoitag ffiffteaR coffK}poneRt of the atgxkosphefe oit the

certain ckgrkate processes, for exapapge, formaeioit enechaptsm of the arRd cRifinate. rg"he coitcept

of tkEEs gneegratRoft ks very simiEar to previ()Qis stvEdy by YosS3gkaxRe et ag. (2001) whgckk cRartffies

the ferffnatRoit ffnechanism of the Bagg frowt iit eastefffia Asga. ZonaE averaged sea sgrface

teffif}peratgre calcgggated using OESSTv2 gs aeso appEged in zonag ifEmean experiwaewts.
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2.2.g. ZM-¢Tk expeffimaeng

      gR a ZM-CTL (zonall gieckean cowtrol) experigiEmeRt, RngtRag aend bogkRdary cogedgeions are

repgaced by a g]obali zoitaE meaR vaRues daifiitg ingy of 2000 cageggated usRng tke NCEPLN()AR

reaRagysgs data (Fgg. 2.2). SRnce boljndary vewgabges are fixed durRng ghe nufixgerRcag imtegratioR,

gixost of the synoptgc dfistwft}ances ff¥)assgng Rftto tgige modeR R¥)oeendary can be xeeggected.

Accordiftg te thks, the circuRatioit patteme ix¥)dgced by se]rface gnhoffifiegeneity fi.e., orography

aRd ocean-gaend cowtrast, and zonag ffow RtseRf wigg be the g[gost dog} kiitant facter fiit the ZM-C'ffL

expergffifkent. After 30 d3ys integratgoft, the averaged vagues dasfimg opmgy gast ten days, durgng

day 21 to day 30, are an3kyzed iR a sigitigar gy}aRner as Ybshikane et aA. (200g).

2.2.2. ZM-NoC and ZM-NoR' expeffgmewt

      ()ondeitsatioit process plays 3R important roge in 3tgrkospheric cgrcgRatgopm dufiitg warmfi

season, becagse it widegy gnodRfies the enefgy bagance as a resiElit of chaitge in water phase.

The sensjtivity of the Aatent heat release gs ex3matwed gft agE experiment, referred to as ZM-NoC,

¥(Zonali Mean - No CondensatkoR¥) by turxRgng off the condeitsatkoR process gR the fiftodeg

wathogJet any ethef changes frogn the ZM-CTL experggxkent. The TRbetait Pgateau waay stigg act as

age eEevated heat sogfce eveit gf Ro condepmsatfioit eccurs gR the ZM-NoC experggKieRt, becaswse

the ptateag is dgrectey kgeateCR by the sogar radgatioit. Anotgger segEsitRvity experRxxient, refefirred to

3s ZM-NoR (Zomag ]N(geait - No Radgatien), which is sagine as ZM-NoC but excgndes the

radiatgon process, gs cgnvged out gn ordef to sigxigglate only gx}echankcaRly forced ffow passiRg

over and aro"nd ffnountagit gike Ressby waves and Eif}ountagn waves. The ZM-NoR experggi[kent

is the sgffnpgest experimeitt in thifs study which ongy cagcuRates the adgabatgc process of the

cXgxkate systeitre Rn a zoRag meagk envgroitffneitt.

2.2.3. Z]Nig--TbQ expenmene aRd Z]VE-SAQ expeffitffifRepme

      As addressed gR Sectgon a.2, ffnafty observatfioitaR stcgdkes }}ave suggesteCg the exgsteftce
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of desceRding }]kotRon over the arRd regkon as weRll as pregxiggeepmt axpwafd gtrftotSoit over the

'Tgbetayu Pgateaep. eeowever, they cowid itevef ifeve3khe soufce of the subsgdertce, for exaRx}pge

xxiechaitgcag effect, thefffinai effect, or ffxkore Aayge-sc3fie gfttefactgopm, agthogggh sogrte possgbge

effects tc}y the gribetarg Pgateaaj was soffg3ewhat iffng)RRed. rgihe (digdicEgky to {iEetermgRe t&ge s()Eirce of

sscbskdeitce owes to the existences of cogxkplex topegraphy gn East AsEa aRd large digabatic

k)eaggng rate in SoutSa Asia rather tixage ehe exfistence of tkRe rg"Rbetan ff'Eatean gtseg£

      'ffhe ZM-'ffbQ expergff}meRt gs coitducted fiit whSch afftRficgag heat source gs gRven on the

ZM-NoR experRffnewt. The heat sogfce gs pgaced only over ighe Tgbetai} Pgateas in order to study

the Rgitpact of diabatic Egeaeiitg of the pgateaRx. THrhe area of the E]eat soeeffce gs defiited by t}Re

ground agtgtgde exceedRng 3000 ffn Above Sea LeveA (ASL). Agthongh vefftgcaRRy gntegrated

dgabatic heatiftg rate depeitds oR grognd altRt"de due to adoptioR of she sggma-z ceofdRnate, Rt

gs approxgffitategy g60 W K[k-2 over the pgateag, whose frtagwttEsde dees enot configct with the

previous observatfionall stgdy by Yaftag aitKiE Li (1994). grhe vertRcag structufe of t&}e heat soEerce

gs dgstrgbuted betweeit grovgnd surface and 3bo"t 6SOO m ASL.

      Rodwegg and E{oskgns (1996) affRalyzed a gAobal distrfibgtg()yi of diabatRc he3tgfi]g rake

eisag,)g reanaliysRs data. Deep convectioit often occurs aroand the Bay of Bescgal･ a.yxd over the

gRdechifga PeniRssia causRng a garge diabati£ heating in thgs reggen. IR order,' tg stgdy the

regatEoftshgp betweeft the diabatgc heatSng aeed argd cliimate fofgifiation, ZM-SAQ expergffnent j.s

coftducted assuffniftg an aftgficgal heat sowrce over South and Sogtheast AsQa reggopm iR the same

gnanner wkth ZM-TbQ expertmeitt.

2.2.4. ZIM--AQWA andi ZIMI-geitQ expeffgffg Reng

      [Rrhe atgnosg¥)kkergc resg¥)onse to the heat sc¥)vgfce gs llgkely to be distvpffbed by the ffxtectgasugcaE

forciRg of the topography, since East Asga Sncggdes veffy cognpRex terrakn sucRig as the [ErRbetan

Pgateau aRd sRggrrouadSng gEftouittaiits arogipd the afid fegRon. rThe ZM-FLQ experRmewt

sfimptifies the topography wgth O in ASg. Rn cagcggatioR doffnaRit, iR other words, no moentatw

exgsts gn the whoge g]ikodeli doffxain. Since Pand-ocean contrast is agse possgbge to distxgrb the
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systegxkatgc respoRse to the heat soasffce, surface bosuitdaffy is assEimed to be covered by the

ocean RR ZM-AQUA. Thggs, seerface bouRdaffy conditaon of the gxgodel exhkbkts aq"a pganet

whgch gs often atteffnpted by ¥(}CMs. ArtaficRaR dRabatic heattwg gs assumeed by the ifate of 10 K

day-i between surface and 9000 m ASL aR gocatgoft correspondkng te the 'ffgbetan PAateau. 'ffhe

heatRpmg rate is very gafge gR order to eiiiphasRze the effect of dk3batRc heatgng. [grklte ZM-g?fiLQ

and ZM-AQUA expefigx}eRts are performed separategy for each 12 finopmth of tke yeaf, where

Raterag bougedary is assumed to be ffg}onthRy avefaged gRobag zonall ffnean of me&eoroRoggcag

vargabEes fisc g998 cagcugated by NCEPINCAR reanagysis data for each gnoRth. Numericag

integratRon ks carrRed oggt in 30 days peffiod, aitd meteorollogical vargabges averaged durgng 21

to 30 days are ixsed foff dat3 anagysis. AiffKlt of these expergffifients Rs to investggate the rRature of

the he3t sowarce respoitse uitder ideaMzed coitdition ificEudgng seasenaE varftatSoam.
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rg'ak¥)ge 2-g : gList of physicag paran keterSzatieRs aged exg}erRenewtal setup

TERC-RA,MS

Baskc ecggataoft EmCg c()ordRitates

      CeR3ixpressive noft--hydrostatgc eqgatioits

      Terrain fogeowing vefticag coofdiitate (Z")

PhysRcaA paraffrketerizatgofts

      Bwi]k type cg()ai{iE fftikgcrc)g)hysics (WaRkcp et aE., 1995)

      Cumugus coitvectRon (Arakawa aRd Schubert, 1974)

      Baitd schegne radgatgoit (Nakajggna et ag., 2000)

ffofizontal grid system

        80 x 60 grid pogRts ceittered oit 850E, 300N

        g50 kpa grid spacgRg

Verticag grid systewt

        30 gayers tRp to 16 km, g10 gn grid gntervaR gR Rowest Rayer

SogR layer

        gg gevels wgth O cm, 5 cgrk, gO c]m, a8 cm, 30 cm, 50 cm, 70

        cxEg, g20 cm, 150c ffn and i80 cgn depth

cffn, 90

Boupmdary coftditkon

        Laterae and upper boaJgndafies are ngdged to NCEPINCAR reanalysEs

        daSa (Kagitay et al., i996) by RRnear coeffRckents (see agso Tabge 2.2)

SST
        Monthly gnearR sea sgrface tegxiperature of OISSTv2 ¥(Reyifxogds et ag.,

        2002¥)
kogtgaR soRk ffnoisture

        O.6 of volgggixetrgc water content.

Homogencowsvegetatgoncover: gfassgand

27



Tabge 2-2 : List cpf seitsEtavgty expergffg ftents. 'ifP gsu¥(Sicates tg ite Tgbetapm PRateavg.

geeewawagesgRee B$eegeslgegey c*eewe¢gE*wa geeedifieegR$ge ffeeNNxaecks

Lrir-¥('rL
6--hourlyrealistic

gugy,lgg1--2ooe
on OR

Realgstictopography

¥(Fig.2.1a¥)

LT-NoM
6--houa'gyrealistic

3uly,l99g--2000
on on

FlatIVifengoliaR

PIateau(Fig.2.1b)

ZM-CTL
Tifne-independent,Ggobagzonal

meaitofjugy2000
oit oit ReaEistictepography

ZM-NoC
Time-independent,Giobag

zonalmeaitofjuly2000
off oit Realistictopography

ZM-NoR
Tirne-indepeitdeRt,Ggobal

zonalmeaitofjuly2000
off off Realistictopography

ZM-TbQ
Tixne--indepeitdent,Globag

zonalmeaitofguly2000
off off

Reaiistictopography,

Artificialheatingoit

TP

ZM-SAQ
Time-indepeRdent,Globae

zomaEmeaRjuly20eO
off off

Reagistictopography,

ArtificialheatingoR

SouthandSoutheast

Asia

ZM-FLQ
Tifi}e-iRdepeitdeitt,Globak

zoitagmeanof

gaRuary-December,g998

off off

Fgattopography,

Artificialheating

cerrespondingTP

ZM-AQUA
Time--iRdependeRt,Global

zonagmeaitof

JaRuary-December,g998

off off

AquapEaitet,

Artificiakheating

cerrespondiRgTP
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3. Rastw-skeedimpwaz eeeweck indieeeedi botw thee ewesaswaStoeewa

Maseewatadims

3.g. RaggR-shadiow apmdi ghe arid ffegiowa

     Fggure 3.1 gglustrates tepm-year gnearg of finoitthay precgpgtatRon aitd vertgcagEy gwtegrated

water v3por ffgx simglated in k[gr-(rifL expergffxient. [grhe regRoR of reff)iarkabge aridgty, around

wgggch rainfaSg Rs gess thaffit 20 ffitffg}, ks predaced Rn northem ChRgea (8SOE, 440N). rgihgs fegion

corresif¥)onds wegl wgtSg the [MakRigxiakan desert, althoaxgh kt exists sggglitgy north cc¥)xxkpared wgt&}

feaS. Aocatgoit ceRtered aroscRd 830E, 390N. 'g"he feature of simggated pfecipittatgoit agrees fagfEy

wegA wgth observed rainfaig (diistfgg)yetaoft tw tigis afea (see agscp }Fgg.g.Sc). 'I'he water vapor fEux Rs

very sffnali} over the entgre MoRgoliaft Pgateau becaggse g>recgpgtabEe water vapor Rs reRatkveRy

smagS due te hggh eRevatgons. Water vapof traRspofted iRto the arid fegkon is KRixaiftly offRggRated

from west of the gnoljittagn faitges accofdiitg to a prevagling westerly wgnd. The amount of

water vapor ffux retains gOe kg gMk-i sec-i gver western part of the TganSlxan Mokkwt3ims wkgch

coitverges gn "g)wincR sRope of t}ige wtountain. As a ifesggt, the ragyifaRE excee(dis 8() gxtffrk in EgpN7yind

skde of the gnowaittain f3nges. eR the other g]and, the aEv}oesRt of water vapor traRsperted gnto the

artd regkoge is very six}allg, aitd the regioit of minggnum precipgtatgon agso corifespeRds to that of

the gifyaxamasgn dgvergeRce of water vapor transport (Fig. 3.3). The featuifes of water vaper fieex

and ragnfagg dgstribgetgeR are sRgliitiRar wgth other rain-shadow induced artdgty in the worRd, s"ch

as Ree of rcnogRtagn peaks aft Nefth Amergca (Fig. 1.9). The ragn-shadow effeet seeffris te be very

gffRportaRt to forffyt the arRd region git northeasterit Asga as gopmg as ragRfagg distrgbutions by

iLrffL()[grg. fain arRd by previous observatgonaR stvg(Rges are (iegn()g)strateCg.

     Figkkre 3.2 shews teen-year mearit of gnoRthgy precgpgtatRon git Mlgr-NoM experigE¥)eitt.

Erepography gs drawn by soRfid contogrs, kn whgch not onlly the [grfiaRShan Moixntakn bat akso any

other ffNkeuRtains do not exRst git MongoNan Pgateau. By compafgsoR wgth geRg. 3.1, the amogRt

of w3ter vapof fi]ux fis Earger over whoge MoftgeggaR Plateag t}maft that in g[gr-¥( [grL ruri sRRce tkke
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precgpgthabge water vapof gs reiatgvegy larger ggi mpNoM rggi3 dge to ghe Roweg egevatgons.

Neverthegess, veffy simggar gagnfallg distrRbesgRosc wgth gJY-¥( 'ffL run gs obtained tw g:F-NoM fasit gn

respect wRth the posfitgoit of 3rRd regioen. The argd regkext fis weRg corifespoRdgitg to the

divergegece of water vapor figx as seerR in FRg. 3.4. ThRs means that the ayRd regRoge, gR which

raRitfaEll fis Ress than 20 wtgit, gs forgxied Rn the same Rocatgoit wgtgi EL Er-() g"L rEJgfii eveRi thoe]gh the

ErianShan Mountafin gs absegit. RR addgtgoR to the rain-shadow effect, other ffxkechanismas shogRd

be coansEdered to expgagit the forggiitation of exgdi regioit Rit gL[ffLNoM run. Over the Ki]nivan

MoEintain, increase of the precgpitatgon fis prosuaiftent sgnce ffnokst aSr flow associated with

synoptgc scage dgsturbances teitds so be directRy espAgfted ovef the gxxouittagR sRope.

     Fgggre 3.5 shows a pgot of meonthliy precipgtatioR acfoss the TgaRShagi Mountagns agong

the NRe as showit tw Fig. 3.g. (I)bvious peak appears over ekpwgmed westem sgope of the

ifm}easRtaRft gfii blfiJ-()'g'L fare as a resuge of a forced ggftgng of t}me enviroftgnewtaE f#ow by the terragn.

rffhen, precipgtatiorR decre3ses rapgdgy over the mountaRit top, showgitg a mimiEnur¥} over

dewnwknd sgope. Oit the othef hand, pfecipgtation iit mpNolV¥( run decreases smoothgy with a

mingmagffn vabee arovRnd g50E becagse the topography is assesffxged te be fiat as sbowit wRth dark

shade in the fRgure. AgxioiERts of ffx}iitimuxn pfecipStatfioft ks aboeJift g.5 tggxkes garger iR blT-NoM

rEifi coE[gpared with E[gr-C'grL ruR, akgxough t}key are basgcagRy vefy sgnaRg gE] both ruits. Fffoff[x tgRgs

powtt of vgew, the Rnajor dRffereftce between gZg7-()rTg. re]n and blff-NeM maR its restrgcted wt ffnore

westerRy thaft 850E. 'ffherefore, the 'TiaRShan ]N¥(gotkntaRRs hardgy affects the arRdgty gn its geeskde,

whige et cc)ntgibeJktes Eargegy to the iitcfease of ragnf31g gn gff)wgnd sllc>g?e. km ot}ker wor(Es, vgff)wiR{iE

sgde of the meentain can becoffgke hgg}ig}id owing to the existeftce of mountaitit despgte th3t

precipitation is basicagly sgnagg Sn itorthern Chkna.

     Decrease of monthgy precipitation in Egr-NoM grgin gs appaifeitt iit easterrk part of

MongoNa around 1050E, 480N (see Fig. 3.a and Fkg. 3.2). The fact indgcates that the

xnountains pgay aR imff¥)ortant roRe to supply rainfaRR gR this area caEiskng gnteractaoen wgtSg an

eRvRronsnentaR atmosphefe by mechangcaR and therxrgaE pfocesses. kg spgte over semi-argd

steppes, wellA devegoped ceRvective systeffns are ofteR observed evey Mongolga and Roifthern

Chgita (YbshiRo, l99g; Sato, 2004; 'TakeKng, 1999; "rcakeffxti and Satosn"ra, 20ee). ResuRts of
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]IMr-C"ffigL aRd }L:if-NolN¥(ff expergments sasggest that the roges of gx}oekRtaiit sEopes to gnRtgate and to

devegop coptvective systegns afe vefy ggnportaget to the waree seasgit raRfifagll git the gee aitd ovef

gxkoegrittagms gn t}ptgs area. E?eerther aR3Eysis gsgitg sategXte data is addresse¥([i ifga sectkoit S.3.

3.2. Segppffessgopm of sypmoptEc scake dfistreembapmces

     Durgitg warfin season, rainfaRg events gn the argd reggoit teRd te be observed as short-tergn

heavy raiffRfaen (Wamer, 2004; Batgwta aRd Dagvadoilj, 2000). (ieRerations of sench convectRoem

systeifns shogggd be deepRy regated wgth syitoptgc scage envgroeeEnent becanse thRs regioR gocates

iR oite of the inost pffoffngRent afea gn frequency of cyclogenesis in Rofthegit hemRsphere ¥(Fgg.

3.6¥).

     S]igure 3.7 maustfates a typical rainfalg eveget sigimug3ted durge¥)g g7 3Rd 2e of gugy 199S by

E:ff-()[ff'L fgn. Cofttoixrs and Etrrows kndgcate geopotentgafi heSghe at 500 h.Pa 3nd vertkcag

ig]tegration of water vapor transpofft, respectEveRy. 'ff'he raftnfagE amcpgiRt is shc¥)vvg} as t&xree-hovkr

acctgmuiatioR. asRgure 3.8 gllRustrates the same fagkfal} event but signggated in EL[Rr-NoM ruR. At

i2 VTC of i7 imgy 1995, upper geveg trough is s3taxated over westerft Sgbeyga accoffppanied with

wegR orgaitgzed vaERfagg band extending soutft]wafd (}Fig. 3.7a aRd EFRg. 3.8a). As it approaches

georthergi (I)hgna, regativegy Aarge amognt gf wateif vapor gs tfansported imeo the argd reggeit

becagese ehe iftterceptSon by the TiaftShegg) Mogwtagns does Rot occur gifg ]Llff-NeM rgn (geig. 3.8b,

c¥), whille raRnfag] enhancement ever the westefrk sgope of the TganShan Mogntagns aftd the Akag

Moggittain gs progxkiRent gn Eif-CTL van (Fig. 3.7b, c). The banded pffectpitatioR, however,

bec()mes partiagly weakeft, aRd alixkost vanRshes ogt jaist over tEige argd feggen despgte sgffEcSeptt

ffifxokstvgre transports persist gft both gL S-()TL and gJff-NoM ruit. Then, fegeneffatRoit of the banded

precgpgtatgon occurs gmmediately after the troggh passgitg throljgh the argd reggoft im g2 UTC of

20 gvigy 1995 gn E[if-Ne]Nxff (FRg. 3.8d). Most pfecipgtation systegns passgng gn thgs reggoR are

sgxnggar to thgs event regarding the behavgors of rainfafiA dRstribvEtgoit; thus, ragnfagg aifno"nt gs

partgculargy smafig over the artd reggosc. These two experggikewts gRdgcate that the ragit-shadow

effect carRnot expgawt the ffeasoit why the affkd cllRify}ate exteitds git ceErfent EocatRon.
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     EFigggre 3.9 andl Fig. 3.kO RRIustrate ghe n()rtft)-sogth cross sectgoR of teit-year swean vertgcag

rr}otioit along 850E fin beth gL[ff7-¢TL and M[if7-NoM rEgpm, ifespectiveey. These two expertgixewts

clargfies that CEestiiict desceiiCEing ffEmotioR prevaggs gn ceitter anCg itoifth of tft}e rffRbetan Pgateaee.

rffhe descepmCgggeg gK}otioit over tEtae pgateag gs ferfinclted as a res"Et of teo strong eipwar¥(i g]ietgen gR

RorthergR and sogthema edge of the pgateag corresponded wRth the Kgeniun MountaRRs and the

ilEg]maAayas. En north of the pgateag, vegocgty of the descendfing ffgitotgoft gs stroitger than O.S cgxit

sec-i , apmd centeffed aroumi 500 hPa ovef the desert regfion. Lgo and thnai G983¥) have

smpggested the exgsteRce of desceitding gnotion gn nofth of the 'ifgbetaft Pg3teau (Fgg. 1.12). 'ffhe

vemicaR structe]re of the vertficaR motkoit gs veffy cgose to owr expefRptiiewts. Sato anCl likinmggra

¥(2004¥) saggested that the dgabatic heating oveff the 'ffibetark ff¥)Eateag cawses a ffeggonall scage

sgbsgdeRce over northeasterit Asga aptd reggon. The sgbsgdeftce gs very iffnpertaRt to forgn the

arid feggogm since the miwtiiijiguffk precipgtatgon appeared gn itortheasterff} Asga compRetelly foggews

ogi thgs robust scgbsidegece (see aRso FRg. 3.2). ffn geReraA, synoptEc scaEe dgsturbances shougd

centrabute laifge g)ortRon of anftkjk3g 3Rd sgRgrkgrkeftggiR2e precgpitatioit in ifx}gd-gatRtRa(ie r.eggon.

EEowevef, few ragnfakE evewts are observed over the arid reggoit accoR'dkffkg to the reggonaR scaRe

sMbsgdence, whgch pfodEEces the charactertstgc contrast of pi'ecgpRtatfieR between arkd and

surroundgng reggoits.

     Segpte posgtRve feedbacks whgch erlthaRce or sxestaiR arg¥(S afeas cagk be consiCgered tg pEay

an agxiportanS roRe gn desert reggoits. IFor exarrxkple, agbeCeoltfanspiratRon feedback (e.g. ()harEiey,

g975) and SofiR-ffnoisture feedback (Xue and Shgkla, 1993) are sgggested to enhance"arid

cgggnate. Ixit cigrreitt st"dy, tfanspiratioen feedback gs iteggected dge to an assgmptgon of

hognogefteogs vegetatgeit cover. ARt] ftowagh the soig-moisture feedback gs agso itegRected iRitEagRy

sgnce gnRtgaE soifi wtoist"re is assgmed to be horgzontavay hogitogeixeous cendgtgon, the soil

mogstgrce gradgaAgy decreases over tfrge 3stkCg regioft dxgriRg ngmefgcaE gRtegratgoit owing to few

fainfagfi events, which KEkay cause sogg-ffrkoisture feedback. Hewever, the sggnckEEIatRoits prove that

the arRd cKmate is formed withowt iRitiag perturbations Rnducgng positgve feedbacks.

     'I'he rawt-shadow effect gRdgced by the TganShan, the Agtai, aitd the Sayan MouRtagns Rs

bekeved to gargegy decrease tgee ragRfaRa 3mount to the east of theffgm. [grkgRJgs, svgch process has

                                       32



beeR thoaight to stfopmgEy affect the fofmatgoR of the arkd cgRgR]ate befoffe thRs stEedy; there are

gy}aRy ggtewatures describSrRg the ragn-shadow effect as a reasopm of the arRdgty ¥(e.g. Werfker,

200ag; ffogghtoR, X98ag¥). The cog]itpargson betweeen ]Lrff-CTL and E gr-No]Nxg clleargy states that the

ragpt-shadow effect by those xnognt3Rns is Rever indeciRg the afid cgRgiifiate gR flortheastemp Asga.

rifhe raised process, sutppresskon of the synoptic dEstgrbances by tSifte descendRng ffnc}tfioR and gts

ggRkage to the argdgty gs addfessed in itext sectioR as welig as source of the sgbsgdeitce.

3 e 3 e S eeMiifff} ewY

     rffhe roge of gnountain raRges upoit the arid clggiif}ate formation in itoftheastern AsRa is

RRvestkgated by goitg-tefgn experggrxeeet of regioitaE cllix¥}ate modeg. Before thSs stasdy, the

raiR-shadow effect by the ffnoasfttagits Rs coftsgdered to be a major reasoR of. thgs argd reggon.

"ffwo kggmds of ft"ffrkergcal expergmeitts are carrRed otRt wit}a real orog2-ag¥)gity. argd wReh modgfied

off'ograpky which does Rot coRtagit the IErganShan ]VEouittains. 'ffhe pfecgpgtatgoit Rn E:ff-C[RrL ruit

shows the ffnaxiljptugrk gn the upwiRd sgde of the ftkokEntagn range. One ffn3,y thEnk tkae the

downwgRd gningmEign gs formed by a raRn-shadow effec'i of the mouxRta.ixt raftge. ff{ewever,

ngemergcag experimeitt wgthout the TiaitShan Moufttains sapm}"gates 'tke distggct argd regioit as

wegE. rffhgs fact gRdicates that the arid cggmate RR itoftheastem Asga ks fQrmed eveit thongh the

ffain--shadow effect gs abseRt. [grhe roEe of the rgriaRShan Moesntaiits gs jE]sff. to iitcfease the

g>recipatatgoii in the upwind side, agkdl the gnogittatw harClly affects tSge agnovRwt ef precRpitatic>n Rn

the lee sRde. The feggoitall descendgitg motaon tends to pfevaig gn both expefRgnckents over th.e arRd

regkoR. It is iRCiicated that the pfecipRtatioft c>ver the ari(S yegRon gs sEig)g)ffesse(ig by the

svftbsgdeitce in both experimeitts.
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Fig. 3.1 : Ten-year mean monthly precipitation and venically integrated water vapor flux in

July by LT-CTL run. Solid contours indicate 2000 and 4000 m of the topography . The line

between A and B indicates the cross section shown in Fi g. 3.5.
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aj.Redee ed thee ewtoeetaee Wlarkeaas asew etbeee nveedi

   ececfimeeeee kogewanttwwa dias pmaseekeeasgewwa Asgee

    Effect of upwRnd giteuntaiits sgch as the TganShan Moaxittawts oft the forgRatgon of the arkd

c}gEnate Ss f()tEn(l tc) be iteggagRbRy smaeR as skRewn in tSRe pfevkows sectgc)n. 'ffhe botft} resugts of

k[Er-C[ifL aitd gJg7-NoM expefifinents indicate the igxtpoTtance of the prevagEgRg smbsfideftce on the

3rtd clli n3te formatgon. Motivated by the hypothesRs that the sgebsgdence oveff the aykd yegion

decreases the pfecgpitatiGR, further sensitivgty experirnents afe carried eut wkth use of a skmpAe

boundafy condRtRon. Kie this sectgon, sekirce of the subsgdence is wtainRy knvestggated and

addressed. Elxact settings of each septsgtgvity expergffx¥)eitt descrRbed Rft this secgioee are addressed

in Sectiorg 2.2, aitd are brRefEy ISsteCE iR 'ffable 2.2.

4.g. Resmigs of zogRag ififRean expefffiffnent

     FRggre 4.1 shows ten-day averaged precipgtatioR and water vapor fiesx by the ZM-C'ffL

experignent. 'ffhe featgres of raRrkfaRR Cgistrgbutioit afe sgxEke]gated weRE an¥(E arg¥(igey gR Rort}eem

China appeafs even iit thgs expergwaent around 850E, 430N. Thgs gpmdgcates that the gitteractioft

betweeft zocr)ag Eif}ean c()ffnp()nents aRd the seerface beun(Saffy copmdgtgons as esseRtgaR for the

formatRoit of the arEd afea gn gxortherrg ()hgit3.

     Figasre 4.2 igRwstrates the verticafi vellocgty (shaded) aitd horgzontag wiRd at the geveg of

40e hPa. Veiockty of the westerky has a ff[kaxiffnxgm around 430N over East Asia. g¥)ksttwct

desceRdgng EEkotioit Rs simkiRate(i ever CentraR AsSa cc)firfespondgng to argdgty aroEttnd the Caspgan

Sea. Anothes robest dowitward rnotioR stronger than i × gO-2 ffrt sec-i appears oge jggst north ef

the pAateaaJk extendgitg zeRaRly froffxt 8gOE to 980E, in c()Kifipargson wgtig precipitation of thks rEEft

(FRg. 4.b, it Rs app3rent that each dry regioR coKnpgetegy correspoRds to the subsideftce at this
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ReveR. ()R tkge otliRer Rikait(I, ilipward velocity Rs strong aroixRd Sea]theast Asia, the KgRgxgit

MouRtagn, aRd Northeast Chgna. 'ffhese regions are aRev}ost eqgag to the reggoit of heavy ragnfagE.

Figware 4.3 shows veftkcall cross sectgon git ZM-CTL ruit. Prevagllgitg sgbsgdence over ehe argd

reggorri gs proffitfiitent ceRtered on 400 hPa. Di3batgc heattwg gR gJifpper troposphere caused by the

deep coftvectRon gndaces gpward motion ever the South Asita.

     erhe vertgcag giEmotgon and horRzoittaE wgnd at 400 hPa gR the ZM-NoC experfipm tepte gs shown

gfifR Fgg. 4.4. Ascendgng gxxotSon is pmot so evgdewt over Southeast aitd Sogth Asga reggoRs sgitce

coftveceRon process Rs tu]rfted off iit thks expefiffneitt. Effowever, Ffig. 4.4 shews that the steady

upward motRon gs generated over tke pAateau withotgt coitdensatiopt process. A ffotwst

subsgdence ffnotioit, greater thait 2×gO-2 xn sec-i Rfi ffnagititgde, aRso appears ovef the desert

reggoR. The geveg of 400 hPa, shown iit Fig. 4.4, cerrespondis gxkostgy to the mean height of the

pganetary bogitdary gayer over the pgateaax. The upward ff]kotgoit shoixld be Rx}aingy drgveit by the

sensgbEe heat ffux caused by the ffadgatgve heatiitg eit the pRatean sgEfface. Fggmpre 4.5 shows

vertRcag cfess sectRon of vertgcag giriotioit agcpng 8SOE. kig sgggxggafity wgtkg Fgg. 4.3, dowgewarCk

metion is very strong between 4eOE and 500E showiitg fastef than 2 cm sec-i Rft mRddRe

troposg¥)hefe. Kt fis very interestgitg tgeat the kkpward mi]etioit Rs flot so stroftg ovef Soutgik Asga. gn

Sotftth aitd SoE]theast Asia, diabatfic heatiitg rate fis hgghese in the worgd gn assecgatgoit wkth the

deep coitvectfioR. Such feature of the upwafd ffnotion its absent gn ZM-NoC few because the

cendemsatgon process gs tur[lted off in the modeg so that the dgabatgc heagimg by condensation

does Rot eccer gn ifngddge arkd uppef troposphere. Thus, gt xneans that the heatimg process

gndxRcing tke subsideitce over tke arid reggoit gs itot agways reRated to condensation heatiitg

assocEate¥(S wSth cgitgitEjlvs ceftvectioR. Both mppward and dowitward vegocgtges affe soee[iewhat

strogeg cogxkpared wgth those of Z]N¥(E-CTL shown gn Fgg. 4.2. The dgffegence Rs ffnaingy caused by

too stroitg downward radiatgon since c]oud formatSon does not occuf iit ZM-NoC expefiment.

Ifi ZM-NoC rEgn, "pward motgon aroEknd the PagnRr PAateau and the TkanShait ]N¥(ffougitagpt become

vefy streng exceeCEigeg 5 gn sec-i. The itc>itRanear gRteractgorR betweei] ffrxechaRRcaR RnfRkience of

those mogntaiRs aRd thermal effect of the TabetaR Pgateau gx}ay exRst in ZM-NoC ruit. EEowever,

tke authof confirined that the subsidepmce ovef the 3rid reggoit es robustgy cffeated wheR the
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TganShait MogwtaRn is reffEitoved from ZM-NoC rugi. Th!Es, the gwteractgon wggg be sffi}agg

cegnpared wgth the thermali effect of the pRateaee.

     Figljre 4.6 gggifgstrates the veftgca] ifgaotRoR and horgzontag wgnd at 400 hP3 gR the ZM-NoR

experRffx}ent. Veify geRtlie vgpwetfd an¥(i ¥(iowrgward ffRotioRs aye ifecognRze¥(S over west 3ifitCg east

sgdes of the pgateau, respectiveRy Neverthegess, affnptiwades of the vertgcag eeotgoits are about

oite tewth of those simuEated by the ruge wgth radgatRve heating (Fkg. 4.4). Therefere,

ifnechangc3g infiuexitce gs expected to be quite smagR toward ghe vertieag ff}ketgoft dgring sasEnmer,

when subtrepicag westergies are refiatgvely weak. AddgtgonagEy, the vefftgcag motiogi at other

gevegs is very weak gft ZM-NoR rgit (EFag. 4.7). krE cognpafgson wRth jFRg. 4.4 and }FRg. 4.6, soRar

radSate heatgng, ixtste3d, plays Eyig gffnport2gnt roge gR tkge gnteRsgficatfioen of both npward and

downward Enotiopt around the pgateau. Regationshgp between the posgtgoits of heat source and

the downward motgon win be discussed fin section 4.3.

4.2. ESevaged heag soeeffce eveff gke Tgbegan PEaeeau

     SgRce the "gribetan Pgateau is egevated 3bokAt 4500 En ASL, gts mean pRanetary bouRdary

Rayer Kn3y extend to middge aftd upper tropesphere. SoEar he3tgng on sgch an egevated sufface

sho"gd widegy affect atgir}ospheific cgfcggAatioft (Yaitag aff}d Lfi, 199i#). Akhoi]gh clEiantRtive

estRxnatioit of the dEabatic heatfing is stigg a dgfficgRt gssue over sggch a cos itpAex terraiR, there are

ffnafly receRt studles whgch descrtbe the det3gg nature of heatgng pyocesses over the Xgbetait

Plateaex (e.g. Ueda et afi., 2003; Dgan and WvE, 2004).

     The resugts of ZM-NoC and ZM-NoR indgcate the gmportance ef dgabatic heatRng,

especgagRy radiate heatgng, to efthaRce verticaR si[kotgore aroufi]d the pEateag. In ZM-NoC

experggnent, sogar radgatRon warms mp the ground sEgfface gn the whoge vaodeg dogxyain. Thls

stedy coitdgcts a ZIN¥(ff- erbQ experiffneitt gR which artRfRcgag heat source gs giveR oft ZM-NoR

experkment ift ofder to cEarify the region of stffong gRfEggepmce oR the swabsgdence. 'ffhe ineat

soggifce gs pgaced off}Ay ovef the gribetaKk Plateag where groE]nd akStgde exceeds 3000 gxi ASgL.

VerticaR motioR and hofizontag wind at 400 hPa by ZM-'ifbQ reJifR gs skewn gR FRg. 4.8. Artgficial
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heatiemg cagses upward gnotRon oveff the ptateag, whaRe dowRward ffxkotgon pfevaggs over

rkortgieern agpd easeerri skde of the pRateaEg. i)c"wnward vegecgty ks aboa]t -O.3×aO-2 gx2 sec'E.

SgbsRdeitce gR Great gpmdgan Desert Rs agso seeit. Efforgzoittag dgstfgbEittgon of vertkcaR motgopm Ss

cllose to that iit the ZM-CTL or Z]NxS-NoC expergffE)eitt (see agso Fkg. 4.2, fig. ag.4). FRgEgfe 4.8

gndkcates that the heatgng evef the pgateau does cause the sgbsgdeitce whRch ffeduces

precgpgtatgoR oveff the desert ifeggoR. Vertgcag ifnotaoR agso shows that e]pwargig ffEkotgoR pfevagRs

corresff¥)ongiifgitg to tSke artgfgcgak dgabatic heating over tSge 'ffibetaffR PRateau; as a resnie, tgRe sgRkgng

motgon prevaigs over the argd fegRoR, afithough she awapAktuidie gs sogifiewh3t weaker. [grhe

discreparicy in strengtia of the subsgdence fixkay be c3gsed by the sgffnpAy assesfinptEoem of the

artgficgag heat sogrce. Anyway, the diabatgc heat over the X"Rbetan PSatean dose causes the

subsgdence over the artd region.

     Sogne other sensktgvity experiffneftts iftdicate that the sgbsgdence teftds to be stroitger

when kower Eayer is heated strongRy gn case that the totall eenergy ef heatiRg Rs fgxed. This

Sndgcates that sensibge heatiscg assocgaeed wRth daytgxgixe ggiitixed Sayer coikfid be more efficgeitt to

epthance the subsgdeitce thaft cortdensatioft heating by cgoud physics gn aspper }3yef. The resgks

meet with somge feattgre of heating pfocesses oveif the "IribetaR PRateaai, for ex3.g¥}pge, Luo and

Yaitag (1994).

4.3. RespoffRse of veffegcal fflirRosaon to the laeag soewce

     Amouemt of diabatgc heatgitg estggy}ated frogin reaitaRysRs data Rs garger fin Sropgcag regions,

arouad the Bay of BengaR and Sogtheast Asia, thaR that over the rffgbetan Plateaeit ¥(e.g. RodweER

aend Hoskins, a996¥). Condensatgop heatkitg cogetribwtes gafge pare of the dg3batic heatgRg fate kn

sptiddge aRd upper troposphefe, becagse convective activgty gs vefy high in tropgcs. AgthegEgh

the regatioitshgp betweeit dRabatgc heatigeg over the Tgbetgm Pgateau and subsideRce over the arRd

fegion is revealed gn sectgon 4.2, gigfiabatgc heatgftg process over treg¥)gcetl regReR ffnay act

gmportant roge oR the sgebsgdeftce as wegE. Therefofe, ZM-SAQ experiinent gs atteffEtpted by

pRacRng tige heat source over S()kxth Asga knstead of the g}Eateaks gn tkge same giiarRster wSth
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ZM-"ffbQ expergment. Fgggfe 4.Ie shews ten-day aveffage of verekcaA motgon at 400 hPa durRxRg

the day 21 to day 30. The figure shows that prevailascg sasbsgdence appears onRy over Centfag

Asia, which ks coftsfistent with pfevgogs studges. BffoccoSR andi INxgaaabe (1992) showed verggcal

cross sectgon of the veftScal motion sginuRated by the GCM wgth apmd witthogt ffifxoutntawts fipm

gfiobe (grig. 4.gl). They have obtaimed sgmilar feature of veftgcaS g]igotgon with ZM-SAQ

expertgiieget. Rodwegk and Hoskins (g996) gave an externag heatiitg over South Aska gn their

gSneargzed modeg gndicatiftg a possgbge ffelatgogeshgp between beeatRsEg over South Asga afid

desceRdgng gnotioit over Central Asga, bet not over northeasterif} Asia (FSg. 4.12). gKE ZM-SAQ

expertmeftt, supward motion prevaigs over the artd regioit aitd arouitd She TianShan Moeewtain.

These res"Rts mean that h"ge agy}ouRt of diabatic heatkng over Sewth and Sowtheast Asga reggon

does Rot dgrectgy affect the subsgdence over deseft fegion in noftheyge Chipma.

     Rodwelik and Hoskkns G996¥) have suggested that diabatg'c heaegRg arou]nd 250N Rs very

gynportant to eRhance the subsideitce ovef ()eittraR Asifa, aitd they fouitd thaS weseward

propagating Rossby wave cait be signglated gf heat soskrce is asssumed around eqggator. However,

thfis stgdy exp3nds the heat source to highef gatitude than ghegr study skgice the Tibetan Pgatean

wRIR work a.s an elevated heat sogfce as n}eittgoited gn sectRoR 4.2. The sexksibge heat freffy¥) the

Tkbetait suyface to the ati¥)igosphere shougd be very important becagse kt dgrectgy affects gxkgddRe

troposphefe wheffe deitsity of the air gs gow, even tkough totaR heatwtg rate Rs sgnaglier than that

ipt tropicag reggoRs.

     in thgs stndy, the dgabatic heatiitg oveff the pEateag seeffns to gnitfiate Rossby wave aitd

gravftty wave, whgch can propagate Rofthergft side of the heated regkon because sgibtffopRcall jet

funs highef gatiti]de, and then forms agggftost staeioitary st3tes. Althoeegh response to the heat

soE]rce gs somewhat dfistvgrbed by ofographic pertafbatioit, vertgc3R gxtotaon Rooks very sRffnRAar to

that shown by Rodwela and EIoskRits (1996). In nofth of the 'ffgbetaR Pgateau, zgnaX xE}eaft

westergy fi Ekodifges the stationary wave cagsfiitg the s"bsRdeitce to northwest of the heat soiisce.

FigE]re 4.B ggiustrates the schematic dgagfagxit showing the formatioit ffif}echaitSsg]za of subsidence

over the argd region. ]l¥)iabatic processes, such as sog3r radiatgoit and cgond condeRsatgon, heat

vgp the atxEkesphefe over the Tibetan PEateaEi. The dg3batRc heating causes statgoenagy wave
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RnducRRg subsi¥(fience over the afgd reggon by gRteractgon wRth giitgd-liatgtude westergy, sRnce

subtifopgcaR westeifRy jet tw uppef troposphere fgits north of the pEateaEx dekrgitg secmmaef. Fgfther

gpmvestggatgon oit tke ffelatEoitshRp betweeR. seatioitary subsgdeitce aitd zoitag gnean ffew gs

discussed by Ede3Efized experkfinent Rit sectioit S.g.

4.4. SagffifRffBritary

    The reasoit of robust desceRding ffE}otgoft over the arid feggoR kit Roftheastern Asia, which

re(ig]ces the ff)recipitation, gs twvestigated by sensgtgvgty experiments gsRgxg regRoitaR cAgmate

gnodeg. The descending gK}otgon teitds to be very weak wheit diabatgc process is tgrned off iit

the gnodeR ait ZM-NoR experiff¥)kent. On the other haptd, radiatgon process streitggy eRhaRces the

sitxbsgdegice ovef the arfid area eveit thoscgh tlRe coRdeitsatieit heatgrrig is absent iR the ffiftodeli.

      Diabatgc heatgng over the "ffibetait Pgateag leads to a gencraegoR of Rossby wave. The

statkoRary wave teR{iEs to propagate RorthwarCg becawse sgbtropRcag wester}y jet ks beiitg sgtgeated

*erth ef the pkateau} ift boreali sugitmer. Therefore, the statkoftary descendiRg ffif}otieit prevaggs

over nortgReasterrg Asga, whgch coftseqgewtey redgces tezke pyecipg'tatien aa'o'esfid 3fRd regioEi.

Diabatgc heatwtg over tropgcal regaon does itot affect dgrectliy over the deseft since the positgoft

of s"btrepkcag westerBy gs itot favorabge to cause the subside*ce Rn the arkd reggorR.
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S.g. ¥(]lopmnectrioem go the seasonag evogtwtopm im EaseAsga

       EFigenre 5.g shows the gfi()bag zoRal ffgkeage of z()nal wiitd veRocgty at 200 hPa wt 1998. ffn

geReraE, sesbtffopic3A westerEy jet gn uppeff troposphere retreats poReward durRng seemmer. Et rRjgees

coggaplletely itorth of the Tibetait plateau, approxgmateAy 300N to 400N dekring Seene to

Septeg]mber when diabatgc heating over the pRateau becogi}es much stronger. Sggxkglaf features of

seasoRag vartatioft afe seeit git Erkiddge troposphere (500 hPa) as showR in Kg. 5.2. WesterRy jee

exgsts arogftd 300N Rn boreaR wgnter, whige it pfevaggs around 450N daffgitg gupme to Septegx}bem

In fiower gatitude, easterly wiftd prevaggs during boreal sgmmer.

      As mewtioned by Hoskiits (R996), the finid-llatitude smpbsideence gs eekeRy to be

accegerate{iE accor¥(digng to the iitteractRen between Rossby ffx}o¥(Se angiE sesbtfopgcal westefgy jet. Xg]

c"rrent stgdy, ZM-AQVA experRKr}eitts are carried out Rn whRch topegraphy is assuxned te be

ffat; and sgrface is covered by the ocean gike aqga pganet expergwtent. The

Tibetan-pfiateaas-shaped colxgg[kn heat sovErce Rs added oit the same }ocatgon with ZM-TbQ

experifinewt. Zonag mean fSeids for each gif2onth are cagcEglated frogfx NCEP/NCAR reanaRysas to

use as a bogndary coitdRtEoit ef ngmergcag experlgifients. [greR-Cgay average Rs cognputecie dgrfing 2g

aitd 30 days aftef the iwtegratieit to evaggate the steady state of atmospheific fespoitse to the

heat sogrce. FigEgre S.3 RllRgstrates the verticaR KgiotRon at 500 hPa foff each ggioRth sgffnugated by

ZM-AQUA expergments. Coastlines dfawn by dashed ggRes in the figure are dwmffxky to ideittify

the geographical gocation stwce whoEe nufixkeptcaA deff}iagn is covered by the ocean gn this raxpm.

i¥)urang gaRuary te March, ffobust subsgdeitce, greateff than 2 cEm} sec'i, gs formed gn sogth and

soesthwest of the 'ifibetaR-plateaas-shaped heat source as wegg as weak seRbsidence ovef ptofeh of

the heated region. Since westefly wgnd tends to prevaifi arouitd 300N ait this seasoR, ten-day

average zoitag wiRd shows maxSmgrn arouRd the south of heated regioit (FRg. 5.3b, c, d). Btgt

vveseergy gs stgN stfong arogRd 400N, which ginakes apmothef peak of zofiag wgnd vegocgty im the
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north of heated regSeR arognd 400N. In Aprig, horRzontag dSstrgbgtgoR of vefegcal gixotgoR

exhibgts gxkergdiepmaEgy sysukmetrgc strRjgctgttffe towafd the pRateaik-shaped heat soasrce (ffTgg. 5.3e).

DurgRg ggne threngh Septewaber, westerlly wfind gn the fingddge troposphere becofixkes very weak

git gower Xatgtgde zene as shown gn geig. 5.2. Statgonafy states of the zoRag wgnd foif these

finoRths (Ffig. 5.3g, Riu, g, j) agso gptdicate the sfiffKRRgar patteffxk wRth ifeaR atfftnRospSigere gn fespect wEth

zoitag wgitd. Veytgcag ffif}otion for these months shows very dgffeffeRt wgth the wRnter seasoit as

ffneantgoited above. The seebskdeftce pfevaggs to the west aRd itorth of the heat souifce gn gvgite.

AgEg]est the same dgstributions wath ZM-TbQ expergment (Fgg. 4.8) are obtagited kn YuRy and

AEggi]st, which gs coRsistent that dgabatgc heating over the pgateau wRgg cawse sgbsidence over

nortkftem Chima (liJgriftg svEfiig]ker. RelatioitshiE) E)etweeit the heated fegRoft aitd sg]bsgdence gs very

clieaf in ZM-AQUA rau siftce any gykountagrks and any fiaftd-sea coittrasts are abseRt. The

sgjgbsfidence teRds to prevagg in the south of the heat source as wekR as to the Rorth gR October

and Nevember syftchronized that subtropicag westergy moves to soE]thward.

     As sesffrltmanzed by Wang and LgnE{o (2002), onset date ef ehe sgimliner Kitdgan ifrgoRsoosc

varfies dependgng oft the ffeggoit (Fgg. 5.4). in itortheasterrk India, the oitset of monsoon rainfa}g

occurs gn eargy jtgne, whgRe it eccixrs Rit ffxtg¥(didlie imgy iit ftort}awestherffk Iitdia. grhe prevailiiRg

subsidence gpm ZM-AQUA over Kndia disappears throggh May to BgRy (gegg. S.3f, g, h), which

agyees veffy gxkgch wgth ehe ([)bserved seasorftaR vargatioR ()f oftset {ifiate, desff)ite very sgmpRe

assumptkoRs are ffnade gn the expergment. AdditkonaAfiy, the appeafance of prevaREing

sgbsgdence occurs dgrgng Septewaber and October gft ZM-AQUA (Fgg. 5.3j, k), which Es

coRsgstexkt wgth the wgthgdiraw3R date of the in{SaaR swan)gnef gi}omsooit (Fgg. 5.4). Heitce, thRs

paper sesggests that the onset of sugptmer Iifgdgan EnoRsooR cag} be stroitgRy affected by the

regatSoftship betweeit diabatgc heatRftg over the plateau and sixbtropgcag westefRy. The statfioftafy

subsgdeffkce gn ffg2iddge troposphere should suppress coRvective actgvgty eveR ovef tropgc3g

reggopms.

       Figgffe 5.5 aitd EFag. 5.6 gRRustrate llatgtwde-time diagragiEa of the ten-day aveffaged

vefftacaA waotgon at 500 hPa aRogg 800E to 900E ift ZM-AQUA and ZM-geLQ expefiffif}ent,

fespectiveEy. Rregx tperaR aRd Spatial pattemes of two expergments show aRgnost same feature witga

                                                                      '
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respect to the sesbsadence as addressed above; thws, gand-se3 coittrast does not' so gmportaff]t to

ffxitodgfy the effect of CRgabatEc heatir¥)g Rn ZM-R]LQ. KR cog[gparisoit to RFRg. 5.2, zeg¥)ali wipmd

vegocgty shc¥)ws simigar seasoitag variaeioge wRtkg feaR gRobaE ffneapm zoitag vegockty fft is very

isnpoiftaitt to note that the subsfideitce arogitd the heat soEiffce is in good agreement wgth the

llatRtajffdgritag posRtgon of westeflly jet for ea()kk ffifxonth. "Tftiis ffif}eaRs that the descepmdRng ffxtotRoge gxgay

prevagg eveR wt wiwter gn vicgRgty of the pgateag. Agtheugh the focas ef thgs stwdy is iit

Northeast Asi3, thermaA effect of the Tgbetan Pg3teaai ff}iay reach over Sotsth and Southeast Asia

Rft case that sgbtropRcag jet exteitds to south of the TRbetan PRateag. Roge of zoRaE wind to

deterfinine tgke regg()rlt of subsgdeitce weugCl be comsgdereCfi as foaRows. E'kRe artgficiall lkeat soagrce

causes a gener3tgoit of gravaty wave ard westward propagatwtg Rossby wave. VellocSty of

s"btropicall jet in upper tfoposphere would be eqgall or strongef thagx propagatgng speed of the

Rossby wave; theR, Rossby wave cait be stationaffy causing sisbsideitce cofirrespoRdiRg to the

vekocgty of subtropicag westeflly as wellli as te ggRmediate west of the heat soufce. Simigarly,

subsgdeitce ofteft appears over sogthwest of the heated fegion around 7SOE, 300N dne to

charactefgstac shape of tkge heat source, riameRy, skeape of the grEbetan Pgateaai. AddRtgonaRgy,

perpeRdicniar coiiExponeRt of the wgnd to the artifgcgal heat bouptdary wougd be agso impert.ant

to form snbsideRce ayound the heated yegioft. Sgnce the heated regioge persgsts hggh potentgag

teffnpefature, aRr fiow bRowfiftg toward the heated regEoit caR be regarded as reRativegy colld

wind. Assgming the RsothermaR ffow, coRd wind causes the subsgdence itear the boundafy of

heated regfioit where gradient of isothermag sewface exgsts.

       Kgufe 5.7 and Fgg. 5.8 skows seasonag variatioit of zonag wgnd veRocgty averaged

aroaxnd the Tabetan Plateau, betweeft 800E and 900E. Regardgess to say, zonag mean for the

paftgcwiar region is eften dgfferent from the ggobag zenal gptean. geor East Asia, the TgbetaR

PRateaeg aftd s"rrouRdiitg ffgaegntainous regioR gs a physgcag barrieT for zonag fiow, The

subtrepgcal jet gocates compgetegy south of the 'I'ibetan Pgateawa dEgrgng boreag wRpter. Aitd

poleward retreat of the subtropgcaR jet occufs Enofe snddeniy arourkd May to guRe tlkgan gt can be

seen gR gRoball zoitall me3n, whgch should EEkake the 3ppearaitce of the sebsgdeitce ffnoffe drastgc

over tEme argd regioR.
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S.2. Comsiseepmcy of stiffErkniagedi bekavioff wggh the observedi evEdiepmce

       SgmgiEker pfecgptit3tgoR based on sesrface obseffvatgoit teRds te show an opposgte phase

between gxortheasteifffi aRd southeastem rgribetan PRateau (e.g. Ltw and Ygan, 200g). Yatagag and

Yas!gitarg (g994) allse reveaged a simiRar dRseffibgtgon of sufincRmer precipRtatgon. rff'heir statgstgcaf

fesnits indRcate that there gs a Regatgve corregatiton Rn pfecRpgtatRon betweeR Rewtheastergk China

aitd eastem [Eribetan PRateaec (asig. S.9), aithoscgh "Rfortgfiategy st3tiofls are not eftoggh over the

Tibetan Pgateaas. The typScag pattern can be expgained as foggows. More frequtewt convectkve

3ctivgties in easterri Tibetan Pgatean causes garge aff}tount of diabatic heat as a ifesugt of

condensation. As showft ifn ZM--C'TL experiffneRt, dgabatic heatgftg Rit thfis reggoit wigg eRhance

the subsRdeRce over deseft area, thus, precgpitatRon is EikeEy to be sgppressed. Krk opposgte, if

diabatR'c heatEitg rate is sffnaRg due to Eess active coitvection, sgbsideitce ovef the arid reggon

tends to be weak th3t gnay alliow pfecipfitatfion to occur over the 3rgd region kft regatRon to the

synoptkc scale distarbaitces.

       YaitaR and Lg (1994) svkffngrkargzed upper sognding data to estgmate the dgstifgbgtgon of

verticaR vegecity over aitd areund the TRbetait Pgateau (Fgg. 5.10). 'ifheif fesE]ks tw vefticaR

motion for 4-su}owths gigkeait are reRgabXe siRce fit was computed aR a basks of gge-sktik upper agr

sogscdiitgs. They fouftd that veftgcai rnotgoEit above ffnost part ef the pgateaEk gs Egpward, whgge

descepmdtwg motgoi3 pfevaigs correspeitdkng to the desefft regkoR, whRch is very sgifif}iEar eo tkat gn

ZM-'ffbQ ruft (Fig. 4.8). ELJpward gnotgon is Rot dgstrRbuted uitgfoffgncugy ever the pRateaas, aitd

some typicag downward features afe recogftgzed over xtorth, soeEthwest, and sowtheast of the

Eribetan Pgateau. The subsidence appeared over ftorth and southwest of the pgatean is weRa

correspoRdRftg to the desext cXgnate. Alg of these three prev3iggng dowRwayd metgoits are

fecognized in ZM-'ff'bQ rtin. rThgs, it cait be considered that the observed vertRcaR ffnotioft gs

magniy caused by the dgabatgc heatiitg ovef the Tibetait Pgateau. AdditioRaggy, thnak aitd kg

¥(1994¥) suggested that there Rs a distgRct divRfriak variatgoit in vertkcall veEocity afouRd the

TgbetaR Pgateau. [firhRs coa]BCif be also the feason that seRsibfie heat fgwsx fr()ffn tSlte g)gateawa surface

pgays 3n gmpoftant roRe to dfgve the sgbsidence over the argd ifeggoR. Recewt accumugaegon of
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the observatgonali aitd anaAytgcaR efforts have gradgaRlly gmproved the "Rderstaixdfing en detaEE

pmatwre of dgabatfic heatiptg 3rltd coitvectfive actRvRty over the Tgbetait Pgateau RncEgdgng vertlcag

strgctgre, kEoffRzopttag ¥(Sgstrgbntioft, anCl teg]apovag vargation. Most part of thegr fRrRdtwgs wiRR be

deeli¥)gy reRated to tkge {iReseft cXmate varRatgcpn agtefgRg conveetgve acegvgty over texe deseft

through the varkation of the swabsgdeitce.

S.3. Rolle of Eocae ifgxoegpmgaims owa cgoEgdi foffevkaggeopm

       lrit itortkgeastem AsR3, the itugiabeff of cycgogenetgc evewts gs very kRigSe arouged centifag

MongoM3 whoRe the yeaff irt relation with the Akag-Sayan liee cycgogepmesis (Chen et ag., g99a).

As descrtbed iit Section 3.1, fit gs suggested that these ff}xouRtagn ranges are very gmportaRt to

cagse precRpitatkon iR the gee of them. E)iffereitce of pfecgpfitatRon regkffne betweeR L:T-( 'irL ai}d

ws-NoM indicates that the cempgex terraiR gn centrag aitd westerE¥) Mongogga greatgy coittrgbextes

to precipRtatgoR aroasitd the arid region rather than decrease rainfaRg as a barrj.eg of water vapor

traRspert. Erhe foles of ff[iouRtaiits oR precgpgtation and cRoud systegims enhknLemeRt kit stwdy

area are described iit this sectioit.

       Sato et aR. (2004) have iitvestggated cgoud frequency over MoftgoXa and g)ortherff}

ChRn3 by composgte anaRysks of Geostatgoitary Meteoroaogica:} Sategi.ite (C;MS) visib}e chanfteE

data Rfie AgEgggst dEgrRng ggl}98 to 2001. Fggtxre 5.g1 mawstrates detaili toR>ography arkaik geographgcaR

n3gnes iR aitagyzed dognaiit. As Rt Rs evideRt, very cogxkpgex terragn covefs ftortherga Chgna aitd

MoAgogRaR territory. rffwenty-years average NEPVI (NormaXzed g)iffereRce Vegetatkoit XE2dex)

gn mgddge August Rs shown gn Fgg. 5.12. 'ifhe ofEgiRaE NDVff data gs dfistrgbuted as the

NormaRgzed DiffefeRce Vegetatgon ffgadex (Nti)VE) Twenty--year Ggobal 4-KningEte AVHRR

NDVR l)a{aset by CEReS (Ceitter for eRvgrogen}entaE Regif}ote SensgRg, Chgba University).

¥(¥)offxxl}are¥(di wSth RaRCE skxrface characteriz3tRoft ¥(}i;gg. 1.3¥), Ng]bVg gs very gow wlth gess than Cb.g

near bofder between ()hgita and Moftgollia, and gradgalgy gRcfeasing to forest Rn nofthefrk

MoRgoXa. AddgtioRaNy, the NDVE gs relatRvegy hggh over the mountain cogiimnoitEy even over

the argd regRon.
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       FggeRre 5.g3 skRows c()Erkl)osite ef cEeu(g Siireqgency En AeEggst over eastem MoitgoRga. RR

08 gL kr (gLocafi 'Tgffne), gnost part of amaRyzed dogiv}aim shows gess thaem 10 % except for the

northern part of NEoitgogfia and areund the Lake of BaSkaE. eeigh gikrequeRcy is foeeitd over

southeasterrg reggon of the doff]itaii], eastema edge of the Agtag Mo"getaRns, affltd the Khewteg

Mo"Rt3ift wgtet 20 to 30 %. }}Iigh fre(ig]egecy regioits at C)8 as contEneJEoixsRy keeg) ggggkft vaEues iit

10 E[ffr; especiagly gt exceeds 35 % ne3r top of the Kheittei ]Ndiokkntagn (Fitg. 5.g3b). The

freqgifency gncyeases cRose to 3e % ovef east of the Kft]angai MoggRtagn. Hgghest yeggopt of cRoek¥(I

fkreqEeeitcy gs loc3ted iR itorthwest of the KheRtek MoesfttaRn ovef RassRa. At 12 E[Rr, the

frequeRcy retaiRs 4e % kit ginany grids over the gtheRtei MouRtain, whgch ffgmeans that thRs

regioft fis covered by cgogd arouitd nooffi in i2 days in August (gFgg. 5.13c). Over grassEaitd, the

frequency gradgEaRRy gstcreases kig) to 30 % im gE}axRgitljm at 14 ffJff (Fgg. >pt.13(S). E{owever, the

frequency ks gow in regativeEy low altiteide grasslapmd aroe]pmd 1150EE, `#70N or sekni-basgn regiogi

svtrreunded by the ifnouwtakn, e.g. 1040E, 450N and i030E, ag90N. Epm i¥)offtkkeenk China around

g070E, 410N, cgoed frequency is ftow over vegetated sgffface; on ehe otheff hand, relative]y hggh

freqgeRcy Rs foesnd ever lless- or non-vegetated fixiountain in vgcgnSty Rit X.6 l][gr, c.ioljd fgeqikeftcy

ieaches fits ffxk3ximuEn in dgEgrnaR cycge Rn ala ovef the anallyzed doffif}ain (Erj.g. 5.g3e). 'ifhe highest

reggons dgstrgbute around the Klkentei MoEgntain, the Khkngak MountaiR, aRd the Sayaxt

Mo"ntain exceedwtg 50 % kit maxiM;}gxn. The Rowest ffeqekency appears near the Takggmak3it

deseyt 3nd the ILake of i¥)agfiay and the Lake of BaikaR,

       Laitd surface condition of IV¥(ongollfia can be fogghRy cAassifged gn desert, grassgaitd,

ag}d fogese fegRogis. im geenerag, evapotraftspiratgoR peays an Rmpofftawt fc>Be eR tg]e precipitatton

iR ggobag scage (Shgkla and Migitz, 1982). Howevef, as gt is sReowR ifiin FRg. 5.13e, cEogd is ggkeEy

to be obsefved over gxkountagnous regRoit, and gs hardgy observed over gake of hagffngd gand

covers. Oveff vegetated er water surfaces, the gatewt keat fiux teRds to be garger dge to the

larger evapotifanspgr3tioit ghan that over desert or spafse grassgand. SeeesRb}e keat ffux over

sgc&} coit¥(diEtRon becomes regatgveEy sgBiagll due to the radgative enefgy paytfitiongftg. 'ffgierefore,

the hgffK}id surface hardgy causes the cfogd formi}atfion, agtkough the water vaper is abggndaitt dge

to refiatgvegy garge evapotraRspiratgoft. 'I"hese resesgts do itot coftfigct wgth pffevifoeks seitsitgvity
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study by Lee and Kggnura (200g). Grassland oif fefest vegetatgon prevaggs over the giif}ouatagn;

thus, vegetatgon cgrcugatSopm ffnay occur dese to the horRzont3R coittffast of semsgbXe heat fi"x

betweeR waoEgntaim aitd surroasitdRng reggoees. g{owever, the contrast does itot seegxft eptoeegh to

drRve the vegetatgoit cgrcgRatRoit agagnst anabatRc cRrcgAatRon.

       The ffEitouRt3gee efficSentfiy accixgxkulates the wateff vapor as a resekk ef finogntagft

circaxRatgoit gn cRear d3ytRffne (Sato aitdi Kitffnura, 2005). AddgtRonaiRy, the E[iouwtaipm slopes often

act as a barrier of an envgroitmewtag flow, cagsing a foffced Mftimg of the air ffnass. Theffefore,

cgoud freqgaency is hggher gn eastefn edge of the ARtai Moufttawt, where reRatkve}y dry cEimate

feear desert, thftn seEE}i-basiit 3fea gR iterth of the ffnoeiwtaiR. [rckife frecRtReitcy gs Eower grE gxkc¥)esntaim

foot aroeeRd g040E, 490N kn the Kh3ngag Moimntagn despkte that evapetraRspiratRoR shogRd be

garger due to the exgsteitce of forest aftd grassgand. By these reasoRs, the 3ppearance of the

tv'hgoud over INxffeitgogia gs iess seRsgtgve to surface coitditfioft than that Rkkduced by terragn s}ope.

       Difference of maximgm freqgency betweeit the Kheittei ]YEoeenta"in and the KEiangag

Mo"wtagn is evident, eveit thoesgh the altitvgde and the width of the moeexRtain 3re coitsgdered ee

be aRgx]ost sagExe. gt wougd be cagsed by the topography areuRd the EriowwtaRR. The Kiientei

MouRtagn has a garge epeit are3 Rn "pwiitd against the prevaiRgscg syitoptic-scage northwestergy

wind. PrecRpitablle waeer vapof iit gpwiitd of the KE¥)exkteR ]Vffoigntagft is eviuch gargeif 'thafi that wt

Rjkpw'krRCg of the Kkg3.]igag MovaRtaait, becagse it Rs strongRy depeftdeftt. on gyc)vargd kgtk'texde. Sgk¢h

diffeffeitces gigxairit3in the ffnore favorabge condgtion fer cgoEed forgitatioit over the Eitkegeteg

Mogittaiit. Iirg geiterae, grehogitaogeiteRty of sxErface prog¥)efftRes affects the atgm¥)ospherac cixcgkatioR

aRd cRougS foifgi itation. By thgs aRaAysgs usRng GMS data, it is obvgous tftiat water sEgrface of gakes

largegy affects the modgficatgoit of cgoud freqgEency. B"t the vaodkficatgorit Rs Rot te efthance bug

to decrease the cloud fofmatgon fin contrast, 'ffkerefore, the ERfiuence of topography to cgoud

fofgNkatioxk is ffxkk]ch larger than that indgced by vegetatgoit cofttffast.

       Before loitg, the Eg]ouwtagR raitge such as the T'fiaitShan, the Agtag aftd the Sayan

MoE]getains are begReved te decrease precipgtatgoit Sft its gee side owgng to the raim-shadow effect.

By thgs study, actualRy, the meekntaige ras]ges 3re itot the reaseee of the argd cKgnate, bgt they are

veify ignportafte to generate cloud ancg cycgogenesis irk its Ree side. E}romwtent gnefidionaR
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gradSent of annuall aitd suptfliigmertggxke precgpgtatioR Qn RortheasterifR Asga, g¥)etweeR t}ae GobR desert

and TaRga in Sgberga, gs stroRgly eeiiiphasgzed by two reasoRs. The first oite gs rafinfaRX

s"ppressioit by the ssubsgdence iit desert region as descrRbed En sectRogiR 4. The secend reason is

deeffned wRth the togeogyaphicag contrast between regativegy ffat eopography gn desert reggees

and comp}ex terragn gn Rorthern aRd northwesterrx ]VgongoPRa. As gxientgoned Rn thgs sectgoit 3xd

sectic>R 3, vainfalE tenCgs to occeir arouitd RoffthersiR ffrk()ggfltaiRiltovEs regRon aR(E llee of tkge ffgtoEgRtagns

dae t# }]kechaftgcag and therffncnaR effect of the ffneuentain. 'grhe cofif}bknatioxit of tkese two cagses

maifttagRs t}2e charactergstSc difference iffi precRg)Qtatgc)it betvftfeeg] de･eert aE]d svggroeegedgng areas.
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6. ¢deeeeceseestwms

        ff'he forgnatgoft ffnecR]angsggi of arEd cRiffnate oveff northeasgema Asia ks gnvestggated by

RCM experEeeitegegs. Before thRs strdy faiR-shadow effect by the [ffrganShan MouRtagn gs

coitsRdered to be a majog reasoit of the 3fid cRimate ¥(Effogghtoa, R984; Hartffx}anit, 1994;

Shgitoda, 2002¥). The ffJffLCTL expertgnent sexccessfugly sigiR¥)ggates the amid reggopt as a eeit-year

mean of pfecgpitatioit. Rainfagg distrgbytgon iRdRcates the existence of vaian--shadow by the

TganShait Mo"wtain. ffowever, the simggatioit witkeut the TianShan Mountaiit does prodasce apm

argd cgigx}ate Rn a]gx]ost same Rocatgon. "rrhRs fact RftCEicates tlEat the afirkd cggffnate ipm itert}geastergiR

Asia is formed even though faiit-shadow effect gs absent. Ro]e of the TRaitShan Moaswtaiit gs

jwst to iitcrease precipitatgoit gn upwgnd side, aRd the moassctain does Rot affect the agir}ouwt of

precgpgtatioit gn geeside whefe desert clRggiate prevaigs. in generag, precipktatReR systees}s,

accc)gKig)aftged with sysoptRc dgsturbances passEitg thr()xkgh mag(l(Sge Ratgtgde Asga, provide

abundant r3gnfalg in nofftheastefgik Asia gn warm season. g{owever, ragR band tends to weakeR

riear northerft periff¥)hery of tige Tgbetait Pftateau, especiaPgy over the arkCE reggoit, by a ffegRoital

scage subsgdeRce. Thus, precipitatgon hardly occuffs over the desert fegioR such as the

Takgignakan aRd the Gobg deserts.

       SeftsitivEty expefiffneRts with sgrnple bogRdary condgtaons are cafried ogt gn order to

clarify ehe cause of the subsidence appeared gR northeastern Asga. The desceftdang gnotgoit

prevaiEing over the argd reggoit Rs very promaiftent even wheit bozzndary conditioR of the fiiExodell

is assgggyxe¥(S to be a time-gri¥(iepeitCgent zonaR-gitean conCgitRon. Affi¥(i area wRth Ress pTecRpgtatRoit gs

agso formed over nefth of the [lribetaR PEateag gn seRsgtgvgty experggggent (ZM-¢[grL).

AdditionaRgy, the prog[Rgnewt subsidence stilg pefsists git the experggiEiiteitt wgthogt coRdeitsatgopm

process in finedeE physgcs (ZM-NoC). ThRs wtdRcates that dgabatic heatgng process indnced by

condensatfion of water vaper is not agways necessafy to eithance the subsRdeRce, sgnce sogar

radigation heatang contfibutes to grkost portieR ef the diabatgc heatiRg iit ZM-NoC expefimeptt.

Thgs, upward sensibRe heat ffux froKn the pgate3a sgfface wogggd be ffnore effgcieRt to dffive the
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subsideitce, sgnce sgrface Gf the pllateag exgsts ae arri eqasivaleRt hegghe of fi r¥)RddEe tropesphere.

The dRstRnct sesbsgdence oveff the arRd reggeR gs forwted when aa"tgfRcRag dgabatRc heatfing Rs added

oveff the rrgbetaft Pgateag. Thus, the s"bskdeitce gs cavesed by a dgabatfic heatRng over the pgateag.

'ffhe ZM-NoR experRffgient, Rit whgch radgatgoR and coitdemsatgoR precesses are turff¥)ed off,

reveags that vertRcag Egtotgoit shows vefy sgrkagg aKEgpgitgde wgthoutt dgabatkc heattag gpmdgcatgitg

gess importance of the gitechaptcall effect of the Tgbetan pgateag.

       DRabatic heatiRg on the 'ifibetan Pgateaes gs vesy affective to 3tmospkergc cRfcuRataegm

that geads to a geneifatioR ef statioitary wave whgch causes sgbsgdeitce around the TgbetaR

pgateagJg. Zonag wtwd speed, especgaggy the gatfit"diitak gocatEon of subtropgcaR jet, detergngltes

hofgz()r}tali dgrectgoR of the statioRaffy wave g)ropagatRc)R. gf sasbtrc>pgcag jet Eocates gn soEgtliig to

the heated ffegioR, the subsgdence tegeds to prevaiA over soxgthwest to the heat source. En generaR,

subtfopicaR jet r"ns itorth of the Tibetan Plateau Rn boreag sggritwteif when coitsSderab]e arkdity

occurs in arid regioit. StatgoRary wave teRds to propagaee Rorthward becaase smbtropicag

westergy jet Rs being situate{iE Rorth of the g¥)}ateagR. 'ifherefore, CEesceRding motiorR g¥)revagRs over

arid regRon gim rkort}]eastem Asia, which consequegetgy redljces agirkeEgnt of precgpgtatgon.
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