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田園圃

b̂sLr砧cL

l'llc tllLcracLlon bcLwccn InlgraLlng barocl1nlc WaVC5 and 

5LaLloII0I'Y vorLtces produccd by u s[lnplc-sllape orography was 

InvesLlgaLcd Lhrough .laboraLory CXpCl'.Il11cnts us1ng a roLul..tng 

1I1111U1u5 of fLu.ld 

Invcsl..1gol.lon was madc of I..hc LrUllsl L10n [rom un uppel 

5YlT1111CLI'Ic 1..0 u wavc !'egJme. ExumlnaLlon Wa5 conducl..ecJ of the 

hcaL rJux. I..hc 511'ucLuI'C of sLuLlollaJ'Y vorLlces and baroc11n1c 

wavcs ul.ong wlLh Lhe Llrnc-dcpclldcl1L bchavlor of Lhe baroc11n1c 

wavcs. For a g1vcn zonaJ wavenumbcr Lhc Ll'ansltlon from an up 

pcr sYlT1l11cLrlc Lo a wavc rcglmc occurrcd uL a lower Lhermal 

Hossby 

fleJd 

whlch 

I1lllnbcr 1n thc skcwcd ficld Lhan 111 Lhe axlsymmetr1c 

I"hls cxhlblL5 Lhc 5Lab.ll1z1ng effcct of the orography白

15 conslsLent wlLh thc !'csul Ls by ，10l1a5 (1981). The 

sLrucLurc of baroclLnlc wavcs sllowcd U dcpcndcncc on tllc zonol 

dlrecLloll. LhaL 15. arnpUfJcaLlon occul'rcd 011 Lhe lce slde 01' 

Lhc obsLacle. conflrmlng Lhc "csulLs of 0 l1ncat. Lhcol'Y by 

Frcdcrlksell (1979) und NlcllUUS (1980) 
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g L" IllLroducLJon 

sarocLJnlc waves ln a roLaLlllg unllulus of fluld have been 

sLudicd both theoreLJca1JY and cxpcr!mcntully by mally rcscarch-

crs bccausc of ILs sll1lplc slLuaLlon wJthout. los.lng t.hc!r csscn-

Llal Qualltlcs 111 sLudlllg 50川 e aspccLs of atlnospherlc and 

ocean.lc rlows. Placlng an obst.acLc In a chunncl of Lhe roLat 

Ing 81111Ulus of fJuld abrupLly l1lukcs Lllc problcm compl1cated 

owlng Lo t.he followlng: L) Lhe Inte'"ucLlon beLwcen mlgratlng 

barocllnlc waves and SLaLlollary vort.lces creat.ed by the orog-

，"uphy 2) barocl1nlc lnstabJ 11t.y 1n Lhc skewed fleld or lce 

Cyc.logcncsJs 3) rormaLlon of u Taylor colul1ln 1n t.he stratlflcd 

fluld and 4) Lrapplllg 01' Sllcddlng of vorLlces duc Lo the orog-

ruphy ln Lhc straLlfled fluld 

The cffect of large scaJc mounLalns 011 the general clr-

culatJon has been studled by 1¥1anabe aml TCI'pstra (1974). Uslng 

a generaJ clrculatJon 1II0de) they fountl thaL a statlonary l，"ough 

Is formed 011 Lhe lee slde of large rnount.aJns. accornpanled by an 

Jncrease of t.he klnetJc energy of st.at.tona，"y dJsturballces and a 

decrease of tllC kJllcLJc cncrgy of LI"unslcnL dlsturbances along 

wl.Lh lee cyclogcncsJs. SrnJLh illld Dav.lcs (1977). uslng a two-

laycr.β -plane quasl-gcosL，"ophlc 川 odel.obLalned 511nl1ar 

，"esu.lLs whl.lc olso flndJlIg thuL Lhc klllcLJc encrgy oscl11ate 

wl Lh 8 pcrlod of abouL 5 days duc Lo Lhc lntcract.lol1 bcLwcen 

barocLlnlc alft! statlonary wavcs. 

FrclicrJkscn (1979) ancl Nlcll8US (1980) Ilavc sLucllcd lcc 

cyclogencsls thcoretlcally. Frcdcrlkscn used a llneur. Lwo 
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layer quasl-geosLroplllc SpllCrlcal modcl wlt.11 U baslc state con-

sJsLlllg of a Jct aL 300 N and un uppcr laycr ]ong planetary 

wavc whlte Nlehaus (1980) uscd a conL.!nuollsly strallfled 11near 

Illodcl wlth II skewcd baslc flcl.d. 111 splLc of the dlf[erences 

111 thclr modcls thcy obLa!ned t.hc sarnc rcsulLs: thc growth ratc 

of bur"ocLlnlc wavcs ba，-ely changcs und dlslurbunces have l..hcir 

剛axlmul1l a川plltudc on t.hc lcc 51 de of t.he L，'oughs Nlchaus 

(l980) furt.hcl" IndlcaLcd LhuL a dJsLorLJon o[ thc baslc fleld 

shl fLed t.he muxlma ln t.hc growLh rat.c t.o lower zonal wave 

numbers 

WakaLa and Uryu (1984) 11UVC studlcd lopographlcally forced 

bnrocJlnlc waves ln a conLJnuous zOllal flow. TtlCY showed tllat 

a '"esonuncc occurs 81. t.hc crltlcal thennul I~ossby number 111 a 

constant shcur flow that has a zcro vcrtlcal mcan. Qne of the 

tllree equlllbrlum solutlons 15 5Lable near a re50nant p01nt 

Tllree equl1lbr1uIII solut1ons 8]SO cxJst at u sllghtly off-

resonullt condltlon ubout U buslc zonal flow. ln tll1s case， 

tr-applng and trave11ng of forced baroclJ.n tc waves occurs. ac-

cordlng to thc helght of the topography. When these barocllnlc 

waves m1graLe. amplJtude vacll1atlon occurs because of the 

stabl11ty changc 1n Lhe baslc temperaLure flcld. 

Slncc Lhe works of Pr'oudrnan (191.6) and Taylor (1917) the 

wcll-known TaY10r-Proudman LhcorclI1 wus fonnulated and has been 

sLudl.ed by many reseacllcrs. lIupper-t (1(75) gave exact cxprcs-

slons for l.n1 LJaLlon of a Tay.lor colurnn ror' both a homogeneous 

and a sLratlfled fJuld. IIls rcsults stated that the nonnallzed 

obsLuclc hclght dlvJded by thc I~os s by nUlnber Is un approprJate 
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measurc for tlle lnltlutlon of u ・ruylOI"column for both CllSeS 

and cspcclully ln tlle struLlfJcd fluJd lf Lhc obstucle Is some-

whcl"C vCI"L1cal.， a '1、uyJorcoll1mn Is formcd 110 matter how small a 

helght of Ull obstucle .ls. lIuppcrL and日ryan (1976) studled the 

JnLcracl10n beLwecn zonal cllrrcl1Ls und UIl JsolaLcd Lopogruphy 

a[ld foulld Lllat a cold UllLlcycJonlc vOI'Lcx was formed over the 

Lopogruphy. wh.lle a warm cyclolllc vOI"Lcx was formed due to the 

sJnkll1g of flu1d afLcr lnLcrncLlon wl Lll Lhc Lopography. The 

cyclonlc vorLex was shed whcn Lhc zonul flow wus strong or be-

callle t.r-apped ncal" the topography when Lhe zonal flow was weak， 

Only a few sLudlcs of UllllUlus cxperJments wltll bottom 

topography havc becn conductcd 50 fur. YCh and Chang (1974) 

pcrformcd experJmcnls Lo SLudy Llle dYllumJcul und heatlng effec乞

of Lhc TlbcLun PluLeuu 011 a buroclln.lc flow by lntroduclng u 

hal f e.lllpsoldal Ob5 Laclc wJ lh Ils IIIUJOl' ax.l5 sllgh tly shl fted 

wJ Lh respect Lo Lhc azJllluLha1 dJ rcctlon. They were malnly con 

ccrncd wlLh the heatlng effccL of Lhc Lopography， lIowever， 

whl1c Lhe heatlng was not slrong enough to rever5e the horlzon-

tal tell1pet'aLurc gradlcnt. Lhe heaLlng cffcct was slm.llar to a 

dynamlcal effect of Lhe topography exccpL [0，" lts phase. Thelr 

re5ulL5 sllowed that the buslc zonal flow wus weakencd by lhe 

drug of tllc LopograpllY whJlc u sLatlol1ary antlcyclonlc vortex 

was formed ln the uppcr laycr Jusl above the obstaclc. Fur 

Lllcrmore. drlfLlng cyclonlc vorLJCC5 wcrc spl1t ln the upper 

laycr wlll1e thcy lntCllsLflcd and cxpunded 11'1 tlle mlddle alld 

1.0wc'" J.ayer above the obstaclc. .10na5 (1981) sLudled the e[-

fecl of LopograpllY 011 burocllnlc wuvcs 11'1 laboratory experl 
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men ls. IIc cons Lruc ted lhc bot 1..0111 Lopography to ha ve a domlnan t 

zonal wavenumbcr closc 1..0 LI1UL of barocllnlc waves wlth no 

t.opograpllY and had an ampllLudc about. JO鬼 of t..he mean depth of 

the rJuld. 1115 rcsults showed that the transltlon from 

bUl'ocllnlcally sLublc 1..0 unsLablc fJow5 Is st.ablllzed ln the 

prcscnce of I..opographlc rorclng. 011 thc other hand. Gent and 

Leach (1976) sLudled barocllnlc .IllsLablllt.y uslng an ccccntrlc 

annulus. whosc t.hcnnal Hossby numbcr chungcd gradually ln t.he 

azlmut.llol dlrccLlon. "1'llc1r rC5ult.s revcoled t.hat barocllnlc 

JnsLablllt.y 1s a 10CBl phcnomcnon 

れ10re "ccell Lly，日oyerand Chcn (1987) have performed some 

cxpcrlmcntaJ sJlllulat.lon 011 thc aLmospllcrlc flows 111 t.he Nortll-

ern I!clIllsphcl"e uslng a vcrtlcally stratlfled rolatlng fluld. 

IncJudlng a reallstlc largc Lopography al Lhe bottom， It Is 

noLed lhal they huve got so川cwhalslmJlar [lows to the real ut 

Inospllere JnsplLe o[ lncludlng Lllc IllCcllullJcal cf[cct only 

Thc pt'csent sLudy I nvcsLl guLes Lhe lntcracLlon beLwccn 

rnlgraLJng barocllnlc waves 8nd sL8Llonary vorLlces crcated by 

orography， Thc dcscrlptlon of L11C expcrlmcnLal apparalus und a 

mcasurlng tcchnlque are glvcn Jn $ccLJon 2， Lhe transltlon [roll1 

a barocllnlcally slublc to unslablc flow， lhc 11cat flow nlea 

surcmenL und Lhe observaLlol1 o[ Lhc surfacc flow pattern are 

IIlcntloncd ln SectJon 3， whJ lc Lhc IIIcrldlonal dlstrlbutlon of 

Lllc baslc and perturbcd tcrnpcruLurc fJeld Is descrlbed ln Scc-

Llol1 4， '!'llc azllnuLhal struclurc of lllC baslc and pcrturbcd 

lcmpcratul"C flcld and Lhc tl.lIlc-dcpcndcnt bchavlor of cuch 

Fourlcr Inode js detuj]ed 111 Scctlon 5. TIIC structure of 
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orograpll1callY forced barocll111c waves based on a llnear theory 

Is shown 111 Scctlon 6 wl111c the verLlcal structure of 

barocllnlc wavcs Is glvcn Jn ScctJon 7. TIIC summary and dls 

cusslon follows ln SecLIon 8 
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!i 2. Expcr I mcnllll uppuru tus lll1d mCl.lsurl ng tcchnJquc 

Tllc Cf05S sccLlon of thc annulus used 1n thls study j 5 

shown 1n Flg. J. The wOl'klng fluld ls conlulned 1n the annular 

rcgloll (expcrlrnenLul cllumber) bctwccn two concentrlc brass 

cyllndcl's. whosc radl1 urc 7.1 CIIl and 16.7 CIll. The fluld depth 

Js 10.0 cm und thc uppcr surfacc 1s frcc. Constant horlzontal 

lcmpcraLure dlfference Is lmposed bcLwccn thc Quter and lnner 

walls. cach of whlch 1s malnLu，lned at constant temperatures 

wlthln t..hc 8CCUI'UCY of 土 0.05・C by clrculuLlng water from Ileat 

baLhs. The entlre sysLcm Is moullted 011 a Lurntable T. whlcll 

can bc roLuLed aL a unlform rotutlon raLc n by a contlnuously 

varlable-speed Inolor drlve. ^ cylJndrlcal obstacle， 5.0 cm ln 

dlumctcr and wlth vary!ng hclghts from .1 cm to 10 cm wlth 

jncrclncnts of 1 cm， Is settlcd at tllc bottom at thc mcan radlus 

of Lhe chal1nc.1. The surface flow pattcrn Is vlsuallzed by 

aluml.num powclct- and st'"cak p!Jotog，"aphs are Lakcn by thc camc'"a 

seL on a sub-Lablc， whlch Is aLLached Just above lhe turn table 

wllh lhc same rotaLlon axls und rotales SynCllrOnously wlth lt 

1'0 dctect thc baslc ficld and wuve distul'bances， temperatures 

are measurcd by lhrcc dlffcrcnt arrays of lhermlstor tllcr 

川omeLerswhose dlalncters are 0.15 Cffi. Dctal1s of Lllc position-

lng of lhc array o[ probcs wLll bc dcscrlbed at the beglllning 

of each relalcd scctiol1. Change of vollugc duc to change 111 

cleclrlc rcslstance Js lransfcrrcd lo a desk top computcl 

Lhrough a low-nolsc s]jp，'lng， Whculslone bridgcs. D.C 

umpllfiers and an /̂D convcrlcr. VolLugc data ure convcrLcd to 
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tempenlLure duta by u ca11brutlon curvc [01' cuch probc. Tem-

perature daLa thus obtulncd have accurac1cs w1thln ::t 0.001・'C. 

The datu arc slmuJtancously rccordcd by a churt recorder 1n or-

der" Lo monltor" the bchavior or thc tempcraturc [lcld 

Notallons which wlll appcur hereuftcr" arc dcflned 1n p̂-

pencllx ^ 
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6 3. 'l'rnrlsltloJI， Ilcut rlow mcusurClnCllt ulld surracc rlow puttcrn 

'l'ransltlon f，"om an aX[5ymlllcLrlc to a wavc reglmc In a 

rotatlng annuJus wJLl1 bottoln topogropllY has been d15cussed by 

Jonas (1!)8l)， ln thJs cose， Lhe boLLol11 Lopogruphy wa5 cycllc 

olld slnusolda.l.. havlng a w紅VC lcngLll cOlllpurablc wlLll that of 

Lhc p，"efel"rcd bUl"ocJ Inlc wuvcs 'l'he wavc ampl I Lude of Lhe 

Lopogl"uphy was very sma II compar"cd wl Lh Lhe dcpLh of Ll]e rI u ld 

1115 rC5ults O'"C u5 fO.llows: J) Lhe bOI"ocJll11c f10w was 5Labl-

Ilzcd ln Lhc IH"CSCJlCC or a SlJJuJJ umplJtudc Lopography and 2) 

wllen barocllllJc wavcs wcre prc5cnL Lllcy were of sllorter 

wuvclcngLh and larger umpllLlIde Lhan Lh05C 1n fLows drlven by 

simJLur tc川pcraLure dlfferences ln Lllc absencc of Lopogruphlc 

1'0'"C lng 

11] ll]c prescI1L casc， lllC zonul wuvcnulllbcr of LI1C orography 

con"esponds app，"oxlmatc!y Lo 7-8， lUI"gcr Lhan the prcfer"rcd 

barocllnlc wuvcnurnber. Slnce lI]e o，.ogl"uphy Is 01' a slnglc ob-

JccL， lL conlulns u VCl"y wlde ，"ongc of FOlll"ler componenLs 

FurLhcr， Lhe hclghL of lhc or"ography vurJcs from 1 to 10 cm， 

whlch 15 comparable wlLll tl]c dcplll 01. LIIC fluld layer. 

111 Lhc Lransilion expe，"jrnenLs， Lhc hclght of Lhc obstacle 

15 varlcd frorn 1 lo 10 Clll， Lhc 1mposcd ho，"lzontal lernperolure 

d1frcrcI1cc d .r 1s flxcd for lllc Lwo expcrlrncnLs aL 5~ and 10~ 

， and Lhe roLallol1 raLe 日 ls cllallgcd cOllllnuously froln 0 to 

0.4 ，"ad/sec. Trunslt.lon ls judged UY Lhe chunge o[ lhe surface 

rJow paLLcrn vJsllal [zcd by U5C of' alurrrlllurn powdcr" and the dJs-

conLlrluous cllunge 0; LllC IleuL flow WJtll 口 'l'he '"esul ts 8"C 
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sllown Ln Flgs. 2(a) and 2(b)， corrcspondlng to Lhe tempcraLure 

d 1. ffercncc of 5・'c and 10
GC， rcspccLlvc1y. The numcra1s 1n Lhc 

flgurcs are Llle prcferred wavcnumbcrs und K dcnotes the transl-

Lloll polnLs a[Lcr Kalscr (1970) wllllc E(k) 1s tlle Eady's 

cr.lLcl'lon (Endy， 1949) fOI" wavcIJlImbcr k. Thc Eady's cr1ter1on 

for a glvcn wavcnumber .Is calculaLcd uslng Lhc corrccted srullt 

V且lsl.1.lll frcQlIcncyεN， sll1ce LhJs corrccLI.on 1s needcd because 

of Lllc forrnaL1on of sldcwall Lherrna] boundary laycrs w1th a 

vcry ]arge LempcraLurc gl"adlcnL (Wllllams. 1967; 1'1clntyre， 

1968: Ka1ser， .1969: KcLchum. .1972: Uryu cL a1.. 1974). The 

va1ue of f. 15 chosen Lo be 0.8 afLel" KcLchum (1972) and from 

LllC rcsuJL5 of the prcscnL cxperlmcnL. 1'hc translt10n curve 

from an ax1symmeLrlc f10w Lo wavenumber 1 1s shown by a doLLed 

)11IC. Slnce LI1C cnvc10pe of Lllc wave docs not extend through 

Lhc cnt1re annulus buL ls raLhcr 1ocal1zcd， Lhe wavenumber 

cva1uated [1'010 1ts lIol"1zolJtu.l scalc corrcsponds to 2 01' 3. The 

strcak pllotograph of wavenumbcr 1 15 5hown 11'1 Photo. .1 and the 

sLructurc o[ Jt 1s d1scussed Jll Appendlx s. Translt10n w1th 

LopograpllY occurs at a larger Lllcrmal Rossby number a tllan 

wlLll no LopograpllY. sllow1ng the de5Lab111z1ng e[[ect of Lhe 

Lopograpl'ly. Th1s 1s cspcclally Lrue whcn Lhe normallzed helght 

of the Lopography 1s 0.3 and 0.8. lIowcver. th1s destab111z1ng 

effect 1s due Lo Llle exc1tatJon 01' baroc11nlc waves of wavcnum 

ber 2， whlch arc seldom obse，"vcd wlLh 110 Lopography. 1n con-

trast. us fur as wuvenUlobcr 3 Is conccrncd. tlle trans1tlon w1tll 

topogt'uphy occurs at a smal1cr 9 thul1 1t does wlth no topog 

I'uphy. show.lng the stabJllzlng erfect or the Lopography. The 
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above ，-e5ult5 are con515tent wlt.h Lh05C of Jona5 (1981) 

IIcat. f10w fr-om thc outcr t.o J.nner wa11 t5 detcrmlned by 

U5C of t.wo t.hennJ.5t.or t.hermomet.cr5 Ql and Q2 (5ee Jo'lg_ 1)， 

dct.ect.J.llg t.lle temperaLure dJffcrcncc bct.wecn t.lle lnf10w and 

ouLf1ow cJrculaLlng water ln Lhe co01 but.h C. The temperaturc 

dlfferencc 15 convert.cd to Ileat. [10w by u5lng a callbratlon 

curvc. 'rll15 ca1lbrat.lon curve 15 obt.alned a5 fol10W5. n̂ 

eJect.rlc heat.cr. whosc heat.lng ，-at.e 15 cont.lnuou51y varled by a 

voJt.age regu1ator， 15 Insert.cd 111 t.IIC cool bath C and the heat-

lng raLe 15 mea5ured by a wat.t.mctcr. S1multaneou51y tlle tem-

pcrat.ure dlfference 15 det.ect.cd by t.wo t.hcrmI5t.or thermomet.ers. 

keep，llIg the cnt.lre sY5tem at. a con5tant. t.emperature. Thc above 

proccdurc 15 repeat.cd at. severa1 heatlng rates from Wll1ch the 

c8JI，br-at.Jon curve 15 obt.alned. Tlds t.cchnlque Is baslcal1y the 

58me a5 lhal adoptcd by Uryu et 81. (1974). 

The hcal f10w re5ult.5 arc shown Jn Flgs. 3(a). (b) and 

(c). Whcn lhere 1s 110 obslacle. thc hCUl flow decreases almost 

11ncarly wJth rotullon rale 日 ln 8n axlsyrn川ctrlc [-cglme， as 

was polntcd out prevlous1y by a number of rcsearchers (日owden

and Eden 1965， Ka1ser 1971 and Uryu cl a1. 1974)1. When topog-

raphy CX1Sl5 111 a channel. lhe heal flow behavlors can be 

separaled lnt.o two klnds. dcpcndlllg 011 t.llc helg11l of tllc topog 

raphy. 111 lhc 5 ta tc 0 f 10w t.opography (1アIg. 38)， llle Ileat flow 

1. Th15 cxpcr-J.lI¥enlal ['csult Js vcry old. but lt should be CIII 

phaslzcd because lt Is Ilot yel 501ved! 
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5ClHccly chungcs. comparcd wJ.lh lhal of 110 topography. 1n thc 

5lalc of hlgh lopography (FJg. 3b. 3c). lhc amount of hcat flow 

lncrcasc5 accordJng lo Lhc 11lcreusc of the hcJght of lopography 

nnd Lllc dcpcndcncc o[ lllc hcat fJow on lllC rolallon rate n bc 

COIIICS wcck. Th.l S tendcncy bCCOIIICS morc IH"Olllll1cn t us thc topog-

raphy ls rlJlsed. Whcll lhc 110rlllu.llzcd hclght of lhe topography 

CXCCCd5 0.7. lhc hcal f.low hardly changc5 wlth 口 Thcsc

r'csulls lndlcalc lhnl lhcr"c t5 a cr".Iltcal hclght of lhe 

lopogruphy: undcr whlch lhc hcaL Is lransporlcd by u statlonary 

vorlcx causcd by tllC orograpllY. Lll0 radlal Lcmpcralure gradlcnl 

Is rcduccd. thc aCllvlly of thc LransJcnt barocllnlc wavcs 

dccreuscs and lhc Lotal hca L f low bolh by U 5 la tlonary cddy and 

lrullslcnL W8VCS rcmalns almosl consLunt as a result. Whcn tllc 

he 19h L 0 f thc topography excceds thc c r Il.1 ca 1 va 1 u c. th c 5 ta 

tlonary cddy trunsfc，" 50 lIluch heat thlJL thc dccrea5c of the 

heat flow by Lrallslcnt wavc5 CUlIlIOt COlllpcn5atc the exce55 

11115 rcsu1t ls conslstenむ wltll that obLalned by Cehelsky alld 

Tung (1987) usJ.ng a いvO-laycr Inodcl. Manabe and Terpstra 

(1974) poJ.nLcd ouL that thc 5UIII of Lhe sLatlonary and translent 

eddy klnctlc energy Js only sllghL.l.y affectcd by mountalns 

51ncc Lhey cuusc a rCll1urkablc Jncrc“sc 111 tllC klnctlc encrgy of 

stallollary dlsLurbances but 51川ulLancously 5110w a dccreasc ln 

that of tllc trunsJcnt cddlcs. lt 5CCll1S tllot 1n tllclr casc tlle 

hclght of mountaln5 wa5 under the crJLlcal valuc 

Plioto. 2(a). 2(b) and 2(c) show Llie surfnce flow pattel"ns 

wlien Lhc barocllnlc wuve of wavcnurnbc，" 3 appea'"s. Jt 15 ob-

scrved that whclI thc bat"oclJ I¥lc wuvc pa5scs through thc 
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obslacle. thc WllVe lcnglh bccomes short on the upslream slde of 

LI1C obstaclc lllld bCCOll1CS long on Llle lee sldc of lt. 1'he 

mcchalllsltl of Lhls phCnOIllCIlOn wlll bc dlscussed ln Sccllon 8 
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f1 4. Mcr.ldlonnl dJstrLbutJon of lhc bnsJc und pcrturbcd tcm-

pcrulurc rIcld 

Mcrldlonal dlslrJbuLJons of Lhe basLc and perturbed tcm-

pcr'uLurc rJclds urc rnCilsur"cd by Llrc urr'uy of probes shown ln 

Flg. 4. FI vc lH'obcs arc p1accd on Llrc downstrcam slde of the 

obslnclc uL 0 = 30・and r = 8.1， 10.0. 11.9， 13.8 und 15.7 cm. 

respecllvcly. 'l'llrcc probcs UI'C scL jusL abovc Lhe obstuc1e at 

o • 0・und r 0: 8.1， 11.9 and 15.7 cm Thc last thrcc probcs 

urc posLLloncd on lllC upsLreum slde of Llle obslnclc at 0 :-30・

urld r : 8.1， 11.9 und .15.7 crn. lnLlLally nll tllcse probcs arc 

scl al z : 9.0 cm ， alld LI1CY arc movcd down vcrllcally at ln 

lcrvaJs of 1 cm 

The Jmposcd lcmpcralurc dlffercncc /l T Is flxcd ut 5・'C.

lhe norrllulJzed hclght of thc obstncJc II/d 1s 0.5 and the rota 

llon ra tes 口 ilre 0.0， 8.08x 10-辺， 1.506x 10-1 ， 2.027x 10-1 ， 

2.561X 10-1 and 2.907x 10-1 rud/s. Whcn 日 Is grcatcr lllun 2.0 

X 10-1 rad/s， barocllnlc wuves appcnr wlLll a preferred wavcnum-

ber of 3. 111 Flgs. 5(u)-{e)， lhe baslc lcmpcralul'c flelds at 

lhe threc dlffcrent azlrnuLhal posll10ns and for Lhe flve Q are 

shown. On thc upstrcam slde of Lhe obslac.lc (O = -30・ )， the 

hor1zonla1 gradlent of lhe baslc lcmpcl'uLur'e 1s ulmost 1dcn乞J-

ca1 Lo lhat for the casc of no Lopography for a11 va1ucs of 口

011 Lhe othcr hand， the horlzonlaJ. Le川pcruturc gradlent on lhe 

downslrcUl1l slde of tlle obsLacle (O = 30・) appcurs to dccreasc. 

ln Flg. 6， Fourlet. componcnLs or tllC nOl'lnal1zed むcmpera-

lure perturbutlon arc sllown ror Llle cusc of no obstucle. FOI 
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the ground rnodc. the maxllllUIII Le川 pcruturc devlatlon exlsts 1n 

tllc Inlddle laycr. 'rtlC axls of Lllc maxltnuln devlatlon lncllncs 

sUghLJy frolTl tlle uppcr JnsJdc Lo thc lowcr outslde reglon ln 

t.hc mCI-j dlonu.l plane. Thc IIIUX I川aof thc sccond harrnonlc exlst 

Ln Lhc uppcr !nycr-und I n the lower J.uyer und the axls of thc 

rnaxlrnUll1 dcvJatlon 1105 tllC sarne tcndcncy U5 LIIC ground mode 

rhe thlrd hurmonlc has tWQ lIluxlma whose vaJ ucs urc very small 

I'hc arnpll t.udcs of' I..he sldcband modes arc u150 5mall 

Jn ドIgs. 7(a)-(c)， LIIC mcrldlonal dlsLrlbuLlons of tllc 

Ilormallzed lcmpcraLurc pcrlurbaLlol1s are sJlown at three dlf 

fcrcnL azlmuLhal poslt1ons. Lhut Is 0'" -30・. 0・ .30・ fhe

gross fculurcs or t.he gTound s10de Four-!c，- component on the 

upsLrCUffi slde of Llle obsLacle (0 : -30・) urc slmllar to those 

of no lopography. excepl lhot. t.he uxls of Lhc maxlmum devlut.lon 

becomcs vcrt.Jcal ln t.he lowcr layer. Just. above t.he obstacle ( 

o = 0・ ). Lhe valuc of the maxlmurn ll1crcuses sllghtly. On Lhe 

dowllst.ream slde of the obstacle (0 '" 30・).t.he value of t.he 

maxlmUln lncreases by about 20亀 lts posJ Llon shlfts t.o the 

ccnter of t.tle fluld layer and t.he axls of t.tlC m8xlmum devlatlon 

becomes vertlcal ln t.lle upper and mlddlc layers. The second 

harmonlc shows t.wo maxll11a. appcarlng 8t. 0 '" -30・ usln the C8se 

of no obst.acle. Al 0 '" 30・t.llC rnaxJlI1lJll1 ln Llle uppcr layer 

shJfts downward wllh Jls value dll11Jnlshlng whl1c the 5econd 

rnaxllnUII1 whlcll Is found ln Lllc lowcr laycr dlsappear5 

~lgs. 8(a)-(c) are t.110 581110 US ~lgs. 7(a)ー(c) but [Ol"口 =

2.561x 10-.:1. rad/s. They IJl"e shown for comparlson wlth the p"c-

vlous set of flgures. whJch resemblc Jn dot.l.ll1ed fcatures 
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g 5. ^~lmulll a L strucLurc of Lllc busJc und pcrLurbcd tcmpcrulurc 

flclds und lhc lImc-dcpcndcnt bchuvjor of cuch FourJcr modc 

Flg. 9 SllOWS ttlC second urruy or probes arranged to 

mcasur'c lhc uzl川 ulhul dJst，'l.but.loll of t.hc busJc llnd pCl'turbed 

LClnpCl'uLure flclds und lllC tl，nc-dcpclldcIlL bchavlor o[ cacll 

Fou r 1c r componcn t. Twcl vc lhcr川 Istor Lllcrnlometers used ln tllls 

urruy arc set aL Lhe ccnLcr of t.hc channcl al cvcry 30・ 111 lhc 

azlmulhal dlrcctlon wllh t.hc r1rsL p，'obe scl al 0 = 15・ 1n1

llally lllCY arc poslLloncd aL z = 9.0 cm and can be movcd down 

vcrLJcallY aL ，Inlcrva]s of J cm 

g g 5. L. Azlmutllul struclurc of lllc busJc und pcrlurbcd tcm-

pcralurc rlclds 

ln t!Jls ser.les of expcrJ.mcnls. Lhc Ilorlzontal tcmperature 

dlffercnce f1 T 15 f1xed at. 5.0oC . t.hc norrnalJ.zed hclght5 of t.hc 

obst.ac1c II/d arc 0.3. 0.5 and 0.1 and t.hc rot.at.1on rates 口 are

8.00x ]0-
2 

• 1.50x 10-1 ， 2.00x 10-1 ， 2.50x 10-1 and 3.00x 10-l. 

rad/5. Whcn the rota t.1on ra t.C 口 arc 2.50x 10-主 and 3_00x 10-1. 

，.ud/s， t.he flow 15 burocllnlculJy unst.ub1c lll¥d the prefe，"rcd 

wavenurnbers are 2 and 3， rcspcct.1 vcJy 

1n Flg. J.O(a). t.he 5tat.1onury t.crnpc，"ut.u，.c pc，-turbat1on 1n 

zona1-heJght 5cct.Jons [or II/d '" 0.3 and t.hc flve d1ffcrent 口

arc showll. The stut1onu，"y tcmpcrut.u，.c pc，.t.ur-bat1on 15 obta1ncd 

us rollows. The tJrne ITJcall tcrnpc，"atu，.c <'I'>t: of each probc 15 

culcuJatcd. alld thcn a space mcan <T>t:H COIIs1st1ng of t.hc 
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twcJvc <"・〉ヒ 15made aL each lcvel. Whcn <T>t:u 1s subtract.ed 

frolll <'1・>t・ the sLaLlonury tcmpcrut.urc pc，-t.urbaLlon <1'ー<'1'>8 >0: 

1s obt.alned. Whcn t.he rl.ow Is barocllnlcally st.able. a. p051-

t.Jvc devlat.lon appears on t.IIC wlndward slde of the obstacle 

wlt.h a ncgaLlve dcvlut.lon 011 lhe lcc sJdc of t.hc obstacle. Tllc 

formuLlon of LtLis Lcrnpcl"aturc dcvluL.lon 1s caused by forced 

burocl1nlc wavcs. whlch w111 bc dlscusscd 1n Sectlon 6. The 

statlonary vort.cx rcmulns t.ruppcd 111 Lhe prcsent parumcter 

rangc. Wlllcll Is cons!stcllt wlt.ll t.llc nUlncrlcul 51削 ulatlon by 

Iluppert 811<.1 sryan (1976). Whcn t.hc f10w bccomcs barocllnlcally 

unst.ablc und barocllnJc waves dcve]op. t.llC magnltude of the 

Lcmpcra t.u rc dcv j a t.10n a ，"ound t.he obs tac] e becomcs sma1l 

When II/d '" 0.5. the s tructure of the statlonary tempera 

ture dcvlatJon ]s not very dlffcrent frolll that of II/d '" 0.3. 

wh1ch ls shown 1n Fig. 10(b). 'I'he hor1zontal extcnt of the 

tcmpcrature devlatlon 1ncrcascs， corrcspond1ng to Rossby's 

dcformat1on rad1us (LJl. '" NII!f). It 15 reasonable that tlle 

hor1zontal extcnt of the dcvlat10n 1ncreasc5. accompanled by 

the lncrcasc of the helght of the obstaclc (sce F1g. 10c) 

1n lhe ncxt set of flgures (Flg. 11)， lhe arnp11tudc5 of 

llle Fourler components of lranslClll barocllnlc waves for tllrce 

obslacle helghls (II/d '" 0.3， 0.5 and 0.7) and for two rotatlon 

ralcs (口 c 2.50x 10-1 and 3.00x 10--'" rad!s) al'e shown 1n 

azJlIllllh-helghl sect10ns 

1'1g. l1(a) 1s [01' II/d = 0.3，日 - 2.50x 10 - ~ rad/s and k '" 

2. whose baslc fleld was shown 111 lhc foul'th puncl of Flg 

10(a}. For llle ground modc， lllc rnux1rnu appear downstrearn ncar 
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tllc 11CIgI1L of lllC ohsLaclc (0 s 50・ z/d 0.4) and at tllc 

far-t..hcsL dlsLance fl"Om t.hc obslacJc 111 lhc 川lddle layer (0 = 

180・，z/d '" 0.6). The vcrL!ca.l profllc of t.he ground mode 15 

SllQWn at lWQ dlrrcrent azJlnulllul unglcs (0 '" 45・ and 315・)

r̂npl.l flculJolI of lhc groulld lIIodc aL 0 '" 45・und ot thc 

obsLucle hcJ.ght 1s apparenL whcll t.hc pror.llc Js compared wlth 

lhuL of 0 '" 315・.whlch has almost lhe salllc vCft!cal profl1e 

us t，.hal or 110 obsLacle. Thc sccond harmonlc shows no change 1n 

11..5 st..ruclurc ovcr 811 0 . but. 51111111 maxlma arc observed on the 

lce sldc and at the Lop or lllC obsLacJc 8nd a150 at about 0 :: 

90・aL Lllc obsLaclc hclglll. The t..hlrd Ilurmonlc has lts maxlmum 

Jn LI1C upper laycr 8nd on lhe upslream sJde of lile obstacle ( 

o = 270・.z/d :: 0.8). lIowever. l.he a川 plll.ude of the thlrd 

ha rrnon J c 15 110 l. 10 r ge cnou gh 50 tho t thc dependcnce on 0 15 

obscure 

Flg. 11(b) 15 thc 5ame a5 FJg. 11(0) but for II/d = 0.5. 

thc ba51c fleld of wh1ch 15 shown ln thc fourth panel of Flg 

10(b). "he gross features are a1m05t tllC 5ame a5 those fOI 

Flg. 11(a) I but the area where 制川)11f1catlono[ tlle ground mode 

occurs extend5 to tlle leewnrd of tllC obstuclc and tllC magnltude 

of the ampllflcntlon lncrcases. 

Flg. l1(cl 1s thc samc as Flg. ll(al but for II/d = 0.7 

rhe arca ln whlch ampllflcatJon of thc ground mode occurs ex-

Lcnds furtller， but ln thJs cusc Lhc lUugnJtudc of Lhe ampl1fJcn-

llon dccrcases. The amplJ tude of hlgher hantlonlcs lncreases 

cornporcd wlth those 1'01.' Lhe case of II/d ;; 0.5， 

Flg， 12 Js the same us Fl.g， 11， but wll.h a rotatlon rate 
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of Q ，. 3.00x 10-.1. rad/s nnd lhe prcfcrrcd wavcnumber k = 3. 

ln lhls flgul'c. lhc ground modc of IlIJgrutJng barocllnlc waVC5 

ts umpL1flcd ncur lhc top und 011 lhc lcc stdc of lhc obstucle. 

The vcrllcal profJlc of lhc ground 川ode Ilus lwo maxlma on the 

lec sLdc of LI1C obsluclc (0 = ~ 5・). NoLubJy. whcn tllc norlnal-

lzcd hclght of lhc obsLuclc Is grculcl' Lhan 0.5. thc mugnllude 

of llle lowcr IlIuxlllIum bccolnc5 largcr lhan ll1e upper maxlmuln. 

Whcn II/d 事 0.7.lhe arca whcl'e Lhc omp.llflcullon occurs cxtends 

upslrcum al lhc lowcr 11U.lf of LI1C obsLacJc 11Clght. 1'I1c second 

harmonJc Is u150 umpl1flcd lIear lhc lop and on lhc lcc slde of 

LI1C obslaclc as Il was ln lhc case of prcfcrrcd wavcnumber 2. 

FJg. .13 shows thc dcpcndcnce of lhc nOI川allzed tcmperature 

varlaUon of thc flrst 15 Fourlcr cOl1lponcnl5 011 lllc azlmuthal 

ongJc 0 uL lhc obstaclc helght. wllh lhe paramctcrs bclng 口

'"' 3.0x JO-.1. I'ad/s， II/t! 0.5 and k = 3. l̂IIp] 1 r1catlon o[ 1I1C 

gl'ound Illode and sccond hanllonlc on thc lec s.ldc of the obstucle 

Ls clcarly shown ln lllls [Igure， 'rllC lClnpcraLure devlatlon 

malnly conslst5 o[ lhe ground mode alld IlS hJgllcr harmonlcs 

wlll1e lllc contrlbutlon of lllc sJdcband IIIodc5 J5 ncgllglbly 

small 

FJg. 14 5hoW5 lhe depcndcncc of lhc norl帥u]1 zed tcmpcraturc 

dcvlallon o[ the flrst 15 FourJcr componenls on helgl1t al thc 

azlmulllul angle of 0 = 45・ wlLh lllC parameters belng口=

3.0x 10-.1.rad/s. lI/d 0.5 and k = 3. Thc llIaxlmum of the ground 

1Il0clc Is found ncar t1le obstocle hcl広hL (z/d= 0.4). whlch ap 

pearcd ln thc uppcr laycr wj Lh no Lopogruphy as was mcntJoned 

I n Scc llon 4， The 5 truc tu I'e 0 f Lhc sccond ha rmon 1c 15 somewha t 
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co川 pllcatcd. ln thc cusc of no obstuclc， thcrc were tWQ max 

1，"a， onc ln thc UPPCf laycl' thc other 1n ]OWCI' layer. wlth lhe 

maglllt.uc!c of t.hc fonncr ]ur"gcl' tlwn Lhe laLLcr 

!.i g 5.2. Tlmc-dcpcndcnt bcJwvlor of cuch FOlJrJcr lIIodc 

Thc Llrnc-dcpcnclcnt. bchavlor of t.he zonal IIlC8n lempCl"at.ure. 

ampl1Ludc and phase of cach FourJcr componcnt. are shown 1n Flg 

15. 'I'cmpcrat.ure dala dcLcctcd 1 cm ubove Ltlc 11CJgllt of tllc 

obSLuclc urc uscd 1n ll115 flgurc. 

Whcn t.11C roLallon rale 日 1s 2.50x 10-1 rad/s and t.he 

pr"cfcrrcd waverlumber k Js 2 (Flg. 158)， bot.ll lhe zonal mean 

lc，npcralure and t.11C ulnpllt.udc of t.ll0 FourJcr component rcveal a 

vaclJJat.lon cycle wlt.ll vcry short pcrJod (2-3 rotatlons) 

1'II1s pcrlod 1s much short.cl・t.llnn lllC pcrJod rcported by pre-

vlous rcscnrchcrs (e.g. Pfef('cl" eL a1.. 1980) 'I'h15 5hor L 

pcrlod vaclllaL10n SCCITl5 to have suffcrcd frolTl a long Lcrrn 

moduluLJon. "hc varlaL10n of LI1C zonaJ Incan LcmpcraLurc shows 

8 ncgallve cOI"rclal101l w1lh Lh8L of Lhc ampJ I Lude 0(' cach 

Fou r 1 c r 1II0d e. Th e f rcqucncy 0 f lhe sccond ha rmon1c 15 8111105 L 

Lwlce a5 long as LhuL of Lhc ground lIIodc. Ol" the phase 

veloc i Llcs of the ground lTlodc and thc sccond harmonlc al"e a1 

rnost Lhc samc. Thc Phasc vcloctty of the second h8nnon1c be-

COIIICS IlcguLlve aL somc poJnt 111 LJme. mculllng Lhat the sccond 

hnrJllOlllc rcLrogradcs aL Lhat LJmc 

Whcll Lhc rota t10n ra Le 日 Is 3.00x l O - ~ rad/s and LI1C 

prcfcrrcd wavcnul川i)Cl"k 1s 3 (FJg. l5b)， Lhc zonal meun tempcra 
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Lurc and Lhe 8，npllむude of Ll，c FourLcr cOlnponcnt show u morc 

rcgular vacl1JuLlon cyclc cOlllparcd wlLtl LI1C cuse of waver】umbcr

2. 1'he zonal mcan LcmpcraLure shows a negaLlve correlatlon 

wLLh LI1C u"，plLLudc of Llle groulld Irlodc ulld D poslLlve correla-

LJ 011 w.l t.h phusc vcloc.l t.y 01' t.lJc gl'oulltl lIIodc 

Fl'om Flg. 5， lt cun bc sccn t.hat. un Incrcusc ln thc zonal 

mcal1 t.c川pcrat.urc corrcsponds Lo Lllc lncrcase of horlzontal tcm-

pcruLurc gradlcnt. at. t.llc mld channcl Thereforc. lt Is 

rcasonablc LhaL t.hc horlzontal t.clllpcruLurc gradlcnt. has a nega-

t.lvc corrclat.lon wlt.h Lllc amplLt.udc of Lllc ground mode and a 

ncguLlvc corrclat.lon wlLl1 t.he pl18SC vcloclt.y of Lhe ground 

Inodc， "rllls Lype of v8ctllat.lon was reporLcd by SmlLh and 

Davlcs (1977) and WukaLa and Uryu (1984). ]n tllc numerlcal 

rnodC.l of Smlt.h and Davlcs (1977). t.hc varlat..lon of cddy klneむlc

cncrgy and zonal klneLlc encrgy oscll1at.cd w]t.h a perlod of 

about. 5 days and were ncgatlvcly cor，'clatcd 
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!J 6" Forccd burocl1 n lc wavcs duc lo orog-ruphy: .llncar lhcory 

Thc sl，"uclu'"e of fo'"ccd baroc1Jnlc wavcs 1s dlscussed w1lh 

I lncar PC，"lu，"ballon llleory und 1s comparcd wllll llle cxpcrlmcn-

tu l rcsu 1 ts. Consl de，"lng an I.lIcornprcss [b 1 c [)ousslncsq fluld on 

a f"-plunc w.l th bollorn topogruphy. thc hydrostallc und lhc 

Quus.l-gcoslrophlc flow approxlmallon are madc. For slmpllclty. 

II ls assul1Ied lhul lhe lopography [s 1ndcpcndcnt of lhc 

IIIcr.ld1onal dlrcctlol1. Then. conscrvaLJon of potentlal vor-

llclty lcads lo llle foJlow.lng pcrlurballon equul.lon for pres-

surc p 

3 
(-
d l 

。
令U-一}

d x 

〔32p N232P3EP 
一一一 + ー(一一一 十一一一一 )) = O. 
dz2 r2 dx:'- dy2 

wllh lhe boundary cOllultlons 

d . d p d p dU d p 11νd 'p 
-一一 (- . U一一 )+一一一一一ー= 卜一一一一

ρoN2 dz dt dx ρυN2dl dx ρaTJ f ax' 

at z:::O. and 

d d p d p 
--(- +U- ) 。1 d l d x 

at 7，:::d， wlth 

p=o 

ut y=O.日，

dU d" 
十一ー一一= 0 
dz d x 
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where 

9 d (ρ) 

N' 一一一一一一
ρu dz 

ls thc srunt-Vlllslllll. frcqucncy. 

Thc bounclary con(!ltlons (2)，(3) and (4) al'c choscn ln order lo 

be sJmllar lo lllC experl川enLal condl t.lons， t. c. t.he top bound-

ury ts frce and t.he bot.t.o川 andsldcwall boundarles are rJgld 

Ekmun pUlIlplng and lhc ol'ography wj t.h wavcnumbcr ko are assurncd 

at. Lllc bot.t.om boundary. lf t.IIC slnusoJdal solutlon of the form 

rr， 
P p-(z) sin ー )exp (ikx) 

D 

1 s assurncd. Eq. (1) CUIl bc rcwr 1 t. t.cn 

d寸 N'
+ー(k:t+12

)官 = 0 
d z ... f .. 

whcre 1:: II /口

( 5 ) 

(l' ) 

I'he solutlon of Eq. (1') wlt.11 t.11C boundary condltlons (2) 

and (3) Is readJly oblalned as 

ρ = 
4kU(O)斤 kλ
一一一一 [ ー- sinh 
ρ。r N' 

(λd)'IE(V4 1'2} cosh (λd) ) 

coshλ(d -z) sin (IY) exp (ikx)， ( G ) 

whcre 

λ伊
N' 

=72( ド 1_1" ) ， 

0・=広
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and 

( e..-p (λd) + e..-p ( λd) ) 
0， 

( ( k '寸 F)) 

kλ 
。(exp(入d)-exp (ー λd)) (ーー )， 

ρ。N

Thc dCllsl.ty pcrlul'batlon C8n bc culculutcd frorn the pres-

surc pcrLurbutLon by maklng usc of tllC hydrost.atlc rclutlon as 

ρ = 
HλU(OHI kλ 

一一一一 [一一- s i"h (λd )。
ρ09 r N"' 

〕)
 

d
 

λ
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 k

 
(
 

n
山
ァ
ー

sinhλ(d-z) sin (1，) exp (ikx) ( 7 ) 

rhc rcct.angular shaped bott.orn lopography 15 analyzed by a 

FourJc，" scrlcs up to thc 150Lh componcnL. The conlr1butlon to 

the pt"CSSUI"C and denslly pcrt.urbat.lon of c8ch Fourlcr component 

urc calcuJaLcd by Eq. (G) and (7)， formlng a su川 nat1011 to the 

1501..11 compollcnt.. The srunL-VUlslU且 f，'cquency N Is obtained. 

buscd 011 thc Lcmpcrature measurcment assumlng a 11near depen 

dCllce of densLt.y wlth helght z. Thc zonal vcloc! t.y U(ヌ) 1s ob-

Lalned. based 011 lhc temperalure mcasurClncnt. and surface flow 

veloclty assum!ng a l111car dcpcndcnce of denslty ln tlle 

merldlonal dlrcctlon whlle maklng usc of thc thcrmal wllld rela-

t10n and the hydrostatlc opproxlmatlon. ^ few examples of the 
results glven by thls calculatlon Hre sllown ln Flg. 16 for a 

Ilorlzontal tcmperature dlffercnce of d l' = 5・c， Corlo11s 

purumctcr f = 0.16， 0.3， 0.4. 0.5 antl 0.6 und the nondlmen-

slonol obstaclc hclght 11/<..1 = 0.5. 1・hls [lgurc cun bc compared 

wJth Flg. lO(b). When [ := 0.16 und 0.3， a warm reglon Is 

formed on lIlc upstrcam sldc of thc obstaclc whl1e H cold reglon 

18 [orrned on thc lce sldc of and ubovc thc obstucle {rlg. 160， 
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b). The magnliudc of t.hc colu ucvluLlon 1s abouL twlce us 

Jargc as t.haL of t.hc warrn dcvlaL1on. WhclI f Is 0.4. Lhe maxlma 

of Lllc t.cmperaLurc dcvlaL!on uppcar 8]50 uL the upper boundary 

I'hc vu.luc of thc cold devlaLlon uround t.hc obst.ucle 15 aJlilost 

t.he sarnc as t.hut. of t.hc wanll dcvlut.lolI. and lt. ls largcr than 

t.he vul.uc of t.hc muxlmurn at t.hc uppcr boundary. Whcn f 0.5 

and 0.6， t.hc slruclure around the obst.uclc 1s u]most t.he same 

us lhe p，'cvlous cascs whl1e t.he valucs of t.hc muxlma around the 

obst.uclc bccolOc smallcr t.han t.hosc at. t.hc uppcr boundary， and 

tllc Qverall st.ructurcs sllow somc快'hat.complLcaLed featurcs. The 

quaJlLaLlvc bchavlor of forced barocllnlc wavcs Is wcl1 slmu-

]aLcd by Ilncar pert.urbat.lon thcory. cxccpl for lhe maxima at 

llle upper boundary whJch are nol obscrvcd 111 llle laboratory ex 

per'lmcnls. lIowcvcr. QauI1l1lallvely lhc magnlludes of the dls-

turbances arc overesllmaled by OI1C ordcr ul lhc most. Tllls 

rcsult Inay bc due to lhc use of lllc zonul vclocity at lhe bot-

lom ln solullons (6) and (7) 
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g 7. VcrtJclll structurc 

Flg， 17 5110WS tllC placcmcnL of tllC Llllrd urray of Lhermls 

Lor LllerlllolllcLcrs for meu5ur'Jng Lhc verLlcul sLruclure and Lhc 

L1l1lc scqucnce of iJarocllnlc WelVCS， Twc.lvc pr'obcs urc scparatcd 

lnLo four' groups. whlch UI'C pJnccd al Lhc l.IzlmuLha1 ang1e 0 :: 

-45・ ， ー)5・ . .15・ and 45・ ulong lhc mean racJlus， Each group 

conslsts of Lhrce probcs. whlch arc scL oL Lhc nondlrncnslonal 

helghLs z/d :: 0，2， 0，5 ancJ 0，8， Thc verLlcal rcsolutlon of 

Lhls al'ruy Is nol sufflclenL cnougll， bul does sallsfy Lhe ob-

Lalnlng of a rougll vcrLlcal 5Lructurc 

Flg. 18(0) SllOWS tlJe phasc 11nc of Llle ground mode und 

second hur口Jonlc of the tcmpcraLure devlaL10n aL Lhe four dlf-

ferenL e1z1mutllal anglcs relatlvc lo Lhc obsLac1e. wlth Lhe 

rotatl.on r'ule Q:: 2，50x 10-1 r"ad/s and Lhc prcferr"ed wave num 

bcr k ~ 2. '，'llc uppcr panel of tllls fLgure Is Llle case of no 

obsLacle and azl川 uLhal angle 0 only shows Lhe rc1atlve posl-

tlon of cach lhcrmlstor group. Thc vcrLl.cal slructurc of thc 

ground modc sllOws a lyplca1 sLructurc of baroc11nlcally 

unstable waves， but Lhat of second harmonlc docs nol. 1"1115 

mcans Lhat lhc sccond harmonlc Is nol burocl.lnlcally unstable 

bul 1s forced by Lhe groulld 1JJ0dc One of Llle expcrlmental 

resulLs by Rao ancJ KeLchum (1975) 81so IIa5 LIIC same structurc 

as Lhe prcscnL cusc. name1y the phuse 1Jncs of Lhc ground lIlode 

Dnd lhe sccond hannonlc show un Ce1S twurd L 1.1 L con LI"f1l"Y Lo those 

of Lhc Lhlrd and Lhc fourlh harlllonlc whJ.ch show a westward 

lllt. On Lhc upsLrcam sJ.dc of Lllc obsLuc1c (0:: -15・， -45・). 
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lhc ground modc 11US u]most Lllc sUlnc slruclure us lllal of no 

obslucle . cxccpl lhal Lhc llJL of Lhc phusc .Ilnc bccomcs sleep 

111 lhe lowcr" laycr for lhc casc of II/d '" 0.7 and 0 ー15・ On

lhc downsl，"eam s.lde of lhe obslucle. as lhc hclghL of the 

obsluclc Jncrcascs lhe cxtcnt of lhc dct'onncd urcu becomcs 

Jargcr. For Insluncc. thc vcrllcaJ slruclu'"c atmosl rCCQvcrs 

al 0 '" 45・for lhc case of II/d '" 0.3. but whcn II/d "" 0.7 lt hus 

nol rccovcrcd yel at 0 '" 45・ and phasc 11ne lllts westward 

For lllC sccond harmonlc. dcformutloll of lhc vcrllcal structure 

occurs on lllc downsLrcam slde of tllC obslaclc. bul the det'ormu-

lloll Is small and does nol appcar us csscnllal us tllUt of the 

ground modc 

Flg. 18(b) Js Lhc same as Flg. 15(u) bul for lhe rotatJon 

ra lc 0 f口 - 3.00x 10 - ~ rad/s and preferred wuvc numbcr k 3 

VarIallon 1n tllc vertlcal struclurc pussJng around llle obstacle 

Is almosL lllC sUlne as tllat of tlle prcvlous casc 

Flg. 19 prcscnts an examplc of' tlme sequcncc of a phase 

l1ne whcre the paralncters are 口:c 3. OOx lO-1 rud/s. k '" 3 and 

II/d "" 0.5. The ground modc and tlle sccond hurmonlc burely 

cllunge thelr vcrllcal structure ulld appcar Lo have un almost 

constant frcquency. From tllls flgurc. lt can be concludcd that 

Lhe vcrLlcal structurc shown In Flg. 18 Is nol tcmporal but an 

almost sLeady onc 
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!i 8. Summury und d I scuss lons 

Thc Il1cchanJsm of lhc amp]lflcaLloll 0(" baroclJnlc waves on 

t.hc lcc slde of t.hc obstaclc .ls dlscusscd rnOI'C prcclsely 1n the 

r0110w1ng. Flg. 20 shows t.llc schcmat.lc p]on vJcw of t.he ldealー

lzcd baslc t.cmpcruLufc fJcltl boscd 011 lhc r'csults of thc 

laborat.ory cxpcrllncnts and t.hc 11ncar t.hcory. 1'I1C amplltude of 

t.llC skcwcd basJc fleld duc Lo LI1C obst.aclc ls sct.t.led 011 20% of 

the horlzonLaL tc川peralure dl rrcrcncc. whLch 1s t.hc rcasonablc 

value comparcd wllh t.he experl川cnLal rcsults. As t.IIC rcsult of 

t.he dcformution of t.he baslc t.cmpcrat.urc f.lcld， two reglons 

Wlllcll 118VC lurge horlzonlal t.cmperat.urc gradlcnt. (reglon ^ and 

日) arc produccd. The reglon ^ locat.ed Jn tllC norLhwest. part of 

thc obstuclc 1s chul'actcrlzcd by the lncrCHscd hor1zontal tem-

pcraturc grad1ent snd the dlm1nlslled statlc stab111ty， whlle 

the rcg10n 0 locuted 1n Lhc southeast part of thc obstacle 1s 

cllaractcrlzcd by the 1ncreascd Ilor1zonLal Lcmpcl'uture grad1cnt 

and Lhe lncreascd stut1c stabl1lty. 'rlle growtll ratcs und phase 

veloclLlcs of barocllnlc waves at LIICSC rcglons and tllC 

rcfercncc urea S， not dlsturbcd by forccd burocllnlc waves， are 

calculutcd uslng the followlng formuluc dcduced by tllC 11near 

perLurbaLlon Lheory 

c・=斗J土jf )
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C， 
U(O) I U(d) 

2 
( 9 ) 
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where U(O) and U(d) 81-e thc baslc zonu] vcloclLy at lhe bottom 

and t.hc uppcr boundary. Thc "csull.s lHC shoWIl In FJg. 21. 1n 

whlch t.hc r¥cld vaJucs N. f and ^ .111 t.he cxprcssJons (8) and 

(9) arc buscd on lhe rcsul.ls of luborut.ory cxpcrl.mcnLs. Thc 

lllagnJ t.uclc of t.hc Lcmpc，-aLul'c dcvlatlon urOUl1d t.hc obstaclc 1s 

assurued 1.0 be 40鬼 of thc horlzont.aJ. JIlLc'-nal t.cmpc，-ature dlf-

fcrcncc. Wl11cll Is somcwhat. ovcrcst.lmalcd on 1.11C upstream slde 

of lhc obslaclc. Thc gl'owlh I"I.lLCS or t.hc ，'cg!on ^ and 日 become

1.54 and 1.28 t..lmcs of t.h8t. 01' thc rcl'c，'cncc rcglon S. respec 

t.lvclY. Th 1 5 rcmarkable changc of t.hc gTowLh '-o1.c arounu t.hc 

obslaclc clcul-ly shows t.hc rnechanl511¥ of 1 cc cycJogcncsls. The 

rnosl prefcn'cd wavcnurnber of Lhe reglon ^ si11 fLs Lo Lhe hJgher 

wavenurnbcr Lhan t.haL of Lhc l"cgJon S， wldle Lhe lIlosL prefcrred 

wavCllUlobcr of LI1C rcglon 日 SlllfLS Lo LI1C lowcr wavcnulober. The 

changc of Lhe wavenumber around t.hc obsLacle agrecs quall La-

t.lvcly wcJ.J wi Lh the behavlor of olJsCI"vccI bal"ocllnlc waves， 

nameJy LIIC cJongaLlol1 of barocll111c wavcs occurs 011 Lhe lce 

s.lde of Llle obst.acle and shorLcnJ.ng occurs 011 lhc uPslream slde 

of lhc obsLaclc 

Now Lhc rcsulLs o[ lhc prcccdlng scct.lol1s a，.c SUllllnarlze as 

[o.1lows: 1) Thc Lopog，"aphy 1n a bal"ocl.inic rl.ow causcs [ot-ccd 

barocllnlc wavcs acco川 panlccl by a skcwcd baslc lClIlpcraturc 

fleld. 2) Thc LClllpcnlLurc sLruclUI"c of sLaL.!onary vortlces has 

a warm rcgJon forlllcd on lhc upsLrcalrl sldc of LI1C obslaclc wlLh 

a co.ld rcg.lon l.ocalcd 011 thc lcc sJ.dc of Lhc obst.aclc. 3) Thc 

slatloJ1ul"y vorLex t.1"ansf"er"s hcat fr"olll t.hc outcr to thc lnnel 

walJ. and as a I.csult lt 1nodcl"utcs thc horl.zonLul tcmpcratul-e 
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gTudicnt.. 4) For t.hc marglnul wavcllurnhcl' wlt.h no Lopography. 

t.hc Lnll1slt.lon f，'om u barocJlnJcally st.ab:lc t.o unst.able flow 

aCCUl'S ut.ぬ lowcr t.1，crllluL Rossby nurllbcl・t.hat. J5. t.llc t.opog 

raphy has U st.ablllzlng crrcct.. 5) Jn t.hc l)1'cscnt. experJmcnt. 

t.hc cylIIH.lrlca'! obst.aclc causcs barocllnlc wavcs wlt.h wavenum-

bcr 1. whlch 1..10 110t. apPC8r' wl LhouL t.hc obstucJc. Thc thcrmal 

Rossby nurnbcl' aL whlch t.hcy apPC8r' 15 Jargcl' Lhan t.hc crltlcal 

t.hcrmuJ Rossby numbcr' w1 Lh nO lopography. G) Duc Lo t.he skewcd 

t.crnperut.urc fleld 01- cnhanccd barocllnlcl t.y， t.hc gr'owt.h raLe o[ 

barocllnlc wavcs Incl'caseS around t.hc obst.aclc and t.he 

ampllflcaLJon of barocllnlc wavcs Is obscrvcd 011 t.he lcc side 

of t.hc obst.aclc. ThJs phcnolllcnon of Icc cycJogcncsls 1n the 

skewed baslc tcmperaturc f1cJd 1s conslstcnt wlth the theor1cs 

or Nlcl1uus (.1980) und FI"edcr1kscn (.1979) 
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p̂pcIH.llx ̂  

NoLu L I ons 

a Inncr radLus of LI1C annulus 

b ouLcr ，-udJus or LllC onnl.llus 

CI fluld dcpLIl of Lllc wOI-kLng fJu.ld 

口 rOLaLlon raLc 

r (= 2日 ) Corlolls paru，ncLcr 
d 'f 1，nposcd IlorJzonLal Lc，nperaLurc dLffcrcnce 

1'0 mCOll LempcraLure beLwccn ouLcr ond Jnncr wolls 

k prcfcrred wovenu，nbcr 

k<;> wavcn 山 nbcr of Lhc obsLoclc 

11 hclghL of Llle obsLaclc 

II-r hclgllL of LhcrmlsLor-LhcnnomcLcrs 

(r，O .z) cyllndrlcnl coordJnnLc 

o = 0 15 taken aL Lllc ccnLcr of LtlC obstucle 

m m-Lh Fourler componcllt of barocl Inlc WUVC5 

<'1可〉 骨 zonal mean temperature 

LcmpcraLure devlaLlon fro川<'1'>哩

<1‘>. tlme mean temperature 

T" telnperaLurc devlatlon from <1・>.

r・2 ・r/dT normaLJzcd telnperature 

ρo  ，neun dcnslty of tllC worklng fluld 

〈 ρ> ~ zonul meun denslty 

a ρdellsJ Ly dl fferencc correspondlng Lo t:. '1 

ρdensJty devlatlon fro川 〈ρ 〉 伺

u klncmutJc vlscoslty of tlle worklng fluJd at '1'。
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μlhcnnal conducllvlly of lhc wor'klng fluld al To 

IC lhcnnaJ dlffus.lvlLy of Lhc wor'klng fJuld aL T。

g gravlLaLlonal accelcraLlon 

Q 11Cal flow from ouLcr to Jrlncr wal I 

I^ρg 
N ( "'/一一一一 ) 日runt-ValsllLll fr'cqucncy 

Vρ"d 

U(z) zonuJ vc]oclty 

八
dU 

(ー一一一 vcrllcal sllcar of zonal veJ oc1 ty 
dl 

n̂d nondJnlcnslollal poramcLcrs COllsLruclcd from dlmcllslonal 

paromclers above arc as fol1ows 

。

ra 

Pr 

Nu 

A ρgd 

ρωO'(b-a)' ) 
lhcrmal Rossby rlurnber 

40'(b-a)' 

ν'd 
I'aylor numbcr 

ν 

κ 
Prandll l1urnbcl-

( ~ In (土 Q一一
a 1πμdl¥l 
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p̂pcndlx B 

Thc structurc of WIlVCS wl th wllvcllumbcr 1 

The stl'ucLurc of wavcs conslstlng of thc wavcllllmber 1 COIO-

ponenL was measul'cd usJng thc sumc sysLclIl as dcscrlbcd 1n Sec-

tlon 7. Expcrlrncntal paranrcLcrs are as follows: d '1' = 5.13~ ， 

日 =2.218x10-1 rad/s， II/d '" 0，8， 9 = 1，824 and Ta 1.313x 

10"'. Frorn Flg. 2(11)， lt 1s apparcllt lhat lhls panllneler range 

corresponds lo llle do川aln wlrJcl1 Quas1-slallonary wavcs of 

wavcnurnber 1 most frequcntly appeur Flg 日1 shows lhe 

amp11lude and lllC pllusc 1111e for each FOllr1er componcnt ([rom 

lhe ground 1Il0dc lo thc foul~lh harmon1c) of lhc temperalure 

devlalion at a glvcn lllslancc Oolh lhe ump11 tude and lhe 

pllase l1no show tlle chnracterlst1c struclure of unslable 

barocllnlc waves， 1.e. lhc lIIaxlrnu川即日plltude occurr1ng at 1II1d 

depth and the forward l11l of the phase 11ne. 1n Flg. 02， II 

1s shown that th1s vertlcal struclul'e 1s not tClIlporal but 

quasl-statlonury. Thls 1s especlnlly true for thc stnlcture of 

the ground mode and the sccond harmonlc wlrlch dose Ilot change 

throughout the expcl'1ment. lIowcvel'， the lh11'd harmon1c docs 

sllow a ternporal cllange of lls slrucLurc 、
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