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Abstrad. ‘J’JIC ]’ac:~l~owski-l’lli  laI~clc,r  (1’1’) an(i h4cllor-Yamada  (MY) ]~aral~lclclizatiorl

modc]s of’ vcr(ical  mixing by t urbldcnt  pmmsscs  were cmbcddc(i j n lhc (icophyskal J duid

1 )ynamics 1 .abcwatcwy high-rcsolutim  ocean ~cncral  circulation mdcl of the tropjcal  Pacific OccaI).

All otlIc.I facets c)f the. numeric.al simulations WCIC  lhc same.. SilnuJations WCIC lnadc,  for IIIC J 987-

1988 }mriod. At the. equator, the M Y shmdat ion prodmcd near surface tcm~J~cJat urcs mom uni fmn

with dc.ptl I, a ctccpcr  thcmoclinc,  a dcc.Jm com s]mcd of (hc 1 kpatorial IJndcrcurrcnt, and a Sou(h

1 k]uatorial  CuJ’rent with p,rcatcr  vcrlica] []lickrlcss  compal”cd  to tha[ COIIIJ)LltCd Wj(h lhc ]’]’ mcthcd.

Along  140°W bctwcm 5°N and 10ON, both sjnmla(ions  wcm the same.

h400mci-buoy cLuJcni ad tcmpcrdurc  obscJW ions had been rccxmkt  by the I’acjfic h4arinc.

1 invimm)cntal 1,aboratory a[ three si[c.s  ( 165°1;,  140C’W, J 10OW) along the equator and at Ihrcc sites

(5*N, 7“N, 9°N) a]oJIg j 400w,  silllll]tlhd  tcmpmtit mm wc.rc kwcr than those. Obscmd  h the IKXW

sm”F~cc  ]aycr,  WI(J higJ~cr than those observed il] lhc (l)crmoclinc. ‘1’cmpcntLIJc simulations WCIC jn

better agrccmcnt  wjtll observations comJJarcd  to currctlt simulations. A{ the c.quatorj  1’1) cmrcnt

and tcmpcratmc simulations WCIC  INOIC rcprc.scntativc of the. obscnwtions  tbau MY simdat ions.

J . lntlwdudion

A kcy COJIlpOIICIlt  for the succ.css of ocean gcncml circdat ion Inoctcl (O(KM)  shnulations  of

upper ocean curlcnt  and tcmpcratm fields is the lc.lJ1c.scJ)tatioIl  or I)al:tlllctcriz,atiol),  in tcms of

]argc-scak  variables, the. tlu’bulc.nt  motions and othcu Jilysicd pJ’OCCSSCS  occurring  at scales smal lcJ’

tllm the. mode.1 fyicl. Vc.r(ical mixing of heat, sfilt  find lIIomcn(LmI by tuhulcnt  pJoccsscs  js a vcJy

illymlant  ~kmoJncI)on  to paramctcnim, and JIIaIIy l)a12illlctcJi7:i(i[)Jl  schcmcs cxis(. Some arc based

on t ~wbulc.nt kinct ic cnmg,y [Md/o~ aid Yamda,  1982; G{Ispar  ct al., 1990], Richardson number

11’m(~nowski  fmi l)hilfmfler, 1981 ], Richardson nulllbcr and wind friction vclocjty [L!ca,wm d (/1.,

1993], {)llc-(lil)lc~)sioJ~:ll  mixed layc] dynamics [A’MUS am] 7hmeI, 1967], obsc.rvations of mixin:,

[1’clcr,$ d (II., 1 988], and combinations of the mclhods [Slodd(ilc cl (Il., 1993]. ‘1’hc  /’fKY/IJowskJ’

atrd )’hil{~tder I 1 981] mctbocl,  hcmaflcr namxl “1’1’” , :tlJ(i  Mcllm [i}i[]  Yani(d(I [ ] 982] SChCJllC,



hcxcafkv” nmncd “MY”, m widdy  tJscd in wmmpld  0ClCh4 [Stockdcllc  c1 [//., 1993]  and CXmpJcd

CJcc:II~-:i(IIIoslJJlcIc  GCM [Ncdin d al., 1992] simla! ions. 1 low h4}7 and 1’1’ simulations of

lCIIIJWIXIUIC  ml zcmal  CNIICII! fickts in lhc lmJ~kal  l’acific cmlJJam with cad other, ad witlI

obscrvatiol]s,  is acklrcsscd  in this paJw]. ‘I$hc study cncompassd  the 1987-1988 intcmal

cmltainil]g 1 i] Niilo and 1 a Nifia.  Moomi-buoy cmmt and tcmJwratm  data WCI’C I“c.mrdcd by tlm

1 ‘acific h4aIinc  1 ;nviromncntal  1 ,aboratmy along tbc c.quator at 165”1 {, 1 40°W and 11 OOW

IMd’hdcn md llaycs, 1990; Mcl’h(ufw d (il., 1990] ad alons 140°W at 5“N, 7°N, and 9“N.

‘J ‘he two OGCM simdatkms  differ only in the. formulation of the pammctcli~,at  iol~ d vcllical

mixing by t urbulcnt poccsscs. III the 1’1’ ~~alalllctc.li~atioll  the vcllical diffusivi(y  and viscosity al”c

functions of the local Richardson numbw bccmlsc of a belief that vcr[ical mixing k stronp,]y

in flmmccd by vcr(jcal shear of lhc man cm’cmts.  ]n t hc upper 1() m of Ihc modd,  the Cmc.fficicnl

of vcrlical eddy viscosity has a minimum value 10 compensate for ]nixing,  by the higl)-frc.qucncy

wind fluctuations which arc abscrll from the monthly man winds. ‘J’hc 1‘1’ paumclcri~at  ion is aII

ad hoc simp]c solution tc) inclmtc tw-bulcnt  mixing, in a GCM. ‘1 ‘hc 1 ‘1’ schc.mc employed in our

analysjs  had the mm cocfficknts USC(J by IJhilmdcr d al, [ 1987]. III contrast to the simp]ificct

rcprcscntat ion of mixinc porhaycd  by the 1’1’ schcmc, t urbulcncc c]osurc  moclc]s  altcmpt to

cxJiicitly  mdcl the turbulent transpcmts  of heat, salt and momcmtum in tcms of the larger scale

fields. ‘Ilc MY ])arall)ctcri7JatioI]  code dcve.loped by Rosfiti  aid i’14iyakodd [ 1988] was used.

‘J’hc l’l~ilal~dcr-lll(lclific(l  version of the Bryan  [ 1 969] - Sct)lltlcr [ 1 974] - Cm [ 1 984] 0GCh4

[1’hiladcr  c1 al,, 1987] coven the l’acific Occm from 30°S to 5(PN with ]calistic coas[:tl gcomclry.

‘Jl)c mdcl ocean has a constant clcpth of 4149 m. A rigid lid aJ~Jm)ximation  is made at the sLlrfacc.

‘1’hc longitudinal molution is 10. ‘1’IIc latitudinal F,rid size is 1/3° within 10°S and 10°N, and

~,radudly  incrcascs Jmlcwad to 2.5° at 3(PS and 50”N. Cocfficic.nts d horizontal  c(idy viscosity

ad eddy diffusivi( y bc.twccn 10OS and 1 (PN arc 2X 103 IIIP s-1. ‘1’lmc am 2.7 ICVCJS  throughout the

water co]ulnn wi[h 1() uniform ]aycrs ill the uppcl’  ] ()() m and 8 a(idi[ior)al  ICVCJS bc( wccn 100 and

317 m. ‘1’hc Inodcl  tinm step js 1 hour, and ~-day ave.mgc  tcmlJ~cI’atuI”c, .salinity, ad horizontal



vc.locjly  compcmmts  arc stored. A mock] year has 365 clays, or 120 intervals of 3.04 clays, A

model month was equal to tca cmsccutivc 3.04-day itltcrvals.

]nilial conditions d the C)(KM lcmpcratmc al]d salinity clislributions wc.rc the lx?vit/4s [ 1982]

clil~latological-l~~cal~  January distributions. ‘JIIc mdd ocean was initially at rcs(. 1 kN tlIc firs(

three years of simulation tbc mcdcl ocean was forcccl  with tbc IIcllcrtmtz ad lha2,Ttf?iil [ 1 983]

d i malolop,ical  -mean Incmtbl  y surpdcc wind slms and tlIc Oort ct (/1. [ 1 987] clilllatologic:tl-Illcal]

monthly surfidcc  air tcmpcraturc..  SurFdcc heat fhx was computed accorcliag to the method

dcscribcd  by l’hilmdcr d al. [1987]. No surface sal( flux was i InposcKJ  on the OGCM. Si mulatd

oceanic conditions al the cd of the third year bccamc the initial conditions for the 1986-1988

simulations. Simulatio~ls  for 1986 were usect  c]scwbcrc and wc bavc not cxp]orcd  the, effect of

bcgiminp,  tbc simulations it] January 1986 instead c)f a year late.r. 1/or the 1986-1988 simulations,

t hc mode.] ocean was forced with surface air tcmpmlurc  from tltc 1 hwopcan  Ccntrc  for Mcdium-

Range Weather 1 ‘orccasting  and surface wind stress c.omputcci  from the 1 ‘Iorida State Univcrsit y

(1 ‘SU) monthly mean 2.(’ x 2° pscudostms  component ficlcls [Gddcnbcrg  md O’llrim, 1981 ] by

using a constant drag coefficient (1 .4x10- s). ‘J’his value is about 15% higher than tbc 12-b value

suggcslect by Y kdwr/}z d al. [ 1 989]. 111 conpl  in~, Ihc wincl s(rcss tbc spccc] of tbc water is

assured ncgljgible  con~parccl  with tbc wind spc.cd,  which creates all uncertainty of the monthly

wjnd stress along the equator as large as 17% for scvcml moatbs  [Ilalpcrtl, 1988].

2 . Results

2.1. ‘J’cn~pcratum Along Equator

1 d~urc  1 displays the annual  man MY and 1’1’ tmpcrat  urt diffc.rcnccs  at t k equator

cormpondiag  to 1988, because tbc.sc diffmmccs wcJc larp,cr  than in 1987. 1 ~iffcrcnccs  bet wc.c.] I

1’1’ and h4 Y sc.a surPdcc tcmpcrat  urcs (SS’1’), i. c., IIIC 0-10 In avcra~,c  tc.mpcrat  urc, were

ncgligib]c.  ‘J’ClllpClatUI’C  diffcrc.nc.cs  greater than 1 ‘C occurred from 25-100 m and from 150°W 10

85C’W bc,causc  clcp(hs  of MY 15-20°~  isotherms were 10-20 m dccpcr  than 1’1’ isotllcrms.
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Maximum tcmpcratum  diffcrcnccs (WIT) were conf]ncd to a thin (10 m) intclwd  near 35 m depth

and a narrow longitudinal band ( 15° wide) in the cas[crn l’acific near 95°W.

At 11 O(’W in 1987 (1 ‘igurc 2a), MY tc]npcntum  at 10, 25 and 35 m were ().6T more

rcprcscnt  a(ivc of the Inoorccl-buoy  obscrwdions,  nal ncd  “M 1 \”, than 1‘1’ kmpcrat  urcs. Also, M Y

and h411 near surfmc tcmpcrat urcs displayed near- mu vcr[ical  Sradicnls.  in 1988 at 110° W

(1 ‘igurc 2b), h4Y tcmpcraturcs a( 10 and 25 m again indica[cd  a near-zero vertical gradient;

however, 1’1’ and M II tcmpcraturcs  kcticatcd that tk t hcmoclifm rcachcd the. surface.

Simll]atcct  tcmpcraturcs  above 50 m were ICSS than that chcrvcd,  named “cold bias”, an(i

sil nu]atcd tcmpcrat urcs below 75 m were higher than obscrvat  ions, namcct  “warm bias” (1 ;igurc 2).

Maximum cold and warm biases were 2.2°~ (45 m, 110°W, 1987) and 2.7°~ (12.0 m, 140°W,

1988), rcspcctivc]y. I\iascs causcct the simlatcd tc~npcratutc gradient bctwccl] the surface and 150

m to bc weaker than that obscrvcct  at 140°W and 11 OOW.

‘1’here were 581 monthly mean Ml] values at 165°1 !, 140°W and 11 OOW. 3’llc  h4 H and MY

bias (0.80(;) was significant, according to Stuctcnt’s  t-test [l’reLvs ct al., 1986]. ‘1’hc 95%

sig,nificar~cc  ICVC1 is used throughout Itlc paper. ‘1’hc Ml) and 1’1’ bias (0.4°C3 was not significant,

im:licat  ing a better corrcsponclcncc bet wccn M II and 1’1’ tcmpcrat urcs. ~orrclation  cocffkicnts

bctwccmh411 and 1’1’ and bet wccn M II and h4Y were equal I y }]igh (0.94). l{c~ot-l]lcall-scl~larc  (rnls)

diffcrcnccs  bet wccn h411 and PI’ and bet wccn M 13 and MY were c.qual I y large ( 1.9°{~).

‘J’hc amp]itudc of the ammal period fhlctuatioll  of tbc 10-m tcmpcraturc,  “1’1~,,), during 1987-

1988 was dc.tcrmincd by harmonic analysis in which wc assume the cxistcncc  of an annual period

fluctuation of the form (’l’l~,,))a  Sin (W - @), where (rl’l~,,,)a  is the amplitu(ic,  w is the annual

angular frc.quc.ncy  (= 3600/12), t is the time. in ]mnths, and @ is the. phase lag in dcgmc.s.  At 11 OC’W

the M 11, MY and 1’1’ amplitudes were about  tbc same (1 .6- 1.8C’~); at 140°W the. amplitudes were

approximately tbc same ( 1 .0-1.1 T), but 40% smaller than fit 11 OC’W,  “1’IN 1 O-m simulated annual

cycle of tcmpcraturc was not sensitive, to the h4Y or 1’1’ l>alal~lc.tcli~atiolls.  CXhcr vcr~ical  lnixing

schcmcs  influcncc  the annual fluctuation of SS”1’  in the tropical l’acific [(km et (Il., 1994].



2 . 2 . ‘J1empcraturc  AloIIg 140°W

in I1]c 5°N - 10ON biml WhCIC  the Nw”lb I ~quatorkd  ~:Ollll[CICLlrl”Cll[  (N1 i~~) OCCUIS,  [k MY

?5, 26 and 27T isothw m were mm uniform will] CIcpth tlmn the corresponding 1’1’ isotbcrms,

and the MY isotbcmns cx[cndcd  to greater dcptbs  cmparcd  to the 1’1’ isotherms (l~igurcs 3a and

31>). “1’hroughout  the NJ Kc tbc 1’1’ and M >7 diffcrcnccs  were lCSS than 1 T (l~igurc  3c).

At 5°N (1 ~Igurc kl),  the simulated tcmpcrat  urcs at the dcplh (2.0 m) of lhc uppcrmmt

observation were 0.5-1 .OO~ lower than tbc observed tcmpcmturc.  Whether this si[uatiol]

rcprcscnts  a nor(hward cxlcnsion  of Ihc ccluatorial  cold bias is unknown. 1 n the ccnfcr  of the

N] Kc at 7°N (lii~urc  %), no cold bias occurrccl  near (11c surface; however, at 9°N (1 ~Igurc 3f),

silnula~cct  tcmpcraturcs  at 20 and 45 m djsplaycd  a cold bias. I’lIc warm bias in the thcrmoclinc

was largest (2°C) at 9°N and smallest at 7°N.

Most of the diffcrcncc bctwccn  simu]a(ccl  and observed tcmpcraturcs within the thcrmoclinc

al 5°N an(i 9°N were caused by a 3-10 4-month dklurbancc (not shown) Ibat was not apparent in

cjthcr simulation. At 7°N, tbc simu]alcd  ml obscmxl mean tcInpcrdturcs  were. for[uitous]y equal

(1 ;igurc 3c) bccausc  tbc disturbance also appeared there, At 5°N, 7°N and 9°N, the dcparlurc

bctwccn a monhly  mean observed tcmpcraturc  an(i tbc nearly i(icntical  simulatcct  tcmpcraturcs

rcachcd SW ‘l%c correlation cocfficicnl and rms ctiffc.re.ncc  bctwccn  simulatcct  ancl observed

tclnpcraturcx  were 0.94 and 2.2°C, rcspcc[ivcly, indicating the inabili[y of cjthcr  silnu]at  ion to

adcquzdc]y  rcproducc  the magnitude of the fluctuation, ‘1’hc origin of the dist urbancc, which could

have bc.cn a norlh-south mcanclcring  of the N] KC [ Wyr(ki, 1978], is unknown.

2.3 .  Currcnl  Along ICquafor

1 ~cpths of the 1’1’ and MY Ilquatorial  Llndcrcumnt  (1 WC:) core,  speed (iccrc.asccl  from west to

cast along the c.quator across tbc entire width of the. l’acific (I:igurc.s  4a and 4b). ‘1’lm 1’1’ c.ast-west

slope. of [k dcplh of the. core speed was lar~cr and the 1’1’ depth of lhc. core speed was less tbal~

that simulated  by MY, rcsul(ing  in stron~,cr  vcrtjcal  shear from tlm surface to the 1 lUC~ core for 1’1’

compared to MY. ‘J’hc 1’1’ cast ward current component was grc.atc.r  than MY above the depth of lhc

.
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1 KJC core speed, cxccpt at about  5 m nc.ar 105C’W (1 ~Jgurc.  4c). lkiow the depth of the COJC speed,

the 1’1’ and MY shears were aJyM-oximalcl  y equal.

‘J’JIc ]’]’ al~d MY all~lllal mean diffcrc.nccs  in tlIc zonal cun”cnt  componcn(  were ]argcr in J 988

than in 1987, and the maximum diffcrcncc  (0.5-0.6 In s-]), which was p,rcakr  than onc-ha]f the

I lLJ[:  core speed, OCCLU’JCCJ  at about  6S m in the. J45C’W-  J 30°W Jcmgitudinal  band (1 ‘igurc  4c). III

1987 the maximum (iiffcrcncc  (0.3-0.4 J]] s-]) was also at about 65111, but tk J>osition  shifld

cast w:ird to 120°W- J OSOW.

Wc invcstigalcd  whctbc] the large Jmint-to-point  diffcrcnccs bctwccII 1’1’ and MY Y,onal

clu”rcnls  (};igllrc ~ c) aJqlcarcd  jll intcgra] JmJlcl”lics  of the ] iLJC and South ] kplatol”ial  (: Lu”Icnt

(S1 K) at J 6S01 i, J 40°W and 11 OOW. ‘1’hc 2-year mean1’1’1 llIC;  transJ)oris pcr unit width were

lar~cr compared to MY by abou[ J 696 (13 m2 s-]), ‘J’IIc oJq~ositc  sitllalion  was found for tbc S1 K

bccausc  the MY transJml pcr unit width was greater than 1’1’ by about 27% (4 m2 s-]). “1’hc 1’1’

and MY vcrlic,al thicknc.sscs of the. 1 XJC wc.rc almost the same (2?I5 m), in markccl  contrast to tbc

50% diffcre.ncc bctwccn  the PI’ and h4Y vertical thickncsm  of the S1 K ‘l-he PI’1 ilJ~ transport

(32x 106 Ins s-l, or 32 Sv) was ncar]y 4 Sv, or about 13%, greater than the MY va]uc,  ancl therms

diffcrcncc  (5.8 Sv) was not much gmatcr than the bias. ‘J’hc correlation coefficient bctwccn 1’1’ amd

MY 1 iLJ(~  total transJmr(s  was 0.95.

At J J OOW during both years the. 1’1’ annual man zonal current Jwofi]cs were more

rc~ Mcscntat  ivc of the obscrvat ions with regard to current spc.ccl an(i shear comJ>ared  to t hc MY

silnulation  (I~igLwc 5), At 140°W, the }’1’ an(i MY cm’cnts were similar, cxccJ~t  at 80 ]n where the

M Y castwarci cun”cnt  was too smal]  by ().3 m s-] in J 987 an(i ().5 m s-] in ] 988 comJlarcCi  to the

observations. At 16501{, the PJ’ ami MY (iiff&nccs  were ncg,ligib]c  in J 987, anti  in 1988 the MY

cLIrJcnls  at 50 ami 100 m were mom rcprc.sent at ivc of the obscrvat  ions.

On many occasions the monthly mean observwi and simulate.d Yonal  currents differed by

Imrc than 0.5 m s-] (not SI]OWD). At 11 OC)W, tbc. 10-m simu]atccl  annual mean west war(i current

was 2-3 times greater than that observe.cl (] ‘i:jurc  5) bccausc  the simu]at  ions did JIOt adcquatcJ  y

Icvcal  lhc obscnm(i eastward flow in h4m’ch-h4ay  lM is associatcci  with the annual Kelvin wave.
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I’here were 341 IIKMI~lIly  mm Ml; values at 16501:, J 40°W and 11 OOW. ‘1’lm  Ml) and 1’1’

z,onal currcn[ bias (0.02 m s-l) was not significant, and the Ml~ and MY bias (().13 m s-~) was

significant. ‘1’hc 1’1’ mcmtbly mean zonal cmcnt at 1 65°1;,  140°W and 11 OOW was more

rcprcscntativc  of ihc observations compared to MY,

2 . 4 .  (hrrcnl AloIIg 140°W

‘1’hc  1988 mean 1’1’ and h4Y zonal current conqmncnts  tlmmglmt the. N] Kc had cliffcrcnccs

ihat WCJC  ICSS than 0.05 m s-l (not shown). At 7C’N near the midci]c of the N] i(l~, simu]atcd

cmrcnts at 20 and 40 n) were 0,15 m s-] larger than observations (Iiigurc 6), and this feature was

pmistcnl each month. ‘J’hc observed current was almost uniform bet wccn 20 tind 80 m, in

contrast to the large simulalcd shear (2x 10-3 s-l). JXffcrcnccs bctwccn simulated and obscrveci

cmrrcnt  dccrcascd  with depth and were noncxis[cnt at the 20(-111 bot(om of the NJ U;.

3. . l)iscussion

3.1. Simulations

Vcr[ical pmfilcs of upper ocean renal current an(i tcmpcmturc  at tile equator  arc sensitive to

the vcr[ical  mixing of momentum anti  heat. 1 ‘or example, the 1 ;lJ(~ tbickncss  is too small an[i tim

maximum speed is too large if the vcllical  turbulent ImImmunI  flux  is too small [McCrmry,

1981 ]. “1’hc situation is cxpcckci  to bc different in tk NJKX; which is in g,costrophic balanc.c,

althou~h  imporlant  nongcoslrophic  componcats exist [.lolvmn  c~ fll., 19881.

‘1’hat the MY model crca~c(i incrcasc(i mixing compami  to the 1’1’ tcchniquc  was illllstrakd  by

lhr smalkr  shear above the (icpth  of tbc 1 Kl(; mm spcc{i (1 ~i~mm  4a ami 4b), {iccpcr pcnctrat ion of

the wcstwarci-flowing S1 i~ (I;igurcs 4a and 4b), ami a mmc vcr[icall y homogeneous tc.mpcratm

profile. (1 ~igurcs  2 (110° W), M, anti 3b). 1 Ii ffcrc.nccs bet wccn 1’1’ al)(i  h4 Y renal currents were

II1[KI)  ]argcr within the EUC an(i S1 K compmd (o the Nl i~~ (1 ‘igurcs  5 and 6). ‘J’hc 1’1’ ancl MY

c.umnt bias was significant at the equator but not at 7°N, ami tlm rms diffcrcncc bctwccm 1’1’ ami
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MY currc.nts  was signikantly  larger at the equatorial sihx compared to 7°N. Point-to-point

(ii ffcrcmcs  bctwccn 1’1’ anti MY 1 Klc simulations were substantial (liigurc 4c); however, integral

charac(cris(ics  of Ihc IXJ(l, such as vcr[kai thickness and totai (ranspml, agreed  withi?i 15%;

3.2. Olmnwations  and S i m u l a t i o n s

3.2.1. IJongiiudinal  Variations. ‘1’hat  the 1’1’ nmal current  and tcmpc.raturc. along  tbc

equator were mom represent ativc of observat ions comparc(i to MY was not a surprise bccausc t hc

1’1’ SCIKJHC had been tuJlcci  for the equatorial Pacific [l’manowiski and l’hilfmdcr, 198 ]]. ‘1’he 1’1’

schcmc fidvoJx regions where the current has large vcrlical shear. ‘J’hc 1987 mean maximum Ml]

vertical shears, which were computed in the interval clcfinccl  by current-meter depths, were. 0.5,

1.3 an(i 1.3x 10-2 s-~ at 165°1;,  140°W anti 11 O“W, rcspcctivc]y.  At 165°1 i, where the maximum

vcr[icai shear was nearly 60% smalicr than at 140°W and 11 OOW, the 1’1’ and MY zonal  currents

were approximatcl  y equal, in cent rasl to the situat iojl  at 140@W anti 11 OOW where P]’ cmrrcn[s  Wcfrc

JIIOJC  rcprcscntativc  of Ml] (I~igurc 5). Aiso, at 7°N, 140°W where the maximum MB shear

(0.2x 10-2 s-l) was ICSS  Ihan that at 165°1i,  tllc 1’1’ ami MY ~,onal currents wc.rc the, same (l~igure  6).

ckmlparison  of observed and simulated near surface tcmpcraturcs is sensitive to the longitude

aiong the c.c]uator  of the intcrcomparison  test. ‘J’hc J Ins diffcrcnccs bet wccm 1 O-m observc(i ami

silnulated  tcmpcraturcs  in 1987 ancl 1988 were 1.5 and 2.4°C at 1400W anti 11 O“W, rcspcc[ivc]y;

the ciiffcrcncc.  was significant. in ad(iition, the correlation coefficient bctwccn  observed and

sinluldc{i 1()-m tcmperat urcs was sigylificantly  higher tit 140°W than at 11 OOW.

3.2.2. cold  IIias. lJ~ the ai>proximate 50-JI1  mar surface layer on the equator at 140°W

and 1 ] OOW, the simdatc(i tcmi>craturc,s  were ]owcJ’ tlm that obscrvc{i riming the 19871 li Nifio bllt

not during  the 1988 1.a Niiia (];igurc 2). Why tl}c cold bias I]a(i a year-loycar variation is bcyomi

the scope oft his rcporl.

l’ossib]c  causes of the col(i  bias arc c.xccssivc  upwar(i advcclion  of col(i  water, too-low heal

flux into the ocean, cxccssivc  wcstwar(i  advcction  of cold water, and incorrect OGCM physics of

the upper ocean heat bwigcl. ‘1’0 rcconciic  some features of the tcmi}craturc  imfiic,  the vc.r(ical
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vc.locily was computed from the simula[cd cas!-west ancl north-soul}} conlponcn[s  of vclocit y usjng

the equation of con(jnujty with zero vcr[ical  motion at the surface. ‘1’hc simulated maximum

upwclljng  velocities at 140°W and 11 OOW (1 ‘j~urc 7) were abou[ 1.5 times greater than that

Obsc<rvcct several years carljcr [llal/Jcr// aml lrcilag,  1987; llf/lpcnz c1 al., 1989], which arc

referenced because vcr[ical vclocjly  was JIOt measured during 1987 and 1988. ~Jp]ifting  the

SjJl)Ulakd  thCrn)oC]jJIC  by  a  &CatC1’  aJllOUI)t  wOU]d  ]Cad  tO llCal’  SllI~dCC tCJllJ)CJ”atUJ’CS  ~hat wou]d bc

lowcJ  Ihan observed, although we can not separate tllc  rclatjvc contributions pJocluccct  by

upwclling  and mixing of the upljfted thcrmoclinc.

Another factor that likely jnflucncccl  the sjnm]ation of tcnlJwraturc, MJJccjall  y at 10 Jn, k the

JNglcc.t  of the surface renal current jn calculating surfttce Yonal  wind stress, which is aJyi icd as a

body force to the uppermost 1 O-m layer of the 0(i(14, ‘1 ‘he 17% variat ion jn surface wind stress

that is associated with the surface current [Ilalpcm, 1 988] js approximately the same as the

uncertainty of the drag coefficient, ancl is suffjcicnt to alter an OGCM simulation of SST by about

2,0~ [Ilarri,wm  et al., 1990], ‘1’hc 1987-1988 average h4Y COICI bias at 10 m at 11 OOW was 17%

large.r in March-May than in Scptcnlbcr-Novcnlbcr,  which is consistent wjth the jcJca that the

sulfate y,onal current was not included jn the conlJm(ation of the surface wind stress.

We investigated whether salinity could  be a factor contributing to the cold bias. Vertical

pl”(>fl]Cs Of ]’]’ and MY anllUa]  Jncan Sa]illitiCS frO1ll thc SLll”faCC  tO qoo m fOJ’ ] 987 allCl ] 988 al

11 OOW WCJC  similar. Salinity measurements [llaym c1 al., 1991] inctjcatcd  stronger near surface

salinity grac]icnl  and less saline near surface watt.r colnparc(l to simu]aticms. ‘1’his inhibits vcr(ica)

mixinr, ancl contributes towards clc<vatccl  nc.ar surfac.c Icny>c.mturcs  compared to those sjmulatcct.

3.2.3. Warm Bias. Within the ccluatoria]  tlmnocljnc  at 1 65°1;, 140°W and 11 OOW,

sinm]  atc.cl  t cmpcmt urcs were higher than observed (1 ~igurc 2). Onc rc.ason for the warln bjas js that

obscnccl  upwc]l  jng speeds at 150 m al 140°W [Ilfilljcrtl  c1 f~l., 1989] :inct 11 OOW [}lalpcr~l  and

l“rcil(ig,  ~ 98’)],  which were J101 nlacic  chlrin~  ] 987-1988, were fq”catcr  than Simu]atcd values

(1 ;i~,urc 7). ‘1’bus, the simulated thcrmoclinc.  would bc dccpcr  than observe.d. Another possjble

cml[ribution  to the warm bias is mixing created by the breaking of shorl-pcriocl  internal gravity



wave.s [Mozm  d al., 1992.]. “1’hc  OCWM  employed in this analysis did not con!ain a

l~:ilalllctcli~,atioll  of shorl-pcrio(t intcmal waves.

3 . 3 . Comparison With Other Studies

Wc arc aware of rcsu]ts from onc simi]ar kiml c)f invcs[igation.  ‘J’hc 1’1’ and MY zonal

mrrcnt diffcrcnccs  ctisplayccl  in 1 ‘igurc 4c arc ctiffcmt than those mmputcct  by I)CICCIULW  d al.

(I:igurc  3,3.2.c in Sfock(l(ilc  et al. [ 1993]) from OG(UM simulations with the Gas/Mlr ct [il. [ 1990]

turbulent kinetic energy, namcct ““1’KI  1“, and 1’}’ ~~at:illlctcri~fatiol}s  for vertical mixing. in their

rcmlt, the isolinc of zero ctiffcrcncc  bctwc.cn 1’1’ and ‘1’K1 \ zonal cum.nts  was approximately lincm

from 300 m near 150°11 to 25 m near 120°W.  This yielded a 0.7 m s-l diffcrcncc at 60 m near

90°W, in contrast to the near mxo diffcrcncc bctwccII  P]’ and MY currents at 60 m near 90°W

(l;igurc  4c). la their result (l;igurcs  3.3.2.a and 3.3.2.b  in Stockdalc  et (I1. [ 1993]), (I1c ‘1’KII l;lJ~

core speed was 20% greater than the I’P value, in col]trast to our investigation in which the MY

1 ~lJ~ core speed was 10% lCSS than the )’1’ value (1 ‘igurcs  4a and 4b). ‘1’hc apparent disagrccmcnt

bctwccn our results and those of lklmh4se  d d. could bc inftucnccd by c.xpcrimcntal ctcsign. Our

OGC;M had six adcthional  layers above. 160 m. Also, diffcmnt lCVCIS  of complexity of turbulent

kil]ctic energy modc]s were employed. ~’hc MY 2..5 -1c.vcI schcmc contains tllrcc-diI~lcl~sio~lal

diffusion and advcction,  ancl the 1.5-lcvc1  “l’K] i model dots not include the effects of horizontal

sl~car and horiy,ontal  turbulc.nt  diffusion. Sl~rit}z aIId }Ic,Y,Y [ 1993] have shown that a change of tl]c

Mcll(w aid YmMMI(I  [1982] mmtcl from ICVCI 2, in which advcction  and diffusion of turbulent

kil lclic energy arc ignored, to lCVCI  2.5 significant] y al[crs the mixing regime. IJiffcrcnccs bc,twccn

our analyses and those by Dcldutw  cl al. need fLll(hCI’ investigation.

4* conclusion

At the equator, 1’}’ and MY simu]a[cd  cumnt  an(i tcmpcrat  urc had three generic diffmmccs:

(i) MY mixing in the near surf am layer was strong,cr, (ii) MY 1 ill~: core spcc.d  was dccpcr, and



(iii) MY SIX had a larger vertical tbickncss.  No substantial ctiffcrcncc was found bctwccn  1’1’ and

MY sinmla[ ions of integral propcr(ics  of the. cmrrcnt  and temperature. l~c[ wccn 5°N and 9°N, ]’]’

and M Y simulations of Icmpcmt  urc and current were very similar.

‘J ‘hre.c generic features distinguish cm simulations and obscrvat  ions: (i) warm bias occurred

in tbc {Ilcmmcline and a cold bias occurrccl  in t hc mar  surface layer, (ii) tcmpcrat  urc was bet lcr

sil nulatcd than cLIrrcJlt,  and (iii) agrccmcllt  bet wcca )‘]’ and M f\ CL1l’l”CJ)[S  and lcJnJlcrat  arcs at Ihc

equator  was slightly better  than that between MY and h411.

‘1’cmpcratm’c.  was not as good a discriminator as current bccausc  simulated  and observed

tcl npcraturcs  were more highly corrc]atccl  compared to currents. ‘J’hc correlation coefficients

bctww.JI  simulated  and observed c.urrc.nts and tcnymratures  at the tbrcc equatorial sites were 0.65

and 0.94, rcspcclivc]y,  and the difference was si~nif~cant.  Also, in [be NDCX tbc correlation

COCffiCjCJltS bCIWCCJl  Sil nu]atcd  and ObSCJ’VCd clll”rcJ  I IS ald lCJllpCI”al  Urcs were 0.8] zllld ().94,

rcspcctivc]y, which were significantly diffcrcn[.

‘]’]lc ]’]’ ad MY SC]lCIIICS haVC a JILIJllbCr  Of a(l~LISlab]C  pal’alllCICrS,  and l}lc simulation

SCJ ~sit  ivity to a range of values sbou]d be tested, ‘J’hat  MY tcnlJ>crat  urcs were more uniform with

(Icptb in the near surface layer compared to those of 1 ‘I’ indicates the PP minimum level of mixing

was too small; a similar conclusion was rcacbcd by ){ichcirdson ad ]’hi/amier  [ 1987].

in addilion to fmlbcr attention devoted to vcr[ical  mixing, l>alalllctcrizatio~l,  incrcascd

accuracy of simulated current and tcmpcraturc rcqllirc high frequency an(i high wavcnumbcr

components of tbc surface wiad field, 1Ja]a]ilctc]i7,atio]l  of intcmal gravity wave motion, and

rcprcscatation  of salinity flux. Studies of the sc.nsitivity  of the 1 KJC; to tbc. l~alallle.tcri~~tiol~  of

horizonta]  mixing  by tul’bu]cnt  processes arc warranted because tbc maximum speed of the } IJ~ is

2 S% greater for a doubling of tbc horimmt  al cdd y viscosit y coefficient [1’aca~~ow.vki  and  l’hilmdcr,

198 1]. 1 Iowcvcr, it is a tenet  of faith that assimilatim)  of observations will mitigate imperfect

su]P~cc win(i  stress and OG~M physics and will yic]d improved simulations of subsurface

tC.Jll])Cl”atLll°C aIld CLIJTCJlt,
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1 ~igurc  1. Annual  mall 1’1’ and MY tcmpcraturc  diffcrcmcc  along tbc equator durjng 1988.

C13n{our  jn[crva] js 0.5°~, and ncgaiivc  values (dashed line) mean that lbc 1’1’ tcmpcraturc  was

snlallc]  than that of MY. Arrows show locations of moored-bmy observations along IIIC cquatcw.

1 ;igum 2. Vcr[ical distributions of annual mean 1’1’ ar~d MY sinmla(cd  and Ml) obscrvc(i

lmnpcratwm along tbc equator at 165°1 i, 140°W and 11 OOW for two (a) 1987 and (b) 1988.

1 ‘jgurc  3. Simulations of ann~lal mean tcmpcraturc  along 140°W during 1988: (a) 1’1’ ancl (b) M}’.

(c) 1’1’ and MY tcmpcratuw  djffcrcncc computed from (a) ami (b), and ncga(ivc  values mean that

tbc 1’1’ tcmpcraturc  was smaller than MY. (kmtoLM jr~tcrval  of (a), (b) and (c) is 1 “C:. (d) to (f)

Vc.riical dist rjtmtions of June-l)cccmbcr 19881’1’ arid MY simulated and Mt ~ obscrvcci

tclnpcraturcs  along 140°W at (d) 5°N, (c) 7°N, and (f) 9“N.

1 ‘i~,urc  4. Simulations of annual mean renal cmcnt (eastward is positive, soli(i line; westward is

negative, dashccl line) along tbc equator  during 1988: (a) 1’1’ and (b) MY. (c) 1’1’ and MY

diffcrcncc  computed from (a) and (b), anti positive values (soli(i lines) mean that tbc 1’1’ cummt

was greater than that of MY. COntOUI$  intcrwal of (a), (b) and (c) is 10 cm s-l.

1 ‘i:,urc 5. Vcrlical distributions of anntlal  mean H’ an(i MY sinmlatccl  and M t3 observed zonal

cwrrcnt  component along tbc equator at 165°1 i, 140°W anri 11 OOW for (a) 1987 an(i (b) 1988.

Posit ivc values arc eastward and ncgat  ivc value.s arc westward.

1 ;ir,mc  6. Verlical  distributions of June.-] Xxxmbe.r 19881’1’ ancl MY simulated an(i M II obscrwci

current at 7“N, ] 40°W. Positive values am c.astward an(i negative values am wcstwar(i.

1 ‘jgurc 7. Vcr[ical distributions of 1987-1988 mean 1’1’ and MY vcriical  vc]ocjtics along tbc

equator  at 165°11, 140°W and 11 OOW. l’ositivc values arc upward.
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