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Moé& BoBJied4eHne Haydanocb 24 asrycta 1997 c pacnapannenmBaHmsa kKoaa
SCRUM-3.0 (Hernan Arango, Rutgers University) ansa cynepkomMmnbioTeposB
SGI Origin 2000. C camMmoro Ha4aJsia 6b1J710 NOHATHO 4TO pacnapasifiesimBaHnem
neno He orpaHn4dmntca. Tam Bce Obl/1o He Tak...

Mbl y>e Torga 3Hanum (e.g. Shchepetkin, 1995; Shchepetkin & McWilliams,
1998) 4TO MOAennpoBaTb TYPOYNEHTHbIA PEXUM PA3HOCTSAMU BTOPOro NOpsiaka
O6ecnones3Ho;

npeablaAywni onbliT MNCEBAOCMNEKTPANILHONO MOAENNPOBAHUA WUAEATN3NPOBAHHOMN
TYPOYNEHTHOCTU PE3KO KOHTPACTUPOBAN B KAa4YeCTBE PeLleHnn;

TaK CAy4YmnocCb 4TO S Nonasl MMEeHHO B TO NOKOJIeHUe KoTopoe ewé 3acrtano
Cray-YMP n npowno BeCb NyTb 3BOJAIOUMU CyNEepKOMMNbIOTEPHOro cyeTa (B
T.4. BEKTOPHOIo U NnapasnnenbHOro) Habaaas NoJieMmMKY N KOHUENTyajibHblE
ony>xaaHumsa 199x.

Mbl 3HaNAW 4YTO popmMmasibHOE pacnapannenmBaHne Koaa HaACbIWAKOWEro LwWwmnHy
namaTn 6ecnone3sHo (Paul Woodward, priv comm; + COOCTBEHHbIV ONbIT) ANSA
MALWWNH COBPEMEHHbLIX Ha TO BpeMA. Tem bosiee 6becnosie3HO CeroaHs,

"cTaHaapTHbIA" noaxon (e.g. MPI) B TO Bpems He cywiecTBoBan (1 cnaea bory:
HeBeAeHNe MHOrAa nosie3Hee 3HaHUS AOMrMbl);

OAHW CA0BaA ANS KYXOHb, APYrve A5 yaul:. HaBaA3blBaHWe/nponaraHaa "nérkoro"
(HPF, loop-based directives) pacnapannennBaHma C OAHOBPEMEHHbLIM KyJlyapHbIM
NPU3HAHMEM YTO 3TO He paboTaeT n He byaeT paboTaTb HMKOrAaQ,

B 1995-6 rogax US NAVY noaapun ase Connection Machines yHUBepcUTeTaM:
ooHy B Rutgers University, apyryto B MIT. ...C KaTacTtpodunyieckmnmun
nocneacTtBnaMm B obonx cay4dasix;

Mbl Y>Ke TOraa 3Haam 4TO HAMMCAHME NapannenbHoOro Koga npowe 4emMm HanmcaHume
kKoaa "NoOHATHOro" gna aBTOMATUYHECKOrO KOMNUNATOPA;



HTO Aenartb

CO CJIY4YAWHbIM,
HeyaOOHbLIM,
HeXXenaTeJ/ibHbIM
3HAHnNemM?

e NTHOPUPOBATDL,
NMPUTBOPAACL 4TO
KaK OyaATO Hu4yero
TAKoOro Hert?

e ...NJ1N BCe TaKn?

MOM, POP, POM,
HYCOM, NEMO,
MITgcm - y Bcex
TOYHO TakKasa Xe
annemMmma...

THE DIXIE CHICKS:

SHUT UP ﬁ



NcxoaHble uenu: dusuka 3

MoagenmnpoBaHne KanndopHUNCKOro
TedveHusa (California Current
System), a Ha camMoM Aene BCero
3anagHoro lNobepexxba CLUA

Tam BC& W0 He Tak...
e HOMWHANIbHO BCE KOMMOHEHTHLI
MOAEeNN MPUCYTCTBOBAN
HO paboTasnnm NNoxo

® YNCNEHHAs YCTONYMNBOCTb:
HEOOBACHUMbIE OrPaAHUYEHNSA
Ha At

e OTKpPbITbIE FPaHULbI
He paboTanwu

e O4YeBUAHbIE OLWINOKUN
CUrMa-kKoopaAnHaT

cnpaBa: TemnepaTypa NOBEPXHOCTH
mopsi (SST) nu3 moaenn CpeaHeii
KanndopHuun, Ax = 0.5km,

Bcero 1200 x 1800 x 60 TO4eKk CeTKwu,
BblNOJIHEHHON B 2009 roay

(courtesy Jeroen Molemaker)




Llenin NnoCTaB/IeHHbIe y>Xe NocJsie Havasla nNpoeKTa: T.e. nepedrokKycumpoBkKa...

Co34aTb MOAeN b CMOCOOHYHO NOosly4aTb CUNTIbHO TYPOY/IeHTHbLIE peLlleHns: xopowas
NPOCTPAHCTBEHHAA TOYHOCTb ANS YpPaBHEHWW CckopocTen (Hapsaagy C Tpaccepamu
T,S); Manasa auccmnaymsa; YNCaeHHasa yCTONMYMBOCTb 6€3 BA3KOCTU (rMnepBA3KOCTU
- NOCNEeAHSST UCNONb3YETCA TONbKO ANS NOraoweHnsa TypObyneHTHOro Kackaaa);

NH>EeHEePHbI Noaxod PaBHOMPOYHOCTUN KO BCEMY: TOYHOCTb VS. YCTOWYUBOCTbL VS.
BblYNCANTENbHbIE 3aTpPaThl.

KoHUuenTyaNbHbI yXo4 OT nopsagka TOYHOCTU K 3dPdDEeKTUBHOMY pa3peLleHUIo:
T.e. n3bumpaTenbHoe NOBbILWEHVE NOPAAKA TOYHOCTU MO NMPOCTPAHCTBY TOJILKO Tam
rae ecTb ycpeaHeHue (hakTU4eckn BHUMAHNE K MHTEPNONALNAM).

CnocoOBbHOCTb NONYYUTb XOPOLUYHO TOYHOCTb PELUEHNA Aa>Ke eCnun war no BPEMEHN
BblOpaH 61M3KNUM K Npeaeny yCTonymBocTn (T.e. OTCYTCTBME "Ccepoit 30HbI" - NpuHuMn
patrick-proofness).

OcCo3HaHne nepapxmmn BbICTPOTblI PU3NYECKUX NPOLLECCOB (B NOPSAAKE YMEHbLUEHNS):
6apOTPONHble BOJIHbI — BHYTpeHHMe (19 6apokKAMHHAA Moda) — FOpU3OHTasibHasA
agBekuns — ropusoHTaslbHasa BA3KOCTb/aAnddy3nsa (B T.4. TMNepBA3KOCTb) —
Kopunonnuc (MHEpUMOHHbIe KonebaHusA). BepTukanbHble aaBEKUUSA N BA3KOCTb
MeaNeHHble HO MOTryT OblTh "ObICTPbIMN" N3-3a MANNIOCTUN BEPTUKANBHOIMO LWAara CETKU.
PdaKTNYECKN pa3Hble aJIroOpPpUTMbI LWAara no BpeMeHun ansa pa3HbiX NPOLECCOB.

N36npaTenbHbli NOAXOA K MOPAAKY TOYHOCTU NO BPEMEHU: TPETUN ANA aABEeKUUU U
Kopurnonuca; BTOPOW AAS BOH; NMEPBbIA ANs BA3KOCTU/Anddy3nm (Npamoi Drnep
ONA TOPU3OHTANbHbLIX UAN OOPATHbLIA ANS BEPTUKANBbHbLIX).



BansHue nopsiaka TOYHOCTU Ha PU3UKY peLlueHus

Shchepetkin & McWilliams, 1998






Llenun: BblyncnaunTenbHble (i.e. Computer Science)

Co3aaTb KOA KOTOPbIN Bbl COOTBETCTBOBAJT HALLMM NPEeACTaBAEHUAM O KOMMNbIKOTEPHbIX
apxuTekTypax Toro BpemeHun (SGI Origin, cache-based processors, pipelined execu-
tion etc.) n mMor aBONOUNOHNPOBATL BMECTE C HUMK T.e. Kak Obl "nomMaTb Bpems".

He ToNbKO pacnapannenmBaHume...

VYX0o4 OT 4YUCTO apuUPMETUHECKO oueHkn 3aTpaT (No 4Yucno onepauunii - Flops)
XapakTepHoro ansa anoxum Cray-YMP no-nHepunn AOMUHUPOBABLUEro B TO BpemM4.

CunnbHoe kKoHuenTyanbHoe BanaHne Paul Woodward, LCSE, University of Minnesota;
Tak »Xe Aarpon Sawdey and Mathew O'Keefe - pacnappanenmpaHme MoAeENN OKeaHa
MICOM (PhD aunccepTtauua Sawdey 1995) Tak M OCTaBLUErocst HEBOCTPEBOBAHHbLIM
(coBpemeHHbIi HYCOM 3TO BO MHOTMUX NPOSABNEHUAX PAaKTUYECKM Lar Ha3aa).

MapannenbHas o60N04YKa N CTPYKTYPaA BHYTPEHHEro Koga NOJIHOCTbIO pa3Bsi3aHbl
N He3aBUCUMbI Apyr OT Apyra.

HanncaHme BHYTPEeHHEero Koga onTUMU3NPOBAHO C TOYKU 3PEHNSA OAHOMPOLECCOPHOM
CKOPOCTM 6€3 OornsagoK M KOMMPOMUCCOB: T.e. AONYyCTUMblI Ntobble 3aBUCUMOCTMU
OAHHbIX, PEKYPCUBHOE NCNONb30BAHNE MACCMBOB, ONTUMNU3ALUA ONA Kew, U T.A4.

KoHuenTyaNbHbIV yX04 OT ABYXCTYNEHYOro noaxoAa K HanucaHuto koga (physics —
computer science, one-way, a.k.a. programming slavery).

KoHuenTyasbHbIW yXo4 moayabHOCTM a‘la MOM

daKTnN4ecknm co3aaTb HOBbIN framework - T.e. HAabop ceMaHTU4YeCKnxX npasun
4TOObI B NOC/1IeACTBUN CO30aBaTb "NpaBUbHbIN" KOO 0COOO HEe 3a4YMbIBASICb.



Copnep>kaHue

CoBpemMeHHbIn ROMS: O630p dunsamndeckKkunx
dPOpPMYSINPOBOK N HYHNCJIEHHbLIX AaJArOpnTMOB

N30paHHble TeMbl
e BapnaHTbl aqiIrOpuTMOB LWWWAra no BpeMeHun
e OGOOWEHHAA BepTUKaJibHasA KoopauHaTa
e ALANTMBHASA HesiIBHAs aABeKUUs MO BepTukanam
e M3onunkHn4yeckas andddy3sns

e KPP: anbTepHaTuBHas dbopMy/IiMpoBKa napamerpusaunm
BEepTUKAJIbHOIro nepemMeLumBaHus

e BbluncnurtenbHasa crpaterna ana 6eaHOro 4yesioBeka



AnropntmMmbl ROMS: MaTemMmaTnyeckasa XxapakrTepucTtumka

BepTUKasbHasa KoopanHaTa: PopMasibHO OTHOCUTCS K o-TUNY Moaenei, HO KOA
ncnonb3syet 3D maccuB z = z(x,y,s) HE cOpaWwuMBas OTKyda OH O6epéTcsa = T.e.
daKTNYeCKN AOCTATOYHO NPOU3BOJIbHASA BEPTUKANbHAS KOoOpAMHATa. B gaHHoe
BpemMa Hanbonee 4acto npunmMmeHaeTca "z-sigma'

OPTOroHaNbHbIE KPUBOJIMHEWHbIE KOOPAMHATbLI MO FOPM30HTaNn (BCE METPUYECKUE
KO3 DNUMEHTbI Npeobpa3oBaHNE BEKTOPOB COXPAHEHbI)

npnbnnxxenme byccnHecka coO cneumanbHO MOAUDUUMNPOBAHHLIM YPABHEHUEM
COCTOSAAHNA MOpCKon Boabl EOS [Sun et. al., 1999; Dukowicz, 2001; Shchepetkin
and McWilliams, 2011; Dewar et. al., 2015] - ycTpaHseT ~ 90% HeToO4HOCTEN
npnbnm >xeHme ByccmHecka C NOJIHbIM HENUHEWHbIM CKUMaembiM EOS: NONHOCTbLIO
BOCMPOMN3BOANT TepmMmobapunyiecknii n KabbenbHbli 3hdeKkTbl

AaropuTmMm BpeMeHHOro oO6HOoBNeHus: cBoboaHass MNOBEPXHOCTb KOHEYHOM
amnantyabl (He o6fA3aTesibHO Masioii N0 OTHOLWEHUIO K rayouHe);
pacwenneHne 6apoKANHHOW 1M 6apPOTPONHONM MOA C SBHbIM LWAroOM MO BPEMEHU
ana obenx

ocpeaHeHue (bunbTpaumsa) 6apoTPONHON MOAbl B Npeaenax oaHoro 6apoKANHHOIO
Lwara co cneunanbHbiMy S-0o0pa3HbIM BECaMWN = COXPAaHEHMNE BTOPOro nopsaaka
TOYHOCTMWN BO BpPEMEHU ANSA OCPEAHEHHbLIX BEAUYUH

TO4YHOE OAHOBpPEMEHHOe (COBMECTHOE) COXpaHeHWe WHTErpasbHOW BEAUYUHbI
(CyYMMNpPOBaAHNE MO KOHEYHbIM OB6beMaM) U CBOMCTBO COXpPaHeHWe OAHOPOAHOrO
NoONs ONs BCeX TPaCepoOB < AOCTUMHYTO 3a CYeT BTOPUYHOro ocpegHeHus
NONHbIX 6APOTPONHbLIX MOTOKOB



pacuwienneHune 2D n 3D mopa: 6apoTponHbii rpagneHT AaBAEHUSA BbIBEAEH Kak
BapnaunMoHHaAA Npon3BOAHASA BEPTUKANBbHOINO MHTErpana oOT MNOJAHOro rpaaveHTa
NABIEHMA NO OTHOLLIEHNIO K Bapuaunm cBOBOAHOW MoBepxHOCTU (T.e. He NpoOCTO
—gDV,( KaK B YPaBHEHNSAX MeSKOW BOAbl). Bbipa)keH 4epe3 p U p, (ABYMEPHbIE
nona). PopManbHbIi yxo4 OT ManoCTn € = (p — po)/po K€ 1 ANA TOYHOCTU
pacwennenma (BTOpPOi NOpPSAOK). dPa30oBasad CKOPOCTb 6apoTpoOnHOM MOAbI
vV4uTbiBaeT e& 3amMenneHuve crpaTudunkaumnen. Tak doOpManbHbIN YYET
NEPEKPECTHOrO BAUAHUA CTPpAaTUDUKALUUM N ToNnorpadmm Ha pacllensieHne.

HOBble (paHee HEN3BECTHbIE) aNrOpMUTMbl Lara NoO BPEMEHWN CNeumanbHO ANs nap
runepbonnyecknx ypasHeHun (du = —c-9,(, 0:( = —c-0,u) 060obLIeHne NPAMOro-
obpaTHoro anroputma (forward-backward scheme, Sielecki, 1968; Mesinger &
Arakawa, 1976) Ha 6o0siee BbICOKUIA MNOPAAOK TOYHOCTMU, @ TaK >Ke pPEeLUeHune
npobnembl COBMECTUMOCTU knaccuydeckoro FB (Walters, Lane & Emmanuel,
2009).

NMCNONBb30BaAHME aHaNM3a YCTOWYMBOCTU OH-HeliMaHa kKak cnocob noucka wu
ONTUMMU3AUUN. HANUCAHWUE aNropmTMa C NPOU3BOJIbHbIMU KOIMPUNUMEHTAMMN,
nanee TpeboBaHMe CXOOAMMOCTWU C ONpeaenéHHbIMMN NnopaAaKaAMM TOYHOCTU [HaéT
Habop OrpaHM4YeHUm Ha KOIMDDUUMEHTbLI; daAKTUYECKN NPOrpaMmMmnpoBaHmeE
»KenlaeMblX CBOWCTB

YMbILWNEHHOE ANCCUNATUBHOE NoBeaeHne BONU3N npeaena yCToOW4YnBOCTH

BCeraa MCnonb3yeTcsa BapuaHT OOOOLLEHHOro NpsAAMOro-o6paTHOro Lwara ans
2D (cBo60aHAsA NOBEPXHOCTb ( — CKOPOCTW GapoTponHble u,v) U 3D (CckopocCcTu
u,v — Tpaccepbl T,S) Mon;
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Barotropic
mode

Stage 1

Baroclinic
mode

fwd.—bkw. feed




NPOCTPAHCTBEHHbLII MOPAAOK TOYHOCTWU BbllLe BTOPOro AAa KPUTUYECKMU
BaXXHbIX YJIEHOB: aABeKUMs ANsi CKOpocCTeun u,v U TpaccepoB T',.S, 6aPOKJNHHbI
rpaaveHT AaBleHusA

BO3MO>XHOCTb MCMONb30BaHUSA CNIAMHOB ANA BepTUKaNbHONW aaBekunn (eqv. com-
pact differencing): TO4YHOCTb -+ yxo04 OT NOTepW TOYHOCTU KN3-338 CUNBHO
HEOAHOPOAHOIrO BEPTUKAJNILHOIO pa3peLueHns

aJanNTUBHO-HEsIBHAA BepTMKaabHasa agBekumsa ansa 3D ckopocTen U Tpaccepos
— COXPAHSAET YCTOMYMBOCTb Npu nMpeBbliweHnn BepTukaabHoro CFL, HO npun 3ToM
NOMTHOCTbIO DKBUBANIEHTHA WUCXOOHOW SABHOW CXeMe CoxpaHseT €€ TOYHOCTb (3
nopsaok) Tam rae CFL He npeBblEHO: NAABHOE BKAKOYEHME HESABHOCTU TaMm rae
Heobxoanmo

BO3MO>XXHOCTb MOBOPOTA MNOBEPXHOCTEWN ropu3oHTanbHoOW anddysnm (unn
runepanddy3nm) ansad  TpPpacCepoB  OTHOCUTENbHO  MNOBEPXHOCTENW  CuUrma-
KoOOpAMHAT K U30MUKHAM (HelnTpasbHbIM MNOBEPXHOCTAM, e€tc...). ANropnuTm
NepeKArYatoWmnxXca Tpnag ¢ HESBHOCTbLIO NO BEPTUKAAN YTOObl YUTU OT XECTKUX
OrPaHUNYEHN Ha YCTOMYUBOCTb NMPU CUNBHOM HAKJOHE N30MUKH

BO3MOXXHOCTb  TOYHOIO pectapTa (coxpaHeHue nonei gnsa ABYX
nocnenoBaTeNibHbIX LWAro)



...ANropnTMmMbl: PUN3NKa

Primarily intended for modeling highly-turbulent flow regimes, sub-mesoscale fronts
(sub 1km-resolution), flow-topography interaction, etc... run in a limited-area

e ability to deal with open boundary conditions and grid nesting

e focus on higher-order advection

e vortex stretching due to flow over non-uniform topography, topographic Rossby effect

e bottom-boundary layer phenomena: ability to focus resolution near bottom

e Mmore than one vertical mixing closure scheme

o ‘If-less” KPP for top and bottom boundary layers

e sub-models: biological, WEC, sediments, Sea-Ice, etc...

At the same time

e long-term water-mass conservation properties were historically de-emphasised
— such errors naturally tend to ventilate through open boundaries in a typical
US West Coast configuration. This is being reconsidered.

e ROMS never intended to become a climate model — a sigma-model is unlikely
to succeed at 1-degree resolution — thought precursor sumulations were

performed

e ROMS was never run in a global configuration
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...ANropnuTMbI: NporpamMmmMmupoBaHue

napannenbHblii KOA, ABYX-YPOBHEBOE ABYMEpHOe paclienneHne Ha 6s10ku (Ssub-
domains), 3aTeM KaXXAblii U KOTOPbIX ewé wn Ha nanTtku (tiles); MPI nnu
Open MP, nnéo oba cpasy, MPI+OpenMP. Bo3MOXXHOCTb paboTbl Ha ntobom

KOMMbIOTEPE/AapXUTeKType,/KOMNUAATOPE.
BO3MOXHOCTb camoBepudunkaummn npaBubHOCTU Koada: OAWH WUAW MHOro

NPOLECCOPOB AO/KHbI AaTb OAMHAKOBbLIV pe3ynbTaT

dounnocodbua 6b6egHoro 4YenoBeka (UCTOpUYeckoe Ha3BaHMe u3 Hadana 200x
korga Linux PC cynTanucb AelweéBol anbTepHaTuBoi "HacToawmm'" workstation
IBM, Sgi, Sun, DecAlpha, etc), BHMMaHWEe Ha B3aUMOAENCTBME HacTelh Koaa
(BKAtOYAA HeraTuBHOE, T.e. WHTepdepeHunto); MHMPACTPYKTypa KoAa CUNbHO
OTANYAOLWAACA OT TUNUYHbIX Moaenein okeaHa (MOM/POP, MITgcm, NEMO,
etc) — yxoa oT MOAYNBLHOCTU (B X MOHUMAHUN); XapaKTEPHO OO bEeANHEHNE MENKUX
OnoKoB B Bonee KpynHble

APUHATUE pPeLlleHUIn noapa3yMeBaeT ONTUMYM VYYUTbIBAKOLWUN BCe daKTopbl:
DU3NKY, YUNCNEHHbIE ANTOPUTMbI, BbIYUCNUTENbHbLIE 3aTpaTbl, d2PPEKTUBHOCTb
pacnapannenusanna, n T.4. (yxoa oT physical scientist — programming slave)

war no BpeMeHn ana 3D 4acTm nNOCTpoeH TakK 4YTobObl cbanaHCMpOBATL
BblYUCAUTENbHbIE 3aTpaTbl MeXay ruapognHaMmmydeckum sapom (aaBekuns,
Kopnonuc, w”n rpaaneHT A[aBAEHUSA) U NapaMeTepu3aunsiMm nepemMeLlnBaHns
(ropn30HTaNlbHbIMU N BEPTUKANbHBLIMUW) — ANSA NEPBOrO MCNOAb3YETCA NPeaAnKTOpP-
koppekTop (LF-AM3), ana BTOpbIX HET (MX NpaBble YaCTU BbIHNCAAOTCS TONbKO
OAWNH pa3)

ncnosnb3loBaHne CPP ans KoHdurypaunm, caMmoTecTMpoBaHusa, U T.4.
CaMOOOKYMeHTaunsa T.e. BCTPOEHHbIM MexaHU3M Yy4YéTa cTaTyca Bcex CPP-
Kato4ein 6e3 ycnamsa noab30BaTeENS



ROMS Community
August 1997 as starting date for the project

Ab66pesnaTtypa ROMS (a.k.a. Regional Oceanic Modeling System) nosiBunacb B
OKTSAbpe 1998 r. Ha kKoHMepeHunn B AdaBuce, KanndopHua. lMpeanoxxeHa Jdernom
Xanagdorenem (Dale Haidvogel)

ROMS evolved (as opposite to intelligent design) with full range of consequences
of this process:

e from Hernan's SCRUM 3.0 code
e Mmess, claims, controversy, scrutiny...
e absence of claims, ...sometimes
e inheritance, legacies, sometimes irrational choices, branches
e there is more than one code called ROMS
Linux-like-spirited community with multiple development centres
e exchange of ideas, mutual help network
e voices to unify and make one "official" code — go elsewhere and unify something else

ROMS have survived ... despite (or due?) all of the above



Four variants of ROMS kernel
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Adaptively implicit vertical advection

The motivation is to keep max horizontal Courant number at healthy 0.6

0.8

0.6

0.4

0.2

o

=0

horizontal speed, max in each vertical column

...but it is not always possible.



vertical Courant number, max in each vertical column







WwWhy adaptive?
Why not to use an implicit method from a textbook?



LF-AM3 step semi-Lagrangian

0.01 A 0.01 st
0.1 A 0.1 A
0.2 /\ 0.2 A
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0.9 /\ 0.9 A
0.917 / 1.0 A
0.918 /\ 1.497 /\
0.919 | 1505 /\

Advection a narrow pulse by LF-AM3 (left column) and semi-Lagrangian (right). Bold line numerical
solution, dashed exact. Number on the left of each panel indicates Courant number, cAt/Azx.



C-N, 2nd-center¢d compact in space staggered in space

0.01 0.01 /\ 0.01

0.1 0.1 0.1

0.4 0.4 0.4
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Advection and dispersive spreading of a narrow pulse by non-dissipative, unconditionally stable implicit
schemes using different Courant number regimes. Equal-weight § = 1/2 Crank-Nicolson stepping in
all three cases. Left column centered second-order differencing in space; middle compact-centered
(fourth-order); right staggered in space, centered around (z; — Az/2,y, + At/2).



Adaptively implicit vertical advection operator:

Vertical fluxes for the tracer and velocity fields are discretized involving the advected
field at n + 1 time step which are yet unknown,

_ n+1 n+41 +1/2 +1/2
FC]{:—I—1/2 — Wk}—l—l/2 -2 (Qk; y .41 aqz aq,Zj:]_ ) )
rearrange by splitting vertical velocity into two parts,

Wigrs = Wi, + W

AW Vk=0,1,...N

where kaﬁzl/z is for terms involving ¢/t g7t only (i.e., implicit part), while W,f_‘?l/z
for the remaining qZ+l/2,qZLl/2,..., then:

e W()_-terms are computed within r.h.s via standard algorithm

e W-terms are integrated into the vertically implicit operator



Combined advection-diffusion with upstream treatment of the implicit advection part

FCy, = Wiy, { q,gi, ) W{%/ .
Qi1 it Wk+1/2 <0
k = N, uppermost grid box,
n+1 ntl
HIP G = g gt 4 At rhsly + At - SRFRC — AtAy_y, 2 . qf/V =
N-1/2

+ At [max (W};L/Q, o) ¢t 4 min (Wﬁ)_l/z, 0) q?v“}

qn—l—l . qn—i—l
HI P gt = HI'gl + At - rhs), 4+ At Ay, ’“JZ b
Zk:—l—l/z
() n+1 - (4) n+1
—At | max (W{,,,0) ¢t 4+ min (W2,,0) i f1]
qn—I—l . qn+1
—AtAy v, bl
Zk:_l/z

+a¢ [ max (W2,,,0) gt + min (W2, 0) g +1]

k=1, bottom grid box,

HI P g+t = Hpg 4 At - rhsh 4 AtA,, 22— 4

_At [max (W3§Z), o) ¢+t + min (Wg), 0) qS‘H}



The W-splitting works as follows: Compute W;,./, the standard way; also compute
finite-volume Courant number «; ;. at every grid box Hj, as the sum of outgoing fluxes
normalized by At and grid-box volume,

At
Oéi,j,k; == AV . [ maX(Fla;Ui_p/z,j,k, O) — min(FlfUi_l/Q,j,k, O)
3,5,k
+max(FlxV; 1, 1,0) — min.(Fla:VZ-,j_l/Q,k, 0)
—I-maX(Wi’j’k;_l_l/Q, O) — mln(Wi,j,k_l/z, O)}
then the explicit part
W(e) B Wk—|—1/2 or o = O if VV]{:_|_1/2 >0
e T o) where ,
ot = Ok+41 it Wk:—l-l/2 <0
and the limiting function
( 1 3 |f (8 S Oémin

2
fla) ={ 14 o mn)
4omax (Oémax - Oémin) , _
L O‘/Oémax, if o> amax

iIf  amin < a < 2amax — @min




made of three segments — constant, parabolic, and
linear — smoothly matched to each other; amin con-
trol the threshold below which the algorithm is fully
explicit; amax, and the maximum allowed Courant
number ‘““never exceed speed’” for the explicit part
The implicit part is the “excess’ velocity

(1) (e)
Wk-|—1/2 = Wiy, — Wk;+1/2

Selectable amin and amax based on consideration of
accuracy and numerical stability of the explicit part.
In the actual code all the above — computing o =
a; k. then f(a) then splitting W is implanted into the
computation of W itself, so none of the intermediates
is stored as a 3D array.



Original LF-AM3
time stepping

0.1

Backward Euler,
upstream in space

0.1

Adaptively implicit

0.1 |

0.4 0.4 0.4

0.5 0.5 0.5

0.6 0.6 0.6

0.7 0.7 0.7

0.8 0.8 0.8

0.9 0.9 0.9

1.0 1.0

1.5 1.5

2.0 2.0

3.0 3.0

4.0 4.0

Comparison of LF-AM3 algorithm (left, adaptively implici‘t (middle, threshold Courant numbérs set-
tings amin = 0.6, amax = 1.0), and fully-implicit backward Euler upstream in space advection (right).




Prime in rhs;ﬁ means that the usual r.h.s. computed by ROMS code for the corre-

sponding equations, except the replacement Wiy, — W;Sr)l/z
A4y, is vertical viscosity /diffusion coefficient [including the stabilization terms (Lemarié
et. al., 2012) in the case when isoneutral lateral diffusion is used]

The above takes into account kinematic b.c. at surface and bottom, Wy, = Wy, =
0, bottom no-flux b.c. for tracers. There is an extra term for momentum equation
associated with bottom drag which also treated implicitly.

The modified algorithm retains simultaneous conservation and constancy preser-
vation properties for tracers, despite the fact that grid box heights change due
to changing free surface, H; "' # Hp.

The motivation for using upstream discretization for the implicit part comes from the
fact that it is monotonic, hence will not cause oscillation. Unavoidably it is diffusive,
however this choice is justified by the observation that in practical model solutions
large vertical velocities occur only in places with vanishing (or even unstable) strati-
fication and, consequently, already large mixing set by the vertical parameterization
scheme.

Well posed, diagonally dominant discrete system.



Rotated diffusion in sigma coordinates



Rotated isoneutral diffusion:
explaining switching triads

() wpoints I —
<> w points e e O : P
O p.q points [ e (l<k+>1] O O
O 9 10)
A T e
[ SRR o .
e IR o= O
(i-1,k \iz O
11 L O O
O O (i+1,k-1)
(i-1k-1) ‘ ey B e

above: Griffies et. al. (1998) discrete
isoneutral diffusion operator using
all 12 triads around tracer point
(they are arranged into two pairs of
fluxes, horizontal and "vertical", each
involving 4 triads)

right: Lemarié et. al. (2012) switch-
ing triads in all possible situations.
Note that vertical axis here is "den-
sity", so isoneutral direction is horizon-
tal in all these charts; only triads with
sharp angle (< 909) are selected.
"exact" if grid-point slope s=1
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initial condition
for smooth field
test problem
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Rotated isoneutral diffusion:
convergence comparison
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Rotated isoneutral diffusion: spread of a single dot
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diffusion
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“If-less” KPP via integral criterion alternative to Rj,

Criterion for finding hy: Define surface PBL as an integral layer within which net
production of turbulence due to shear-layer instability is balanced by dissipation due
to stratification,

surface

o= | m{

and search for crossing point Cr(z) = 0.

2 N2

Ricr

Vi (2)

z

@
0z

_CEk'fQ} &'+

N2=—£-@

. is B-V frequency (ad = adiabatic);
po Oz

ad

f is Coriolis parameter;, Cgk is a nondimensional constant;

V2(z) is unresolved turbulent velocity shear (same as in LMD94);

(—=z
ehp + (¢ — 2

surface sublayer ehy where M-O similarity law is not valid (plays the same role as to
distinguish between prer VS. psurr in Ri, of LMD94). ( is free surface; e = 0.1.

Integration Kernel J#(z2) = is to ignore contribution from near-




“If-less”’ KPP...

e Same result as Ri, the case of linear velocity profile, but otherwise

Z//

/

Z/

2
dz >

ou 2

9z

Iu// o U_/|

Z” _ Z/

e (C7r(z) is monotonic for Ekman spiral = no sudden jumps of hp,

e Numerically more attractive, as u(z) and p(z) can be reconstructed as continuous
functions

e Avoids introduction of reference potential density: basically integration square of
Brunt-Vaisala frequency. Allows formalism of adiabatic derivatives and differences
to achieve monotonicity

e Correct account for thermobaric effect: Bill Large: to determine extent of BL
one must bring water parcel from reference depth to z = —hp and compare
its density with the ambient fluid there. We never did it this way in ROMS
community (?)

e Avoids ambiguity for merging top and bottom BLSs



“If-less”’ KPP...

Pure physical limits: destabilizing vs. stabilizing effects:

2 2
e balance ou VS. N — shear layer instability
8,2 Ricr
oul?
° - VS. .2 = turbulent Ekman layer
5z Cek- f
2
® negatively forced VS. VtQ = free convection

Ricr



Monotonized reconstruction to compute
VZi41/2 and prya/2, but not to interpolate
Cr to find hy: because

Avkj_ljg — *kaﬂ/; C'r‘ ~ Wg \/ N2 — N2d
by Cr(z) is not monotonic near

z = —hp

st even if p(z) and u,v(z) are

monotonized —. quadratic (cubic) interpolation for Cr
slopes is dangerous

Overall this is by far the largest cause
of numerical sensitivities in KPP.




CI\/IO 3
“If-less” KPP... Monin-Obukhov depth limit hy < hpo = —Bu* if Bs(z) > 0.
K - B

Because of solar radiation absorption, buoyancy forcing Bf = Bf(z) increases with
depth, possibly changing sign from unstable to stable

= a case when Bs (—overestimated hy) > 0, but Bf (—hpmo) < O

= hysteresis and oscillations in Ay,

solution # 1: use Bf = Bf (—hmo) in computation of hyo, i.e. implicit search for
k enclosing z*, such that

2z < 2" < zpga and hvo (z1) < 27| < hmo (2k41)
h z — z* h z¥—z
then solve MOk (Zk+1 ) + "okt ( k) +2z"=0
Zk+1 — 2k
o % (Bfhyr 2041 — Brizi)
resulting in Ao = —2F = 2

- CMO f
Bf§<:-|-1Bf§<; (Zk+1 — 2k) + ,{u (Bfi; - Bf§s+1)

above Bf = max (Bs,0); if £ not found = no limit; no singularity if either Bf — 0O;
limit applied outside Brf > 0 logic: it is already taken into account in computing
hmo: since hp 1S not involved = no possibility of hysteresis

solution # 2: Eliminate M-O limit altogether.



“If-less”” KPP... EKman depth limitation: hp < hgk = 0.7% applicable only

for stable boundary layer; should be hp = hgk for neutral forcing and stratification

Length £ = w./f and velocity % = wu. are natural scaling parameters for neutrally

stratified problem
9] 0
i fu=— wm|z|—u
0z 0z
where u = v + v, and w,, = kusx, and k is von Karman constant.

e Most vertical mixing schemes are "Coriolis-blind" any way.

e Coriolis effect plays no role in determining hp via bulk Ri criterion; hgg-limit is
applied a‘posteriori, and only for stable buoyancy forcing.

e Because of light absorption, stability increases downward resulting in hys-
teresis if Bf (unlimited hp) > 0, but Bf(hek) < O which is manifested by hy
oscillations and jumps

7?7?77 integrate hegk-limit into KPP BL criterion, balance

/8u

2
—| &' VS. / 2! 77?7
0z




“If-less” KPP... Modified Ekman problem - fu= Q [wm.,?G <—> —]

0z

G is KPP non-dimensional shape function

(0—00)2

o < 0o

G(o) = |o| (1 —0)* + S o0 =0.1
0 otherwise
z\ ou ou Us s
. po()® e B
B.C.: v 7)oz _y 0z|,_q ®©ZL00/2

u=20, ifz<-%

Nondimensionalization: Postulate that depth of generated this way boundary layer
is equal to Ekman length and introduce scaling,

z2=YLo=o0-0.Tu./f U= us-1u,
hence
0 ot ot 2
2 (e)E) =i “a, ou —— G —0
oo oo 0.7 Oo|,—g KOO o

everything has been scaled out.



—25 m

-50 m

uyv

h bl

Recognize Coriolis force as a stabilizing
factor (balancing vertical shear produc-
tion), construct

surf

w@zfxw{

apply the same scaling

0
Cr(o) = ! /Ji/(a){ ou

ou

0z

>
_CEk’fz} &'

2
— CEK} d’

and demand that Cr(—1) =0
which can be achieved by tuning

(0.7)? oo

CEK = 258

provided that J# (o) = |o|/(|o| + €)
where e = 0.1



) Cr(z)

=25 m g
) =25m

=50 m %
=50m

=75 m %
=75 m

. hBk =

—100 m %
0.0 0,03 Ak EIOO m

u,v ;

U, v

Cr(z)

h bk

Coarse, N = 32 and fine, N = 512 resolution. hgk is shown for reference only and

does not participate in determining hyp,.
e presence of 7 (o) is essential for convergence
e overall extremely robust
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Poor Man’s Computing: Overlooked and underutilized
resources

From its day 1 ROMS started as a coarse-grain multi-threaded (proprietary SGI
directives, later OpenMP standard) parallel code with 2D subdomain decomposition
(tiling) intended for SMP architecture.

Loop-based parallelization approach was rejected from the start. Tiling with
ability to set number of tiles independently from the number of CPUSs.

False sharing avoidance was the key for success/failure back then.

Departure SGI Origin 2000 de-facto downplayed the importance of SMP computing.
MPI capability was added, but OpenMP always kept.

SMPs are coming back in form of multi-core CPUSs.

ROMS in OpenMP mode optimally tiled for cache utilization easily outperforms
the same ROMS code run as MPI by at least 2:1 ratio within a single SMP
computer. Same applies to even a single-processor machine, tiling vs. single
block.

We knew this for over 10 years, others have no means to discover.
Efficient Open MP played a key role (at least one of the) in successful proliferation.

However, Open MP is limited to a single node only. Can we build a dream code
which combines OpenMP-level single-processor performance with MPI scaling on
multiple nodes?



Cache effects on SMP computer, back in 2004

Open MP parallel on 2 x 3.06GHz Xeon CPUs time steps/secon

Single 3.06GHz Xeon (the second idle)

488 2 R B IJII®

two-dimensional Soliton problem on 768 x 256 grid

AR R R R R ERERERERERE R



Poor Man’s Computing: Why it is? Is it still relevant today?

VS. memory

This is why:
CPU famil Prescott Kentsfield Nehalem SandyBridge E IvyBridge E Haswell E
amtly Pentium IV HT | Core2 Quad | Corei7 920 Core i7 3820 Core i7 4820K | Core i7 5930K
year introduced 2004 2007 Nov. 2008 late 2011 2013 Aug. 2014
CPU clock speed 3.2GHz 2.4GHz 2.66GHz 3.2GHz 3.7GHz 3.5GHz
cores (threads) 1(2) 4 4(8) 4(8) 4(8) 6(12)
cache IML2 8M (4+4) 8M L3 10M 10M 15M
memory type DDR 400 DDR?2 667 DDR3 1333 DDR3 1600 DDR3 1600 DDR4 2400
CAS latency 2 5 8 9 9 15
latency, ns 10 15 12 11.2 11.2 12.5
number of channels 2 2 3 4 4 4
aggregate bandwidth, GB/sec 6.4 10.6 31.8 51.2 51.2 76.8
loads or stores 1 1 1 ) ) )
per cycle, each core
loads or stores ' /e 3.2 9.6 10.6 25.6 29.6 42
per sec, all cores
load-store bandwidth
for 8Byte operands ° GB/sec 25.6 76.8 84.8 204.8 236.8 336
Joad-store v, qidth ratio 4 7.25 2.666 4 4.625 4.375




Poor Man’s continued ...

Most today’s Linux clusters are made of 8 ... 64-way SMP nodes

dual or quad CPU sockets; 6, 8, ...., 16-core CPUs
shared outermost-level cache in each CPU chip
shared memory bus by all cores within each CPU socket

interconnect interface (Infiniband or whatever) is shared by all CPUs/cores on the
board and become scarce resource

hyper-threading is back for Intel chips

Most MPI codes are designed to

separate communications from computations in time resulting in peak loads on
interconnect followed periods of by inactivity

treat multiple processors (cores) within each physical node as separate compute
nodes, ignoring non-uniform topology of the machine, (if any)

introduce competition for shared interconnect interface

single subdomain — single processor policy motivated by “perimeter vs. area
argument”

ignore cache effects



MPI with Threads Inside and MPI without them
Now, at last, multiple threads are officially included into MPI-2 standard

Replaces MPI Init with MPI Init thread(requested, provided), where

2

o
|

MPI_THREAD_SINGLE means no thread support
MPI_THREAD FUNNELED means threads are allowed,
but only master thread can execute MPI calls

=
I

requested,provided = § 5 _ ypr THREAD SERTALIZED multiple threads can do

MPI calls, but the calls are serialized

3 =— MPI_THREAD MULTIPLE means multiple threads can
L execute concurent MPI calls

e T he original motivation is to allow multiple subdomains for cache management to
recover cache efficiency of optimally tiled code.

e But it turns out that there is more in it: tiling and threads can be used for tuning
of scheduling of messages to alleviate competition for access to Network Interface
within SMP nodes, simply put, when one thread sends messages, the other(s)
compute and, and vice versa.



Approach:

relies on the highest level of MPI thread support, requested, provided = 3,3
2-level 2-dimensional subdomain decomposition: tiles within MPI subdomains;

once a thread completes working on a tile, it sends/receives relevant messages
to its MPI-neighbor (if any). Because now there is (may be) more than one
neighbor of each side, and because MPI knows nothing about threads (i.e., thread
receiving an MPI message from MPI neighbor does not know from which thread
on that node the message is coming) use unique tags to label messages sent
when processing different tiles

mirror thread trajectories for adjacent MPI subdomains: that is the key to avoid
deadlocks

inner tiling unavoidably fragments MPI messages into smaller ones. This is off-set
by combining messages exchanging halos for different arrays into unified messages

prepare to receive all — send all — check and unpack whatever arrives (no pre-
determined order)

And, finally, the code is just a tool; the art is in its usage: the number of possible
permutations is now too large to be quickly explored.



Scheduling messages by inner tiling
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Poor Man’s Conclusion

besides cache optimization, inner tiling can be used to control scheduling of com-
munications to alleviate competition between/among CPUs for network access

works in "soft mode": threads are free-running, and there are no barriers around
MPI calls, and no extra barriers relatively to the original OpenMP-only code.

thread trajectory does matter by itself, and relatively to other threads, and it
iS no longer a simple zig-zag pattern

partially overlaps computations and communications in time
softens peak loads on network switch

finer tiling also means smaller MPI-messages, which negatively affects perfor-
mance. compromise is needed, and experience tells that message scheduling
somewhat is more critical than cache optimization

Does it work??

Yes, the code is functional and produces the correct result.

Yes, it may exceed performance of pure MPI code sticking with one-subdomain-per
processor(core) policy for problems of our interest.

Yes, it is useful even if one ends up not using Open MP at all — it is still worth do
tiling: sparse mode.

Looking back: never trust you intuition about ideas for improving performance of
MPI code: always try all the possibilities and select what works the best.

Swappable MPI halo-exchange routines.



