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Chapter 1

Das deutsche OMIP Projekt

In diesem Projekt werden die zwei fiir die deutsche Klimaforschung wichtigsten numerischen
ozeanischen Zirkulationsmodelle MOM und HOPE in ihren Fahigkeiten verglichen, den mittleren
Zustand der globalen Zirkulation darzustellen. Dazu wurden Langzeitintegrationen in globaler
Konfiguration unter méglichst identischen Randbedingungen konzipiert. Die Auswertung soll zu
einer Bewertung der Modelle beziiglich der Darstellung der globalen Zirkulation und des Einsatzes
fiir Klimauntersuchungen fiihren.

Der Zustand der mittleren groBriumigen Zirkulation ist quantitativ nicht bekannt. Messun-
gen liegen zwar vor, weisen aber starke zeitliche Variationen auf und sind mit Ausnahme der
hydrographischen Felder und einige natiirlicher Tracer nicht reprisentativ fiir die mittlere Zirku-
lation. Modelle kénnen deshalb nur indirekt {iber den Effekt der groBriumigen Zirkulation auf die
Tracerverteilungen verifiziert werden.

Neben der Verifikation anhand von Hydrographie und Tracerfeldern kommt daher dem Vergle-
ich von verschiedenen Modellen besondere Bedeutung zu. Mit der Bandbreite der allein durch Nu-
merik und unvermeidliche Unterschiede in der Konfiguration bedingten Abweichungen erhilt man
eine untere Grenze fiir den Fehler der verwendeten Zirkulationsmodelle. Ein systematischer Vergle-
ich der Modellergebnisse untereinander und mit beobachteten Tracerverteilungen ist eine Grund-
lage fiir eine Verbesserung der Ozeanmodelle. Das Merkmal des vorliegenden Vergleichs liegt in
dem Anspruch, die Modelle in mdoglichst identischer Konfiguration beziiglich der Parametrisierun-
gen, der Topographie und der Antriebe zu gestalten.

Das Projekt ist Teil der internationalen Studie OMIP (Ocean Model Intercomparison Project).
Anfingliche Pline, weitere deutsche Modelle (LSG, OPYC) und auch die dekadische Variabilitat in
diesen Modelle im Vergleich mit zu beriicksichtigen, konnten nicht eingehalten werden, da Zusagen
fiir eine zusétzliche personelle Unterstiitzung der Betreuer dieser Modelle zuriickgezogen wurden.
Weitere deutsche Beitrige zu OMIP sind in dem von der EU geférderten Projekt 'DYNAMO’
durchgefiihrt worden (Dynamo Group 1997, Willebrand et al. 2000).

1.1 Ziele des Projekts

Die spezifischen wissenschaftlichen und technischen Ziele dieses Projektes sind:

¢ eine parallele Version des MOM2 Code zu erzeugen und verfiigbar zu machen, die ein Meereis-
modul enthilt.

¢ globale atmosphérische Antriebsfelder fiir globale Ozeanmodelle zu erzeugen und verfiigbar
zu machen, die von verschiedenen Modellen verwendet werden kénnen. Hierzu soll ein typ-
isches Jahr von téglichen Antriebsparametern aus der am Euroiischen Zentrum fiir Mittel-
fristvorhersagen (EZMWF) durchgefiihrten Reanalyse ERA erstellt werden.

¢ einen detaillierten Vergleich des mittleren Jahresgangs in den Modellen MOM2 und HOPE
zu erarbeiten.



e Grundlagen fiir generelle Empfehlungen zum Betreiben von globalen Ozeanmodellen zu
legen.

1.2 Physikalische Aspekte von Ozeanmodellen

Der Ozean ist fiir die Klimavariabilitit im Zeitskalenbereich von Monaten bis zu einigen
Jahrtausenden die bedeutsamste Komponente des Klimasystems. Die schnelleren Zeitskalen sind
im Verhalten der dquatorialen Zirkulation, in der globalen Deckschicht (einschlielich des Konvek-
tionsvorgangs) und den Rossbywellen und mesoskaligen Wirbeln verankert, die langsamen Zeit-
skalen sind durch die advektiven und diffusiven Umwilzungs- und Vermischungsprozesse bedingt.
Eine Implementierung aller wesentlichen klimarelevanten Prozesse, die in diesem breiten Spek-
trum angesiedelt sind - in einem universellen Zirkulationsmodell des Weltozeans - {ibersteigt die
gegenwirtigen Computerresourcen um viele GréBenordnungen an Rechenzeit und Speichergréfie.
Abgesehen von neueren Versuchen, mesoskalige Wirbelprozesse global darzustellen (Semtner und
Chervin, 1992) - wegen der enormen Rechenzeiten muss man sich hierbei auf kleine Stérungen eines
vorgegebenen thermohalinen Zustands iiber nur wenige Dekaden beschrinken - laufen gegenwirtig
alle globalen Modelle mit horizontalen Auflésungen im Bereich 2° —4° und mit 10 bis 20 vertikalen
Schichten.

In diesen ozeanischen Modellen (Ocean General Circulation Models, OGCM), die in dieser
groben Auflésung auch fiir gekoppelte Klimamodelle eingesetzt werden, sind alle turbulenten
Prozesse, alle fiir eine korrekte Darstellung der Oberflichentemperatur (und damit Kopplung
an die Atmosphére) bedeutsamen thermohalinen Vorginge in der Deckschicht und die bei insta-
biler Schichtung einsetzenden Prozesse der Tiefenkonvektion nur in sehr grob parametrisierter
Form enthalten. In vielen Fillen wird auBerdem auf die Simulation des Jahresgangs verzichtet,
um Beschleunigungstechniken (Bryan, 1984) fiir das Erreichen eines stationdren Zustands der
Zirkulation auszunutzen. In diesem Fall ist der saisonale Zyklus nicht adiquat eingeschwun-
gen. Dariiberhinaus haben die simulierten Zirkulationssysteme und thermohalinen Zustandsgréfien
einen stark diffusiven Charakter, der durch die Stabilitdtsanforderungen der groben riumlichen
Auflésung hervorgerufen wird. Trotz der zu erwartenden Rechnerentwicklung (massiv parallele
Systeme etc.) und Verbesserungen von Modellcodes (Parallelisierung etc) ist abzusehen, dafl Stu-
dien mit ozeanischen Zirkulationsmodellen, die die volle Einstellung des thermohalinen Zustands
beinhalten, auch in den nichsten Jahren unter diesen Schwachpunkten leiden werden. Dies ist
auch bedeutsam in der weitergehenden Klimamodellierung, da die Giite von Simulationen zu
erwartender Klimaentwicklungen unter den Mangeln der ozeanischen Modellkomponente leidet.
Eingehende Untersuchungen zum Vergleich der wenigen heute existierenden Modelltypen sind da-
her dringend geboten.

Die Parametrisierungen in ozeanischen Modellen sind mit Unsicherheiten behaftet, die auf
unzureichender Kenntnis der Prozesse und ihres Zusammenhangs mit den aufgelGsten Variablen
beruhen. Numerische Aspekte spielen ebenfalls eine grofle Rolle, da Strukturen und Vorginge am
Rande der Gitterauflésung die Lésung mit prigen. Aus dieser Situation erklirt sich das zum Teil
sehr unterschiedliche Verhalten von oberflichlich dhnlichen Modellen, denen dieselben physikalis-
chen Gleichungen zugrunde liegen. Dies betrifft insbesondere den mittleren Zustand des Ozeans
aber auch die Variabilitét und Sensitivitdt der thermohalinen Zirkulation. An der grundséitzlichen
Situation wird sich in den nichsten Jahren nichts dndern, da die absehbare Rechnerentwicklung
nicht dem Ressourcenbedarf von Modellen mit ausreichend hoher Auflésung gentigt. Dies gilt ins-
besondere fiir den Ozean, weil extrem hohe Auflésung (wenige Kilometer) in hohen Breiten fiir die
explizite Beschreibung der fiir die thermohaline Zirkulation entscheidenden Vorgange (u.a. Wasser-
massenbildung, AbAuB von Schelfmeeren, Uberstrémung von topographischen Hindernissen, Ver-
mischung in Randstrémen) notwendig wére.

Alle gegenwirtig vorliegenden Ozeanmodelle haben erhebliche Probleme in der Darstellung der
ozeanischen Zirkulation. Insbesondere ist der thermohaline Zustand (Temperatur und Salzgehalt)
fehlerhaft, wihrend Zeitskalen fiir Ventilation (aus der Simulation von H3, 14C etc.) gut mit Ken-
ntnissen aus geochemischen Untersuchungen {ibereinstimmen. Es ist vielfach nicht klar, ob Fehler



der Modelle (z.B. Produktion von Wassermassen an der richtigen Stelle mit der richtigen Rate)
relevant fiir Klimastudien sind. Fiir die jeweilig abgedeckten Zeitskalen sind die Ozeanmodelle
in ihrer Giite aber vergleichbar mit entsprechend grob aufgelGsten atmosphérischen Zirkulations-
modellen, so daB ihr Einsatz in gekoppelten Experimenten sinnvoll ist.

Die globale Verteilung der Antriebe (Warme-, Frischwasser und Impulsfliisse an der Oberfliche)
sind nur sehr ungenau bekannt. Es ist offensichtlich (aus Sensitivitdtsstudien), daf} viele Probleme
der groben Modelle von Fehlern in den Oberflichenfliissen herriihren. Wenn Modelle auf falsche
Fliisse eingestellt sind, reagieren sie in gekoppelten Experimenten auch falsch. Schon Fehler von
der Grofle 1W/m? fithren bei Langzeitintegration zu erheblichen Unterschieden. Hieraus resul-
tieren prinzipielle Schwierigkeiten bei der Kopplung von Ozean- und Atmosphirenmodellen, da
die gegenseitig iibertragenen Fliisse von Warme und Frischwasser in der Regel nicht zu korrekten
Gleichgewichtszustéinden flihren. Flusskorrekturmethoden sind notwendig, aber nach physikalis-
chen Gesichtpunkten nicht zu akzeptieren. Ozeanmodelle werden im Alleinbetrieb allerdings in
der Regel nicht durch Vorgabe der Fliisse, sondern in mehr oder weniger komplexer Weise durch
Relaxation an atmosphérische (oder ozeanische) Oberflichentemperaturen und den ozeanischen
Oberflichensalzgehalt angetrieben. Gegenwiirtig sind auch einfache atmosphirische Modelle in der
Entwicklung, die die Oberflichentemperatur oder Warmefluss und den Frischwasserfluss liefern
sollen.

Die Entwicklung von Parametrisierungen fiir grob auflésende Ozeanmodelle, wie sie in gekop-
pelten Klimamodellen verwendet werden, hat in den letzten Jahren erhebliche Fortschritte
gemacht. Die Parametrisierungen sind aber bisher nur unvollstindig auf ihren tatsichlichen
Nutzen fiir die Klimavorhersage gepriift worden Auch verschiedene numerische Realisierungen
der physikalischen Grundgleichungen sind bisher nicht systematisch fiir diesen Zweck verglichen
worden. Fiir die langfristige Vorhersage von Klimaverdnderungen ergibt sich daraus der dringende
Bedarf einer Bestandsaufnahme verfiigharer Parametrisierungen und vorhandener, in gekoppelten
globalen Modellen eingesetzter Ozeanmodelle.

Wirbelbedingte Transporte von Wirme, Salz und Impuls werden in groben Ozeanmodellen
im Gegensatz zu atmosphirischen Modellen heute noch auBlerordentlich primitiv parametrisiert.
Dies gilt in noch groBerem Mafe fiir nichthydrostatische Vorginge wie beispielsweise Konvektion,
Doppeldiffusion und durch interne Wellen bedingte Vermischung. Wegen der hydrostatischen
Approximation sind diese Prozesse nicht in den primitiven Gleichungen enthalten und miissen
in jedem Fall, unabhingig von der Auflésung, parametrisiert werden. Falsche Parametrisierung
der Eddytransporte ergibt nicht nur Fehler in den mittleren Zustinden, sondern auch in der
Variabilitét, was besonders auf kurzen Zeitskalen (ENSO) Bedeutung hat. Alle oben genannten
Modelle haben in grober Auflésung grofie implizite (d.h. durch Numerik bedingte) Diffusion von
Wirme, Salz und Impuls. Unterschiedliche Advektionschemata ergeben daher in sonst identischen
Modellen gravierende Unterschiede (Gerdes et al., 1991).

Der Einsatz des flux-corrected-transport (FCT-) Verfahrens konnte im MOM-Modell eine merk-
liche Reduktion der aus numerischen Griinden vorhandenen Diffusion erreichen. Dies ist eine
Voraussetzung fiir den sinnvollen Einsatz von physikalisch motivierten Diffusionsparametrisierun-
gen. Bei der sonst iiblichen hohen Diffusion in den Koordinatenrichtungen des Modells ist eine
physikalisch sinnvolle Orientierung des Vermischungstensors in isopykner und diapykner Richtung
wenig erfolgversprechend. Die physikalische diapykne Diffusion tritt weit hinter die numerisch
bedingte diapykne Komponente der horizontalen Diffusion an stark geneigten Isopyknen zuriick.
Der Effekt der Wirbel auf die grofikaligen Verteilungen beschrinkt sich nicht auf eine reine Ver-
mischung von Tracern. Die Freisetzung von verfligbarer potentieller Energie bei barokliner In-
stabilitdt hat potentiell einen erheblichen Einflul auf die mittlere Zirkulation. Hierfiir ist vor
kurzem eine Parametrisierung vorgeschlagen worden (Gent und McWilliams, 1992), die in ersten
Versuchen verbesserte Ergebnisse geliefert hat. Weiterhin ist der rektifizierte Effekt von wirbelbe-
dingten ’eddy form drag’ an topographischen Strukturen zu beriicksichtigen, der eine Tendenz zu
einer zyklonalen Zirkulation an den Beckenréndern hervorruft (Holloway, 1992, Eby und Holloway,
1994).

Grobauflssende Modelle haben grundlegende Schwierigkeiten, die Uberstrémung von to-
pographischen Hindernissen korrekt wiederzugeben. Sie liegen in dem durch die horizon-



tale Auflosung bedingten Unvermdgen, ausreichend relative Vorticity zu erzeugen, um bei der
Stauchung einer rotierenden Fliissigkeitssiule die potentielle Vorticity zu erhalten (Gerdes,
1993a,b). Bei Uberstrémung von untermeerischen Schwellen kommt es daher zu erhShter diapykner
Vermischung. Bei bodennaher Ausbreitung von dichten Wassermassen iiber einem Hang trigt die
Abfolge von horizontaler Advektion und konvektiver Vermischung zu der erhShten Vermischung
in zKoordinatenmodellen bei (Gerdes, 1993; Roberts et al., 1996). Da viele Tiefenwasserbil-
dungsgebiete vom globalen Ozean durch Schwellen getrennt sind oder auf flachen Schelfen liegen,
ist diese Problematik von grofler Bedeutung fiir die Simulation der thermohalinen Zirkulation.
Hochauflésende Modelle haben aber gezeigt, daf auch rein geometrische Effekte (Offnung und Tiefe
von Kanilen durch die topographische Schwelle) einen erheblichen Einfluff auf die Uberstrémung
und das groBraumige Zirkulationsmuster haben kénnen. Verbesserungen in grob auflésenden Mod-
ellen sind von neuen Parametrisierungen der Vorginge in bodennahen Grenzschichten zu erwarten
(Beckmann und Ddscher, 1997).

Das Klimasystem kann bei gleicher solarer Einstrahlung anscheinend verschiedene Gleich-
gewichtszustdnde annehmen (Manabe und Stouffer, 1994), abhingig von Anfangsbedingun-
gen. Auch in Ozeanmodellen allein findet man mehrere Gleichgewichte (Marotzke und Wille-
brand, 1991). Unter gemischten Randbedingungen (fest vorgegebene Lufttemperatur und
Frischwasserfliisse) erscheint der heutige Zustand mit seiner ausgeprigten Atlantischen thermohali-
nen Zirkulation sehr sensitiv gegen relativ kleine Stérungen im Salzgehalt oder im Frischwasserfluss
an der Oberfliche (Bryan, 1986). Gemischte Randbedingungen, obwohl physikalisch besser mo-
tiviert als die sonst {ibliche Dampfung an klimatologische Oberflichenverteilungen, reprisentieren
die Wechselwirkung mit einer héchst artifiziellen Atmosphire. Durch die Vernachlissigung
wichtiger Riickkopplungsmechanismen, mit Ausnahme des positiven Salztransportfeedbacks, wird
die Sensitivitit des System extrem gesteigert. Neuere Arbeiten haben gezeigt, dafl die Sensi-
tivitat der thermohalinen Zirkulation und damit die zu erwartende Variabilitdt sehr stark von den
Warmetransporten in der Atmosphire (Rahmstorf und Willebrand, 1994) abhingen. Auch die
Annahme konstanter Frischwasserfliisse an der Ozeanoberfliche, die bei gemischten Randbedin-
gungen gemacht wird, ist bei massiven Anderungen der thermohalinen Zirkulation nicht gerecht-
fertigt. Die atmosphérischen Feuchtetransporte kénnen einen starken destabilisierenden Einfluss
auf die thermohaline Zirkulation haben (Lohmann et al., 1996, Nakamura et al. 1994). Der Effekt
variabler Meereisbedeckung und -transporte ist bisher nicht systematisch untersucht worden.

1.3 Numerische Aspekte

Es liegen nur wenige verschiedene Codes vor, die fiir globale Ozeanmodelle nutzbar sind. In
Deutschland werden aufler dem klassischen Modell (MOM) von Bryan (1969) und Cox (1984) in
verschiedenen Weiterentwicklungsstufen (MOM, MOM?2, FSCC) die neueren Entwicklungen (LSG,
HOPE, OPYC) aus dem MPI verwendet. Ein kurze Charakterisierung der Numerik von MOM?2
und HOPE f{olgt.

¢ MOM

Das MOM-Modell basiert auf den primitiven Gleichungen, d.h. dem vollstindigen Satz
der physikalischen Erhaltungsgleichungen fiir Masse, Impuls, Wirme und Salz sowie eine
diagnostische Zustandsgleichung, die die lokale Dichte in Abhingigkeit von Druck, Tem-
peratur und Salzgehalt beschreibt. Die in den MOM-Versionen durchgefiihrte rigid-lid-
Approximation fiihrt auf eine elliptische Gleichung fiir die Stromfunktion des Massentrans-
portes, welche die numerische Komplexitit des Modells stark dominiert. Zusétzlich sind je-
doch Gleichungen vom parabolisch-hyperbolischen Typ fiir das interne Geschwindigkeitsfeld,
die Temperatur und den Salzgehalt zu behandeln. Zeitschritte sind durch relativ schnelle
interne Wellen diktiert, was auch zu einem erheblichen Aufwand fiihrt.

¢ HOPE

Das HOPE-Modell basiert wie das MOM- Modell auf den kompletten primitiven Gleichun-
gen. Es besitzt eine freie Oberfliche. Um aber dennoch einen akzeptablen Zeitschritt zu



ermdglichen, ist der barotrope Teil implizit formuliert. Dadurch werden die schnellen ex-
ternen Schwerewellenmoden stark gedimpft, dieses Verfahren ist allerdings gegeniiber den
langsamen planetaren Wellen neutral. Der barokline Anteil ist hingegen semi-implizit for-
muliert. Die Advektion basiert auf zentralen Differenzen, wodurch die numerische Diffusion
verglichen mit dem LSG Modell, das ein upstream- Verfahren verwendet, deutlich reduziert
werden konnte.

Die Giite der Simulation eines stationfiren Zustands sagt nicht notwendigerweise etwas iiber
die Fahigkeit eines Modells aus, zeitlich verdnderliche Vorginge darzustellen. Numerische Tech-
niken wie die Beschleunigung der langsam verdnderlichen Modellgréfien in MOM (Bryan 1984)
oder implizite Algorithmen in HOPE beeinflussen das zeitliche Antwortverhalten. Dies ist von
besonderer Relevanz, da Ozeanmodelle unter Umstinden mehrere stabile Gleichgewichtszustinde
haben und der schliefilich erreichte Zustand nicht nur von den Anfangsbedingungen, sondern auch
von der Integrationstechnik abhéngen kann.

Fiir das Erreichen des stationiren Zustands sind in den einzelnen Modellen sehr lange Integra-
tionszeiten notwendig. Um die Liufe in angemessener Zeit durchfithren zu kénnen, miissen daher
leistungsstarke Parallelrechner eingesetzt werden. Der Ubergang auf Parallelrechner ist aber ver-
bunden mit einer Umstrukturierung der vorhandenen Programme, die fast immer fiir Vektorrech-
ner optimiert worden sind. Fiir MOM2 wurde im Rahmen des vorangegangenen BMBF-Projekts
(Forderkennzeichen 07VKV01/1-39) zuniichst fiir eine spezielle Optionskonfiguration eine paral-
lelisierte Arbeitsversion erstellt. Diese soll nun verallgemeinert und in die Module des Programm-
pakets eingearbeitet werden. Dazu muss noch das Problem der effizienten Datenein- und -ausgabe
geldst werden. Weiterhin sind noch Untersuchungen zur physikalischen Validierung der parallelen
Programmversion notwendig.

1.4 Zusammenfassung der Ergebnisse

OMIP ist ein internationales Unterfangen, verschiedene Modelle der grofirdumigen ozeanischen
Zirkulation zu vergleichen und zu verbessern. Das vorliegende Projekt trigt dazu mit einem
Vergleich zweier globaler Modelle bei — dem MOM2 aus der GFDL Modellfamilie und dem HOPE
Modell des MPI Hamburg. Wir beschrinken uns in dieser Arbeit auf den Vergleich des mittleren
saisonalen Zyklus beider Modelle, der in beiden Modellen in gleicher Weise durch atmosphérische
Antriebe erzeugt wurde, die aus der Reanalyse ERA des EZMWF gewonnen wurden. Dies, wie
auch der Einbau eines Meereismoduls und die Parallelisierung eines der Ozean-Meereis Modelle,
ist Bestandteil des Projektes. Der Report stellt die Ergebnisse folgender Arbeitspunkte vor:

o die Erstellung der atmosphirischen Antriebsfunktionen,

o die technischen Errungenschaften der Parallelisierung vom MOM2, einschliellich eines
Meereismoduls,

e einige Kontrollexperimente mit MOM2 zur Advektion/Diffusion von Tracern,

¢ den mittleren Jahresgang beider Modelle.

Die Ergebnisse sind im Einzelnen in den Kapiteln 6.1 und 7.10 interpretiert und in Kapitel 7
in Vergleichsbildern dokumentiert. Eine kurze Zusammenfassung folgt:

e Technische Errungenschaften:

Die Parallelisierung und Skalierbarkeit des MOM2 Ozeanmodells mit angekoppeltem
Meereismodell wurde im Rahmen des Modellvergleichs wesentlich verbessert. Dies ist
wichtig, da der im OMIP Projekt gewahlte Parallelisierungsansatz einer zweidimension-
alen Gebietsaufteilung in der zukiinftig vom GFDL erscheinenden MOM3 Version nicht
beriicksichtigt wurde, sondern nach wie vor eine eindimensionale Gebietszerlegung enthil.
Ein weiterer Vorteil des gewihlten Parallelisierungsansatzes im OMIP Projekt besteht darin,



daB das grundlegende Konzept des Speicherfensters in MOM auch in der parallelen Variante
erhalten bleibt. Dieses erlaubt dem MOM Nutzer die Parallelisierung im Kontext des Spe-
icherfensters, was Moglichkeiten zur Berechnung von Modellen mit héherer Gitterpunktan-
zahl ertflnet und eine generelle Reduktion der Speicheranforderungen des Gesamtmodells
zur Folge hat. Hierbei kommen auch die guten Skalierbarkeitseigenschaften des in OMIP
parallelisierten MOM2/Meereismodells zum Tragen. Weiter wurden erste Untersuchungen
angestellt, wie das parallele Modell mit einer atmosphérischen Komponente unter Einsatz
externer FluBkoppler anzubinden wire.

¢ Antriebe aus der ERA Analyse:

Wir haben aus der 15-jihrigen Reanalyse ERA des ECMWF einen mittleren Jahres-
gang von atmosphérischen Antrieben erzeugt, der typische tégliche Fluktuationen enthilt.
Siiwassereintrige liber den Kontinenten wurden in einfacher Weise iiber ein Abfluimodell
in Quellen entlang den Kiisten transformiert. Warme- und SiiBwasserbudgets sind tiber den
Jahresgang geschlossen und die Antriebe sind unabhingig von Ozeanmodellen erstellt.

¢ Ergebnisse der Sensitivititsexperimente aus Kapitel 6.1:

— Die grofirdumige Verteilung der Wassermassen wird von beiden Modelle befriedigend
wiedergegeben. Die 2° Auflésung reicht offensichtlich aus, um die Advektion von Wasser-
masseneigenschaften korrekt zu reprisentieren. Eine Ausnahme sind die hohen Breiten.

— Verschiedene Méngel und Modellunterschiede sind in den Tropen und auch an den
Ostlichen Rinder der Ozeane zu finden. Wir fiihren sie auf die unterschiedliche Darstel-
lung der Rossbywellenausbreitung mit den unterschiedlichen Advektion-Diffusions-
Schemata der Modelle zurlick.

— Austauschvorginge mit den Randmeeren sind nach wie vor ein Problem der Ozeanmo-
dellierung. Es manifestiert sich auch in unseren Modellen durch eine zu starke Ver-
mischung des iiberstromenden Wassers. Bodengrenzschichtmodelle miissen préaziser
parametrisiert und eingesetzt werden.

— Das GM Schema fiihrt zu einer Verbesserung der Wassermassenverteilung im Modell,
die Dicke der Thermokline und auch die Ventilationsraten einiger Wassermassen wird
realistischer. Dies betrifft im wesentlichen das NADW.

— Die verfligbare potentielle Energie (APE) wird allerdings zu gering und ein zu schwacher
ACC stellt sich ein. Ekman-Pumpen und die mittlere Advektion ist zu schwach, um
geniigend APE zu erzeugen. Eine Feinabstimmung der Parametrisierungen erscheint
unabdingbar.

— Die Aufnahme von Spurenstoffen (in unserem Modell MOM?2 teils durch kiinstliche
Tracer reprisentiert) hingt stark vom Advektions-Diffusion-Schema ab, allerdings auch
von den Anfangsbedingungen (d.h. von dem Zustand, der bei Beginn des Experiments
vorlag). Der Siidliche Ozean spielt eine herausragende Rolle in der Aufnahmefunktion,
die Deaconzelle bestimmt in einem grofien Mafl den Gesamtinhalt und die rdumliche
Verteilung der Tracer.

e Vergleich der Zirkulation in den beiden Modellen MOM2 und HOPE:

— Die Modelle ergeben eine sehr hnliche Zirkulation und wir kénnen nicht generell fest-
stellen, daB eins ’besser’ als das andere ist. Die Ergebnisse liegen im Groflen und
Ganzen nahe an der beobachteten Klimatologie, zum Teil sicherlich wegen der kurzen
Integrationszeit.

— Die Wirme- und S{iBwasserklimatologien sind nicht geeignet, die Modelle zu verifizieren
(oder falsifizieren), da die Ungenauigkeiten zu grof} sind.
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— Unterschiede in der thermohalinen Zirkulation des globalen Ozeans hingen stark von
Unterschieden im Siidlichen Ozean ab. Die Wassermassen nahe der Antarktis sind
in beiden Modellen schlecht wierdergegeben. Zu geringe meridionale Dichtegradienten
filhren zu einem zu schwachen ACC. Probleme sind auch bei der Formation von Wasser-
massen auf den Schelfgebieten zu sehen. In den Antarktischen Randmeeren (Weddell-
und Rossmeer) zeigen beide Modelle tiefreichende Konvektion, wihrend die Schichtung
eigentlich stabil sein sollte.

— Einige Wassermasseneigenschaften sind in MOM2 besser dargestellt, dies ist
wahrscheinlich auf das verwendete FCT-Schema und die GM-Parametrisierung
zurlickzufiihren. In friitheren Experimenten mit HOPE wurde gefunden, dafi GM in
diesem Modell kaum zu Verbesserungen der Wassermassenstruktur fiihrte.

— In der Arktis erscheinen groflen Defizite in den Modellen. Der Export von Meereis
durch die Framstrafe ist zu gering und die Halokline im Arktischen Ozean ist zu dick.

Wir empfehlen eine lingere Integrationszeit, um feinere physikalische Eigenschaften und
Modellunterschiede sichtbar zu machen. Dabei sollte auf die Filterung in MOM2 verzichtet
werden, da sie zu einer Verschiebung von Zirkulationmerkmalen in weiter siidlich liegenden
Bereichen fiihrt (z.B. im Ostgronlandstrom).



Chapter 2

The German OMIP project

The main objective of the present project is an intercomparison of current state-of-the-art ocean
models with respect to the simulation of the mean state of the oceanic circulation and long-
term variations of it, with emphasis on the global (and thus coarse resolution) models used in the
German climate research community. The present contract concerned two general ocean circulation
models but the original plan was to compare four models: the ’classical’ GFDL model originated
by Bryan (1969) and Cox (1975) and further developed as MOM, MOM2 and FSCC, and the
newer models LSG, HOPE and OPYC (Maier-Reimer and Mikolajewicz 1992, Maier-Reimer et
al. 1993, Wolff et al. 1997, Oberhuber 1993 a,b,c). For various reasons (mainly personnel problems
and leaving of one model originator from the research community) we had to abandon the models
LSG and OPYC. We also had to cancel the plans to incorporate studies of decadal variability with
these models. In this report we describe the work with global versions of HOPE and MOM2 with
respect to simulating the oceanic climatology, i.e. the mean annual cycle of the ocean circulation.
The study is part of the international project OMIP (Ocean Model Intercomparison Project).
Other studies in this framework include various sensitivity investigations with particular mod-
els, as e.g. by Gerdes et al. (1991), and intercomparison between level and isopycnal models, as
e.g. Chassignet et al. (1996), Roberts et al. (1996) and Marsh et al. (1996), and the DYNAMO
Project (Dynamo Group 1997, Willebrand et al. 2000) which compared the performance of three
high-resolution models of the North Atlantic. MOM was part in all these studies as well.

2.1 Aims of the project
The specific scientific and technical aspects of the present study are:

e to generate a parallel version of the MOM2 code which includes a sea ice module.

¢ to establish and use unified atmospheric forcing conditions for different ocean model config-
urations.

e to generate a set of atmospheric forcing fields which represents a typical annual period, from
the ECMWF Reanalysis (ERA). This includes an improved handling of continental run-off
and tuning of bulk formulae.

e to perform a detailed comparison of hydrographic conditions and circulation properties of
the resulting ocean circulation in the models.

¢ to establish recommendations for global ocean modeling on the basis of our experiments.

The work was carried out at the MPI in Hamburg and the AWI in Bremerhaven, the computing
was performed at the DKRZ and the computing center of AWL

11
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2.2 Achievements and problems in ocean modeling

It is generally accepted that the oceanic circulation has a profound influence on the mean state
of the earth’s climate and on climate changes on decadal and longer time scales. Large-scale
transports of heat and fresh water by ocean currents are key climate parameters. The stratification
and circulation in the upper ocean is crucial for the penetration and timing of the expected warming
signal into the ocean. Vertical motions and water mass formation processes in high latitudes are
an important controlling factor for the oceanic uptake of carbon dioxide through the sea surface
and thus directly influence the radiative forcing in the atmosphere.

For quantitative predictions of climate change, three-dimensional ocean circulation models are
a necessary which are able to simulate the present circulation and water mass distribution, includ-
ing their seasonal variability, with sufficient accuracy. The main problems in ocean circulation
modeling arise from uncertainties in the parameterization of unresolved motions, from insufficient
spatial resolution, and from poor estimates of air-sea fluxes. Despite a long history of intensive
oceanographic research ocean modeling is much less advanced than atmospheric modeling though
oceanic physics are generally less complex than atmospheric physics. However, many important
processes in the ocean are not directly observable and thus less understood.

Most large-scale models are based on the Primitive Equations (PE), following the work by
Bryan (1969). A number of models have been based on the code developed at GFDL Princeton by
M. Cox and further expanded by a large community, and some new developments (LSG, HOPE and
OPYC) have been achieved by the model builders at the MPI in Hamburg. For the performance
of these models on decadal and longer time scales, an accurate parameterization of subgrid-scale
mixing of heat and salt is extremely important. New schemes have recently been proposed and
tested in the models. The mixing rate controls the amount of vertical overturning and water
mass formation in high latitudes. The main contribution to poleward heat transport arises from
vertical overturning, whereas the contribution associated with the horizontal gyre-scale circulation
is somewhat smaller.

The underestimation of the heat transport by most models can be related to the resolution.
Models with finer resolution have an enhanced heat transport than those with coarser resolution.
In coarse models not only the strength of the western boundary currents is less than observed but
also the observed separation of the Gulf stream is not at the right place. The thermocline in these
models is generally warmer and more diffusive than observed.

The observed hydrographical parameters temperature, salinity and other water mass properties
are the primary information for the validation of ocean models. Analysed data sets (e.g. Levitus,
1982, Levitus and Boyer, 1994, Levitus et al. 1994) have been very practical. The poleward
transport of heat in the ocean is itself not a well-observed variable, and estimates from zonal
hydrographic sections continue to have the highest reliability. Direct observations of the fluxes
of heat and fresh water at the sea surface are not very accurate. Satellite altimeter observations
have improved their accuracy and become an important tool to monitor the circulation on longer
time scales.

Many specific recent developments in sub-grid scale parameterizations and in numerical tech-
niques have been implemented in the models used in this intercomparison. They are described in
the next section. Advances in establishing improved model forcing are discussed in section 5.

2.3 Summary of results

OMIP is an international effort to compare and improve Ocean General Circulation Models
(OGCM). The present project contributes with an intercomparison of two global OGCMs (with
sea ice), the MOM2 of the GFDL family of models and the HOPE model of the MPI Hamburg,.
The intercomparison is restricted to the mean annual cycle in these models, obtained with the
same forcing functions in form of parameters of a mean seasonal cycle with typical daily fluc-
tuations superimposed, derived in this project from the ECMWF Reanalysis ERA. The report
presents a description of the models, the obtained forcing functions, some technical achievements
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for the parallelization of MOM2 with a sea ice module, some preparatory control experiments and
the resulting ocean circulation in the intercomparison experiments.

The results of the project are briefly summarized in the following. Extended interpretations of
results can be found in the sections 6.1 and 7.10.

¢ TECHNICAL ACHIEVEMENTS

The parallelization and scalability of the MOM2 Model with the coupled sea ice model has
been greatly enhanced within the scope of the OMIP project. This is of some importance,
as the regular domain decompositioning approach adopted here, where subdomains can be
defined in longitudinal as well as latitudinal direction for optimal load balance, has not been
aimed for in the parallelization of the forthcoming GFDL MOMS3 model release, which still
will be restricted to only a one dimensional domain decompositioning approach.

Another advantage of this parallelization approach is, that the basic concept of the memory
window is still used in the parallel code, which gives the MOM user the possibility for
parallelizing over the memory window. This gives a high memory saving possibility and
allows the user to calculate model configurations with much more grid points. The good
scalability which has been demonstrated in the OMIP parallel MOM2/sea ice version further
supports such an undertaking. Furthermore some preliminary work was also done for the
investigation of coupling strategies with an atmospheric model. Here special attention was
given to study the future use of external flux couplers (e.g. NCAR flux coupler) and the
feasability of flexible coupling strategies in the parallelized version of the MOM2/seaice
model.

¢ FORCING FUNCTIONS

The forcing data have been derived from the data produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF) in the re-analysis project ERA. A mean annual
cycle from the 15 years of ERA with daily fluctuations superimposed has been produced.
Fresh water fluxes over the continents have been transformed into runoff by using a simple
scheme based on catchment areas and main drainage basins. The heat and fresh water
budgets of the forcing data have been closed independently of the ocean models.

e SENSITIVITY EXPERIMENTS WITH MOM2 IN SECTION 6.1

— Advective signals associated with major water masses can be well represented at
2°horizontal resolution. The large scale water mass structures are generally well re-
produced.

— Different deficiencies exist in the tropics and eastern parts of the mid-latitudes; these
problems are possibly associated with Rossby wave dynamics with different advection-
diffusion schemes

— Exchanges with adjacent seas represent a still unsolved problem (under extreme con-
ditions) that is aggravated by the excessive mixing of overflow waters with ambient
waters. Bottom boundary layer parameterizations could ameliorate this problem.

— The Gent-McWilliams (GM) scheme provides a better representation of water masses
by reducing thermocline thickening and additional ventilation (through eddy induced
transports) of certain water masses. This includes the NADW. Ekman pumping and
mean circulation are not sufficient to re-supply the APE that was removed by the GM
scheme. One consequence is a weak ACC. Diapycnal mixing can enhance the APE sup-
ply, however, water masses like the AAIW are negatively affected. Together, this defines
a need for a deeper understanding of the interaction of different parameterizations that
could result in a finer tuning of the available schemes.

— Tracer uptake of the ocean depends on the advection-diffusion scheme used. The South-
ern Ocean plays the most important role in the tracer uptake function of the ocean.
The Deacon cell determines inventory and spatial distribution of tracers.
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— Water mass formation processes in high latitude Southern Ocean seas are deficient in
all model versions.

e MAJOR DIFFERENCES IN THE CIRCULATION IN THE INTERCOMPARISON EXPERIMENTS OF
MOM2 anp HOPE

— The model results are very similar, most of the time we cannot decide which result is
better based on the available data sets. The model results are close to climatological
fields in many cases.

— The heat flux climatologies are not suited to verify models (perhaps the other way
round) because the uncertainties are too large. The same holds even more so for the
climatologies of the fresh water fluxes.

— The Southern Ocean is of great importance for the differences between the models, e.g.
the upwelling branch of the THC. Water mass properties near Antarctica are flawed
in the models. The low meridional density difference leads to weak ACC transports.
Problems exist with water mass formation and transport off the shelves. Deep convec-
tion occurs in the interior of the Weddell and Ross seas where the stratification should
be stable.

— The Gent-McWilliams parameterization has mixed effects on the model results.

— Longer integration times are necessary to assess the more subtle differences in model
physics. Filtering should be avoided because it contaminates downstream (lower lati-
tude) results (e.g. East Greenland Current in MOM2).

— Some water mass properties and distributions are superior in MOM, probably a conse-
quence of both, the FCT advection scheme and the GM parameterization.

— Pronounced model - data discrepancies exist in the Arctic. Exchanges between the
Arctic and neighboring oceans must be improved. The sea ice export is far too low.
This is one reason for the thick halocline that will result in reduced sensitivity to climate
forcing.
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Chapter 3

The numerical models MOM and
HOPE

Both models of this study follow the traditional route of ocean modeling. They use the Primitive
Equations (PE) to represent the dynamics and thermodynamics of large-scale ocean circulation,
focussing on the simulation of water mass formation and transport as reaction to forcing by winds
and exchange of heat and freshwater with the atmosphere. In addition, the numerical realization
of the model equations is standard as well, the model codes are formulated in level (geopotential)
coordinates on a sphere and allow for a realistic geometry of the oceanic basins and bathymetry.
Advection terms are formulated in central differences. A major difference between HOPE and
MOM2 is the handling of the ocean surface which is treated the traditional rigid-lid approximation
MOM2 while HOPE has a free surface with an implicit code for computing the barotropic part
of the dynamics. The model configurations used here have coarse resolution, thus not permitting
any meso-scale eddy activity to mix and transport oceanic properties. Subgrid-scale processes are
parameterized by current-state-of the-art algorithms. Whereas MOM2 exists in a parallel version
— and is used here in this form, the parallelization of the sea ice module is part of the present
project — the HOPE is not parallelized.

Both models, in particularly MOM2, have a long list of applications in oceanic and coupled
modeling and have proved to yield realistic mean circulations. Nevertheless, there are many
problems, as described the previous section. Some previous and additional studies are discussed
in section 6 below. This section describes the physics and numerics of the models.

3.1 The Modular Ocean Model MOM

MOM continues a long tradition of three-dimensional ocean models developed at the Geophysical
Fluid Dynamics Laboratory (GFDL) at Princeton (Bryan, 1969, Cox, 1984, Pacanowski et al. 1991,
Pacanowski, 1996, Pacanowski and Griffies, 1999). MOM and its predecessors are widely used by
many groups and for different purposes ranging from regional modeling (e.g. Beckmann et al.,
1994) to global modeling (e.g. Danabasoglu and McWilliams, 1995, England, 1993). It has been
used as the oceanic component for coupled climate models (e.g. Manabe and Stouffer, 1994;
Philander et al., 1992) and several ocean GCMs derive from the basic GFDL design (e.g. Semtner
and Chervin, 1988). Like HOPE, MOM is a finite difference version of the primitive equations.
As described by Bryan (1969), the equations consist of the Navier-Stokes equations subject to the
Boussinesq, hydrostatic, rigid lid, and thin shell approximations along with a nonlinear equation
of state. The approximations involved in the primitive equations are discussed in detail by Miiller
and Willebrand (1985).

MOM contains a large number of numerical options, alternative parameterizations for subgrid-
scale processes, and diagnostic options. Criticism of earlier versions of the model (staircase to-
pography, high diffusivity) have been addressed in the current version by a partial bottom cell
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topography (Pacanowski and Gnanadesika, 1998), bottom boundary layer algorithms (Beckmann
and Déscher, 1997), and the implementation of alternative advection schemes (Gerdes et al., 1991,
Hecht et al., 1995). In this project, the model was coupled with a thermodynamic-dynamic sea
ice model with viscous-plastic rheology (Hibler, 1979). The sea ice model is similar to the sea ice
model used in HOPE (described below, see section 3.2). However, the coding and the treatment of
the momentum equation follow Kreyscher et al. (1997). The coupling procedure is that of Hibler
and Bryan (1987) and differs from that in HOPE. Here, the ocean model predicts the total mass
transport in the uppermost level, including the sea ice component. The forcing is due to the wind
stress and the internal stresses generated in the sea ice. We assume that the wind stresses over ice
and ocean are the same. This assumption, however, is not crucial and could be relaxed without
difficulty. An ocean-ice drag does not appear in the momentum equations for the ocean model
because the ocean-ice boundary is internal to the uppermost grid box of the ocean model. This
treatment ensures that the total Ekman transport is considered in the ocean model. The vertical
velocity at the bottom of the uppermost model level thus reflects the divergence of the total mass
transport, not only that of the oceanic component. The adaptation of MOM for massively parallel
computers (described in section 4) was the other major modification of MOM that was performed
in this project.

The version 2 of MOM, MOM2, that is used in the model intercomparison experiments is
described in the comprehensive documentation by Pacanowski (1996). We shall here restrict the
discussion to a description of the options utilized in the comparison experiments of section 7 and
especially those that lead to differences in the physical description of the system compared to
HOPE. Other options have been used for the sensitivity studies of section 6.1 and are described
there. Common aspects of HOPE and MOM, especially the specification of surface fluxes, are
given in section 5.

Time stepping in MOM is usually done with a time-centred Leapfrog scheme. Time splitting
characteristics are suppressed by occasionally applying a mixing scheme. For that purpose we use
an Euler backward scheme every 19 time steps. The time steps differ among prognostic variables;
the external (barotropic streamfunction) and internal modes are both stepped forward with 1200
sec. The tracer equations, on the other hand, use a time step of 6 hours. This technique, called
"distorted physics’ by Bryan (1984), effectively slows down barotropic and internal gravity waves.
It also affects the baroclinic instability in the model. However, advection and baroclinic Rossby
waves, the most important processes of signal spreading in coarse resolution models, are virtually
unaffected (Bryan, 1984). The ice model uses the tracer time step of the ocean model.

The model spans the global ocean including major marginal seas like the European Mediter-
ranean, the Arctic Ocean, and Hudson Bay. The horizontal resolution is T'63 (slightly better than
2°) and thus corresponds to the horizontal resolution in HOPE. In the vertical, the model contains
29 levels of unequal spacing (see Table 7.1). The vertical resolution is somewhat higher than for
HOPE to compensate for the better representation of topography due to the partial cells available
in HOPE. The newly available option of partial cells in MOM was not utilized here because most
climate models are run with the full cells of previous versions of MOM. The discretization with
full cells in the vertical is one of the characteristics of the model and has been widely criticized
recently.

The bottom topography was derived from the ETOPOS5 data set by averaging the depths from
the 5” squares of the data set that fall into one model grid box. No further adjustments were applied
with the exception of the Straits of Gibraltar and some modification of the Greenland-Scotland
Ridge. The Straits of Gibraltar were opened to contain at least two active tracer grid boxes so
that an advective exchange between the Atlantic and Mediterranean is possible. The amount of
Mediterranean water that enters the Atlantic can not be determined a priori from the chosen
width and depth of the passage. In our case, we obtained a too large outflow of saline water into
the Atlantic in the final comparison experiment (see section 7). However, we decided to keep the
topography of the initial experiments (section 6.1) to allow direct comparisons. The Greenland-
Scotland Ridge was made deeper at the Denmark Strait and at the Faeroe Bank Channel where
the averaging from the ETOPOS5 data set yielded too shallow passages connecting the Nordic Seas
with the Atlantic proper.
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The spherical coordinates of the model grid lead to very small zonal grid distances near the
poles. This is especially critical in the Arctic. Here we filter the prognostic variables of the ocean
model such that effectively only length scales of larger than two zonal grid distances at 78°N are
retained.

Friction is implemented as a simple Laplacian mixing term (the second r.h.s. term in equation
(3.2) below) with a constant horizontal mixing coefficient of Ay = 105m?s~! and Ay = 1073m?s~!
for vertical mixing of horizontal momentum. The side walls are no-slip boundaries while the bottom
is a free-slip surface (no bottom friction).

The tracer equations are implemented with the FCT advection scheme (Zalesak, 1978, Gerdes
et al., 1991) that includes (small) implicit diffusion. By construction, this implicit diffusion is
sufficient to avoid false extrema in the advected quantities. Additional mixing for numerical
purposes is not necessary (a fact exploited in the V1.2 experiment of section 6.1). Explicit diffusion
of tracers is provided by mixing in locally defined neutral directions. A small angle approximation
is used to suppress small off-diagonal elements in the tensor that defines the rotation of the
diffusive fluxes from the coordinate directions. No background diffusion in coordinate directions
is used. The isoneutral diffusion coefficient is A7 = 5 x 10°m?2s~!. Diffusion in neutral directions
is reduced should the slope of these directions becomes too large to be numerically stable at the
chosen time step. The re-scaling of Gerdes et al. (1991) is used with a critical slope above which the
limitation sets in of sl,.; = 0.01. We employ the Gent and McWilliams (1990) parameterization
for eddy induced transport velocities to include the effect of mesoscale eddy generation on the
tracer distributions. Here we use the same (thickness diffusion) coefficient A; as for isoneutral
diffusion.

Diapycnal mixing is here restricted to Laplacian mixing with a prescribed diffusion coefficients
that increase from 0.3 x 10~*m?s~! at the surface to 1.3 x 10~ *m?s~! at the lowest level according
to an arctan profile (Bryan and Lewis, 1979). There is no explicit mixed layer scheme used in our
experiments. Deep winter mixed layers due to statically unstable stratification are generated by a
convection scheme. Here, we use Rahmstorf’s algorithm that completely removes static instability
from the water column in one pass. Unstably stratified boxes are mixed during this procedure.

3.2 The Hamburg Ocean Primitive Equation model HOPE

Compared to the GFDL-MOM family of models the Hamburg Ocean Primitive Equation general
circulation model HOPE is a quite young development. We use a global version which is the
oceanic component in a coupled general circulation model (CGCM) (Frey et al. 1997, Venzke et
al. 2000) with the same horizontal resolution as the model described here. The version used in
this project has as addition the sea ice component. In a coarser global version, it was used in
studies of the impact of sea ice on deep ocean water-mass characteristics (Stossel et al. 1998, Kim
and Stossel 1998), and long-term simulations of natural variability (Kim et al. 1998, Stéssel and
Kim 1998, Drijthout et al. 1996). Regional studies with higher resolution have been conducted by
Marsland and Wolff (2000).

The model is described in detail in Wolff et al. (1997). It is formulated on horizontal (z-)
surfaces. The prognostic variables are horizontal velocities v, potential temperature # and salinity
S, and sea-surface elevation (. These variables are calculated from the non-linear horizontal
momentum equations, conservation equations for heat and salt, and the continuity equation for
an incompressible fluid. The baroclinic pressure p is calculated from the hydrostatic equation
using a nonlinear equation of state (UNESCO 1983), and the Boussinesq approximation.

The momentum equations

d 1
E'U-i—fk:XU:—p—V(p+p0gC)+FH+Fv. (3.1)
0
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include parameterizations for horizontal and vertical turbulent viscous momentum dissipation F g
and F'y. The horizontal viscous dissipation F'g is composed of a term depending on the local
rate of strain and of harmonic and biharmonic background terms,

Fpy =V - (waT?Vv) + AgViv — BV, (3.2)

with constant coefficients Ay = 150m2s™! and By - At/(Az)* = 1073. The coefficient T? at
time step n is composed of the squared strain rate at time step n and of T2 at the previous
time step: (T%)" = Ar1 (v +up)® + Aro(T?)"'. With the model time step At = 2h and with
Arg = 0.9, this defines a viscous memory time scale of 20 h. The other two coefficients are
Ar1 = 0.1 and v4 = 4.5 - 10'% cos ¢ m?2s, where ¢ denotes the latitude. At lateral walls and at the
bottom, Newtonian friction is applied in addition to no-slip conditions. At lateral boundaries the
Newtonian-friction coefficient is of the size of the Coriolis parameter, whereas at the bottom, the
coefficient is constant (= 10~ 7s™1).

The vertical eddy viscosity term

0 ov
Fy=—|Ay— .
V™ b2 ( Vaz) (3.3)

also depends on the ocean state at the previous time step as well as on the actual state of the
ocean. The eddy coefficient Ay includes a term accounting for shear instability with a dependence
on the local Richardson number Ri = —gpo=8p/8z - [(Ou/82) + (6v/8z)%] " in a way similar to
that proposed by Pacanowski and Philander (1981), a simple mixed-layer parameterization, and
a background term representing mixing by internal wave breaking:

AT = (1= A)AT " + Ay [Avo(l + CraRi) ™2 + 6a,W, + A,,] . (3.4)

Av is set to 0.4, corresponding to a decay time of 4 hours. Crg4 is set to 5-1/4 , where 1 is the
number of neighboring wet grid cells. The vertical eddy viscosity is thereby increased near lateral
boundaries. In addition, 1073m?s~! is added to the final value of Ay at the lower boundary of
each water column. Both formulations serve to simulate stirring by topographic features. The
value for small Richardson numbers is Ay = 2.5 - 10~3m?s~ L.

The term Ja,W, symbolizes the mixed-layer parameterization. In cases of weak surface strat-
ification, i.e. when the density difference Ap between the surface layer and an underlying layer is
smaller than a critical value ( Ap < 7.7-1076pyAz;m~1), the vertical eddy viscosity coefficient is
increased by 4 - 10~3m?s~! multiplied by a vertical decay coefficient of 0.4%, where k is the level
index. The critical value is set according to Latif et al. (1994) who tuned it to give the best results
in the tropical Pacific. However, we use density instead of temperature differences for the mixing
criterion, so that the formulation can be applied also at high latitudes. The background viscous
coefficient Ay is set to 5.0 - 107>m2s~!. High values of the total vertical eddy viscosity coefficient
can diffusively propagate into the interior.

The momentum flux through the sea surface is composed of the interfacial air/water and sea
ice/water stresses, applied to the ice-free and ice-covered part of each grid cell, respectively. The
air /water stress T, has been taken from the ECHAM4 atmospheric general circulation model for
the developing phase of the model (see section 6.2), while the ice/water stress 7, is calculated with
a quadratic drag law: T, = —pocy|v1 — vr|(vr — v1) with drag coefficient ¢, = 5.5 - 1073, Here,
v1 is the velocity in the uppermost ocean layer. The two-dimensional ice velocity vy is calculated
from a momentum balance equation, in which the advection terms are neglected:
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T T F
al + 0, + I,
prhy — prhy — prhy

g'u;z—kam+

5 —gV¢. (3.5)

where F'y is the force due to the internal ice resistance. It is formulated as in Hibler (1979), i.e. it
has a viscous-plastic constitutive law with an elliptical yield curve. The terms p; and h} are the
density of the sea ice and the ice thickness, respectively.

Salinity and potential temperature are determined from conservation equations including ver-
tical and horizontal eddy diffusivity parameterizations,

5 _ 9 (D 85) + DyVES + V - (upT?VS)

dat 0z \"Voz
(3.6)
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where vp = 5.5 -10"*m?s and Dy = 1.5-10%m?s~! are constant coefficients, and T2 is defined as
for the horizontal viscosity. All parameterizations of temperature and salinity diffusion conserve
heat and salt, respectively. The vertical eddy diffusivity Dy depends on the local Richardson
number in a similar way as the vertical eddy viscosity:

Dt = (1= Av)D} + Ay max[Dyo(1 + CrpRi)™® + 64,0.5W,, Dy). (3.7)

This formulation slightly deviates from that used by Latif et al. (1994). We kept their parame-
terization of the background diffusion with a constant coefficient Dy = 10~%m?s~! in the upper
ocean, but specified it to depend on depth below 500 m, using the profile of Bryan and Lewis
(1979). Dyg and Cgp are 2.5-103m?s~! and 5 - I/4 respectively, they thus have the same values
as in the vertical dissipation of momentum. At large depths, the net coefficients amount to the
background values.

At the lateral boundaries and at the sea floor, zero-flux conditions are used. Surface salinity
changes according to internal dynamics by advection and diffusion, and to dilution by freshwater
fluxes through the free surface. The latter includes precipitation, snow fall over open water, snow
melt, sea ice growth or melt, continental runoff, and evaporation. The sea-surface elevation ( is
a prognostic variable. It is calculated from the vertically integrated conservation of mass (volume
in the Boussinesq approximation)

0
ac/dt = -V - / vdz + Q (3.8)
—-H

where H is the water depth, and () the total net freshwater flux through the surface.

Heat fluxes are calculated separately over the ice-free and ice-covered part of each grid cell. The
surface heat-flux calculation over open water depends on whether the grid cell is located in an ice
region or not. The ice is considered to be a two-dimensional slab floating on the water. Continuity
equations are solved for the concentration Ay, the grid-cell-mean ice thickness hy = h7Ar , and
snow depth hg. Source terms for the mean ice thickness or ice volume are calculated according
to the net heat flux through the ice-free part of the grid cell, the conductive heat flux through
the snow/ice cover, and surface melt. Net upward heat flux through the ice-free part of the grid
cell is interpreted as new-ice growth when the upper ocean temperature is at freezing point. In



20

this case, the ice concentration is also changed assuming that new ice is formed with a thickness
of 50 cm. The conductive heat flux through the snow/ice cover is proportional to the inverse
effective ice thickness and the difference between the skin temperature and freezing point. The
skin temperature is calculated from a heat balance equation. The effective ice thickness includes
the snow depth and accounts for the different thermal insulation properties of snow and ice. Snow
accumulates on the sea ice when the net atmospheric freshwater flux is downward and the near-
surface air temperature is below freezing point. It melts when the calculated skin temperature is
above freezing point. When no more snow is present at melting conditions, surface melt of the sea
ice starts. For more details see the technical report of Wolff et al. (1997).

In cases of unstable stratification, convective adjustment is applied. Each pair of vertically
adjacent unstably stratified grid boxes is mixed, with heat and salt being conserved. Only one
swap is done at each time step. The freezing and melting of sea ice is associated with fluxes of salt
and water through the water /ice interface. The corresponding changes of sea surface salinity under
freezing conditions destabilize the upper water column and may initiate convective adjustment.
In the weakly stratified Southern Ocean, this process acts as an upward pump of heat and salt,
but it is confined in nature to the upper ocean in deep water (Martinson 1990). A salinification of
bottom water is supposed to occur only in shallow shelf areas. In large-scale OGCMs, convective
adjustment is often too strong in the Southern Ocean, and this destroys the weak stratification.
The adjustment is therefore switched on only if the density gradient —9p/0z, evaluated at the
interface between two layers, exceeds the critical value of 0.6 - pg - 107 '2m~—!. This is the largest
value that could be used without generating instabilities in the equatorial region.

It is still in debate whether the sinking of dense surface water after haline rejection during
the freezing of sea ice occurs in filaments without much dilution, or whether the entire surface
column beneath the ice is convectively stirred. In any case, neither a ’rain’ of brine-enriched
surface water nor local downslope motion of dense water is resolved in the present model. We
choose to distribute the salinity increase, associated with freezing of ice, to the upper two layers
of the ocean (70% is left in the surface layer). This partially decouples the surface layer from the
adjustment process and improves the deep and bottom water characteristics (Legutke et al. 1997).
A similar formulation has been used in Maier-Reimer et al. (1993).

Both the ocean and sea ice equations are discretized on an Arakawa-E type grid (Arakawa and
Lamb 1977). The model domain includes the Baltic and Mediterranean Seas, as well as the Hudson
and Baffin Bays. The Arctic Ocean is connected to the Pacific by the Bering Strait, and to the
Atlantic by the Denmark Strait and the Iceland- Scotland Passage. Besides the continental land
masses of America/Greenland, Africa/Eurasia/Indonesia, Australia/New Guinea, and Antarctica,
there are 5 additional islands. These are Svalbard, Iceland, New Zealand, the Philippines, and
Madagascar. The northernmost grid cell is treated as an island as well. At its lateral walls, a
no-slip condition is applied for the ice velocity. The zonal density gradients are set to zero near
the pole, and the baroclinic velocity is computed from geostrophy to avoid fast internal waves in
this region.

The vertical levels are concentrated in the upper ocean with 12 layers above 500 m. A good
resolution of the topography, however, is guaranteed since the model formulation allows for partial
grid cells at the bottom. The height of the lowermost grid box is specified such that the accumu-
lated height of all boxes at each grid point is equal to the local observed water depth. Thus, the
resolution of the bottom topography is limited by the horizontal resolution of the grid only, but
not by the number of computational levels. The baroclinic pressure is computed at a constant
depth for each layer, and thus does not induce spurious bottom-pressure terms. It has been shown
that this formulation gives a smoother flow field above topographic features (Adcroft et al. 1997).



Chapter 4

Parallelization and scalability of
the MOM2 model and technical
framework for the ocean/sea ice
coupling

To get reliable comparisons in the scope of OMIP, simulations with the models should run for
about 100 years or more. This implies the use of high end supercomputers. The parallelization
ofa model such as MOM2 — which was originally optimized for vector machines — requires to solve
the following problem. On the one hand, the performance of the programme should be as high
as possible. On the other hand, the modifications in the code have to be as small as possible to
ensure the acceptance of the parallel code by the user community.

MOM itself has a modular structure and allows the user to choose the physics to be imple-
mented in the simulation. At the beginning the model configuration must be defined. This includes
the grid and topography, initial and surface boundary conditions, the convection and subgrid-scale
mixing schemes. With the accordant options for the preprocessors the specific model code is ob-
tained. Typical length of such a model configuration, as in OMIP, is about 100.000 up to 150.000
lines of code.

The model is based on Reynolds-averaged Navier-Stokes-equations and the corresponding ther-
modynamical balances. The prognostic values (velocity, salinity, temperature) are treated in dif-
ferent parts of the programme. The velocities are splitted into the vertical averages and the
deviations. The calculations of the average - the barotropic part - can be formulated via an el-
liptic equation of Helmholtz-type for the 2D streamfunction. This is solved by a preconditioned
conjugate gradient method. For calculation of the baroclinic part of the velocities and the tracers
an explicit time stepping scheme is used. For each time some 2nd or 4th order nonlinear partial
differential equations are to be solved.

The flow chart for the original programme is given in Figure 4.1. It starts with an initialization
section and ends with some diagnostics and output. In between, the time integration is done in
the outer time stepping loop. This loop includes all parts of the programme where new prognostic
values are calculated. There is an extra loop over those sections where the 3D equations are solved,
the memory window loop. Most of the time is spent in this memory window loop. Only 5 to 10
% are used for solution of the barotropic equation.

The basic concept of the memory window is still used in the parallel code because of the fol-
lowing reasons: at first it provides the MOM user with the possibility for parallelizing over the
memory window by means of a simple 1D domain decomposition. At second, a lot of intermediate
values needed for calculation of the new time step are calculated in this memory window. There-
fore, these arrays have to be dimensioned only to the size of the memory window and not to the

21



22

Flowchart .
Time
Initialization
Read restart 1..2%
— e e
|LOADMW I

time memory TRACER
stepping window | | ciiniC 85...90 %
loop loop

TROPIC 5..10%

Diagnostics 2...5%

Write Restart

Figure 4.1: Flowchart and computing times for MOM2.

size of the whole computational area. This implies a high memory saving possibility and allows
to calculate model configurations with much more grid points.

Figure 4.2 shows the memory window technique for the simplest case, where the algorithm
needs only information from the first neighbor points. The first 3 rows must be loaded from disk
to memory. Then the calculation of the new values on row 2 starts (assume mixed boundary
conditions). The new state values are stored back on disk. Then the memory window is shifted
and the next row is loaded from disk. Now new state values on row 2 of the memory window are
calculated. The procedure is continued by storing the new values on disk, shifting the memory
window, loading new row from disk, and so on.

For parallelizing we use the domain decomposition technique. As mentioned above for the
baroclinic velocities and the tracers we have to solve 3D equations, for the barotropic part only a
2D equation. The numerics implemented into the model uses local operators in the z — y—plane.
This means that information is needed only about some neighbors of the actual grid point. For
2nd order algorithm it suffices to have information of the first nearest neighbors, for 4th order
algorithms one needs the second nearest neighbors, too. And a special case - the flux corrected
transport algorithm - needs even more neighbored grid points.

The physics in z direction is much more complicated. Convection can require to exchange
information inside the whole water column. Therefore we use a 2D domain decomposition in the
z — y-plane. The calculations are carried out over all grid points. Then they are multiplied with
a land sea mask to get the right values only on wet (water) grid points. Therefore, load balancing
problems are generally avoided which might come from the topography, and we can use an uniform
distribution of work on the processors. Since the most inner index for calculation the 3D arrays
in the memory window is in E-W-direction the number of processors in this direction should be
kept small to prevent too small inner loops.

The parallelized programme looks like shown in Figure 4.3. It begins with some global ini-
tializations. The first processor reads the restart file and broadcasts all information to the other
processors. Then all processors initialize some arrays in its subdomains and allocate the memory
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Figure 4.2: MOM2: memory window technique.

for the ramdisk. Each processor can now execute the memory window loop on its subdomain, inde-
pendent on the other processors. For testing purposes there is an option for solving the barotropic
equation in a sequential manner. For this case one has to exchange the results of TRACER
and CLINIC and then start to execute the sequential TROPIC. Otherwise no additional com-
munication is needed at this moment and the parallel TROPIC is called. Apart from TROPIC,
communication is needed only once per time step, where the values of the borders are exchanged
between neighboring processing elements (PE). This is illustrated schematically in Figure 4.4.
Each PE holds ramdisk values which includes the values on the grid points of its subdomain and -
depending on the order of the algorithm - some ghostpoints. These borders have to be exchanged
for each time step. The communication necessitates the fast CRAY Shmem-put/get routines. This
implies that the ramdisk has to be allocated via shpalloc.

Parallelization of the sea ice model is not so difficult, as the sea ice model is structured much
simpler than the ocean model. The flowchart of the sea ice model (Figure 4.5) shows that the
main time is spent in a routine DRIFT, where the momentum equation is solved. This is done
originally by a red-black-relaxation. The formulation of the model is 2-dimensional. So we can
use a 2-dimensional domain decomposition approach such as in MOM2.

But in general, sea ice covers only a part of the considered ocean region. Especially for the
global model configurations in OMIP this is the case. Therefore, a reasonable subdomain must be
defined as working region for the ice model. This implies either redistribution of data when going
from ice model to ocean and vice versa or load imbalance.

The coupling between ice and ocean is performed via surface boundary conditions. These are
some 2D arrays like the surface velocity of the ocean (which determine the drift forces of the ice)
or the atmospheric heat flux modified with the melt (which implies the surface temperature of the
ocean). The coupling interface is programmed up to now only via the first PE which gathers all
information in the actual submodel and scatters it in the other submodel.

Modifications in the code have to be done only on some locations. We have to include a
new subroutine, named here ’setup-parallel’, where all values are calculated which we need for
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Figure 4.3: MOM2: parallelisation and distribution of workload.

parallelization. Reading and writing restart files have to be modified. And for coupled models,
there is the interface between the submodels, as mentioned above.

Typical subroutines in the model consist of loops with local operations and thus these loops can
stay unmodified. But in the parallel version some of the values are not just local values and have
to be communicated. They were calculated in setup-parallel and handed over via an extra include
file. It includes all information about parallelization like the ID of the processor, the neighboring
processors and so on. The include-file, where the arrays are defined, has to be modified, too. The
arrays now are divided into global arrays dimensioned to the original size of the ice model and
local arrays, which can be dimensioned much smaller. At last, some communication routines have
to be called.

The benefit of the parallelization will be shown with two examples. Let us consider 2 model
configurations. First a high resolution Arctic model with a resolution of 1/4 degree. It includes
243 x 170 x 60 grid points. One additional tracer is introduced. For mixing, the simplest scheme
with constant coefficients is used. The time steps is 1 hour. To eliminate the singularity on the
north pole a rotated grid is used. In this model the ice covers nearly the whole ocean. Thus both
submodels uses the same domain decomposition.

The other case is a global model with much lower resolution of about 2 degrees. It consists of
194 x 92 x 29 grid points. Here 3 passive tracers are included. The advection scheme is the earlier
mentioned Flux corrected transport scheme and the time step is 6 hours. For global models the
poles can not be eliminated with a simple rotating of the grid which would displace the problem
only to another point of the model region. To remove the instabilities near the poles the highest
wave numbers can be filtered out of the solution. Unfortunately with respect to the parallelization
scheme, filtering is in general nonlocal — one needs information about the whole latitude.

At the Alfred Wegener Institute a Cray T3E-600 with 138 PEs was used for the calculations.
This is only a small machine with respect to the number of workgroups working on it. So we
are interested to improve efficiency also when using only a moderate number of processors for our
applications. The performance data for the 2 models are shown in Figure 4.6. 10 time steps are
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Figure 4.4: MOM2: exchange and boundary values.

calculated on 16 PEs. When we extrapolate the time for the first time steps to a long model run
- the Arctic model needs about 2000 hours CPU time for 100 years, the global model only about
200 hours. The main part of the work is done in subroutine TRACER, followed by the dominating
subroutine in the ice model DRIFT. The coupling needs only 1 % of the time. Therefore for 16
PEs the interface between the submodels can be performed via one PE. The performance per PE
for subroutines where the main calculation are done (TRACER, CLINIC, TROPIC, DRIFT) is
overall satisfactory.

For the global model the subroutine LOADMW which manages the memory window loading
and shifting becomes a problem. It uses 7% of the time but calculates only some intermediate
values. The solution is to open the memory window, so more rows can be calculated before one
has to shift the memory window again.

The speedup for the Arctic model is limited by the daily forcing - each day the model reads
new data from disk. The global model works with monthly means, thus less input is necessary.
Here the ice model limits the scalability, because the ice region is much smaller than the ocean
region. The global model needs 2 PEs at minimum, the Arctic model 6 PEs. Because of the higher
number of grid points the Arctic model scales better compared with the global model.

The global version was used for the different experiments in OMIP with the coupled ocean-sea
ice model. Furthermore, some preliminary work was also done for coupling with an atmospheric
model. This can be done in 2 different ways. For small configurations the atmosphere is coupled
internally, this means we have in one programme the calls of ocean, sea ice and atmosphere. But
the memory requirements limits the number of grid points which can be considered in such a
programme. Thus, a second way is to couple the programmes externally via flux couplers (e.g. the
NCAR flux coupler OASIS). Then each submodel can be calculated on different machines and
only the fluxes have to be exchanged between the models. This approach is fully suited for the
close interaction between ocean, sea ice and atmosphere. This work was continued in the DFN
Gigabit West Testbed project (Verteilte Berechnung von Klima- und Wettermodellen) and will be
published in the Berichte zur Polar- und Meeresforschung of AWI (Frickenhaus and Hiller, 2000).
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Chapter 5

The forcing

A climatological data set for forcing global ocean models has been established in this project. It
has been derived from the data of the re-analysis project of the European Centre for Medium-
Range Weather Forecasts (ECMWF). These data are called ECMWF ReAnalysis (ERA). A short
description of these data is given in section 5.1. The motivation to produce such a data set arose
from the international ocean model intercomparison project (OMIP). For this project a data set
was necessary which is global, which can provide a resolution in time considering also weather
time scales, and which has a resolution in space horizontally somewhat better than coarse ocean
models have. The ERA seemed to be best appropriate for this purpose.

In OMIP, the focus lay on an intercomparison of the mean global oceanic circulation. This
led to the consequence to produce a mean annual cycle from the 15 years of ERA with daily
fluctuations superimposed. The parameters used will be described in section 5.2 and the mean
annual cycle in section 5.3.

That the ocean models are global led to some more consequences. The precipitation and
evaporation over the continents had to be considered and transformed into runoff. But, because
the focus lay only on the mean circulation, a correct simulation of the annual cycle of the runoff
peaking sometime in spring or summer was not imperative. Therefore, the runoff scheme developed
for this purpose, is relatively simple. It can be and has been run independent of the ocean models
so that the resulting output is available. The runoff model will be described in section 5.4.

Global ocean models should include sea ice models, e.g. the model of Hibler (1979) with full
rheology. For such models the approach to relax ocean model temperatures to Levitus’ clima-
tology cannot be maintained. Therefore, an approach using the budget of heat flux is pursued,
which depends on the ice conditions in the model, in particular on the distribution of the ice
concentration.

Furthermore, for global ocean models whose mean circulation is compared, it is necessary that
the budgets of both the heat and of the fresh water fluxes have to be closed. In order not to
prefer one of the models the closure procedure has been independent of the model formulation.
The closure procedure will be described in section 5.5.

To get an impression of the quality of the OMIP-Forcing data set it will be compared with
other climatologies, which will be described in section 5.6. The preparation of an atlas of this new
climatology will be described in a separate publication.

5.1 Data source

The ERA Project has produced a validated 15 year set of assimilated data for the period 1979 to
1993. In many areas of the globe the density of available observations is far below that needed to
support the analysis with the required accuracy. In such areas a simple analysis would rely mainly
on satellite based observations: cloud cleared radiance data or retrieved temperature and humidity
data from the NOA A-Satellites, and cloud motion wind data from geostationary satellites.
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A data assimilation scheme attempts to make use of a numerical forecast model to propagate
information concerning the state of the global atmosphere from data rich areas to data sparse
areas. Output from the forecast model is used, together with the observations and forcing fields,
as input to the analysis. Results from the analysis, after initialization, are then used as initial
conditions for the next forecast. These processes are repeated in a cyclic fashion.

Thus, continuous data assimilation over a long period is equivalent to running the forecast
model as a global circulation model and relaxing towards the observations and forcing fields at
six hourly intervals. In addition, two further cycles are included at twelve and twenty-four hourly
forecast intervals. These cycles are coupled to the six-hourly cycle, because they are based on the
same initializations.

All forecasts are made available through the MARS system. In the corresponding User Guide
(MARS, 1995) all parameters are summarized and listed according to their codes. The surface
parameters are on a Gaussian grid with T106 truncation, which corresponds to a resolution of
1.125° x 1.125°.

5.2 The parameters

As a first approach all three forecast cycles have been averaged to daily values: four six-hourly
forecasts, two twelve-hourly forecasts and two twenty-four-hourly forecasts per day. For this
averaging procedure the forecasts have been chosen in such that for all eight forecast the endpoints
of the intervals lay within 24 hours.

In the following, we present the parameters which have been used. Some of them had to
be combined to new ones. The total precipitation has been calculated by summing large scale
precipitation, MARS-code 142, and convective precipitation, MARS-code 143. Runoff has been
calculated by the runoff scheme described in section 4 using total precipitation minus evaporation,
MARS-code 182.

The scalar wind and its daily standard deviation have been calculated from the wind compo-
nents, MARS-codes 165 and 166. For the first approach, using all three forecast cycles, a total of
eight forecasts are available to calculate the daily standard deviation. These parameters together
with the mean sea level pressure are needed as input for the bulk formulae mentioned in section
5.

The sea ice models of the ocean models produce their own albedos in dependence of the current
ice conditions. Therefore, they have to be forced by the total solar radiation, in which the reflected
part of the solar radiation is still included. For this purpose, forecast albedos of ERA have been
used. Total solar radiation R;,; has been calculated from net solar radiation R,.:, MARS-code
176, and forecast albedo a, MARS-code 243, according to Ryt = Rpet/(1 — a).

The direct outputs of ERA for the long wave radiation, MARS-code 177, and the turbulent
heat fluxes, MARS-codes 146 and 147, are used for the heat budget closure considerations and are
plotted in the atlas over the continents.

Some of the parameters have been accumulated since the start of the forecast. Therefore,
the forecasts of these parameters had to be divided by the corresponding number of seconds,
21600 for six-hourly forecast intervals, 43200 for twelve-hourly forecast intervals and 86400 for
twenty-four-hourly forecast intervals before the averaging procedure.

The 2 m temperatures and 2 m dewpoint temperatures have undergone a correction after
Harder et al. (1998). In the summer period from June 15 to August 15, air temperatures are not
allowed to fall below 0°C. Dew point temperatures are adjusted accordingly so that the relative
humidity of the air is conserved. This correction has been done for the mean annual cycle.

5.3 The mean annual cycle

The daily values are the basis for the mean annual cycle. All daily values of all 15 years were
filtered by a Gaussian filter method. This method divides the data into a low pass and a high
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New | Parameter MARS-Codes
Code
139 Sea surface temperature 139
142 Total precipitation 142% 143*
146 Surface sensible heat flux 146*
147 Surface latent heat flux 147*
151 Mean sea level pressure 151
160 Runoff 142%, 143%, 182*
164 Total cloud cover 164
165 Scalar wind 165, 166
166 Standard deviation scalar wind 165, 166
167 2m temperature 167
168 2m dewpoint temperature 168
176 Total solar radiation 176%, 243
177 Surface thermal radiation 177*
180 East west surface stress 180*
181 North south surface stress 181*
182 Evaporation 182%*

Table 5.1: List of parameters. A * denotes: Parameter has been accumulated since start
of forecast.

pass. The low pass has been averaged to one year. From the high pass a particular year has been
selected such that the variability is preserved as well as possible. This selected year has been
added to the averaged low pass. The sum is called mean year in the following.

The Gaussian filter method resembles the method of the running mean. This method is a very
simple filter and the corresponding characteristic filter function shows undesirable oscillations.
They can be avoided by using a Gaussian filter (Schonwiese, 1992) whose characteristic function
is exponentially decaying instead of oscillating. In the running mean method the weights are
constant, whereas in the Gaussian filter method weights are applied which decrease symmetrically.

Consider a time series, a;,7 = 1,...n, with n being the length of the time series. The filtered
time series, @;,7 = 1,...n —2m, m being the filter width, is calculated by multiplication with the
weights wg,k = —m, ...+ m according to

+m
d]: Z wkaj—i-m—i-k fOI'j:].,...n—Qm (51)

k=—m

Symmetrical filtering uses weights, then no phase displacements occur. Filter weights are be
normalized to unity and then averages in the time intervals (i — m,...,i + m) are preserved.

In order to obtain weights implying an exponential characteristic filter function R, following
algorithm has to be applied. If T is the period, for which R(T < T,) = 0 is valid, then T\ = 60
with o being the standard deviation of the normal distribution produces the not normalized weights

1 2
w :—e_E(kﬁ) , k=0,...m and T.=2m+1 5.2
F= o (5.2)

The characteristic filter function for the low pass yields
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Ri(f)=e s F (5.3)

Normally it is sufficient to break off the series wy if wyp < wo/10. When the low pass &;(L) is
determined in this way, the high pass d;(H) is calculated by

dj(H):aj—dj(L) j:1,2,...,n—2m (54)
and the characteristic filter function of the high pass becomes

Ru(f) =1-Rr(f) (5.5)

The filter has been applied with m = 15 so that the averaging interval (—m,...,+m) has a
total length of one month. Then, the daily values of the low pass have been averaged over all 15
years to obtain one year.

From the high pass a particular year was selected in the following way. At first, the search
for this year was restricted to only one parameter, to the zonal wind stress, which is one of the
most important parameters to force ocean circulation models. Then, a total of 15 mean years
from this parameter have been calculated by adding every year of the 15 years of the high pass
to the averaged low pass. From these 15 mean years and the 15 original years variances relative
to monthly means have been calculated (Table 5.2), which are roughly equal to the squared high
pass. The variances of the 15 mean years are approximately 756% of those of the 15 original years.
In order to preserve the variability of the original data as well as possible, the specific year has to
be chosen that provides a maximum of variance.

Both, the mean years and the original years have a maximum of their variances in the fourth
year. This corresponds to 1982, a year when a strong El Nino event occurred. Therefore, the
fourth year has been chosen to be the year of the high pass which has to be added to the averaged
low pass. This year has also been chosen for the remaining parameters for reasons of dynamical
consistency.

The original years of ERA follow the real calendar. Therefore, the months are different in
length: there are either 28 or 29 days for February, implying a total of 365 or 366 days. The ocean
models use idealized years, i.e. 12 months with 30 days, respectively, a total of 360 days, which
is shorter than the real calendar. Therefore, the mean year has to be shortened by cutting the
last 5 days of December. This procedure is combined with the procedure of producing a cycle, i.e.
adjusting the first and the last days of the shortened mean year. The resulting mean year is called
the mean annual cycle. This cycle has smooth transitions at the begin and the end of the year.
Summarizing, one can also state that the cycle has smooth transitions at the begin and the end
of every month. The time-related topology is preserved, and the variability of the original data is
preserved at 75%.

5.4 The runoff model

The basis of the runoff model are two data sets provided by Hagemann and Diimenil (1998): the
catchment areas of the 35 largest rivers of the world (the Baltic Sea is treated as a river) and the
main drainage basins of the world, which correspond to the water sheds.

These data sets are horizonal distributions of different numbers defining the regions of the
catchment areas and the drainage basins. To avoid an overlapping in these reference numbers, an
offset has been introduced for the last data set. This one considers the whole area of the continents
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No Year Mean Year Single Year
1 1979 0.78 1.06
2 1980 0.75 0.98
3 1981 0.74 0.99
4 1982 0.80 1.05
5 1983 0.78 1.03
6 1984 0.76 1.02
7 1985 0.77 1.02
8 1986 0.76 1.03
9 1987 0.78 1.04

10 1988 0.77 1.00
11 1989 0.75 1.00
12 1990 0.79 1.05
13 1991 0.76 1.01
14 1992 0.75 0.99
15 1993 0.78 1.03

Table 5.2: List of globally averaged variances relative to monthly means for the 15 years
of daily averaged ECMWF Re-analysis data. Unit: 1072(Nm™2)2.

whereas the first one covers only parts of it. Both data sets were combined in such a way that the
reference numbers in the first one were in general preferred and those in the last one were used
only to cover the areas not considered in the first one. The resulting data set is shown in Figure

5.1.

Catchment Areas and Main Drainage Basins

120w 80w 1

Figure 5.1: Catchment areas and main drainage basin of the runoff model

From this data set a quasi coast line is derived along the edges of the continents, which
correspond essentially to the coast line but lies in the *water’ of the ocean models. The catchment
area reference numbers a adjusted to this quasi coast line corresponding to the mouth coordinates
in the T106 grid. From regions where no catchment areas exist but drainage basins exist whole
lines of reference numbers are derived and attached to the quasi coast line. The reference numbers
of those drainage points have been chosen which are the nearest to the points of the quasi coast

line.
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The distance between two points has been measured by the Manhattan distance: given two
two-dimensional vectors r = (z,y)” and v’ = (2',y)T with z,2' = 1,...nand y,5' = 1,...m and
n and m being the dimensions of the T106 grid. Then, the Manhattan distance is defined by:

lr—7'| =z —2'| + |y - o (5.6)

In the next step, the coordinates of the quasi coast line have been assigned to the land points.
Assigned were the coordinates either of the mouths if the land points were in the catchment areas,
or of the nearest quasi coast line points, if the land points were in the drainage-only defined
regions. In the last case up to seven nearest quasi coast points with the same Manhattan-distance
were possible. This yielded seven horizontal fields of coordinates for each of the two coordinate
directions.

In the following step, these fields were used to gather the difference of the mean annual cycles
of precipitation and evaporation at the land points and to put it instantaneously, i.e. directly for
every day, to the quasi coast line, whereby up to seven coordinates per land point were considered.
Because the continental runoff is non-negative by definition but could become negative during this
procedure, negative runoffs were set to zero and positive ones reduced correspondingly.

Furthermore, closed basins with no runoff had to be considered, where the water is circulating
only within the basin and does not reach the oceans. Such a basin is for example the Caspian
basin including the Caspian Sea and the catchment area of the Volga being the main fresh water
provider for this inland sea. To judge the quality of the model, the model estimate for the 35 main
rivers is compared with the observations of annual runoff for these rivers (Diimenil et al. 1993) as
shown in Table 5.3.

River Observations | Model Estimates
Amazonas 154943 141505
Congo 40269 85215
Ganges/Brahmaputra 33485 22230
Orinoco 31171 39110
Yangtze 29043 17619
Jenissei 17691 9484
Lena 16640 8449
Parana, 16566 35704
Baltic 15323 9915
Mississippi 14779 22032
Ob 12559 10119
Amur 9791 7137
Mekong 9485 17576
Mackenzie 9153 7539
Wolga 8105 6453
St.Lawrence 7657 8684
Xun 6998 7415
Donau 6435 4823

[list of rivers] Table 5.3: List of annual runoffs of the 35 main rivers. Unit: m®s~!. Continued
below.

It can clearly be seen that there are systematic errors. The runoffs of the Sibirian rivers are
underestimated and those of the African rivers are overestimated. Assuming, that there are no
systematic errors in this very simple runoff model, this would mean, that in Africa evaporation is
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River Observations | Model Estimates
Yukon 6371 5634
Columbia 5446 6906
Sambesi 3342 15589
Dvina 3335 2462
Kolyma 3244 2878
Godavari 3061 1653
Nil 2935 21589
Sao Francisco 2807 15086
Nelson 2405 4157
Rhein 2287 1250
Indus 2262 6724
Huang 1444 2647
Chari 1062 13909
Niger 1055 19766
Elbe 782 978
Murray 258 2319
Oranje 145 1865

Table 5.3: Continued: list of annual runoffs of the 35 main rivers. Unit: m3s!.

underestimated. This can be explained by the observing system. Evaporation during the irrigation
of the fields is not recorded.

For a good simulation of the sea ice in the Arctic by the ocean circulation models, a realis-
tic simulation of the Sibirian river runoff and of the glacial runoff is necessary. Therefore, the
observations of annual runoffs (Diimenil et al. 1993) have been prescribed for every day and the
difference between them and the model estimate plus the runoff of the closed basins are put into
the Arctic if positive and into the 'Non-Arctic’ if negative. This procedure has been applied for
every day so that the budget is closed every day.

5.5 Closure procedure

The heat flux budget consists of one incoming component, the short wave solar radiation and
three outgoing components, the long wave radiation and the two turbulent heat fluxes, the latent
and the sensible heat flux. The fresh water flux budget consists of two incoming components,
the precipitation and the continental runoff, which has been calculated from precipitation and
evaporation over the continents, and one outgoing component, the evaporation. Instead of using
evaporation from ERA over the oceans, it is calculated from the latent heat flux in dependence on
the ice conditions. Because there is no ice concentration (equivalent names: ice compactness or
ice coverage) available in ERA ice conditions are simulated by comparing sea surface temperature
with the freezing point. By this way ice concentrations of 0% and 100% can be distinguished. In
the first case the heat of vaporization is used and in the last case the heat of sublimation.

The budgets of heat and the fresh water must be closed in order to preserve mass and to avoid
a long-term heating or cooling of the ocean model. The budgets are closed when zero imbalances
arise, defined by the net heat and net fresh water fluxes integrated over the oceans and over
the whole year. Because these fluxes are calculated from several input parameters, their budgets
cannot be closed directly by simply subtracting their mean, but only indirectly by adapting the
formulae for these fluxes. Therefore, an adaptation procedure with pre-defined finite precision is
necessary. The budgets are considered as closed when the following conditions are fulfilled
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/ / (st - Qlw - Qla - Qse) d)\d¢dt % Ep (57)

ocean year

/ / (P+R—cQu) d\dddt < ¢; (5.8)

ocean year

with
(sw : short wave solar radiation
Qv : long wave radiation
Q. : latent heat flux
()se : sensible heat flux
P : precipitation
R : continental runoff
¢ : heat of vaporization or sublimation, dependent on ice conditions.

The bounding coefficients are chosen as e, = 0.1Wm ™2 and 7 = 0.1 mm/month, respectively. The
adaptation proceeds as follows. Because the evaporation is calculated from the latent heat flux,
its formula is adapted first. The latent heat flux is calculated by using the drag coefficients after
Large and Pond (1982), which have been used by Oberhuber (1988) for his atlas. In contrast, the
specific humidity of the air is not calculated using 2 m air temperature and relative humidity, but
using only 2 m dew point temperature. But following Oberhuber’s work, the Charnock constant
is modified until (5.8) is satisfied.

Afterwards, to close the heat budget, the formula for the long wave radiation is adapted. The
net effect of long wave radiation is taken from Berliand (1952) as Oberhuber (1988) proposed.
Budyko (1974) proposed the cloudiness factor ¢’ in this formula to vary linearly with latitude ¢.
His table has been transformed into a linear equation, which is symmetric to the equator:

é
' =0.5+04— 5.9
c + 90° (5.9)

Deviating from Oberhuber (1988) we do not use the formula of Magnus for the water vapor
pressure (Moller, 1973) but the formulae of Buck (1981), which are dependent on the ice conditions.
The formula for the long wave radiation is multiplied with a factor which adjusted in order to
fulfill (5.7).

The outgoing components of the heat flux budget are dependent on the sea surface tempera-
ture. When the ocean models are running these components are calculated from the sea surface
temperatures of the models. That means that one of the models should have been involved in
the adaptation procedure. But in order to maintain the equality in the treatment they have been
totally excluded from the closure procedure. The sea surface temperatures of ERA have been used
instead.

When the closure procedure was started both budgets had positive imbalances. That means
for the heat flux budget, that in principle the incoming component, the solar radiation, had to be
decreased and the outgoing components had to be increased. An increasing of the turbulent heat
fluxes helped also the fresh water flux budget to get closed. But a further increasing was only
possible by increasing also the precipitation. But neither solar radiation could be decreased nor
precipitation could be increased without using outside data.

But a chance to change them under this restriction arose from the heat und fresh water flux
budgets of the direct outputs of ERA. Instead of following the first approach of averaging all three
forecast cycles, every cycle was regarded separately. That means from each forecast cycle a mean
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Parameter 6-hourly fc | 12-hourly fc | 24-hourly fc
Precipitation 87 91 95
Net fresh water flux -13 -10 -8
Net fresh water flux global -4 -1 1
Solar radiation 165 163 161
Net downward heat flux 8 4 <1

Table 5.4: Oceanic means of heat and fresh water fluxes from mean annual cycles for each
forecast cycle (fc) of ERA. First three rows in mm/month. Last two rows in
Wm—2.

annual cycle has been produced as described in section 5.3. Oceanic means of the heat and fresh
water fluxes are listed in Table 5.4.

Table 5.4 shows the following trends in dependence of the forecast cycle. Precipitation increases
and solar radiation decreases with increasing forecast interval. In addition, the imbalances of
the oceanic heat flux budget and the global fresh water flux budget diminish, so that they are
closed for the cycle with the longest forecast interval if the level of precision is somewhat lowered
compared with &5, in (5.7) and £ in (5.8).

Both, the trends in precipitation and solar radiation and the closed budgets indicate that the
chance to get the budgets closed with acceptable fluxes is higher when not an average of all three
cycles is used, but only the 24-hourly forecast interval cycle. For this cycle only two forecasts per
day are available. The ratio of the daily standard deviation of the scalar wind to its daily mean
based on these two values is 18%.

Starting the closure procedure on basis of this cycle, the second condition in (5.8) is satisfied
with a Charnock constant 0.0187. This value lies in the range of values which can be found in the
literature: from 0.010 to 0.035 (Fairall et al. , 1996). The first condition in (5.7) is fulfilled when
the long wave radiation is multiplied by a factor of 1.045.

5.6 Other climatologies

The quality of the OMIP-Forcing was judged by comparison with other climatologies. The fol-
lowing data sets have been used for this purpose: the Comprehensive Ocean Atmosphere Data
Set COADS in three different versions, Oberhuber (1988), da Silva et al. (1994) and SOC (1997),
the direct outputs of ERA (1997), the data of the ReAnalysis project of the National Center for
Environmental Prediction (NCEP) and National Center for Atmosperic Research (NCAR), and
the data of the atmospheric circulation model ECHAM4 of the MPI (Legutke and Maier-Reimer
1999, Roeckner et al. 1996). In table Table 5.5 the time period covered by these data sets and the
resolution in time are listed.

The main differences of these data sets are the resolution in time and the use of circulation
models. The COADSs have been calculated without the help of any models, but they have only a
monthly resolution. The other data sets have been calculated on the basis of such models, but are
much finer resolved in time. Another difference refers to the horizontal distribution of the data
sets. All the model based data sets are global whereas the COADS of Oberhuber (1988) and SOC
(1997) do not cover the whole globe.

The forcing data, the atlas and their description are available over the following web-address:
http://www.mpimet.mpg.de/Depts/Klima/natcli/omip.html. The following pictures compare the
annual mean of heat and freshwater fluxes of the various analyses.



Climatology Time period covered | Resolution in time
ECHAMA4 15 years daily

COADS Oberhuber (1988) 1950-1979 monthly
COADS da Silva (1994) 1945-1989 monthly
COADS SOC (1997) 1980-1993 monthly

NCEP ReAnalysis 1958-1997 six-hourly*
ECMWEF ReAnalysis 1979-1993 six-hourly*
OMIP-Forcing mean annual cycle daily

Table 5.5: List of climatologies. A * denotes: minimum resolution. ECHAM4: output
prepared to force an ocean model. NCEP: a monthly long-term mean has been
copied over the web-page.

37

OMIP—Forcing

/J\r\_/«ﬁfgi‘%iﬂ‘f G @
\issog’%

o]

= : —25 =T
el

=S

60S -

60E 120E

PERSS
Q

60E 120E 180 120w 60w 6

Figure 5.2: The heat and freshwater fluxes of the OMIP forcing, annual mean. Units:

Wm ™2, mm/month.
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ECMWF ReAnalysis
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Figure 5.3: The heat and freshwater fluxes of the ECMWF reanalyse, annual mean. Units:
Wm ™2, mm/month.
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ECHAM4
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Figure 5.4: The heat and freshwater fluxes of the ECHAM4 model, annual mean. Units:
Wm ™2, mm/month.
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NCEP ReAnalysis
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Figure 5.5: The heat and freshwater fluxes of the NCEP ReAnanlysis, annual mean. Units:
Wm ™2, mm/month.
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Figure 5.6: The heat and freshwater fluxes of the COADS SOC analysis, annual mean. Units:

Wm ™2, mm/month.
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Figure 5.7: The heat and freshwater fluxes of the COADS da Silva analysis, annual mean. Units:
Wm ™2, mm/month.
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COADS 1988 (Oberhuber)
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Figure 5.8: The heat and freshwater fluxes of the COADS Oberhuber analysis, annual mean.
Units: Wm =2, mm/month.

In order to compare the OMIP-Forcing with the other climatologies the implied meridional
transports and zonal means are shown. Let F(A, ¢) be the heat or fresh water flux. Then the
meridional heat or fresh water transport T'(¢) is calculated as

¢ Aeast
T(g) = / d¢f / F(\ ¢')dA (5.10)

NorthPole Awest

Awest and Agqsr are determined by the basin chosen for integration: Atlantic, Pacific, Indian Ocean
and the global case.

At first, the meridional heat transports are shown for all three basins and the global case
(Figure 5.9). Observations are overlaid by using error bars from various authors (Macdonald and
Wunsch 1996, Johns et al. 1997, Rintoul 1991, Saunders and King 1995, Rintoul and Wunsch
1991, Bryden et al. 1991, Wijffels 1995) In the global case only the OMIP-Forcing has almost zero
meridional transport south of 70° indicating that the heat budget is closed. The transports of the
COADS SOC and COADS da Silva climatologies are strongly negative south of 30°N indicating
a high imbalance in the heat budget.

In the global and the Atlantic cases the transports of the OMIP-Forcing are in the Northern
hemisphere at the lower bound of the climatologies and in the Southern hemisphere at their upper
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bound. In the global case the difference between the OMIP-Forcing and the direct outputs of the
ERA is larger in the Southern hemisphere than in the Northern one. Such a large difference can
also be found in the Pacific case. In the Atlantic the transports are smaller than observed, but
in the Pacific they fit rather well. In the Indian Ocean all COADS climatologies fit better to the
observations than the model based data sets, i.e. the re-analysis data and output of ECHAMA4.
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Figure 5.9:
The meridional heat transport, implied by the OMIP-Forcing and other climatologies, for the
Atlantic, Pacific and Indian Ocean, and the global case (lower left panel). Units PW.

The global meridional fresh water transports are shown for two cases: with and without con-
tinental runoff (Figure 5.10). The case without runoff has been chosen to demonstrate that the
OMIP-Forcing lies rather in the range of the other climatologies, except in the Southern Ocean
where it has the highest values. The case with runoff can only be compared with the ECHAM4
model output, where also runoff is considered. Both climatologies are closed indicated by almost
zero fresh water flux south of 70°S as in the heat flux case. The OMIP-Forcing is in good agreement
with the ECHAMA4 climatology in the Northern but not in the Southern hemisphere.

Furthermore, zonal means are shown for the net heat and fresh water fluxes, and for three
other quantities (Figure 5.11), but again for the global case only. For the net heat flux the OMIP-
Forcing lies in the range of the other climatologies. The COADS SOC and COADS da Silva data
sets provide higher values in the tropics and subtropics. In the Arctic region the spread of the
data sets is increasing with latitude. The absolute values of the net fresh water flux of the OMIP-
Forcing are almost the biggest ones as well in the tropics where precipitation dominates, as in the
subtropics where evaporation dominates.

There are three other quantities which have been considered: the turbulent kinetic energy
input, the buoyancy and the coupling coefficient dQ /T of the Newtonian cooling following the
algorithms of Oberhuber (1988). Regarding these quantities the OMIP-Forcing is compared only
with his COADS atlas.

Buoyancy fluxes are fluxes of potential energy. They reflect changes of density due to heat and
fresh water fluxes. The buoyancy fluxes resemble each other, but the minimum at the equator is
more pronounced in the OMIP-Forcing case. The mean friction velocity is used as an estimate of
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Figure 5.10:
The meridional freshwater transport, implied by the OMIP-Forcing and other climatologies. Left:
with runoff. Right: without runoff. Units: Sv.

the turbulent kinetic energy input into the mixed layer. This quantity shows a similar feature as the
implicit heat transport. In the Northern hemisphere the turbulent energy for the OMIP-Forcing
is lower than that for the COADS climatology and in the Southern hemisphere it is reversed.
The Newtonian cooling is an attempt to simplify the heat flux scheme, which is used more and
more in ocean circulation models. The OMIP-forcing provides larger coupling coefficients than the
COADS atlas of Oberhuber in the tropics and subtropics but lower ones in the Northern higher
latitudes.
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Figure 5.11:
Zonal mean of the fluxes of heat and freshwater (upper left and right panels, Units:

Wm~2, mm month™!), turbulent kinetic energy (middle left, Unit: mm s~!), surface buoy-
ancy (middle right, Unit: 1078m?s=%) and Newtonian cooling coefficient (lower panel, Unit:

WK~'m~2).




Chapter 6

Some preparatory control
experiments

The physics implemented in the models are outlined in section 3. Here we described some exper-
iments related but prior to the intercomparison experiment.

6.1 MOMZ2: forced by climatology

6.1.1 Description of experiments

Model differences are generally due to differences in the basic design (equations, numerics, grid),
initial and boundary conditions, and parameterizations of subgrid scale processes. Differences not
due to basic design can best be explored in the framework of a single model. Transport of tracers is
perhaps the most important task in a coarse resolution model. Therefore, we present results from
five experiments with different realizations of the tracer transport equations. The experiments are
characterized by the advection-diffusion algorithm for tracers as follows:

e V1.1: horizontal Laplacian diffusion, vertical diffusion with a constant coefficient
e V1.2: FCT advection scheme, no additional (explicit) diffusion

V1.3: FCT advection scheme and isoneutral diffusion

V1.4: FCT advection scheme, isoneutral diffusion, Gent-McWilliams (GM) parameterization
of eddy induced transports

V1.5: as V1.4, however, with added explicit vertical diffusion where the diffusion coefficient
increases with depth (Bryan and Lewis, 1979; see section 3.1)

These experiments were conducted using MOM under climatological forcing and without cou-
pling the sea ice component. The forcing consists of monthly mean wind stress data from Heller-
man and Rosenstein (1983), and monthly mean SST and surface salinity fields from Levitus et al.
(1994). Predicted surface tracer fields were restored towards the prescribed reference fields with
a time constant of 30 days. No continental run-off was considered.

The experiments were run for 500 years starting from rest and potential temperature and salin-
ity distributions taken from annual mean climatological data (Levitus and Boyer, 1994; Levitus et
al., 1994). This integration time allows adjustment of velocity and tracer fields in the areas of fast
transports, i.e. the boundary currents including the Deep Western Boundary Current (DWBC)
and the Antarctic Circumpolar Current (ACC). However, complete equilibrium is not achieved in
the deep basins and other regions that depend on diffusive exchanges.

47
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Ag additional diagnostic elements we introduced artificial tracers that have their origin at the
surface in source regions of certain water masses. T3 is prescribed to have values of one at the
surface north of 60° N, thus marking the dense water masses formed in the northern North Atlantic.
T4 has surface values of one in the Mediterranean, while T5 has surface values of one south of
60°S. In all other regions, surface values of zero are prescribed. Initial values for these tracers are
zero. Non-zero values of tracers T3-5 in the interior can be interpreted as the relative volume that
has been replaced by water that was in contact with the surface in the respective source regions
of the tracers since the start of the integration.

For model verification and to investigate the tracer uptake of the model at different stages
of the experiments we use one species of freons (CFC 11). Initial values are set to zero and the
CFC concentrations in the atmosphere are prescribed for a period of 50 years (Warner and Weiss,
1992), encompassing the history of increasing use of CFCs until recently. The exchange at the
ocean surface is implemented following Dixon et al. (1996). There is no provision for sea ice cover
at high latitudes. We therefore tend to estimate too high uptake rates. The initialization of CFCs
at the start of an experiment is repeated after an integration time of 500 years and the model
integrated for another 50 years. Comparison of the CFC distributions after 50 and 550 years for
configurations V1.3 and V1.4 allows to evaluate the development in the tracer uptake rates of the
model depending on the ocean state.

6.1.2 Influence of advection-diffusion schemes

Basin-averaged profiles of temperature and salinity give a first impression of the performance of
the advection-diffusion schemes in the tracer equations (Figure 6.1). Experiment V1.1 consistently
shows largest deviations from climatology among the experiments. Largest deviations occur at
mid-depth while the surface values are tied to climatology by the surface restoring condition and
the deep values had not enough time to move far from the initial conditions. All experiments have
a too pronounced presence of Mediterranean Water while the observed minimum due to AAIW in
the Atlantic is only resolved in V1.4 with the Gent-McWilliams parameterization enabled. V1.4
also reproduces the Pacific water mass structure relatively well although the profile is shifted
towards lower temperatures and higher salinities below around 700 m. Experiments V1.2 and
V1.3 show a salinity minimum that is too weak but low salinity waters occupy a large depth
interval (500-3000 m). Isopycnal mixing enhances this effect.

Inspection of the temperature distribution at 100 m depth and its deviations from annual mean
climatological conditions (not shown) reveals generally very strong fronts in all model versions,
even with Laplacian mixing in V1.1 (Figure 6.2). The case without explicit diffusion, V1.2, exhibits
unrealistically fine structure for the mean field. There are apparent deficiencies in the tropics in
all model versions, both in the Atlantic and Pacific. The slope of the equatorial thermocline
is not well reproduced; the eastern tropics are too warm in V1.1, too cold in all other versions
except V1.5. V1.2 has the smallest problems here; additional isopycnal mixing in V1.3 reduces
the temperatures too much. The GM parameterization in V1.4 re-establishes the thermocline tilt
but is still too cold in the eastern tropics. In the subtropical north Atlantic we notice that the
temperature gradients are too zonal in all versions. This problem and the tropical deficiencies
might be connected because a Rossby wave characteristic is visible in all difference plots (not
shown), involving latitudes up to 40" at eastern boundaries. This hints at problems at the eastern
boundary - the wrong signal travels with the Rossby waves into the interior - or at problems with
the damping of Rossby waves - too much damping arresting the signal too early on its way into
the interior. In the Southern Ocean, we find too high temperatures except in V1.5. The seeming
improvement is due to deep mixing bringing up relatively cold water. The mixing is inhibited in
V1.4 where the eddy parameterization tends to flatten the slope of isopycnals. With additional
diapycnal mixing the shallow pycnocline becomes susceptible to convection in V1.5.

At 1000 m (not shown) all version, except V1.4, are too warm because the permanent ther-
mocline is too thick. There is a special problem in the Atlantic due to too much Mediterranean
Water. However, the basic differences between Indian Ocean, Pacific, and Atlantic are rather well
represented. Advective signatures like the spreading of NPIW are well represented at least in the
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versions with low diffusivity (V1.2 and V1.3). The northern North Pacific is nevertheless too warm
and consequently the contrast to the subtropics too small.

Besides problems with Mediterranean Water, the models also yield an acceptable salinity rep-
resentation at 1000 m depth (Figure 6.3). Especially V1.2 and V1.3 reproduce the broad salinity
structure in the Pacific. The experiments with GM show a very smooth salinity distribution with-
out much structure at this depth. It is remarkable that V1.3 is the only version that captures the
observed salinity minimum in the Southern Ocean that extends from the southern tip of Africa to
South America. This seems important for the formation of Antarctic Intermediate Water (AATW)
with correct properties in the model. All versions lack a source of saline water in the northwestern
Indian Ocean.

Sections through the Atlantic at 30°W (Figure 6.4 and Figure 6.5) show overall superior repro-
duction of the climatology with V1.5. Intermediate layers are still too warm and the Circumpolar
Deep Water (CDW) is too cold and homogeneous. Also, the AAIW is too warm, although it is
clearly present as a distinct water mass and occupies roughly the observed range of depths and
latitudes. The spreading of AAIW is clearly visible in the salinity section of V1.5. However, V1.3
seems to contain a larger volume of AATW on this section and here the comparison with clima-
tology is clearly better. None of the model versions delivers a satisfactory salinity distribution in
the Southern Ocean, which turns out too fresh and too stratified in the vertical.

The artificial tracers T3 and T5 (not shown) on this section (Figure 6.6) reveal the much more
vigorous transport of NADW in the GM experiments V1.4 and V1.5. At the equator in 1500 m
depth, almost half of the water has been replaced with water in contact with the surface north of
60°N within the integration. For comparison, in V1.3 this share is below 20%. Judged from the
concentrations of T5, AABW and AAIW have a larger distribution on this section in V1.4 and
V1.5 compared to V1.3. These differences are due to the additional eddy induced tracer transports
that are present in the experiments with GM parameterization. GM enhances the strength of the
effective (geostrophic plus eddy induced flow) NADW overturning cell and slows the Deacon cell
in the Southern Ocean that partially blocks the spreading of AAIW and AABW.

Turning now to the streamfunction 9 for the vertically integrated flow as a first description of
the circulation in the models, we note that subtropical and subpolar gyres are of similar strength
and location in all model results (Figure 6.7). The experiments with minimal diapycnal diffusion,
V1.2 and V1.3, contain some small scale features that are not present in the other cases. With
the GM parameterization (V1.4 and V1.5) the subpolar gyre in the North Atlantic is weaker than
in other cases, indicating a weaker forcing of the flow through the JEBAR. Striking differences,
however, are present in the Southern Ocean where the flow through Drake Passage varies from
170 Sv (V1.3) to less than 60 Sv (V1.4 and V1.5). While the first estimate is on the high side of
estimates for the strength of the ACC at Drake Passage (Whitworth et al., 1982, Saunders and
Thompson, 1993, Rintoul et al. 2000), the latter is clearly too low to be realistic. Borowski et al.
(2000) find that

gHpy
Po

FVY = Vx+ VH (6.1)

holds in good approximation for blocked geostrophic contours. Here,

g [°
X = — zpdz (6.2)
pPoJ-H

is the potential energy integral and py is the density at the bottom. The potential energy integral x
in the region of Drake Passage is compared for experiments V1.2 and V1.5 in Figure 6.8. We have
subtracted a horizontal mean density profile before computing x and show x/ fo with fo the Coriolis
parameter for the central latitude 60°S. We find good coincidence between the streamfunction
and x/fo in both cases. The shelf break near Antarctica is an exception because the topography
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determines the spatial variability of x there. The low transports in V1.4 and V1.5 are due to the
special density distribution in the Southern Ocean, or more specifically the meridional gradient of
the potential energy integral x (Mertz and Wright, 1992; Gnanadesikan and Hallberg, 2000).

In general, we find that the GM parameterization leads to less available potential energy (APE).
This is not surprising as the parameterization includes the release of APE due to the baroclinic
instability process. However, the mean circulation and the Ekman pumping are apparently not
sufficient to re-supply APE at the necessary rate to maintain the potential energy distribution for
an ACC of observed strength. In the comparison experiment below we shall present streamfunction
results with GM parameterization that contain a ACC that is more realistic, with a Drake Passage
transport of 110 Sv (slightly stronger than the HOPE result where no GM parameterization was
employed). Compared to the sensitivity studies in this section, this could be due to stronger
Ekman pumping north of the ACC, or stronger differences in water mass characteristics north and
south of the ACC. However, the higher transports could simply result from the shorter integration
time, leaving the potential energy distribution closer to initial climatological values than in our
500 years integrations presented here.

Available potential energy can be increased by diapycnal mixing (Bryan and Lewis, 1979). The
low ACC transport rates in V1.4 were the motivation for experiment V1.5, where we increased
diapycnal mixing by including a depth dependent mixing coeflicient. The results point in the
right direction; however, the quantitative effect on the ACC was rather minor. Our results are
consistent with those of Danabasoglu and McWilliams (1995) who found decreasing ACC transport
with increasing diffusivity. With the same value for the diffusion coefficient, the transport in
their model is always lower with GM isopycnal thickness mixing compared to horizontal mixing.
The ACC transport decreases approximately with AI_I/ 8, Danabasoglu and McWilliams suggest
increased vertical momentum flux that supports more drag with weaker flow in the ACC as a
possible cause. In the light of recent studies by Gnanadesikan and Hallberg (2000) and Borowski
et al. (2000) it seems more likely that the changes in density structure and the thermal wind are
responsible.

6.1.3 Tracer uptake experiments

Freon inventories as a function of latitude show largest differences between V1.3 and V1.4 in
the Southern Ocean while the differences north of 20°S are relatively minor (Figure 6.9, upper
panels). Maxima in the inventories are located around 40°S, around 25°N, and at high northern
latitudes. Only V1.4 contains high values at high southern latitudes. Horizontal maps of CFC11
concentration at 220 m depth (Figure 6.10) show enhanced communication with the surface in
the Weddell and Ross seas with the GM parameterization. In fact, high concentrations of CFC
down to large depths (see the distribution at 860 m in Figure 6.11) cause the large inventory in
V1.4. south of 60°S. England and Hirst (1997) report excessive uptake of CFC in the Southern
Ocean due to poor reproduction of the Southern Ocean water mass structure in different versions
of their global model. Insufficient stratification and too buoyant deep water leads to extensive
penetration of convective adjustment to great depth, thereby moving water rich in CFC to depth.
They find these deficiencies remedied by the GM parameterization that also reduces the slopes of
isopycnals in the ACC and thus the deep penetration of CFCs by isopycnal mixing. The large
inventory in V1.3 further north, on the other hand, is due to deep penetration of waters high in
CFC concentration in the ACC belt. Here, surface waters are pushed down in the northern branch
of the Deacon cell. The Deacon cell is much reduced due to the eddy induced tracer transports of
the GM scheme in V1.4.

The inventories of Figure 6.9 also show that the only other region, except for the Southern
Ocean, where subsurface layers store significant amounts of CFCs are the mid latitudes of the
northern hemisphere. The deep water formation areas in the northern North Atlantic occupy too
small an area as to yield a large contribution to the total inventory. The downward transports
due to Ekman pumping and the formation of subtropical mode waters, especially in the Pacific,
are apparently much more effective processes in this respect.

At 200 m, both model versions behave similarly and the CFC concentration mainly follows



51

the large scale distribution of upwelling and downwelling. One exception is the Labrador Sea,
where convection brings relatively high concentrations down to 200 m depth despite the subpolar
upwelling. The western boundary currents of the subtropical gyres and their extensions are char-
acterized by low CFC values. It was previously noted that the reduction of background diffusion
that is possible with the GM scheme leads to reduced upwelling in the western boundary layers
because the Veronis effect is curtailed (Boning et al., 1995). Here, we find little quantitative dif-
ferences between the schemes. This could indicate relatively strong implicit mixing with the FCT
scheme in the western boundary current region.

The southward transport of deep water in the model occurs at shallower depths than observed.
The maps of CFC concentration at 860 m depths can therefore be compared with recent maps of
CFC concentration in the upper LSW by Smethie et al. (2000). The observations show typical
values of around 1 pmol/kg in the North American Basin and ten times smaller values in the DWBC
off South America. Equatorial values are down to 0.02 pmol/kg. Model values (Figure 6.11) are
far lower with around 0.02 pmol/]l as maximum concentration in the northern North Atlantic (in
the Labrador Sea). Further south, concentrations drop to 10~2 off the North American coast. No
CFC has reached the equator within the 50 years integration. Relatively high concentrations in the
eastern subtropical North Atlantic are due to the inflow of Mediterranean Water. Concentrations
in the Labrador Sea are higher in V1.4, however, the southward spreading of CFCs is even weaker
than without the GM parameterization. Compared to simulations by Goose et al. (1999), the
inventory in our model results is high at all latitudes although the different surface boundary
conditions for CFC exchange with the atmosphere favor uptake in the Goose et al. model. The
differences in uptake rates are probably caused by the different treatment of sea ice (see model
description above).

Because of the role of deep water formation and mode waters, tracer uptake will depend on
the state of the ocean and with that on the integration time of a model. Initializing the CFC
concentration after an integration time of 500 years and integrating the model for another 50
years yields the inventories shown in Figure 6.9 (lower panels). Overall, the model is not able to
take up as much CFC as when starting from climatology. With V1.3 there are also pronounced
differences in the vertical distribution of CFC11. Initializing after 500 years, the layers below 500
m and 1000 m become relatively more important. In V1.4 the opposite is the case. Here, almost
all the tracer inventory is now above 500 m depth, a consequence of the shallower isopycnals after
prolonged integration with the GM scheme. The total inventory, however, is very similar in both
model versions.

After 500 years, the model has drifted so far that convection in the Labrador Sea is apparently
no longer maintained. Contrary to the results after 50 years, the Labrador Sea no longer stands
out with high CFC concentrations. In experiment V1.4, the Irminger Sea still exhibits enhanced
concentrations compared to the mean values in the subpolar gyre.

The distributions at 860 m depth (Figure 6.12) show the increased uptake in V1.3 in all parts
of the Southern Ocean, including the Weddell Sea. In V1.4, there is virtually no CFC in the
Southern Ocean as deep as 860 m depth. The strong deep ventilation in the Ross and Weddell
seas is now confined to the southernmost part of the Weddell Sea.
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Figure 6.1: Horizontally averaged temperatures for the Atlantic Ocean a), Indian Ocean b), Pacific
Ocean ¢), and Southern Ocean d). Panels ) through h) show corresponding salinity profiles. The
unmarked line in each panel represents observed climatology.
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Figure 6.2: Potential temperature at 100 m depth for experiments V1.1 a), V1.2 b), V1.3 ¢), V1.4
d), V1.5 e). The corresponding climatological mean field is shown in f).
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Figure 6.3: Salinity at 1000 m depth for experiments V1.1 a), V1.2 b), V1.3 ¢), V1.4 d), V1.5 e).

The corresponding climatological mean field is shown in f).
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Figure 6.4: Potential temperature at 30°W for experiments V1.1 a), V1.2 b), V1.3 ¢), V1.4 d),
V1.5 e). A corresponding section for climatological data is shown in f).
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Figure 6.7: Streamfunction for the vertically integrated transport in experiments V1.1 a), V1.2
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Figure 6.8: Potential energy integral weighted with 1/f(60°S) (see text) for experiments V1.2 a)
and V1.5 b). A dynamically irrelevant constant has been added to yield values comparable to the
streamfunction of Figure 6.7.
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Figure 6.10: CFC-11 concentrations at 200 m depth for experiments V1.3 a) and V1.4 b). These
results are obtained after 50 years integration starting from initial conditions. The contour interval

is 0.005 pmol/l and values lower than 0.003 pmol/l are shaded.
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Figure 6.11: CFC-11 concentration at 860 m depth for experiments V1.3 a) and V1.4 b). These
results are obtained after 50 years integration starting from initial conditions. The contour interval
is 0.001 pmol/] and values lower than 0.001 pmol/] are shaded.




74

80°N

40°N

LATITUDE

40°S
a)

LONGITUDE

80°N

40°N

LATITUDE

40°s

O°E 100°E 160°W 60°W
LONGITUDE

Figure 6.12: CFC-11 concentration at 860 m depth for experiments V1.3 a) and V1.4 b). These
results are obtained after 50 years integration starting from the model state after 500 years. The
contour interval is 0.001 pmol/]l and values below 0.001 pmol/] are shaded.
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6.2 HOPE: coupled to ECHAMA4

The forcing for the developing phase of the HOPE model has been obtained from an integration of
the ECHAMA4 atmosphere general circulation model (AGCM). ECHAMA4 is the latest version of the
AGCM developed at the Max-Planck Institute for Meteorology in Hamburg. The model, which has
been adapted originally from the ECMWF weather forecast model, has been extensively modified
to adjust it to climate applications. The horizontal representation of the variables (except water
components and trace substances) is by a series of spectral harmonics with triangular truncation
at wavenumber 42. The vertical domain is resolved by 19 levels with a hybrid ¢ — p coordinate
system and extends to 10 hPa. The lowest level is about 30 m above the surface. Most of the
parameterized physics is formulated on the associated Gaussian transform grid (T42) which has a
grid-cell size of about 2.8° in both directions. Outside the low-latitude regions with refined ocean
grid, the atmosphere land/sea mask is identical to the grid composed by the even lines of the
ocean grid.

The ECHAM4 model and its climatology obtained with prescribed monthly mean AMIP SST
and sea ice extent of the period 1979-1994 is described in Roeckner et al. (1996). ECHAMA4 is
able to reproduce realistically the observed seasonal mean climate and intraseasonal variability as
represented by the ECMWF operational analyses and the Legates and Willmott (1990) precipita-
tion climatology. The most apparent deficiencies concerning the surface fluxes are a warm bias of
2° — 3° in the lower troposphere over the Arctic, an easterly bias of the zonal winds in the tropics,
particularly over the tropical Pacific, an underestimated summer monsoon, a lack of precipitation
in the Mediterranean area, and underestimated westerlies over the Southern Ocean (Roeckner et
al. 1996).

The radiation budget is investigated in more detail in Chen and Roeckner (1996). Overall,
the model results are in good agreement with the observed budget as represented by the ERBE
data. An overestimated short-wave radiative cloud forcing in summer over the tropical oceans
is in accord with the underestimated summer monsoon. Over the eastern tropical ocean, the
midlatitude oceans as well as over the Southern Ocean, Chen and Roeckner (1996) diagnose a lack
of low-level clouds in summer.

The daily mean forcing data for the ocean model were obtained from a 15-year run with monthly
AMIP SST of the period 1979-1988 specified at the lower boundary. The averaging period of one
day corresponds to the exchange frequency of data between the ocean and atmosphere models in
the CGCM. We therefore account already in the forced ocean spin-up experiment for a large part
of the high frequency variability of fluxes that will force the ocean in the coupled experiments.
Jumps of forcing data between the end and the start of the 15-year period were smoothed by
locally applying a running- mean filter on the first and last 5 days of the data period. The data
were cyclically repeated during the spin-up.



Chapter 7

The ocean circulation in MOM2
and HOPE

7.1 The comparison experiment

The objective of this study is the intercomparison of the MOM2 and HOPE models as a tool
of simulating the mean state of the global ocean circulation, including the annual cycle. As
outlined in the previous sections, the model concepts and equations are fairly similar. Differences
appear mainly in the parameterization of subgrid processes and the numerics. The intercomparison
experiment was set up with model configurations which are — as far as possible — identical. We
attempted to use the same resolution, topography and forcing. Differences which still remain
are due to differences in the numerical realization of the equations, the different handling of
subgrid physics, and experiences and learning from the performance in previous experiments. We
considered the difference in the models’ setup as marginal.

The models were driven by the same forcing data (see section 5)and the same bulk formulae
for the surface fluxes have been used. Before they have been built into the models, they have been
adapted to close the heat and fresh water flux budgets. This has been done independent of the
models by using the ERA sea surface temperatures.

In addition, the intercomparison setup has been considered in HOPE, which relates essentially
to the surface conditions. The formulae, which were the result of the procedure of closing the
heat and fresh water flux budgets, have been built into the model. These formulae need input
parameters not used so far. Therefore, the reading routines had to be changed accordingly. The
fresh water flux is now calculated from precipitation, which is read in, and from evaporation, which
is calculated from the latent heat flux considering the ice conditions. In the ice-free part of the
cell the heat of vaporization is used and in the ice-covered part the heat of sublimation. Instead
of using the atmospheric surface temperature to define the ice edge, the ice concentration is used
for this purpose. The mixed layer depth has been built in as a new diagnostic. Apart from these
modifications the model parameters of the HOPE model version have not been changed.

The models were initialized from a state of rest using the Levitus climatology of the annual
mean temperature and salinity. The integrations span a time of 100 years.

7.1.1 Model domain, resolution and topography

Both models are global. The staggered E-grid of the HOPE model is divided into two subgrids,
one for the even rows and one for the odd rows. The position of the even grid lines is that of a
Gaussian grid corresponding to a spectral resolution with triangular truncation at wave number 42
(T42). The grid cell size is 2.8125° in both directions. Therefore, a mean horizontal resolution can
be specified for the direction from South-West to North-East with approx. 2.8125°/4/2 = 1.989°.
Also, for the intercomparison the vertical discretization of the HOPE model has been changed. It
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has been enhanced from 20 to 25 levels (see Tabtab:listofdepths), whereby the levels remain to be
concentrated in the upper ocean with 12 layers above 500 m.

The regular B-grid of the MOM2 model has a horizontal resolution of 1.875° in the North-South
and East-West directions. The vertical is discretized by using 29 levels. The vertical discretization
of the models is given in Table 7.1.

level || t-points | u-points w-points level || t-points | u-points w-points
MOM2 HOPE | MOM2 | HOPE MOM2 HOPE | MOM2 | HOPE
1 13 10 25 0 16 860 1224 937 1104
2 38 30 52 20 17 1014 1474 1107 1344
3 66 51 82 40 18 1200 1742 1310 1605
4 97 75 115 63 19 1420 2036 1548 1879
5 133 100 153 88 20 1676 2371 1822 2192
6 173 125 195 113 21 1968 2753 2131 2549
7 217 150 242 138 22 2295 3188 2476 2956
8 266 175 292 163 23 2657 3684 2853 3420
9 318 206 345 188 24 3050 4250 3261 3949
10 373 250 400 225 25 3472 4895 3695 4552
11 428 313 456 275 26 3918 4151 5239
12 485 420 519 350 27 4384 4624
13 552 580 593 490 28 4864 5109
14 634 774 684 670 29 5354 5600
15 735 991 798 877

Table 7.1: Vertical levels for tracer and velocity points in MOM2 and HOPE: w-points:
vertical velocity. u-points: horizontal velocity. t-points: tracer (depths in m.)

Both models use a bottom topography which is slightly different for scalar and vector points,
as can be inferred from Figure 7.1 and Figure 7.2. The HOPE topography was smoothed from the
original bathymetry data ETOPO5. Starting from the ETOPOb5 data set, a 5- or 9-point operator
has been applied n-times. Thus, the topography in MOM2 appears more noisy, with strong — and
in most cases more realistic — gradients from the deep sea towards the continental shelves and more
resolution of most prominent features in the global ocean bathymetry. To handle cross sections
of overflow and throughflow regions the bathymetry was corrected, including artificial widening of
straits, as usual in coarse ocean models (see e.g. section 3.1 for MOM2).

7.1.2 Diagnostics

Besides the standard output — which includes the 3d velocity field, the hydrographic parameters,
surface fluxes, sea ice parameters and streamfunctions — we have applied some simple diagnostic
tools to elucidate some aspects of the models’ behavior.

Mixed-layer depth

To judge the capability of the models to simulate the deep water mass formation in the higher
latitudes a routine was established which calculates the mixed layer depth from the model output.
We have followed the algorithm of Levitus (Johnson, priv. comm.). Given is potential temperature,
salinity and pressure p, at the depths z,, n = 1,...N, where N is the number of depths at a
specific grid point. The depths z,, are discretized in the models as

n
Rp = E di
i=1
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Figure 7.1: Topography of scalar points for HOPE (upper panel) and MOM2 (lower panel).

with d; being the thickness of layer i. The pressure p,, is calculated from the depth z,, according to
pr[in bar] = 0.1026 - z, [in meter]. Potential temperature is transformed into in-situ temperature
by accounting for the pressure effect after Bryden (1973). In-situ density p, is calculated from
in-situ temperature by using the Standard UNESCO formula (Gill, 1982).

Starting at the top layer and going downward, those in-situ densities pr—1 and pg, (1 < k < N)
are determined for which the following conditions are valid:

Pr—1 < pmid < pr With ppig = p1 + perits

using a critical value perie = 0.125 kg/ m®. For the mixed layer depth 2,14, similar conditions as
for pymiq in (7.1) are valid,

2p—1 < Zpaa < 2

where 2,14 is calculated by linear interpolation,

Pmld — Pk—1

Zmid = 2k—1 + (28 — 25—1) - e —p
k— Pr—1

Sverdrup transport

An important aspect of the models’ behavior is the simulation of the water transport, represented
by the barotropic streamfunction. This quantity can be compared locally with observations in
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Figure 7.2: Topography of vector points for HOPE (upper panel) and MOM2 (lower panel).

selected oceanic regions, e.g. in the western boundary currents. For a comparison on the global
scale, the steady-state response of the ocean to the wind stress 7 is calculated by using Sverdrup’s
equation. A stream function tg,e, is obtained by integrating the curl of 7 westward from the
eastern boundary (Gill, 1982):

A
vserh®)= [ %de (7.1)

eastern boundary

with 8 = 2Q cos¢/R,Q = 7.292-10~%s™!, R = 6.371-10° m, and po = 1025 kg/m>. The Sverdrup
stream function is thus not defined where eastern boundaries are absent, in particular in the
circumpolar region around Antarctica.
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7.2 The barotropic circulation
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Figure 7.3: Barotropic streamfunction flat bottom Sverdrup transport (upper panel), barotropic
streamfunction of HOPE (middle panel) and MOM2 (lower panel) Units Sv.




81

7.3 Major current systems, transports
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Figure 7.4:

Transports of Gulf stream, Kuroshio, Mediterranean into Atlantic, Indonesian throughflow and

Drake passage.
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Region

Volume transports (Sv)

References

Florida Current

Kuroshio Current

Drake Passage

Mediterranean Outflow

Indonesian Throughflow

Frame strait ice export

30.5
31.7 £ 3.0
30.5 + 3.0
57-72
57
81
62
127 + 14
118-146
123 £ 10.5
0.4-0.7
0.84 £ 0.3
10
9.8,[0.5 (I->P)-18.1 (P->I)]
18.6 + 7 (P->I)
1.5-20
6 (I->P), 20 (P->I)
0.159 [0.09-0.19]
0.177
0.165

Molinari et al. 1985
Leaman et al. 1987

Schott et al. 1988

Taft 1978

Niiler et al. 1985

Teague et al. 1994
Ichikawa et al. 1998
Fandry and Pillsbury 1979
Whitworth 1983
Whitworth and Peterson 1984
Baringer and Price 1997
Hopkins 1999

Macdonald 1993

Inoue and Welsh 1993
Fieux et al. 1994

Murray and Arief 1988
Muneyama et al. 1994
Vinje and Finnekasa 1986
Koerner 1973

Ostlund and Hut 1984

Table 7.2: Volume transports of major ocean current systems, according to observations.
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7.4 The meridional overturning
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Figure 7.5: Streamfunction of the meridional overturning in the Atlantic for HOPE (upper panel)
and MOM2 (lower panel) Units Sv.
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7.5 Surface fluxes and

upper ocean properties

Data set | AIl O. | Arc. | Atl. | N.A. | S.A. | Pac. | NP. | S.P. | Ind. | N.L. S.I.
ECH4 -04 | -134 4.5 -8.2 | 16.7 | -1.0 | -6.0 2.8 | -2.3 | 115 -5.4
CO88 29 | -67.1 0.7 | -11.5 | 195 23| -45 | 10.3 | 11.0 | 45.2 -0.3
C094 282 1-334 279 | 174 | 380 | 29.0 | 253 | 319 | 374 | 83.1 | 27.3
CO97 300 | -70.3 | 28.0 | 20.8 | 356 | 32.4 | 33.8 | 31.4 | 29.7 | 689 | 20.3
NRA 34 | -11.8 3.6 | -114 | 18.0 6.2 1.0 | 103 | -1.8 9.5 -4.3
ERA 0.7 |-116 | -15 | -14.0 | 104 4.3 3.1 51| -4.0| 159 -8.4
OMIP -0.1 -5.0 | -2.2 | -15.1 | 10.2 2.2 0.2 3.6 | -3.2 | 27.6 | -10.0
MOM2 04 | -10.9 1.5 | -44 6.8 2.3 3.7 13| -85 | 28.6 | -15.6
HOPE 1.2 -7.8 1.6 -3.7 7.1 4.8 0.5 80 | -7.6 | 12.6 | -12.0
Table 7.3: Net downward heat flux (Units Wm—2).
Data set | All O. | Arc. Atl. | N.A. | S.A. | Pac. | N.P. S.P. | Ind. N.L S.I.
ECH4 76| 171 | -19.6 | -19.0 | -20.2 | -0.4 7.6 -6.6 | -14.5 | -23.5 | -12.5
CO88 34| 11.3 | -25.0 | -17.2 | -37.1 | 24.3 | 31.0 16.2 | -16.5 54 | -23.8
C09%4 2.8 | 55.4 | -13.6 | -20.9 | -6.5 5.0 0.0 89| 10.9 | -15.0 | 16.6
CO97 -6.2 81 | -21.7 | -14.6 | -29.3 6.1 | 13.8 -0.2 | -19.3 | -36.4 | -15.2
NRA -7.9 9.6 | -21.3 | -22.7 | -20.0 0.6 5.4 -3.1 | -15.1 | -17.5 | -14.5
ERA -8.0 | 11.5 | -24.7 | -20.4 | -28.9 4.7 | 21.7 -8.3 | -22.5 -9.9 | -25.3
OMIP -9.7 | 16.1 | -25.8 | -22.6 | -28.8 1.8 | 17.8 | -10.5 | -23.4 -9.3 | -26.5
Table 7.4: Net downward fresh water flux (Units mm/month).
Data set | All O. | Arc. | Atl. | N.A. | S.A. | Pac. | N.P. | S.P. | Ind. N.L S.I.
ECH4 -1.2 | 364 | -7.1 -1.1 | -12.9 3.1 | 13.5| -5.0 | -11.3 | -15.1 | -10.5
OMIP -0.3 | b4.8 | -8.1 2.1 -17.9 59| 240 | -81 | -17.1 12.5 | -23.6
MOM2 06| -56 | -7.5 0.3 | -14.5 3.6 | 10.9 | -2.1 -7.1 3.9 -9.2
HOPE -14 6.8 | -7.5 -1.7 | -134 3.3 | 104 | -2.2 -7.5 7.1 | -10.6

Table 7.5: Net downward fresh water flux with runoff (Units mm/month). Ocean models
also with effects of salinity relaxation and ice growth.
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Figure 7.6: Net downward heat flux for HOPE (upper panel) and MOM2 (lower panel).
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Figure 7.7: Net fresh water flux for HOPE (upper panel) and MOM2 (lower panel). Units
mm /month.
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Figure 7.8: Mixed layer depth in March from Levitus (upper panel), for HOPE (middle panel)

and MOM2 (lower panel). Units m.
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Figure 7.9: Mixed layer depth in September from Levitus (upper panel), for HOPE (middle panel)
and MOM2 (lower panel). Units m.
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Figure 7.10: Temperature of top layer for Levitus (upper panel), HOPE (middle panel) and MOM?2
(lower panel). Units “C.
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Figure 7.11: Salinity of top layer for Levitus (upper panel) HOPE (middle panel) and MOM2
(lower panel). Units psu.
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Figure 7.12: Temperature at 100m depth for Levitus (upper panel), HOPE (middle panel) and
MOM2 (lower panel). Units *C.
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Figure 7.13: Salinity at 100m depth for Levitus (upper panel), HOPE (middle panel) and MOM?2
(lower panel). Units psu.
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7.6 The global mean stratification
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Figure 7.14: Zonally averaged temperature for all oceans for Levitus (upper panel), HOPE (middle
panel) and MOM2 (lower panel). Units “C.
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Figure 7.15: Zonally averaged salinity for all oceans for Levitus (upper panel), HOPE (middle
panel) and MOM2 (lower panel). Units psu.




95

100000 o
2re0
| -
e
200000 —|
= |
=
™ 300000 — 27.800
400000
=
= e
e
\ N1
500000 /
T T
40°s o° 40°N 80°N
LATITUDE

Figure 7.16: Zonally averaged density for all oceans for Levitus (upper panel), HOPE (middle
panel) and MOM2 (lower panel). Units kgm =2 (-1000).




96

° ! AN \§§E§§5551‘1:===12

EQ 30N

?-\_Ea—\éé: =7 )7
wﬁ e 1 4w

100000

200000
I
=
™ so0o0000
400000
500000
40°s o° 40°N 80°N
LATITUDE

Figure 7.17: Zonally averaged temperature for the Atlantic for Levitus (upper panel), HOPE
(middle panel) and MOM2 (lower panel). Units °C.
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Figure 7.18: Zonally averaged salinity for the Atlantic for Levitus (upper panel), HOPE (middle
panel) and MOM2 (lower panel). Units psu.
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Figure 7.19: Zonally averaged density for the Atlantic for Levitus (upper panel), HOPE (middle
panel) and MOM2 (lower panel). Units kgm =2 (-1000).
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Figure 7.20: Zonally averaged temperature for the Pacific for Levitus (upper panel), HOPE (middle
panel) and MOM2 (lower panel). Units “C.
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Figure 7.21: Zonally averaged salinity for the Pacific for Levitus (upper panel), HOPE (middle
panel) and MOM2 (lower panel). Units psu.
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Figure 7.22: Zonally averaged density for the Pacific for Levitus (upper panel), HOPE (middle
panel) and MOM2 (lower panel). Units kgm =2 (-1000).
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Figure 7.23: Zonally averaged temperature for the Indian Ocean for Levitus (upper panel), HOPE
(middle panel) and MOM2 (lower panel). Units ~C.
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Figure 7.24: Zonally averaged salinity for the Indian Ocean for Levitus (upper panel), HOPE
(middle panel) and MOM?2 (lower panel). Units psu.
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Figure 7.25: Zonally averaged density for the Indian Ocean for Levitus (upper panel), HOPE
(middle panel) and MOM?2 (lower panel). Units kgm =3 (-1000).
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Figure 7.26: Mean profiles of temperature and salinity for Levitus, HOPE and MOM2.
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7.7 The near surface circulation
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Figure 7.27: Sea surface elevation from TOPEX-POSEIDON and for HOPE (upper panel) and
MOM?2 (lower panel). Units cm and m, respectively.




107

LATITUDE

50°E 150°E 110°wW 10°wW
LONGITUDE

—= 0.200

Figure 7.28: Horizontal velocity at 100 m depth for HOPE (upper panel) and MOM?2 (lower panel).
The arrows are 0.2 m/s.
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Figure 7.29: Vertical velocity at top for HOPE (upper panel) and MOM?2 (lower panel). Units are
10~%ms~1.
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Figure 7.30: Vertical velocity at 20 m for HOPE (upper panel) and at 25 m for MOM2 (lower
panel). Units are 10~%ms™!.
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Figure 7.31: Vertical velocity at 82 m for HOPE (upper panel) and at 88 m for MOM2 (lower
panel). Units are 10~%ms™!.
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Figure 7.32: Vertical velocity at 115 m for HOPE (upper panel) and at 113 m for MOM2 (lower
panel). Units are 10~%ms™!.
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7.8 The deep circulation
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Figure 7.33: Horizontal velocity at 2000 m depth for HOPE (upper panel) and MOM2 (lower
panel). The arrows are 0.03 m/s.
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Figure 7.34: Vertical velocity at 2000 m depth for HOPE (upper panel) and MOM?2 (lower panel).
The gray shading indicates the the sign of w.
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7.9 Sea ice

Figure 7.36: March ice concentration for HOPE (left panel) and MOM2 (right panel).

Figure 7.37: September ice concentration for HOPE (left panel) and MOM2 (right panel).
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Figure 7.38: March ice thickness for HOPE (left panel) and MOM2 (right panel). Units m.

Figure 7.39: September ice thickness for HOPE (left panel) and MOM2 (right panel). Units m.
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Figure 7.40: Ice growth for HOPE (left panel) and MOM2 (right panel). Units m.

Figure 7.41: March ice concentration for HOPE (left panel) and MOM2 (right panel).




118

Figure 7.42: September ice concentration for HOPE (left panel) and MOM2 (right panel).

Figure 7.43: March ice thickness for HOPE (left panel) and MOM2 (right panel). Units m.
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Figure 7.44: September ice thickness for HOPE (left panel) and MOM2 (right panel). Units m.

Figure 7.45: Ice growth for HOPE (left panel) and MOM2 (right panel). Units m.
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Figure 7.46: Seasonal cycle of ice extent and ice volume in the Arctic and Antarctic region.
Observations are from Gloersen et al. (1992).
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Figure 7.47: Seasonal cycles ice transport through Fram Strait.




121

7.10 Summary of the circulation features in the intercom-
parison experiments

The focus of this study is on global ocean-sea ice models that are components of coupled climate
models. This focus demands the analysis of heat and fresh water fluxes, climate drift, and the
renewal time of water masses.

As part of the climate system, ocean and sea ice contribute to the redistribution of heat and
salt. The fluxes at the interface with the atmosphere (Figures 7.6 and 7.7) determine how the
transports are partitioned into atmospheric and oceanic parts. The thermohaline circulation, often
visualized as the meridional overturning streamfunction (Figure 7.5), represents a large part of
the oceanic heat and water transports. At high latitudes, the correlation of horizontal velocity
and zonal temperature anomalies becomes important (Figures 7.3, 7.10 and 7.28). Climate drift,
the deviation from the initial climatology during the integration, is a complicated matter because
it involves not only the quality of the models. Climate drift can be due to inadequate model
physics, erroneous surface boundary values, or an inconsistency between surface boundary values
and the climatology. Here we use horizontally averaged temperature and salinity profiles (Figure
7.26), zonally averaged sections of potential temperature and salinity (Figures 7.14 and 7.15), and
zonally averaged sections for individual basins (Figures 7.17 through 7.25) to document climate
drift in our models.

The renewal time of water masses is closely linked to the problem of climate drift because
misrepresentation of renewal rates is an obvious cause of climate drift. Renewal rates are also
important because they set a time scale for the response of the ocean to changes in surface
boundary conditions. Renewal of water masses also determines the uptake of tracers by the
ocean. The uptake of greenhouse gases represents another aspect of the ocean’s ability to buffer
climate signals. We will discuss water mass renewal together with climate drift and remind the
reader of the CFC uptake experiments discussed in section 6.1.

Sea ice assumes a special role because of its important effect on the surface fluxes, especially its
albedo and the feed back processes involved. Sea ice is treated separately in the following section.

Surface fluxes

Both models’ net surface heat flux (Figure 7.6) features strong equatorial heating of the ocean.
There is a larger heat uptake in MOM2 over the tropical Pacific as well as the tropical Atlantic.
The SST in MOM2 contains a very elongated cold tongue in the eastern tropical Pacific as well as a
very pronounced warm pool in the western tropical Pacific. One possible reason is an overestimate
of the zonal SST gradients due to the GM parameterization (compare section 6.1). However, the
large heat uptake and the low eastern SST in MOM2 is also consistent with the stronger upwelling
(Figure 7.30) in the equatorial belt. These differences were unexpected because the prescribed wind
stress dominates the equatorial upwelling. The reasons for the differences between MOM2 and
HOPE are not entirely clear, however, we find deep upwelling in the Pacific that augments the wind
driven upwelling in MOM2 (not shown). Apparently, the upwelling branch of the thermohaline
circulation in MOM2 has a strong component in the low latitude Pacific that is not present in
HOPE. The upwelling that compensates for the sinking of NADW and AABW in HOPE is placed
somewhere else, probably in the Southern Ocean.

The Southern Ocean comprises marked differences between the models, especially in the Indian
sector where HOPE takes up more heat than MOM2 does. In HOPE, there is strong heat uptake
also located south of Australia that is not present in the MOM2 result. Almost all climatologies
for surface heat flux contain the dipole in the Indian sector of the Southern Ocean that both
models produce. On the other hand, few climatologies (e.g. NCEP) show the large, coherent area
of heat uptake south of Australia. It should be noted, however, that the differences between the
climatologies are much larger here, as in other basins, than between the two model results (Table
7.3).

Noticeable differences in surface heat flux also exist between the models in the North Atlantic.
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There is a larger area of heat loss associated with the Gulf Stream/North Atlantic Current in
MOM2. Here, the area of net heat loss of the ocean extends into the Nordic Seas and the Barents
Sea. This is related to Atlantic water that is carried far to the north (Figure 7.28). MOM2
contains higher SST also in the East Greenland Current of the western Nordic Seas (Fig. 30).
The SST gradient is almost meridional in MOM2, possibly a consequence of the filtering of active
variables at higher northern latitudes. Both model results contain an erroneous heat uptake in the
western subpolar gyre of the North Atlantic that is due to a wrong location of the North Atlantic
Current (Sarmiento, 1986).

The surface fresh water flux (Figure 7.7) has a very similar structure in both models. Cor-
respondingly, the surface salinity fields (Figure 7.11) are similar in both models. They are also
very close to climatology. One important shortcoming, however, can be observed in both models
in the East Greenland Current, which is too saline. As this water influences the downstream deep
convection regions of the Irminger and Labrador Seas, this is a serious deficit that could affect
the mean state as well as the variability in the models. The lack of fresh water export from the
Arctic with the East Greenland Current leads to the thick Arctic halocline that develops in the
models (see below). The large amplitude small-scale variability of Arctic surface salinity in HOPE
is apparently smoothed by the filtering in MOM2.

Mass transport

The large scale overturning motion (Figure 7.5) has a similar structure in both models. The clearly
defined NADW cell contains a southward flow centered at around 2000 m. Around 10 Sv of deep
water are exported from the Atlantic in HOPE, an almost identical export is found in MOM2.
The sinking motion near the Greenland-Scotland Ridge is more confined in HOPE whereas MOM2
also shows sinking of a few Sv at mid-latitudes. Greater differences exist in the inflow of AABW
into the North Atlantic (2 Sv in HOPE, 4-5 Sv in MOM2). Even more pronounced differences
can be found in the combined Indian/Pacific basin (not shown). Here, 7 Sv cross the equator
northwards in MOM2 and large transports are incorporated in the tropical upwelling (see above).
HOPE transports only 1-2 Sv across the equator and there is little addition, if any, to the Ekman
cells at the equator.

These seemingly large differences in the Pacific should not be interpreted as a sign of huge
differences in model physics. The overturning streamfunction is a very sensitive diagnostic where
small changes in density can drive large differences in overturning. These differences in the zonally
integrated transport can be located in rather narrow boundary regions and may vanish with longer
integration times. It should also be noted that the shown streamfunction does not contain the
eddy-induced transports that are included in MOM2. These transports are important, at least in
the Southern Ocean where they reduce the effective strength of the Deacon cell.

Relatively large differences in the Southern Ocean also exist in the streamfunction for the
vertically integrated transport (Figure 7.3). While the ACC strength is similar, the subtropical
gyres of the Southern Hemisphere differ between the models. The gyres are generally somewhat
stronger in MOM2. Since the wind forcing is identical, we assume that differences in the thermo-
haline driven part of the circulation, namely the stronger northward flow of AABW in MOM2 are
responsible. The ACC transport at Drake Passage is around 100 Sv. One reason for the weak ACC
is certainly the density contrast between high and middle southern latitudes that is smaller than
observed (Figure 7.16). Both, higher temperatures and lower salinities in the model results near
the Antarctic continent contribute to these deficiencies. This hints at problems in the formation
of dense waters over the Antarctic shelves and the transport of these waters into the deep basins.
Deep convection that both models erroneously simulate in the Weddell and Ross seas (Figure 7.9)
is probably involved.

Surface elevation (Figure 7.27) is generally in good agreement with observations. HOPE simu-
lates a height difference of 40 cm between Pacific and Atlantic while elevation in the two oceans is
almost equal in MOM2. Again, we presume that the different formation and export rate of AABW
in the models is connected to these differences. It should be noted, however, that surface elevation
is a prognostic variable in HOPE while it is calculated diagnostically in MOM2. Problems in
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solving the diagnostic equation can presently not completely be excluded.

Climate drift

Mean temperature and salinity profiles (Figure 7.26) provide a first quantitative estimate of climate
drift from the initial conditions. Both model results are close to the observed temperature curve
although HOPE is slightly warmer between 600 m and 2500 m depth. Both models are too warm
above 600 m depth.

Regarding salinity, MOM2 exhibits less drift than HOPE except for the depth range between
1300 m and 3000 m. Here, we see the influence of the Mediterranean Water in the Atlantic. HOPE
has a less pronounced Mediterranean Water signal although the mass exchange rate is higher than
in MOM2 (Figure 7.4). Probably, this is due to enhanced mixing near the Straits of Gibraltar. We
find largest drift in HOPE above 1000 m depth where the thickness of the subtropical haloclines
is overestimated.

Zonal averages of temperature and salinity (Figures 7.14 and 7.15) provide more detail of the
changes and their relation to dominant water masses. The effect of stronger northward transport
of cold Antarctic waters at depth is visible in MOM2 although the effect is slight. Changes will
appear larger for longer integration times than in our comparison experiments. On the other
hand, very cold water of Antarctic origin is missing in both models. Antarctic intermediate water
decreases rapidly in HOPE but is not ventilated enough in either model. There is an overly strong
Mediterranean Water signal in the MOM2 result. The North Pacific Intermediate Water appears
well-defined in MOM2, less so in HOPE. The permanent thermocline considerably deepens in
both models. There is a strong front, as observed, between the subpolar and polar regimes (at
around 60°N) in MOM2. Further north, we find an Arctic intermediate layer that is too warm in
both models and occupies too large a depth range. The strong thermocline and halocline at high
latitudes are present in both models. The Arctic halocline is too thick in both models.

Many of these features of the global averages are especially pronounced in the Atlantic (Figures
7.17 and 7.18). Additional highlights of the tracer distributions in this basin are

e a too weak stratification in the Southern Ocean in both models. The AABW is too warm.
e a very well reproduced AATW, esp. in MOM2.

e a strong signature of NADW with increased salinity in both models. This reflects the
Mediterranean Water influence in MOM2 and too strong mixing of the overflow waters
with ambient more saline waters in both models.

e an intrusion of relatively fresh water from high latitudes to south of 60°N centered at 1500
m. This 'North Atlantic Intermediate Water’ is expected to become more important during
extended integration. This hints at rather fundamental problems with the representation of
the Arctic in both models. These problems are connected to the storage of fresh water in a
much too thick Arctic halocline. This is the case in both models but is especially pronounced
in MOM2.

Sea ice

There is almost no Antarctic sea ice in summer in both models (Figure 7.36). This is basically
correct although small ice covered regions should exist in summer. The comparison with satellite
data in Figure 7.46 shows that both models underestimate the sea ice cover in the Southern
Hemisphere in the spring and summer months (September through April). Otherwise, both model
results and observations are similar. Winter sea ice thickness is typically 20 to 50 cm, which is in
the observed range. MOM2 exhibits a larger seasonal cycle in ice volume than HOPE, implying
thicker winter ice. However, there are no data to validate the models in this respect.

The HOPE winter sea ice distribution in the Southern Hemisphere contains large-scale polynias
in the eastern and southern Weddell Sea. These are due to erroneous heat transport to the surface
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by deep convective mixing (Figure 7.9). A similar problem, although on a smaller scale, exists in
the southern Ross Sea. MOM2 has a connected sea ice cover in winter that is more realistic for
mean Antarctic conditions. The convection that also occurs in MOM2 in the Weddell Sea (Figure
7.9) is apparently not sufficient to melt the ice as it does in the HOPE result.

In the Northern Hemisphere, the models differ in sea ice extent in the Greenland and Labrador
seas as well as in the Barents Sea (Figures 7.41 and 7.42). The transition between the ice edge
and the fully covered region is broader in HOPE, a fact that has to be taken into account when
comparing sea ice extent figures. Both models underestimate the sea ice extent in the Arctic during
all seasons (Figure 7.46). Because sea ice is very sensitive to the albedo and other parameters,
this discrepancy should not be taken as a serious model failure. However, it demonstrates that
the parameter values must be fine-tuned and carefully validated. Another consideration is that
the forcing field might not represent the conditions over the averaging period of the satellite
observations. Due to the strong nonlinearity of sea ice processes, this would be hard to achieve
without using the actual atmospheric forcing data for exactly the same period. We find, for
instance, that the Kara Sea is not ice covered during summer in MOM2, a situation that is in the
observed range although not typical for long periods.

Summer ice concentrations in both models drop to significantly below 90% in both models near
the land boundaries (Figure 7.42). A larger ice free area exists in HOPE near the Bering Strait,
a consequence of the stronger inflow from the Pacific in that model. This might be connected to
the larger difference in sea level between the Pacific and the Arctic in that model (Figure 7.27).

Ice thickness distributions realistically show thickest ice north of the Canadian Archipelago
(Figures 7.43 and 7.44). Ice thickness reaches 8 m in HOPE whereas ice thickness does not exceed
5 m in MOM2. There is a considerable seasonal cycle in ice volume. The seasonal changes occur
especially in the far eastern Arctic. Again, there is no observational database to validate the
models in this respect. Observations after Barry et al. (1993) indicate that the ice thickness of
MOM2 is more realistic in the Central Arctic, whereas that of HOPE is more realistic close to the
Canadian Archipelago.

The Arctic fresh water gain through rivers and Pacific inflow is mainly compensated by fresh
water export through Fram Strait, both in liquid and solid phases. This export is especially
significant because the fresh water flows very close to the deep-water formation areas of the
North Atlantic. Anomalies of these transports in strength and pathways could affect deep-water
production. An especially interesting quantity is thus the Fram Strait ice export shown in Figure
7.47. The models have very similar results with almost vanishing transport in August (the HOPE
transports actually vanish in August and September) and maximum export in February (MOM2)
and April (HOPE). The maximum values are close to 0.05 Sv or approximately 1500 km? /yr. These
maximum values are below the estimates based on observations for the mean sea ice transport
through Fram Strait. Vinje et al. (1998) give a mean transport for the period 1990-1996 of 2850
km®/yr. The minimum annual transport of 2050 km?®/yr occurred in 1991. It is apparent that
we simulate a sea ice export from the Arctic through Fram Strait (the only outlet in the model
geometry) that is significantly below observed values. This has consequences for the fresh water
balance and the stratification in the Arctic. To achieve a balance, the oceanic (liquid) export must
be larger than observed. To increase the transport, the halocline in the Arctic first has to deepen
(Figure 7.18). The thick insolating layer will buffer the system and will thus leave the models
insensitive to anomalies in the forcing.

Outlook

C-HOPE is the newly developed version of the original HOPE model formulated on the Arakawa
C-grid. Like its predecessor HOPE, C-HOPE is a z-coordinate global general circulation model of
the ocean based on the primitive equations. It utilizes the hydrostatic and Boussinesq assumptions
common in large scale models and has a free surface. C-HOPE also contains an embedded dynamic-
thermodynamic sea ice model with viscous-plastic rheology and snow.

Unlike its predecessor, C-HOPE utilizes a horizontal curvilinear grid (conformal mapping of
geographical coordinates) to accomodate increased resolution in regions of interest without the
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interior boundary problems of nested models. The standard grid setup used for global general
circulation studies places the North Pole in Greenland to avoid distorted physics. The South Pole,
while remaining over land, is moved an equivalent distance along the same longitude line to keep
the zero-latitude line along the Equator (Fig.7.48). Other new features include a parameterization
of slope convection and a higher-order advection scheme.

180° 210° 240° " 270° éOO° 330° 30° ] 60° 90° 120° 150° 180°

Figure 7.48: The grid of the new version CHOPE.

C-HOPE is currently undergoing optimization and tuning. From a 100-year test run of a recent
C-HOPE prototype using the OMIP-Forcing the meridional stream function is shown (Fig.7.49).
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Figure 7.49: Streamfunction of the meridional overturning in the Atlantic for the CHOPE version.
Units Sv.
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