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Samenvatting
(in Dutch)

De bron van energie die het leven op Aarde mogelijk maakt is de zon. Zonnestra-
ling wordt geabsorbeerd op het aardoppervlak en aan de top van de atmosfeer
wordt energie (in de vorm van langgolvige straling) uitgestraald naar de ruimte.
Gemiddeld wordt er in een jaar meer zonnestraling geabsorbeerd rond de evenaar
dan bij de polen. De atmosfeer en de oceanen herverdelen de energie door warmte
richting de polen te transporteren. Hierdoor wordt het temperatuurverschil tus-
sen evenaar en polen verkleind.

Echter, de Atlantische Oceaan heeft de eigenaardige eigenschap dat het warm-
tetransport noordwaarts is in de gehele oceaan. Dat wil zeggen dat het warm-
tetransport op het zuidelijk halfrond richting de evenaar is. Ook is het warmte-
transport in de Atlantische Oceaan een stuk groter dan in de Stille Oceaan. Dit
noordwaartse warmtetransport wordt bewerkstelligd door de meridionale om-
wentelingscirculatie (de ‘lopendebandcirculatie’). In deze circulatie stroomt het
oppervlaktewater in de Atlantische Oceaan noordwaarts, terwijl het warmte uit-
straalt naar de atmosfeer. Daardoor wordt het water kouder en dus zwaarder. In
de noordelijke randzeeën zinkt het water de diepzee in en stroomt daarna richting
het zuiden als zogenoemd ‘Noord-Atlantisch Diepwater’, op een diepte van twee
tot drie kilometer. De vraag waarom er diepwatervorming is in de Atlantische
Oceaan en niet in de Stille Oceaan staat centraal in mijn proefschrift.

Dat het water kan zinken komt omdat het een grote dichtheid heeft (een groot
soortelijk gewicht). De dichtheid van zeewater wordt voornamelijk bepaald door
de temperatuur en het zoutgehalte van het water. Daarom is het logisch om deze
twee eigenschappen te vergelijken om te bepalen waarom er een verschil in circu-
latie is. Gelijk valt dan een verschil in zoutgehalte van het oppervlaktewater op.
De hoogste waarden voor het zoutgehalte in beide bekkens zijn in de subtropen,
maar op bijna alle breedtegraden is de Atlantische Oceaan zouter dan de Stille
Oceaan. Maar nu verandert de originele vraag in het probleem waarom we een
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dergelijk groot zoutcontrast zien tussen de twee oceanen.
Het zoutveld aan het oppervlak wordt mede bepaald door neerslag en ver-

damping. Het blijkt dat de neerslagpatronen en -hoeveelheden vrij vergelijkbaar
zijn in de Atlantische en de Stille Oceaan, maar er is per vierkante meter wel veel
meer verdamping in de Atlantische Oceaan. Dit komt omdat de Atlantische Oce-
aan een stuk warmer is dan de Stille Oceaan, omdat er daar wel een meridionale
omwentelingscirculatie is (die de warmte transporteert) en in de Stille Oceaan
niet. Nu zitten we vast in een cirkelredenatie. Het zoutverschil tussen de twee
oceanen proberen te vergelijken door de hydrologische cyclus te gebruiken, met
argumenten gebaseerd op neerslag en verdamping, werkt daarom niet.

Zout wordt ook meegevoerd door de stroming: het zoutgehalte is een eigen-
schap van het water die invloed heeft op het stromingsgedrag van het water.
Hierdoor zit er een zichzelf versterkend e!ect in de circulatie: doordat er diep-
watervorming plaatsvindt, is er een stroming richting het gebied waar het water
zinkt. Deze stroming neemt zout en warm water uit de subtropen mee naar dit
gebied. Onderweg verliest het water zijn warmte aan de atmosfeer, maar behoudt
het zijn zout. Daardoor wordt het water in het gebied waar diepwatervorming
plaatsvindt zouter en houdt het dus een toereikende dichtheid om te blijven zin-
ken. Dit wordt de terugkoppeling van zoutadvectie genoemd.

Als het zinken van het water onderbroken zou worden – doordat bijvoorbeeld
het ijs op Groenland in een bepaalde periode heel snel smelt, en daarmee het
water van de noordelijke randzeeën in de Atlantische Oceaan te zoet (en dus te
licht) wordt om te zinken – dan stopt ook deze toevoer van zout water. Dit
betekent dat het zinken van het water niet zomaar weer kan beginnen; het water
heeft nog steeds niet voldoende dichtheid. Er is in principe niks in de randvoor-
waarden veranderd (de smelt op Groenland is inmiddels weer gestabiliseerd op de
oude waarde, er zijn geen veranderingen in de neerslag en temperatuur), en toch
is de oceaancirculatie fundamenteel anders dan eerst. Dit idee, dat er meerdere
realisaties zijn van de oceaancirculatie onder dezelfde atmosferische omstandig-
heden, noemen we meervoudige evenwichtstoestanden. Er komt meer en meer
geologisch bewijs dat een dergelijk ineenstorten van de omwentelingscirculatie
inderdaad heeft plaatsgevonden, bijvoorbeeld aan het einde van de laatste ijstijd.

In dit proefschrift motiveer ik dat deze meervoudige evenwichtstoestanden
belangrijk zijn om het zoutverschil en het verschil in omwentelingscirculatie tus-
sen de Atlantische Oceaan en de Stille Oceaan te verklaren. Het belangrijkste
argument is dat er een bepaald selectieproces kan plaatsvinden, waardoor op een
bepaalde plek diepwatervorming wordt gestart. Dit zinken wordt dan versterkt
door de zoutadvectieterugkoppeling en houdt zichzelf daardoor in stand.

In hoofdstuk 2 gebruik ik een tweedimensionaal oceaanmodel (de oceaan
wordt voorgesteld als een vlak waarbij de ene zijde de diepte is en de andere
zijde de breedtegraad). In dit oceaanmodel laat ik zien hoe bepaalde noord-
zuidverschillen in de invloed van de atmosfeer (verdamping en neerslag) en/of de
lengte van het oceaanbekken ervoor kunnen zorgen dat een bepaalde evenwichts-
toestand van de oceaancirculatie de ‘voorkeur’ krijgt boven andere evenwichts-
toestanden; we zien immers maar één realisatie van de oceaancirculatie en deze
moet op een of andere manier geselecteerd worden uit alle mogelijkheden.



3

De oceaancirculatie in hoofdstuk 3 is iets minder gesimplificeerd; hier gebruik
ik een ander oceaanmodel, waarin de Atlantische Oceaan en de Stille Oceaan
worden voorgesteld als twee rechthoekige bakken, die in het uiterste zuiden wor-
den verbonden met een Antarctisch circumpolair kanaal (de Zuidelijke Oceaan).
In deze eenvoudige wereldzee bestaan er wel vier evenwichtstoestanden van de
oceaancirculatie. Ik laat zien hoe deze vier circulatiepatronen zich tot elkaar
verhouden, als er een toevoer van smeltwater zou zijn in de Noord-Atlantische
Oceaan.

In hoofdstuk 4 en 5 ziet de oceaan er wel ongeveer uit zoals in de werkelijk-
heid. Hier laat ik in twee verschillende computermodellen en op twee verschillende
manieren zien dat, zelfs als de Atlantische Oceaan netto neerslag krijgt (in te-
genstelling tot de netto verdamping die de oceaan nu ondervindt), er toch nog
Noord Atlantisch Diepwatervorming plaats kan vinden. Dit is dus een sterke
aanwijzing dat de verklaring voor het verschil in omwentelingscirculatie tussen
de Atlantische en de Stille Oceaan inderdaad niet in de hydrologische cyclus zit.
In hoofdstuk 4 draai ik de neerslagforcering om door het model op te leggen dat
de Stille Oceaan veel zouter moet worden en in hoofdstuk 5 laten we de aarde de
andere kant opdraaien dan in werkelijkheid. Hierdoor transporteert de atmosfeer
waterdamp de andere kant op (van de Stille naar de Atlantische Oceaan).

In hoofdstuk 6 kijk ik naar de vraag hoe we zouden kunnen zien of de groot-
schalige oceaancirculatie dichtbij een ineenstorting van de Atlantische omwente-
lingscirculatie is. Het idee is dat als de omwentelingscirculatie aan de zuidgrens
van de Atlantische Oceaan (van de punt van Afrika naar Zuid-Amerika op 35!ZB)
relatief zoet water importeert, en de omwentelingssnelheid neemt af, dat dan de
toevoer van zoetwater door de oceaan ook afneemt. Hierdoor kan de Noord-
Atlantische Oceaan weer zouter worden en neemt de omwentelingssnelheid weer
toe (er zinkt weer meer water). Echter, als de omwentelingssnelheid afneemt, en
de stroming zoet water exporteert, dan wordt het water in de zinkgebieden zoeter
en zoeter (er is accumulatie van zoet water), waardoor de dichtheid weer lager
wordt en er nog minder water zal zinken. Dus als we kunnen bepalen of er netto
zoet water wordt ingevoerd of geëxporteerd door de omwentelingscirculatie we-
ten we of hij plotseling ineen kan storten. In hoofdstuk 6 diep ik dit niet-lineaire
concept verder uit.

Het proefschrift wordt afgesloten in hoofdstuk 7 met conclusies en een voor-
uitblik.





Summary

The source of energy to sustain life on Earth is the Sun. Solar radiation is ab-
sorbed at the Earths surface and at the top of the atmosphere energy is emitted
into space (as longwave radiation). Averaged over a year, more energy is ab-
sorbed near the equator than close to the poles. The atmosphere and the ocean
redistribute this heat, transporting energy polewards and reducing the equator
to pole temperature gradient.

However, in the ocean circulation there is the peculiar feature that heat trans-
port is northwards throughout the entire Atlantic ocean. This means that the
Atlantic heat transport in the southern hemisphere is towards the equator. Also,
the heat transport in the Atlantic is much larger that in the Pacific. This north-
ward heat transport is mainly due to the meridional overturning circulation in
the Atlantic, where surface waters flow northward, release their heat to the at-
mosphere (thus becoming colder and gaining density), sink to depth at high
northern latitudes and flow southwards as so-called North Atlantic Deep Water.
The question why there is deep water formation in the Atlantic ocean and not in
the Pacific ocean is central to this thesis.

The water sinks because of its high density. The density of sea water is
predominantly determined by its temperature and salinity. Therefore, it is rea-
sonable to compare the salinity and temperature of the Atlantic and Pacific in
order to answer the research question. Then we see a striking di!erence in sur-
face salinity between the two ocean basins. The highest salinity in both basins is
found in the subtropics, but the Atlantic is much saltier than the Pacific ocean for
almost all latitudes. Then the question becomes why do we see such an impressive
salinity contrast?

Precipitation and evaporation (the surface freshwater flux) determine part of
the sea surface salinity. It is shown that patterns and the amount of precipitation
in the Atlantic and Pacific are very comparable, but per unit of surface area there
is a lot more evaporation in the Atlantic. This is because the Atlantic ocean is
much warmer that the Pacific ocean, and this is exactly due to the presence of
the meridional overturning circulation in the Atlantic and the absence of it in
the Pacific. Therefore, this reasoning is circular and cannot provide the answer
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to the question about the striking salinity contrast.
Salinity is also transported by the flow: salinity is a property of sea water,

but also influences the behavior of the flow. Therefore, there is a self supporting
e!ect in the circulation: because deep water formation takes place, there is a
current towards the sinking area, this flow brings warm and salty waters from
the subtropics towards this region. Because of heat release to the atmosphere,
the water cools, but the salt content is kept. Therefore, the sinking areas are
salinified, providing enough density to keep the sinking motion going. This is
what we call the salt advection feedback.

If the sinking is disrupted for some reason – for example, melting of the
Greenland ice sheet is very strong for a certain period, making the water of the
North Atlantic too fresh to sink – then the supply of salty water ceases too. This
means the sinking of the water cannot just begin again; the water is too buoyant.
The boundary conditions have not changed (the melt has stabilized at the former
rate, there are no changes in precipitation and atmospheric temperature), but
still the ocean circulation is fundamentally di!erent from before. This notion,
that there are multiple possible circulation patterns under equal forcing, is called
the concept of multiple equilibria. There is more and more paleoclimatic evidence
that such a collapse of the meridional overturning circulation has happened in
the past sometimes, for example at the end of the last glacial.

In this thesis I argue that these multiple equilibria are important to explain
the salinity contrast and the di!erence in meridional flow between the Atlantic
and Pacific. The main argument is that there is a certain selection process,
that starts deep water formation at a certain location. Then the salt advection
feedback will help to sustain the meridional overturning circulation that arises.

In chapter 2, I use a two dimensional ocean model (the ocean is represented
by a plane, of which one side is depth and the other side is latitude). In this ocean
model I show how certain north to south di!erences in freshwater flux and/or the
length of the ocean basin provide a preference for a certain solution over other
solutions; we see only one realization of the ocean circulation and this one has to
be selected from all possibilities.

The ocean circulation in chapter 3 is slightly less idealized; here, I use a
di!erent ocean model, in which the Atlantic and Pacific are represented by two
square basins, connected in the south by a circumpolar channel. In this simple
world ocean there are 4 equilibria of the ocean circulation. I show how these
four states are connected when under increased freshwater input in the Northern
Atlantic.

In chapter 4 and 5 the ocean looks similar to the real ocean. In two di!erent
ocean models and in two di!erent ways I show that even when the Atlantic re-
ceives net precipitation (in contrary to the net evaporation that it has now), there
is still a possibility for North Atlantic Deep Water formation. Therefore, these
model simulations give a strong clue that the di!erence in meridional overturn-
ing circulation between the Atlantic and Pacific is indeed not governed by the
hydrological cycle. In chapter 4, I switch the precipitation forcing by implying
a very salty Pacific and a fresh Atlantic. In chapter 5, we let the earth spin in
the other direction. Then the atmosphere transports moisture from the Pacific
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to the Atlantic.
In chapter 6, I turn to the question how we could measure whether or not

the ocean circulation is close to a collapse. The idea is that if the overturning
circulation imports freshwater (at the boundary at 35!S), and it slows down for
some reason, then the import of freshwater slows down too, thereby making the
North Atlantic saltier again and increasing the sinking motion. However, when
the meridional overturning circulation exports freshwater and it slows down for
some reason, then there will be accumulation of freshwater, decreasing the density
and slowing the sinking motion even more. So, if we can determine whether the
overturning circulation imports or exports freshwater, we also have determined
if it can potentially collapse. In chapter 6 I explore this nonlinear concept.

The thesis is ended with conclusions and an outlook in chapter 7.



1
Introduction

The Earth receives energy from the sun in the form of short wave radiation,
where the amount of energy per unit of surface area received in the equatorial
region is much larger than at polar latitudes. This energy is redistributed by
the atmosphere and the ocean circulation, reducing the temperature di!erence
between equator and poles. Because of the larger heat capacity of the ocean and
smaller typical velocities, the oceanic storage and transport of heat is dominant
over climatic timescales of seasons, decades, up to thousands of years.

The large scale ocean circulation is essentially driven by fluxes of momentum,
heat and freshwater at the ocean surface and by internal energy input by tidal
motions [Kuhlbrodt et al., 2007]. The ocean transport can be roughly divided
into wind driven (or gyre) transport, which has a two dimensional flow pattern
in the upper ocean, and density driven transport, which has a three dimensional
structure, involving the whole water column. The gyres follow the general wind
pattern, with westward currents at the equator and eastward currents at mid-
latitudes, forming a subtropical gyre, and in the North Atlantic and North Pacific
also a subpolar gyre. In the subtropical gyres the water flows polewards at the
western side of the basin and equator-wards at the eastern side. The poleward
flowing branch is strongly intensified due to the rotation of the earth, forming
the characteristic boundary currents like the Gulf Stream, the Kuroshio and the
Agulhas current. Because of the absence of land boundaries, the Southern Ocean
has the only current that travels around the globe: the Antarctic Circumpolar
Current (ACC), driven by strong westerly winds.

The density driven part of the ocean circulation has a less symmetric struc-
ture. The density of ocean water is both determined by temperature and salinity,
where the e!ect of one of the constituents is also dependent on the other and on
the pressure. In general, colder, saltier water has higher density than fresher,
warmer water and to first order the whole ocean is stably stratified, with denser
water at larger depth.

In the North Atlantic the warm Gulf Stream transports relatively warm and
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Surface flow
Deep flow
Bottom flow Deep water formation

Figure 1.1: Strongly simplified sketch of the global thermohaline circulation.
In the Atlantic, warm and saline waters flow northward into the the deep water
formation areas (indicated by small circles). In the Southern Ocean bottom
water is formed. After Kuhlbrodt et al. [2007].

saline waters northwards. The heat is quickly taken up by the atmosphere, cooling
the water and making it denser. In certain areas (the Greenland Sea and the
Labrador Sea), when there is a strong cooling event in winter, the water column
becomes unstably stratified, i.e. denser water overlies buoyant water, resulting
in strong convection. The net result of these convection events is the formation
of a water mass called North Atlantic Deep Water (NADW), which overflows
the various ridges that are present in the topography and which then enters the
Atlantic basin [Pickart and Spall, 2007].

This NADW is transported southwards at a depth of about 2 km, where it
enters the Southern Ocean, the Pacific and the Indian ocean. Due to energy
input of wind and tides [Wunsch and Ferrari, 2004], the buoyancy of the water is
increased and the water is slowly brought back to the surface. To close the mass
balance the water eventually will be transported back to the sinking areas in the
North Atlantic.

In the Southern Ocean bottom waters are formed. This Antarctic Bottom
Water (AABW) is fresher and much colder than NADW [e.g. Stewart, 2006], it
has a higher density than NADW and therefore sinks into the abyssal ocean. In
the North Pacific no deep water is produced.

Together, this deep convection and sinking at high latitudes, upwelling at
lower latitudes, and the horizontal currents that feed these vertical movements
are interpreted as the global thermohaline circulation (THC), sketched in Fig. 1.1.
This circulation is sometimes referred to as the ‘Conveyor Belt’ [Broecker, 1991],
sketching a slow coherent river in the ocean, although the real current system is
considerably more complex [Wunsch, 2010].
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1.1 The meridional overturning circulation

The part of the THC that can actually be measured is called the meridional over-
turning circulation (MOC), which is the zonally integrated transport. Ganachaud
and Wunsch [2000] analyzed section data of the World Ocean Circulation Exper-
iment (WOCE), combined with climatological data and inverse modeling and
Wang et al. [2010] used the German ECCO (GECCO) synthesis to improve the
estimates of the global mass and heat transports (Figs. 1.2 and 1.3).
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Figure 1.2: Zonally integrated layer mass transports from Ganachaud and
Wunsch [2000], values in Sv = 106 m3 s!1. The estimated water transports are
indicated for the di!erent density classes bounded by neutral surfaces (!n, in
kg m!3) and across selected hydrographic sections. The color of the upwelling
and sinking symbols indicate the layer from which the water is coming.

The Atlantic MOC has strong northwards heat transport throughout the
whole Atlantic basin, which even is up-gradient in the Southern Atlantic (Fig. 1.3,
Hall and Bryden [1982]; Polonskii and Krasheninnikova [2007]). This is directly
related to the presence of the meridional overturning circulation, where the upper
branch in the Atlantic transports warm water northwards [Marotzke, 2000]. This
heat transport is responsible for the relatively mild western European climate
and therefore the MOC is of major social, economical and ecological importance.

The Pacific heat transport is much more moderate and away from the equator,
because of the absence of such a meridional overturning circulation. This is
actually the most striking feature of the global ocean circulation in Fig. 1.1;
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Figure 1.3: Estimated heat transport, in PW = 1015 W , across WOCE sec-
tions (indicated by their number inside the gray boxes), from Ganachaud and
Wunsch [2000]. The arrow length corresponds to the amount of heat and the
white bar at the tail end of each arrow is the one-standard-deviation uncer-
tainty. Between sections, ocean–atmosphere heat transfers are indicated by
the zonal length of the colored boxes (black for ocean cooling; gray for ocean
heating), with the length of the white bar inside indicating the uncertainty.

there is large geographical asymmetry. While there is deep water formation in
the North Atlantic, there is no similar process in the North Pacific [Warren,
1983]. The reason lies in the salinity di!erence (Fig. 1.4) between the two basins;
the water in the North Pacific is too fresh to permit strong convection events.
However, this surface salinity di!erence is in part due to the presence of a vigorous
MOC in the Atlantic and the absence of it in the Pacific. The high surface
salinities in the North Atlantic can maintain themselves through the overturning
they cause.

Because of the self-sustaining nature of the MOC, one can imagine how an
anomalous influx of freshwater might reduce the density of the North Atlantic
sea water to a point that all convection ceases [Rahmstorf, 1995; Manabe and
Stou!er, 1995; Alley et al., 1999]. There is paleo-evidence that this scenario
took place during the termination of the Last Glacial, when massive meltwater
discharges reduced North Atlantic surface density conditions and interrupted the
Atlantic MOC [McManus et al., 2004; Rial et al., 2004].

In ice-core data from Greenland and Antarctica [Blunier and Brook, 2001],
so-called Dansgaard-Oeschger (D/O) and Heinrich events were identified, seen as
rapid and dramatic temperature changes in the !18O record. D/O events typically
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Figure 1.4: Surface salinity (in psu) of the world oceans [Antonov et al., 2006].
The contour interval is 0.4 psu, and the 35 psu contour is fat. The di!erence
between the North Atlantic and North Pacific basin is O(3 psu).

start with an abrupt warming of Greenland by 5 ! 10!C over a few decades or
less, followed by gradual cooling over several hundred or several thousand years.
Heinrich events are massive ice berg releases and occur in the cold, stadial phase
of some D/O cycles. They too, have a global temperature signal. Sediment data
suggest that a reorganization of the ocean circulation (a complete shut-down, or a
large reduction of the Atlantic overturning circulation) is crucial in these abrupt
climate changes [e.g. Kleiven et al., 2008]. Moreover, it is hard to explain the
dramatic temperature fluctuations without making use of changes in the ocean
heat transport [Ganopolski and Rahmstorf, 2001; McManus et al., 2004; Ellison
et al., 2006; Clement and Peterson, 2008; Thornalley et al., 2010].

The question about the probability of a collapse of the Atlantic MOC in the
present day climate is still unresolved [Jungclaus et al., 2006]. One of the reasons
that an interrupted MOC is potentially dangerous for the European climate, is the
speed of the climate change, another reason is the shear size of the temperature
change. A modelling study of Vellinga and Wood [2002] showed a temperature
decrease in the Northern Hemisphere up to 8!C locally within two decades after
a forced MOC collapse.

1.1.1 This thesis

This thesis focusses on the two intriguing questions (i) why is the ocean asymmet-
ric in its circulation pattern and sea surface salinity and (ii) how (or if) can it be
determined whether the present day overturning circulation is close to shutting
down. Therefore, this thesis has two main research topics: the stability of the
Atlantic MOC and the preference for North Atlantic sinking, respectively intro-
duced in section 1.2 and 1.3. These two seemingly di!erent themes are connected
through the concept of multiple equilibria, a notion that will be enlightened in
section 1.2.1.
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1.2 Stability of the Atlantic MOC

A crucial aspect of explaining the rapid temperature transitions in ice-core data
is the theory of multiple equilibria in the ocean circulation [Clark et al., 2002].
In this concept small changes in the freshwater forcing can have a dramatic e!ect
on the overturning circulation. This hypothesis was first explored by Stommel
[1961] and we will first recap these results, to explain the main ideas.

1.2.1 Stommel’s box model

The most elementary form of the Atlantic meridional overturning circulation was
studied by Stommel [1961] in a two box model (Fig. 1.5a). There is an equatorial
box with density "e and a polar box with density "p. They are connected by
an overflow (simulating the surface flow) and a capillary tube modeling the deep
currents. The flow rate # is determined by the density di!erence between the
two boxes, because it is directed from high to low pressure:

# = #
"p ! "e

"0
, (1.1)

where "0 is a reference density and # a hydraulic constant.
Because salinity (S) and temperature (T ) have opposite e!ects on density,

there are two possible flow directions. When the polar box has the highest density,
the circulation is thermally driven (like in our present-day ocean circulation) and
the flow direction will be as sketched in Fig. 1.5a. This direction is defined
positive. When, however, the salinity dominates the density, sinking will occur
in the equatorial box, giving a negative signed #.

With a linear equation of state equation (1.1) becomes

# = #[$(Te ! Tp)! %(Se ! Sp)], (1.2)

where $ and % are the thermal expansion and haline contraction coe$cient,
respectively.

Because atmospheric damping of temperature is relatively fast, it is convenient
just to prescribe Te and Tp (restoring them to the atmospheric temperatures,
with a short timescale). Atmospheric forcing of salinity is modeled by a constant
freshwaterflux FS (following Van Aken [2007]). Then the flow will advect water
from the one box to the other, either through the overflow or through the capillary
tube. If we assume the volume of both boxes is equal to 1, then the time evolution
of the salinities is given by

dSp

dt
= !FS + |#|(Se ! Sp),

dSe

dt
= FS ! |#|(Se ! Sp),

where the modulus arises due to the fact that salinity is transported anyway,
independent from the sign of #. Subtracting the two gives the combined equation
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Figure 1.5: (a) Single hemispheric box model of the Atlantic overturning cir-
culation (!), after Stommel [1961]. The equatorial and polar box (subscript
“e” and “p”, respectively), with volume V , are well mixed and are connected
by an overflow and a capillary tube. The density is dependent on the temper-
ature (T ) and salinity (S) and is influenced by the atmospheric temperature
(T a) and freshwater (FS) fluxes through the surface. (b) Sketch of the bifur-
cation diagram for Stommel’s box model. For a range of freshwater fluxes FS ,
there are multiple equilibrium solutions for the overturning rate !; two ther-
mally dominated flows (positive !) and one salinity forced circulation. Stable
(unstable) solutions are indicated by drawn (dashed) lines and L+ and L! in-
dicate the saddle node bifurcation points. As an example, three solutions are
indicated by the gray dots for a certain value of FS .

for %S = Se ! Sp:

d%S

dt
= 2FS ! 2|#|%S

= 2FS ! 2#|$%T ! %%S|%S, (1.3)

where we substituted equation (1.2). For stationary solutions the time derivative
vanishes.

Equation (1.3) is non-linear in %S, hence there is the possibility of multiple
solutions for a given forcing FS . More specific, for a certain range of FS there are
two solutions for a temperature driven MOC ($%T > %%S) and an additional
solution for a salinity dominated flow (Fig. 1.5b). It can be determined that one
of the thermally dominated flows is unstable, leaving two possible stable steady
states.

The consequence of these possible multiple equilibria is that, for the equivalent
of the present day ocean circulation (the positive valued overturning or the upper
branch of the bifurcation diagram), there exists a threshold value FS after which
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the circulation cannot sustain itself. This point is indicated by L+ in Fig. 1.5b
and it is called a saddle node bifurcation point. When FS is increased further,
the only steady state that is available in the system is the salinity dominated
overturning (the lower branch). Therefore, the circulation will abruptly change
its flow direction, with sinking in the equatorial box.

If we then reduce the freshwater forcing (going towards smaller values of FS),
the system will stay in the negative valued overturning flow until the second
saddle node bifurcation point is reached (L"). Generaly, L+ and L" are at
di!erent values for FS , giving rise to hysteresis behavior and a regime where the
two solutions coexist: the multiple equilibrium regime.

The physical reason for the non-uniqueness of the solution is the existence of
a positive nonlinear feedback between the density structure and the circulation,
called the salt advection feedback. In the thermally driven flow structure, the
polar box is freshened by FS and the equatorial box is salinified. When for some
reason the circulation strengthens, more saltier water is transported from the
equatorial box towards the polar box, making the density higher and amplifying
the original perturbation. The increased circulation also transports more heat
polewards, which would act as a negative feedback. However, due to the large
atmospheric damping, or in this extreme case, prescribing a fixed temperature,
this has little to no e!ect on the density in the polar box.

The advective feedback and the di!erent time scales to which the tempera-
ture and salinity react to atmospheric forcing are crucial for the potential rapid
changes in the ocean circulation. And this is not limited to the simple box
model. The bifurcation structure and hysteresis behavior due to the existence of
the multiple equilibria of the meridional overturning circulation can be identified
in a whole hierarchy of ocean models, going via zonally averaged ocean models
[Stocker and Wright, 1991] and ocean general circulation models [Bryan, 1986] to
intermediate complexity climate (ocean-atmosphere-sea ice) models [Rahmstorf
et al., 2005].

Fully coupled climate models that were integrated under the SRES A1B-
scenario of the IPCC do not show any sign of abrupt change in the Atlantic
MOC up to 2100 [Schmittner et al., 2005]. Possibly, this is due to atmospheric
feedbacks that counter the salt-advection feedback, which are not present in ocean
only models, but which could act when the ocean is coupled to a fully dynamical
atmosphere model [Schlesinger et al., 2006; Yin et al., 2006]. Furthermore, it
has been proposed that the multiple MOC states are caused by spuriously high
vertical di!usivities in ocean models [Nof et al., 2007]. On the other hand, without
multiple equilibria of the Atlantic MOC, it becomes more di$cult to explain the
paleoclimatic record [Clark et al., 2002].

1.2.2 Measuring stability

Now we can ask the important question where the real ocean resides; is there a
multiple equilibrium regime in the present day ocean circulation and are we close
to the critical bifurcation point? What and where should we measure to deter-
mine this? With a simple box model, it was already pointed out by Rahmstorf
[1996] that the multiple equilibrium regime and a possible collapse of the MOC
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has to do with the freshwater transport of the overturning circulation. When the
MOC imports freshwater, a slow-down of the circulation means that less freshwa-
ter is imported to high northern latitudes, thereby salinifying the sinking areas.
The result is a density increase, and therefore an increase in the overturning
circulation: the original perturbation is damped. If, however, the MOC exports
freshwater, a slowdown of the circulation leads to accumulation of freshwater and
a further decrease in sinking: the perturbation is amplified. One has to be care-
ful with this reasoning, because the MOC is linearly stable (meaning that small
perturbations are damped) and only a large enough perturbation will lead to a
catastrophic collapse of MOC.

This hand-waving argument was investigated by de Vries and Weber [2005]
and formalized in Dijkstra [2007]. In Chapter 6 of this thesis it is shown that the
net anomalous freshwater transport due to the overturning circulation (a scalar
quantity measured at 35!S in the Atlantic) is stabilizing (salinifying the North
Atlantic) outside the multiple equilibrium regime and destabilizing inside this
regime. This quantity could in principe be measured in the real ocean, although
the current systems at that particular latitude might make it too di$cult to infer
the overturning component of the freshwater transports.

1.3 Preference for North Atlantic Sinking

The present-day meridional overturning circulation is characterized by deep wa-
ter formation in the North Atlantic Ocean and upwelling in the North Pacific
Ocean. However, identifying this asymmetry does not answer the question why
there is such an asymmetric circulation. Does the salt advection feedback have
a di!erent e!ect in the two basins, is the forcing fundamentally di!erent or are
there other factors setting this di!erence? There have been an number of pro-
posed answers, ranging from the Southern Ocean winds [de Boer et al., 2008],
the overall geometrical di!erence of the basins [Hughes and Weaver, 1994], to
the most commonly used explanation, the asymmetry in the surface freshwater
flux [Warren, 1983]. However, this question is still not su$ciently resolved and
therefore we may pose the question: why is the North Atlantic the preferred area
for deep water formation?

This concept of ‘preference’, however, needs an introduction. In Chapter 2
a two-dimensional double hemispheric model is used to quantify this idea as the
existence of certain solutions under a range of boundary conditions. The model
has an equator and two poles, this provides a possibility for four overturning
circulation patterns: sinking at both poles and upwelling at the equator (ther-
mally driven overturning, referred to as the TH state), sinking at the equator
and upwelling at high latitudes (salinity driven overturning, the SA state), and
two states with a pole-to-pole circulation, with sinking at either the North or
the South pole (NPP and SPP, respectively). External asymmetries can inhibit
certain solutions, so for certain boundary conditions one or more of these four
solutions still exist. An example for an imposed external asymmetry is a basin ge-
ometry, where the ocean has a higher northern extent (asymmetric hemispheres).
Then the NPP solution exists for a larger parameter range than the SPP solution,
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and therefore is ‘preferred’. This is due to the water being able to get colder (and
thus denser) in the Northern Hemisphere than in the Southern Hemisphere Hence,
northern deep water formation is stronger than southern deep water formation
and can prevail for a larger parameter range.

In the real ocean, however, the circulation asymmetry question can be
rephrased as: what sets the salinity contrast between the North Pacific and the
North Atlantic? As we have seen in the previous section, salinity is advected by
the flow and certainly is not an independent tracer. Still, the salinity contrast is
often argued to be caused by the observed di!erence in freshwater flux (E!P , i.e.
net evaporation minus precipitation, Fig. 1.6) between the North Pacific and the
North Atlantic. This di!erence in E!P is mainly due to the higher evaporation
rate per unit area over the North Atlantic as the precipitation rate per unit area
has been estimated to be similar over the subpolar gyres [Emile-Geay et al., 2003].
However, the higher evaporation rate over the North Atlantic is mainly caused by
the higher sea surface temperature, which is a consequence of the meridional heat
transport associated with the present state of the Atlantic MOC having north-
ern deep water formation. Therefore, the explanation for the salinity di!erence
between Atlantic and Pacific using the hydrological cycle cannot be the answer.

Surface freshwater flux (HOAPS) in mm/day
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Figure 1.6: Surface freshwater flux (E ! P ) in mm day!1 from the satellite
based HOAPS data set [Andersson et al., 2007]. The zero contour is high-
lighted.

In an idealized ocean-only model of two (similar-size) basins which are con-
nected by a channel at high southern latitudes, four di!erent equilibrium solutions
of the ocean circulation are found under an equatorially symmetric and zonally
independent freshwater flux [Marotzke and Willebrand, 1991]. These four states
are the Conveyor, Inverse Conveyor, Southern Sinking and Northern Sinking solu-
tion. The Conveyor represents our present-day ocean circulation, with sinking in
the North Atlantic and a strong salinity contrast between the basins (under sym-
metric freshwater forcing). The Inverse Conveyor is the same as the Conveyor,
with the basins interchanged. The Northern and Southern Sinking solutions are
symmetric in the Atlantic and Pacific, and have sinking in both basins in the
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northern, respectively southern high latitudes.
In Chapter 3 of this thesis the bifurcation diagram of this two basin ocean is

calculated. It is shown that the four solutions form two disconnected branches
for freshwater perturbation in the northern North Atlantic. The Conveyor is con-
nected to the Southern Sinking branch, meaning that the Pacific has an upwelling
cell, while the Atlantic MOC has two possible flow directions, as was the case
in the Stommel box model (section 1.2.1). But there is also the case that the
Pacific has deep water formation (because the basins are identical and therefore
interchangeable). For di!erent freshwater perturbations in the North Atlantic,
there are still two possible states for the Atlantic MOC, giving rise to a branch
which connects the Northern Sinking state with the Inverse Conveyor.

From this symmetric set-up towards the real ocean, we can point to a large
number of asymmetries, the most striking of which is the geometry. The Pacific
is much wider than the Atlantic, and the Atlantic has a higher northwards ex-
tent. Also asymmetries in the atmospheric circulation [Czaja, 2009] can be easily
identified. It is expected that, analogous to the two-dimensional case, some of
these four states can no longer be maintained as steady states. This can already
be seen in a two-basin ocean where several gateways (with relevance to paleo-
ceanography) are opened [Von der Heydt and Dijkstra, 2008] or other geometrical
asymmetries are introduced [Hughes and Weaver, 1994] . This leads to prefer-
ence of specific solutions over others. Ultimately, all the asymmetries present in
our current climate system have somehow selected the Conveyor solution as the
present-day ocean circulation.

In order to test this hypothesis innovative model experiments are needed. To
test the importance of the surface freshwater flux under realistic geometry two
numerical experiments are performed. In Chapter 4 the possible stable states
under a reversed salinity field are calculated: the Pacific is made as saline as the
Atlantic and vise versa. In Chapter 5 a backwards spinning Earth is studied.
This seems an academic exercise, but is actually an interesting way to study
the influence of the surface freshwater flux on the circulation. In Chapter 4 and
Chapter 5 it is shown that when the E!P asymmetry between the Atlantic and
Pacific is reversed (giving an Atlantic with net precipitation) there still can be
North Atlantic deep water formation, with the associated relatively saline Atlantic
basin. This underlines our previous argument, that the hydrological cycle alone
cannot provide for the salinity contrast between the Atlantic and Pacific basin.

1.4 Outline

The goal of this introductory chapter is to show that the large scale ocean cir-
culation still has it fundamental questions, not only in a paleoclimatic context
but also for the present-day climate. And that it is relevant to study the ideas
in conceptual models to grasp the underlying physics of the mechanisms.

In this thesis I will argue that multiple equilibria in the ocean circulation
play an important role in setting this salinity di!erence between the Atlantic
and Pacific, and therefore in the global ocean circulation. Several process studies
with idealized ocean models show that asymmetric solutions (like the present day
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ocean circulation) can be selected from the possible equilibria due to asymmetries
in forcing and geometry. If we can understand this selection process, we can
understand how the global meridional overturning circulation may react under
changes in this forcing.

The central questions of this thesis may be summarized in the following way:

Chapter 2 How can we define preference of an ocean circulation state and how
can we compare the relative importance of surface forcing and geometry?
How important is the salt advection feedback with respect to freshwater
forcing in setting a north to south salinity gradient?

Chapter 3 Can we understand how the four possible solutions in a two-basin
ocean are connected in the bifurcation diagram (where the forcing param-
eter is a freshwater perturbation in the North Atlantic), in order to better
understand why we see the Conveyor in the real ocean?

Chapter 4 and 5 Given the present-day geometry, does net surface freshwater
forcing set the preference for North Atlantic sinking?

Chapter 6 How can we determine whether the Conveyor circulation is prone to
a collapse by measuring a scalar quantity and why does this scalar indicate
the start of the multiple equilibrium regime?

The thesis is concluded with a brief summary of the main results and outlook
into the future.





2
Preference of Asymmetric Solutions of

the Meridional Overturning: Forcing
versus Multiple Equilibria

Abstract

In equatorially-symmetric ocean-model configurations, multiple equilibria occur
of the Meridional Overturning Circulation (MOC). When external asymmetries
(e.g. in the boundary conditions) are added, some of these equilibria will still ex-
ist, while others will disappear from the relevant interval of parameter space. In
this chapter, this notion of ‘preference’ for certain solutions through the boundary
conditions will be made more precise by studying it in detail for a highly idealized
two-dimensional model of the Atlantic MOC. In addition, we show that the pres-
ence of multiple equilibria strongly a!ects the sensitivity of the surface salinity
asymmetry (with respect to the equator) to external asymmetries in freshwater
flux and geometry.

This chapter is based on:

Huisman, S. E., M. den Toom, and H. A. Dijkstra (2010), Preference of Asymmetric Solutions

of the Meridional Overturning: Forcing versus Multiple Equilibria, to be submitted to J. Marine

Research.
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2.1 Introduction

Since the work by Stommel [1961], oceanographers have been aware that the
Atlantic Meridional Overturning Circulation (MOC) may be sensitive to high-
latitude freshwater input. One of the origins of this sensitivity is the existence
of a positive feedback between the MOC and the transport of salinity anomalies,
the salt-advection feedback, which amplifies high-latitude freshwater anomalies.

In low-resolution global ocean-only models, this feedback is responsible for
the existence of multiple equilibria [Rahmstorf, 2000]. Under similar forcing con-
ditions, at least two di!erent MOC states (in the Atlantic) can exist in these
models, one with and one without North Atlantic Deep Water (NADW) for-
mation. As these states each have a very di!erent meridional heat transport,
switches between these multiple states form an important component of current
theories to explain past climate transitions, in particular the Dansgaard-Oeschger
cycles, which have been found in ice-core records [Clark et al., 2002].

In the Pacific deep water formation does not occur, giving the global ocean
circulation a very asymmetric character. The commonly used explanation for
this asymmetry based on the hydrological cycle (net evaporation (E) minus pre-
cipitation (P ) is positive in Atlantic and negative in the Pacific [Warren, 1983])
contains a circular argument [Czaja, 2009]. Emile-Geay et al. [2003] showed that
the di!erence in E ! P is mainly caused by higher evaporation in the Atlantic,
which is directly related to the higher surface temperature in the Atlantic Ocean.
In turn, this is caused by the presence the MOC and associated heat transport
in the Atlantic and the absence of it in the Pacific.

Instead, it seems the issue of multiple equilibria may be important to explain
the Atlantic–Pacific circulation asymmetry. In an idealized ocean-only model of
two (similar-size) basins which are connected by a channel at high southern lati-
tudes, four di!erent equilibrium solutions of the ocean circulation are found un-
der an equatorially symmetric and zonally independent freshwater flux [Marotzke
and Willebrand, 1991]. These four states (Conveyor, Inverse Conveyor, Southern
Sinking and Northern Sinking) appear as two disconnected branches (making two
pairs of solutions) under a locally varying freshwater flux in the northern North
Atlantic [Huisman et al., 2009]. In this symmetric set-up, the Conveyor state is
associated with the observed Atlantic–Pacific asymmetric circulation, but it is
not the only realizable state of the model ocean. There are three more stable
states present for the same boundary conditions, two of which (Northern Sinking
and Inverse Conveyor) have high surface salinities and deep convection in the
Pacific.

When asymmetries in Atlantic and Pacific geometry and equatorial asymme-
tries in freshwater flux [Zaucker et al., 1994] are taken into account, it is expected
that some of these four states can no longer be maintained as steady states. For
example, the impact of asymmetries on the steady-state patterns of the Atlantic
MOC in a two-dimensional model [Dijkstra et al., 2003] has shown that a slight
equatorial asymmetry in E ! P can lead to the disappearance of the Southern
Sinking solution. Also, the presence of open gateways (with relevance to pa-
leocean circulation) has been shown to lead to preference of specific solutions
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over others [Von der Heydt and Dijkstra, 2008]. This motivates to consider the
Atlantic–Pacific asymmetry as a consequence of the existence of multiple equilib-
ria and subsequent ‘preference’ of the Conveyor state due to external asymmetries
(e.g., geometry). From this point of view, the Atlantic–Pacific di!erence in E!P
is mainly a consequence of state selection due to external asymmetries and not
the cause of the ‘preference’ of the Conveyor state.

The notion of ‘preference’, however, needs further consideration. The method-
ology of dynamical systems is equipped with tools to study the ‘preference’ prob-
lem because equilibrium solutions can be followed in parameter space. In this
chapter, we apply these techniques to an idealized two-dimensional model of the
Atlantic MOC to specify the role of continental geometry (in particular north-
ward extent) and asymmetries in forcing (E!P flux) on the preference for MOC
patterns. In section 2, we define the basic concepts of preference and subcrit-
ical and supercritical parameter regimes (which are linked to the existence of
pitchfork bifurcations in the equatorial symmetric case) using results of a 3-box
Stommel model. These ideas are shown to be useful to analyze MOC solutions in
the two-dimensional model in section 3. We particularly focus on the sensitivity
of the external asymmetries (forcing and geometry) on the north-south salinity
contrast of the steady solutions and show that this sensitivity is essentially di!er-
ent in parameter regimes without and with the possibility of multiple equilibria,
below referred to as subcritical and supercritical parameter regimes, respectively.
The results are summarized and discussed in section 4.

2.2 Preference of MOC states

To make the concept of preference more quantitative, we first illustrate it with a
relatively simple box model of the Atlantic MOC.

2.2.1 The Stommel three-box model

Consider the Stommel three-box model as used in Thual and Mcwilliams [1992],
with a northern box with temperature Tn and salinity Sn, a southern box with
temperature Ts and salinity Ss and an equatorial box with temperature Te and
salinity Se (cf. Fig. 2.2). The atmospheric forcing is through heat fluxes and
freshwater fluxes that are proportional to the temperature and salinity di!erences
between each box and that of the atmosphere above each box. For example, the
heat flux into the northern box is proportional to T a

n!Tn. A complete description
of the model can be found in chapter 3 of Dijkstra [2005].
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This dimensionless model is defined by the equations
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where #s and #n are the dimensionless meridional overturning streamfunctions
in the domain south and north of the equator, &s and &n are the dimensionless
temperature di!erences between equator and pole, "s and "n are the salinity
di!erences and $ (%) is the strength of the temperature (salinity) forcing. The
forcing is equatorially symmetric if $n = $s and %n = %s. In this case, the
equations possess a reflection symmetry meaning that north and south are indis-
tinguishable in the model.

2.2.2 Equatorially symmetric case

In Fig. 2.1, the bifurcation diagram is plotted for fixed $s = $n = $ = 1.5
using %s = %n = % as a control parameter. As a property of the solution, the
di!erence &n ! &s was chosen, because it is is zero for equatorially-symmetric
solutions. When &n!&s > 0, the northern box is warmer than the southern box.
The stability of the solutions is shown through the linestyle with drawn (dashed)
branches indicating stable (unstable) steady solutions; the small branch between
L1 and L2 contains unstable solutions. For small %, there is only one symmetric
solution with upwelling at the equator and sinking at the poles (Fig. 2.2a) and
hence of TH type. At the point labelled P1, the TH solution becomes unstable and
two asymmetric solutions – labelled NPP and SPP (Northern/Southern sinking
Pole-to-Pole) – appear (Fig. 2.2c, d). The equatorial symmetry is spontaneously
broken through the salt-advection feedback and asymmetric solutions appear
under symmetric forcing conditions. For these NPP and SPP solutions, there is
no longer equatorial upwelling or downwelling but there is only downwelling at
one of the poles. At large % (strong salinity forcing), only the SA solution exists
with downwelling at the equator (Fig. 2.2b). This solution becomes unstable for
values of % below those at the point P2 leading also to the asymmetric NPP and
SPP solutions. The branches coming from both points P1 and P2 are connected
through the two points L1 and L2.

Taking % as control parameter with a ‘realistic’ domain [0, %max], we define
I0[SOL] as the length of the interval of % over which a linearly stable state of
solution type [SOL] exists. Obviously, we need to propose criteria on the solution
of type [SOL], but in this case, we could simply use the sign of &n ! &s to
distinguish [NPP] and [SPP] and for example the sign of #n to distinguish [TH]
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Figure 2.2: Sketch of the four di!erent steady solutions within the 3-box
model. (a) TH solution; (b) SA solution; (c) NPP solution; (d) SPP solution.

and [SA]. From Fig. 2.1, we then deduce that

I0[TH] = %P1 (2.2a)
I0[SA] = %max ! %P2 (2.2b)

I0[NPP] = I0[SPP] = %P2 ! %P1 (2.2c)



26 Preference of Asymmetric Solutions of the MOC

where %Pi is the value of % at the pitchfork bifurcation Pi. Note that the small
interval %L2 ! %L1 plays no role here since on that interval there is only one
stable [NPP] branch of steady states (the branch from P2 to L2). The reference
value I0[SOL] of the di!erent states will play a role in the definition of preference
below.

2.2.3 Equatorially asymmetric case

With the box model, we can study the e!ect of an asymmetry of the forcing on
the bifurcation diagrams. In the three-box model, the equatorial symmetry is no
longer present as soon as $n "= $s or %n "= %s (or both). Let us consider the
case %s = %n = % with $n = $s(1 + ') for ' > 0. Physically, this means that
the atmospheric equator-to-pole temperature di!erence is slightly larger in the
northern hemisphere than in the southern hemisphere, i.e. T a

n < T a
s . Imagining

only a thermally driven flow, we would expect stronger sinking in the northern
box. When ' = 0.01 the points P1 and P2, present for ' = 0 in Fig. 2.1, no longer
exist (Fig. 2.3a). The SPP branch becomes an isolated branch and disconnects
from the other branch. The latter consists of a connection between the symmetric
branch of solutions and the NPP branch. With increasing ', the isolated branch
shrinks to one point and it certainly has disappeared for ' = 0.1 (Fig. 2.3b).

When Fig. 2.1 and Fig. 2.3 are compared, one can still understand the origin
of the solution branches in the asymmetric case from the equatorially symmetric
case, although the connection between the branches is broken. The latter hence
serves as a reference case and is called the perfect case because of its higher
symmetry. The equatorial asymmetry in the atmospheric forcing, here T a

n < T a
s ,

hence introduces imperfections which leads to isolated branches of steady states
and a preference for the northern sinking (NPP) state.
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Figure 2.3: (a) Branches of steady solutions for % = 0.01 of the three-box
model with "n = "s(1 + %) and #s = #n = # and $3 = 0.3. (b) Same as (a),
but for % = 0.1. The stability of the branches is not indicated.

As soon as $n > $s, branches become disconnected and for increasing ', the
interval of existence of the SPP solution decreases and hence the SPP becomes
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less ‘preferred’. This motivates the introduction of a quantitative measure for
the preference of the solution P![SOL] with respect to the external asymmetry
represented by ', as

P![SOL] =
I![SOL]
I0[SOL]

(2.3)

In Fig. 2.3, ' represents the forcing asymmetry in the atmospheric temperature
forcing. When the interval of stability of a solution [SOL] is smaller than that in
the reference case, its preference is smaller than 1. In the limit that the solution
disappears for some value of ', clearly the preference becomes zero.

From the results in Fig. 2.3a, the preference of the SPP solution is given by

P![SPP] =
%!

L4
! %!

L3

I0[SOL]
=

%!
L4
! %!

L3

%0
P2
! %0

P1

(2.4)

where the superscripts of % also refer to the imperfection parameter. In Fig. 2.3b,
the SPP solution has ceased to exist; therefore, the preference P [SPP] = 0. This
figure also illustrates that it is more di$cult to define the preference of solutions
TH, NPP and SA. The problem is due to the fact that the solution along the
single branch deforms continuously from a TH-like, through an NPP-like to a
SA-like solution. Hence, we need to quantify the di!erence in the three solutions
carefully and the preference will obviously depend on the metric which is chosen
to represent the solution; this appears unavoidable.

Having defined these quantities then, considering the preference of SPP, solu-
tions versus ' shows that there are two quantities which measure the sensitivity
of the solutions to imperfections (here measured by '), i.e.

s =
dP![SOL]

d'
(2.5a)

'c = ' |P [SOL]=0 (2.5b)

The slope s monitors how quickly the solution departs from the symmetric one
and the critical value 'c (which exists only when solutions disappear) is a measure
under which (extreme) asymmetric conditions the solution can still exist. Both
quantities allow one to compare preference changes due to di!erent asymmetric
boundary conditions, for example asymmetries in continental geometry and those
in freshwater forcing.

With these concepts defined and illustrated with bifurcation diagrams of the
3-box model results, we now turn to a two-dimensional (2D) model of the Atlantic
MOC.

2.3 Preference in a two-dimensional ocean model

In this section, we study imperfections of the Atlantic MOC due to asymmetries
in freshwater forcing (just as for the 3-box model) and asymmetries in basin
geometry in a two-dimensional (meridional-depth) model.
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r0 6.4 · 106 m "0 1.0 · 103 kg m"3

D 4.0 · 103 m $T 1.0 · 10"4 K"1

g 9.8 m s"2 %S 7.6 · 10"4 psu"1

AV 1.0 · 10"3 m2 s"1 S0 35 psu
AH 2.2 · 1012 m2 s"1 T0 15 K
KV 1.0 · 10"4 m2 s"1

KH 1.0 · 103 m2 s"1

Table 2.1: Standard values of parameters used in the numerical calculations.

2.3.1 Model formulation

The fully implicit 2D model used in this study is adapted from the model in
Weijer and Dijkstra [2001]; it is essentially a three dimensional model, where
the zonal width is merely 2 grid-points and the eastern and western boundary
are assumed free-slip. In absence of wind and rotation, the solutions are strictly
two-dimensional.

The meridional and vertical velocity components are indicated by v and w, the
temperature, salinity and pressure by T , S and p, respectively. Mixing of momen-
tum and of heat and salt is represented by eddy di!usivities, with horizontal and
vertical friction coe$cients AH and AV for momentum and horizontal and verti-
cal di!usivities KH and KV for heat. The linear equation of state has expansion
coe$cients $T and %S , with reference temperature T0, salinity S0 and density "0.
Standard values for the di!erent parameters are listed in Table 2.1. The govern-
ing model equations are the two-dimensional hydrostatic Navier-Stokes equations
on a spherical Earth, given by

Dv

dt
= ! 1

"0r0

(p

()
+ AV

(2v

(z2
+ AH

!
1
r2
0

(2v

()2
! v

r2
0 cos2 )

"
(2.6a)

(p

(z
= !"g (2.6b)

0 =
(w

(z
+

1
r0

(v

()
! v tan )

r0
(2.6c)

DT

dt
=

KH

r2
0 cos )

(

()

#(T

()
cos )

$
+ KV

(2T

(z2
(2.6d)

DS

dt
=

KH

r2
0 cos )

(

()

#(S

()
cos )

$
+ KV

(2S

(z2
(2.6e)

" = "0(1! $T (T ! T0) + %S(S ! S0)) (2.6f)

The model domain is bounded by the latitudes [75!S, 75!N ], with a resolution
of 3.75! and has a constant depth of 4 km, divided in 16 layers of 250m. On the
ocean surface mixed boundary conditions are imposed, i.e. the surface temper-
ature is restored to a profile TS()) and a freshwater flux FS is prescribed as a
virtual salinity flux. No-slip and no-flux conditions are imposed on the lateral
boundaries and bottom boundary.
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Figure 2.4: Freshwater flux (FS) from data (zonally averaged from the
HOAPS dataset [Andersson et al., 2007], black) and idealized profiles for
A = 10 mm day!1, F0 = 0.225 and F1 = 0 (drawn grey) and F1 = 0.3 (dashed
grey). The idealized profiles have a zero surface integral. Values in mm day!1.

The reference temperature has a cosine profile with an amplitude of %T =
20!C,

TS()) = T0 +
%T

2
cos

%
*

)

+T
0

&
(2.7)

where +T
0 = 90!N . The reference freshwater flux as function of latitude ) is given

by (see Fig. 2.4):

FS = AF0

'
1.2

cos(* "
#0

)
cos(0.2 ))

! 3 exp
% )

0.15 +0

&2 + 0.25
(( "
#0

(( + F1
"

#0

)
+ Q (2.8)

where A # 10 mm day"1, F0 is the dimensionless amplitude of the salinity forcing
(equivalent to % in the box model and with a ‘realistic’ value of about 0.2),
+0 = 60!N , the location of the midlatitude minimum of E ! P , F1 (= 0 for the
reference case) is the asymmetry parameter, and Q is the compensating flux to
ensure a total zero surface integral.

We choose a basin geometry as in Fig. 2.5 with two regions [75!S, )S ] and
[)N , 75!N ] where the ocean is only is two grid-points (500 m) deep. In the
reference case, the basin is of equal size on the northern and southern hemisphere.
Using this configuration, we can test the influence of the northern extent on the
preference for the NPP solution by shifting )N without changing the ocean surface
area. This specific setup is chosen to guarantee a fair comparison between the
experiments where )N is varied, because the freshwater forcing (FS) can still be
kept symmetric around the equator, when the e!ective basin size is changed.
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Figure 2.5: Basin setup. Latitudes between 75"S
and 75"N , &S = 60"S and &N is variable.

2.3.2 Symmetric hemispheres

Similar to the 3-box model the ‘perfect case’ is investigated first, meaning the
basin length on both hemispheres is equal ()N = !)S = 60!) and the surface
freshwater flux is equatorially symmetric (F1 = 0). To determine the influence
of the surface forcing on the preference of certain solutions, imperfections are
introduced by adding a linear profile to the surface freshwater flux (changing F1).
It is expected that the NPP solutions becomes less preferred when the northern
hemisphere receives net precipitation and the southern hemisphere becomes net
evaporative.

For a symmetric freshwater flux (F1 = 0) and zero salinity forcing (F0 = 0)
a TH state is found (Fig. 2.7a), with sinking at the poles and upwelling at the
equator. For increased salinity forcing, also the NPP, SPP and SA solution
appear. The di!erent states are connected in the bifurcation diagram of Fig. 2.6
(drawn line). Plotted is the sum of the maximum value of the NPP cell (#+) and
the minimum value of the SPP cell (#"). When #+ + #" = 0 the circulation is
symmetric (TH and SA solutions), when it is positive (negative), the NPP (SPP)
cell is stronger than the SPP (NPP) cell. The two-cell TH overturning circulation
undergoes spontaneous symmetry breaking (pitchfork bifurcation point P1) due
to the salt advection feedback. The other pitchfork (P2) is, analogous to the box
model, associated with symmetry breaking in the SA state. For a certain interval
of F0, solutions coexist (there is a multiple equilibrium regime). For example, for
F0 = 0.2 there are three solutions: a NPP (Fig. 2.7b), a SPP and an unstable
symmetric circulation.

When a linear profile is added to the reference surface freshwater flux (F1 "= 0),
the pitchfork bifurcations disappear and isolated branches (Fig. 2.6, dashed and
dotted lines) appear. Using the concept of preference as defined in section 2.2 let
us consider that of the NPP solution with imperfection parameter F1 < 0 and
control parameter F0 (with a maximum value F0,max = 1).

The existence intervals in F0 of the NPP solution for di!erent F1 are in-
dicated by the stars in the bifurcation diagram (Fig. 2.6). In particular, the
existence interval (I0[NPP]) of the NPP solution under the symmetric freshwater
flux (F1 = 0) is shown by the stars on the drawn line (Fig. 2.6). When the
northern latitudes receive more precipitation (negative F1) the NPP existence
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Figure 2.7: Meridional overturning streamfunction (Sv) for solutions at the
drawn branch in Fig. 2.6 (symmetric freshwater forcing). (a) TH state (F0 = 0);
(b) NPP state (F0 = 0.2). Values in Sverdrup.

interval is smaller than I0[NPP]. The opposite is also true, when the northern
latitudes become more evaporative (positive F1), the existence interval of the
NPP solution (IF1 [NPP]) becomes larger than I0[NPP].

Using the existence intervals, it is found that the preference

PF1 [NPP] =
IF1 [NPP]
I0[NPP]

(2.9)
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is a linear function of F1 < 0 with slope s = 5.7. The critical value for F1c

for which the NPP solution disappears is F1c = !0.19. This indicates that for
F1 < F1c, there is no value of F0 anymore for which the NPP solution exists.
Similarly, we find that PF1 [SPP] is linear for F1 > 0 with the same slope and a
critical value F1c = 0.19.

The di!erence is the freshwater flux between the imperfect and the perfect
case is given by

F d
S()) = AF0F1

)

+0
, (2.10)

When we choose a particular latitude )# and consider the north-south di!erence
of F d

S()), then we find

F d
S()#)! F d

S(!)#) = 2AF0F1
)#
+0

(2.11)

Using the reference value of F0 = 0.2 and )# = 60!, the freshwater asymmetry
due to F1 is proportional to 2 ·10 ·0.2 ·F1 mm day"1 and so the critical value (for
F1c = !0.19) corresponds to only 0.76 mm day"1.

2.3.3 Asymmetric hemispheres

To test the influence of the northward extent of a basin on the preference of
steady solutions, )N is shifted both northwards and southwards, while keeping
the freshwater flux symmetric (F1 = 0). In the bifurcation diagram Fig. 2.8 it
can be seen how the asymmetry in basin geometry a!ects the existence intervals
in F0 of the di!erent steady states. For example, the NPP solution exists for a
larger range in F0 when the northern hemispheric basin extent is longer (Fig. 2.8,
dashed lines). Simultaneously, extending the basin more northward leads to
smaller existence intervals for the SPP solution than for the reference case.

The reference existence interval of the NPP solution (I0[NPP], for )N = 60!N)
is indicated by the stars on the drawn black line (Fig. 2.8). The existence intervals
for di!erent basin geometries, P!"N [NPP] are also indicated in Fig. 2.8 through
the stars on the drawn grey curves. It is found that the preference P!"N [NPP] is
again a linear function of %)N with a slope s = 0.044 (per degree latitude). The
critical value for %)N for which the NPP solution disappears is %)N c = !22! (or
almost 6 grid-points southwards with respect to the reference case). This appears
like a strong geometrical asymmetry compared to the 0.76 mm day"1 asymmetry
in freshwater flux which was su$cient to eliminate this solution.

Meridional overturning streamfunctions of TH, SPP and NPP solutions for
the case that the northern boundary is shifted 2 grid points towards the south
()N ! 2, implying that the boundary of the shelf lies at 52.5! N) are plotted in
Fig. 2.9. In absence of freshwater forcing F0 = 0, the southern cell of the TH
state (Fig. 2.9a) is much stronger than the northern cell, because the deep basin
in the southern hemisphere undergoes much stronger cooling at high latitudes
that than in the northern basin. For the realistic value of F0 = 0.2, both the
SPP (Fig. 2.9b) and NPP (Fig. 2.9c) states exist, but the SPP state is slightly
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(I!N [NPP]). The asymmetry parameter F1 = 0.

stronger.

2.4 The North-South salinity difference

In this section, we investigate the consequences of the existence of multiple equi-
libria and the e!ect of external asymmetries on the north-south salinity di!erence.
We recall from the introduction that we want to explain how Atlantic - Pacific
surface salinities arise due to (slight) asymmetries in freshwater forcing and basin
geometry. In the two-dimensional case, we mimic this problem by identifying the
salinity in the northern part of the domain with the Atlantic and that in the
southern part with that in the Pacific. There are now two fundamentally di!er-
ent cases possible:

(i) The parameters in the two-dimensional model are such that there are no
pitchfork bifurcations in the equatorially-symmetric case. We will refer to
this as subcritical parameter regimes. In this case, the external asymmetries
will still introduce asymmetries in the MOC solutions. The salt-advection
feedback, although too small to create multiple equilibria, will still amplify
the north-south MOC contrast of the solutions and hence a!ect the north-
south salinity contrast.

(ii) The parameters are in a supercritical regime and multiple equilibria occur
due to the salt-advection feedback. We have seen in the previous section
that external asymmetries in freshwater forcing and basin geometry can
lead to preference of specific solutions since the length of the existence
intervals of other solutions decreases. It can even occur that in the ‘realistic’
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Figure 2.9: Meridional overturning streamfunctions (Sv), with asymmetric
hemispheres (&N!2, where !2 again denotes 2 gridpoints, i.e. 7", equatorward)
and symmetric freshwater forcing (F1 = 0). (a) TH state (F0 = 0); (b) SPP
state (F0 = 0.2); (c) NPP state (F0 = 0.2). Note that the SPP and NPP states
are not of the same strength, because the extent of the northern hemisphere is
smaller than the southern hemisphere.

parameter regime, there is only one solution (similar to case (i)) because
all the other solutions have disappeared. This solution will also have a
north-south salinity contrast.

It is expected that the sensitivity of this north-south salinity di!erence with
respect to the external asymmetries is very di!erent for cases (i) and (ii) and
hence this sensitivity is the focus of this section.

To create a subcritical parameter regime, we vary another parameter in the
model, the Rayleigh number (Ra), given by [Weijer and Dijkstra, 2001]

Ra =
$T %TgDr0

UAH
, (2.12)

where U is a typical velocity scale, taken in the model as 0.1 m/s. When the
Rayleigh number is decreased, heat and salt transport will shift from mainly
convection driven to di!usion driven. In the small buoyancy forcing limit (for
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small Ra) the two pitchforks coalesce and disappear [Dijkstra and Molemaker,
1997]. Then the NPP/SPP solutions, under symmetric forcing in the symmetric
geometrical set-up, will cease to exist.

Again, note this is a very di!erent approach to remove the multiple equilibria
regime then to remove it by increasing the external asymmetries. While in the
latter method the salt advection feedback is still very active in transporting salin-
ity towards the sinking area(s), instead when Ra is reduced, the salt advection
feedback is weakened.

For the perfect case (symmetric hemispheres, symmetric forcing), the Rayleigh
number is decreased and the bifurcation diagram is calculated (Fig. 2.10). First
the subcritical pitchfork bifurcations become supercritical, stretching the param-
eter regime where multiple equilibria occur, then the multiple equilibrium regime
shifts towards less realistic values of salinity forcing and becomes smaller quickly.
Also, the strength of the NPP and SPP solutions decreases significantly, which
is to be expected when the salt advection feedback is weakened.
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Figure 2.10: !! + !+ (Sv) against the freshwater flux strength F0

for the equatorially symmetric case for di!erent values of Ra. The fat
light gray line is for the original value for Raref = 1.15 · 10!4. The
critical Rayleigh number where the pitchfork bifurcations disappear is
given by Rac/Raref = 0.049.

The surface salinity for the NPP solution of Fig. 2.7b (for F0 = 0.2 and
Ra = Raref ) is shown in Fig. 2.11. For reference, the surface salinity of the
TH solution is also shown. Due to salt advection the northern hemisphere is
much more saline than the southern hemisphere. We choose the latitudes to
calculate %S = SN ! SS such that this salt advection is captured (dots at ±36!
in Fig. 2.11).

We can now show the sensitivity of %S versus the external asymmetries (in
F1 and )N ) for both subcritical parameter regimes Ra < Rac and supercritical
parameter regimes Ra > Rac by plotting %S versus the representation of the
asymmetry for various values of Ra. The sensitivity of %S to asymmetry in
the freshwater flux F1 (Fig. 2.12) shows a very distinctive change from smaller
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to larger values of Ra. When Ra >> Rac the sensitivity of %S to F1 is quite
small, meaning that the MOC is not influenced much by the freshwater flux
asymmetry because the salt advection feedback sets up the salinity di!erence
between the northern and southern hemisphere. However, when Ra ! Rac, %S
is very sensitive to F1.
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Figure 2.12: #S for the NPP state of the equatorially-symmetric
basin versus the asymmetry in the freshwater flux (F1), for di!erent
values of Ra.



Summary and Discussion 37

Next, the basin is made very asymmetric ()N + 2 and )S ! 3, such that
P [SPP] = 0) and again the relation between %S and F1 for the NPP solution is
studied. We obtain a very similar result compared to the symmetric basin case;
the stronger the salt advection feedback, the smaller the sensitivity to freshwater
flux asymmetries (Fig. 2.13). This shows that it is not the actual occurrence
of multiple equilibria (because the large geometrical deformation inhibits the
SPP solution), but the importance of the salt advection feedback that sets the
sensitivity of %S to F1.
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Figure 2.13: #S for the very asymmetric hemisphere setup (&N + 2
and &S!3, where +2 again denotes 2 grid points, i.e. 7", poleward and
!3 means 3 gridpoints equatorward, and where P [SPP] = 0), versus
the asymmetry in the freshwater flux (F1), for decreasing values of Ra.
The sensitivities for asymmetry in the freshwater flux are very similar
to the symmetric set up (Fig. 2.12).

For small values of Ra the MOC strength of the NPP solution becomes quite
small. As this might have an e!ect on the sensitivity of %S versus F1, we consider
a subcritical parameter regime with a larger MOC strength, by increasing the
vertical mixing coe$cient KV by a factor 10. Now, the NPP solution still has a
strength of 10Sv for Ra/Racrit = 0.087 and the SPP solution stays inhibited by
the geometrical asymmetry. The change of %S versus F1 is displayed in Fig. 2.14,
and clearly shows the same change in sensitivity with Ra. The results in Fig. 2.13
and Fig. 2.14 di!er because the critical value of Ra depends on the value of KV .

2.5 Summary and Discussion

As a prototype problem to investigate the Atlantic-Pacific asymmetry in deep
water formation, we considered a two-dimensional ocean model where the At-
lantic (Pacific) was identified as the domain north (south) of the equator. In
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Figure 2.14: #S for the very asymmetric hemisphere setup (&N + 2
and &S ! 3, where P [SPP] = 0) with KV = 10!3 m2 s!1, against
increasing asymmetry in the freshwater flux (F1), for decreasing values
of Ra.

the equatorially-symmetric case, multiple equilibria occur (when the strength of
the equatorially symmetric component of the freshwater flux F0 is varied) as
soon as the Rayleigh number Ra exceeds a critical value [Thual and Mcwilliams,
1992; Dijkstra and Molemaker, 1997]. The existence of multiple equilibria in the
equatorially-symmetric case defines two parameter regimes, a subcritical regime
(no multiple equilibria over the interval of ‘realistic’ F0 values) and a supercritical
regime (there are multiple equilibria).

When external asymmetries in basin geometry and freshwater flux are present,
the symmetric solution in the subcritical parameter becomes asymmetric, lead-
ing to a north-south contrast in salinity. In the supercritical parameter regime,
asymmetric solutions already exist in the equatorially symmetric case and also
give rise to north-south salinity di!erences. The external asymmetries change the
existence intervals of these solutions and preferences of certain solutions occur.
The concept of preference was introduced using a simple 3-box Stommel model
where four MOC patterns (TH, SA, NPP and SPP) exist in the supercritical pa-
rameter regime under equatorially symmetric conditions. For slight asymmetries
in the boundary conditions for temperature or salinity, the pitchfork bifurcations
do not exist any longer, leading to di!erences in existence intervals for the asym-
metric SPP and NPP states. The sensitivity of a particular state to asymmetries
is quantified as the rate at which the preference changes when the asymmetry is
increased.

These ideas were applied to a double-hemispheric two-dimensional ocean
model. The advantages of this model are that it is fast and that equilibrium
solutions can be followed in parameter space so that bifurcation diagrams can be
computed directly. The changes in preference of the NPP and SPP solutions to
asymmetries in freshwater forcing are qualitatively similar to that of the 3-box



Summary and Discussion 39

model. A new element of this work is that the two-dimensional model can also be
used to determine the preference changes of these solutions due to asymmetries
in basin geometry. It turns out that the asymmetry in freshwater flux has a much
stronger e!ect on the preference of the pole-to-pole solutions (NPP or SPP) then
a change in basin geometry. While it requires about a 22! asymmetry in basin
extent to eliminate one of these solutions, only 0.76 mm/day di!erence is needed
between the freshwater forcing at 60! N and 60!S.

Under strong external asymmetries in basin geometry, a unique steady state
remains under both a supercritical (where the preference of all other equilibria
has been reduced to zero) and a subcritical parameter regime. The sensitivity
of the north-south salinity contrast %S to external asymmetries in freshwater
flux measured by F1 was shown to be very di!erent in both parameter regimes.
While %S is very sensitive to F1 in a subcritical parameter regime, it is nearly
insensitive to F1 in the supercritical regime. This sensitivity di!erence appears to
be a major characteristic to distinguish whether the steady state is in a subcritical
or supercritical parameter regime.

How can we use these results to understand the Atlantic–Pacific asymmetric
in surface salinity and meridional overturning circulation? Before doing this, we
certainly admit that the translation of a north-south salinity contrast to a basin
scale Atlantic–Pacific salinity contrast is not straightforward. On the other hand,
however, if only the salt-advection feedback is considered then the flow topologies
of the asymmetric states in a two-dimensional basin and two three-dimensional
basins are very similar. For example, an increase in freshwater forcing in the
North Pacific (Atlantic) will decrease deep water formation just as a freshwater
anomaly in the southern (northern) basin will decrease sinking. Second, we have
not considered the e!ect of temperature on evaporation explicitly while this was
one of the main ingredients in the circular argument of the explanation of the
Atlantic–Pacific asymmetric based on the hydrological cycle. We have, however,
considered these cases implicitly when the parameter F1 is varied consistently
with temperature changes due to MOC changes in the basin. For example, by
considering the preference for the NPP solution in the case F1 > 0, the northern
basin becomes slightly warmer which leads to a higher evaporation. This is
consistent with the positive sign of F1 (less negative E ! P in Fig. 2.4).

If the global ocean circulation is in a subcritical parameter regime, then the
larger northward extent of the Atlantic will cause an asymmetric global solution
with more sinking in the Atlantic. This asymmetry is amplified by the salt-
advection feedback and leads to a salinity di!erence, say %SAP , between North
Atlantic and North Pacific. The results here indicate that there will be a strong
sensitivity of %SAP to changes in the east-west freshwater flux.

On the other hand, if the global ocean circulation is in a supercritical param-
eter regime, the larger northward extent of the Atlantic will a!ect the preferences
of each of the solutions leading to a larger preference for the asymmetric state
with larger North Atlantic deep water formation. If the basin asymmetry is large
enough to remove all other equilibria, a unique global MOC state results; if not,
there may be still parameter regimes with multiple equilibria. In either case, the
results here show that the salinity di!erence %SAP is not very sensitive to the
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east-west asymmetry in freshwater flux.
As the sensitivities of %SAP to east-west freshwater flux anomalies can be

computed from global ocean models, one can test whether the model is in a
subcritical or supercritical parameter regime. There may also be possibilities to
investigate these sensitivities in observations, using long averages of the freshwa-
ter flux and salinities over di!erent periods in the recent past. While this test
may not be su$cient to identify whether there multiple equilibria exist in a model
or observations, it certainly will indicate whether multiple equilibria play a role
in setting the Atlantic-Pacific salinity asymmetry.
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Robustness of Multiple Equilibria in

the global Ocean Circulation

Abstract

In an idealized Atlantic-Pacific ocean model we study the steady state solutions
versus freshwater input in the northern North Atlantic. We find that four di!erent
states, the Conveyor (C), the Southern Sinking (SS), the Northern Sinking (NS)
and the Inverse Conveyor (IC), appear as two disconnected branches of solutions,
where the C is connected with the SS and the NS with the IC. We argue that
the latter has the intriguing consequence that the parameter volume for which
multiple steady states exist is greatly increased.

This chapter is based on:
S. E. Huisman, H. A. Dijkstra, A. S. von der Heydt and W. P. M. de Ruijter (2009),
Robustness of Multiple Equilibria in the global Ocean Circulation, Geophysical Research
Letters, 36, DOI:10.1029/2008GL036322
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3.1 Introduction

The meridional overturning circulation (MOC) in the Atlantic is important for the
temperate Western European climate, because of the northward heat transport
(O(1015 W )) in the Atlantic basin [Ganachaud and Wunsch, 2000]. A collapse of
the Atlantic MOC can induce substantial cooling over the North Atlantic region
[Vellinga et al., 2002]. It is therefore important to know the probability of such
a collapse under present day forcing. Proxy data have indicated that relatively
rapid climate changes have occurred in the past, for example the Dansgaard-
Oeschger events during the last glacial period. Transitions associated with the
existence of multiple equilibria of the Atlantic MOC form a plausible explanation
for these events [Clark et al., 2002].

In most previous modeling studies the salt-advection feedback in the Atlantic
is the origin of the multiple equilibria of the MOC. This is a positive feedback
where changes in the MOC a!ect the meridional salt transport which in turn
a!ects the MOC [Stommel, 1961]. The MOC can collapse from an ‘on’ state
(or ‘Conveyor’ state) with present-day North Atlantic Deep Water (NADW) for-
mation to a so-called ‘o!’ state (or ‘Southern Sinking’ state), where NADW
formation has ceased. A typical feature is the hysteresis behavior in the strength
of the MOC when the freshwater input in the northern North Atlantic is varied,
giving rise to a range of freshwater flux amplitudes where both ‘on’ and ‘o!’ state
coexist. Such a hysteresis behavior is found in a hierarchy of models, from simple
box models [Stommel, 1961], through zonally averaged ocean models [Stocker and
Wright, 1991] and ocean general circulation models [Bryan, 1986] to intermediate
complexity climate (ocean-atmosphere-sea ice) models [Rahmstorf et al., 2005].

The climate models that were integrated under the SRES A1B-scenario of
the IPCC do not show any sign of abrupt change in the Atlantic MOC up to
2100, challenging the results from simpler climate models [Schmittner et al.,
2005]. It has been argued that coupling to a fully dynamical atmosphere model
could potentially remove the multiple equilibrium regime of the Atlantic MOC
[Schlesinger et al., 2006]. Furthermore, it has been proposed that the multiple
MOC flows are caused by spuriously high vertical di!usivities in ocean models
[Nof et al., 2007]. On the other hand, if atmospheric feedbacks or small vertical
di!usivities do indeed remove the multiple equilibrium regime of the Atlantic
MOC, it becomes more di$cult to explain the paleoclimatic record.

In idealized three-dimensional two-basin ocean-only models, four essentially
di!erent steady flow states were found [Marotzke and Willebrand, 1991; Hughes
and Weaver, 1994; Von der Heydt and Dijkstra, 2008]. In addition to the ‘Con-
veyor’ (C) state and ‘Southern Sinking’ (SS) state, two states with North Pacific
deep water formation exist, the so-called ‘Inverse Conveyor’ (IC) state and a
‘Northern Sinking’ (NS) state. The IC-state is characterized by sinking in the
Pacific and upwelling in the Atlantic and the NS-state has northern sinking in
both basins.

The question arises of why there is a Conveyor in the present day climate.
The often heard argument that E ! P is larger over the Atlantic than over the
Pacific is probably incorrect. Recent estimates of the precipitation indicate P is
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quite similar over the North Atlantic and North Pacific [Emile-Geay et al., 2003]
and the evaporation di!erence is due to the temperature di!erence between both
basins. However, the latter is largely a consequence of the presence of the ocean
circulation itself [Warren, 1983; Marotzke and Willebrand, 1991; Czaja, 2009].
The explanation of why there is a present-day conveyor likely involves a multiple
equilibrium problem where asymmetries determine the preference for a certain
state. For example, Von der Heydt and Dijkstra [2008] find a preference for the
NS-state when the basin of the Pacific is extended northward.

To analyse this problem within an idealized two-basin ocean model, similar
to Marotzke and Willebrand [1991], it is crucial to know how the four (C, SS,
NS, IC) states are linked to each other under a change of the freshwater flux
in the northern North Atlantic, commonly used in studies of this type. In this
chapter, we demonstrate that there are two separate branches of steady solutions,
where the C-state is connected to the SS and the IC to the NS. The fact that the
two branches are disconnected has deep implications for the multiple equilibria
regime of the global ocean circulation and will increase the parameter volume for
which this regime exist.

3.2 Model and Experimental Design

We employ version 3.1 of the GFDL Modular Ocean Model (MOM) [Pacanowski
and Gri$es, 2000]. The model domain consists of two equal, rectangular basins
(‘Atlantic’ and ‘Pacific’) connected in the south via a zonal channel with a pe-
riodic boundary condition. The basins and channel have a constant depth of
4500 m. Each basin extends from 68!S to 68!N in latitude and is 60! wide in
longitude. The basins are separated by continents of 15! wide that reach down
to 52!S. The horizontal resolution is 3.75!$4!, with 15 non-equidistant layers in
the vertical (50 m deep at the surface to 550 m at the bottom). At the surface the
rigid-lid approximation is used, at lateral boundaries there are no-slip conditions
for the velocity and at the bottom boundary a free-slip condition is applied. At
the bottom and the continental walls there is a zero-flux condition.

The coe$cients for horizontal (KH = 1.0 · 103 m2s"1) and vertical (KV =
0.5·10"4 m2s"1) mixing of heat and salt and for horizontal (AH = 2.8·105 m2s"1)
and vertical (AV = 1.0 · 10"3 m2s"1) mixing of momentum are constant. The
model simulations were spun up with restoring boundary conditions (restoring
timescale is 30 days) for temperature (T ) and salinity (S), and under an idealized
zonally uniform wind stress [Bryan, 1987]. The restoring profiles for T and S are a
function of latitude only and follow a cosine law with an equator to pole di!erence
of %T = 20! and %S = 2 psu, respectively, and reference values T0 = 15! and
S0 = 34.5 psu. The spinup simulations are integrated to equilibrium, i.e., until the
absolute heat flux averaged over the whole surface is smaller than 10"3 Wm"2.
At the end of the spinup the (virtual) freshwater flux is diagnosed, symmetrized
with respect to the equator and the simulation is continued under mixed boundary
conditions.
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Figure 3.1: (a)-(d) Meridional overturning streamfunction (Sv) of the South-
ern Ocean, Pacific and Atlantic for the four equilibrium solutions as found
under equatorially symmetric freshwater forcing (!p = 0) for experiment SC
(see Table 3.1). Data are averaged over the last 100 years of integration. (a)
C-state; (b) SS-state; (c) NS-state and (d) IC-state. Positive values are shaded
and the contour interval in each panel is 2.5 Sv. (e)-(h) Di!erence of the restor-
ing and realized surface salinity field of the four states. Zero contour is fat and
contour interval is 0.5 psu.

3.3 Results

As in Marotzke and Willebrand [1991], four equilibrium solutions are found under
the symmetric freshwater flux; contour plots of the MOC streamfunction in the
Atlantic (AMOC) and the Pacific (PMOC) are shown in Fig. 3.1. The C-state
(Fig. 3.1a) has an AMOC strength of about 25 Sv, the SS-state (Fig. 3.1b)
has concentrated downwelling near the southern boundary, for the NS-state the
PMOC and AMOC strengths are similar (Fig. 3.1c) and the IC-state (Fig. 3.1d)
is like the C-state but with the Pacific and Atlantic interchanged. In all states
the ACC transport is about 60Sv and there is no formation of Antarctic deep
waters. In the sinking basin there is a higher surface salinity (Fig. 3.1e-h), even
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though the forcing is symmetrical.
To determine the sensitivity of the equilibria to the freshwater flux, we add a

freshwater flux perturbation (F p
S in Sv) with amplitude #p in the North Atlantic

between 40!N and 64!N to the diagnosed equatorially symmetric freshwater flux
F d

S . Hence the total freshwater flux (FS) is given by

FS = F d
S ! #pF

p
S + Q. (3.1)

Here, Q is a uniform compensating flux in the rest of the domain, to ensure a net
zero freshwater flux over the total ocean surface. Note that when #p is negative,
salt is added in the northern North Atlantic.

In Fig. 3.2a the maximum value for the AMOC (#Atl) is plotted against #p.
Starting from the C-state and increasing #p, the salinity in the North Atlantic
decreases, making the water less dense. After a certain threshold is reached in #p

(#+
I # 0.061 Sv), the C-state ceases to exist and a collapse of the Atlantic MOC

(due to the salt advection feedback) to the SS-state occurs. The reverse tran-
sition occurs when we remove freshwater from the North Atlantic (#p negative)
starting from the SS-state. In this case, the northern North Atlantic becomes
saltier and eventually (#"I # !0.035 Sv) a recovery to the C-state takes place.
This hysteresis agrees with earlier results on the collapse of the Atlantic MOC
[Rahmstorf et al., 2005]. The changes in the Pacific are much less dramatic (only
a few Sv) when varying #p along the C–SS branch (Fig. 3.2b), because the forcing
is applied in the Atlantic.

The interesting new aspect in Fig. 3.2 appears when we start from the NS-state
and increase #p. At a certain threshold (#+

II # 0.028 Sv) the positive overturning
cell in the Atlantic again collapses (Fig. 3.2a). The di!erence lies in the Pacific
overturning cell (Fig. 3.2b), which now has a positive sign. When increasing
#p, the PMOC slightly intensifies, while the AMOC collapses, leading to the IC-
state. When adding salt to the northern North Atlantic, the AMOC recovers (for
#"II # !0.023 Sv), while the PMOC stays positive. Therefore, there is a second
separate branch of steady solutions connecting the NS and IC states.

As is already indicated in Fig. 3.2, the NS-state and C-state remain in exis-
tence for large negative #p. For both states, the Atlantic becomes saltier with
decreasing (negative) #p while the PMOC hardly changes. Similarly, the IC and
SS-states remain existent for large positive #p, where the northern Atlantic be-
comes fresher, which further weakens any northern sinking. In the Pacific, there
is only gradual change of the overturning with increasing #p.

The fact that the C–SS and NS–IC branches are disconnected has profound
consequences. The bifurcation diagram corresponding to Fig. 3.2a is sketched in
Fig. 3.3a; the only qualitative di!erence is that the branches of unstable steady
states (which we know to exist [Dijkstra and Weijer, 2005]) are drawn explicitly.
Now consider experiments where other factors than #p are varied — for exam-
ple using an asymmetric freshwater flux, applying di!erent sizes of the Atlantic
and Pacific or adding bottom topography to the model — then the bifurcation
diagram would deform and when branches remain existent, three qualitatively
di!erent results may arise.

First of all, the C–SS and NS–IC branches may shift with respect to each
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Figure 3.2: Maximum value of the steady meridional streamfunction ! (Sv)
in (a) the Atlantic and (b) the Pacific versus the strength of the freshwater flux
!p for experiment SC. The crosses and pluses are computed values (between
20"N – 68"N, 200 – 4500 m depth, averaged over the last 100 years of the
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Fig. 3.1). The arrows in (a) indicate the collapse and recovery of the Atlantic
overturning cell at !± and those in (b) the changes in the Pacific overturning
cell.

other as in Fig. 3.3b. Then, the salt advection feedback is not a!ected and
multiple equilibria exist (or hysteresis still occurs) for both C–SS states and NS–
IC states. Secondly, multiple equilibria for one or both branches may disappear
(Fig. 3.3c-d) possibly mimicking the situation where the vertical mixing is very
small [Nof et al., 2007] or where atmospheric feedbacks are able to counteract the
salt advection feedback. But even in the case of Fig. 3.3d, as long as the branches
remain disconnected, there will always be two equilibrium states for every value
of #p.

Indeed, we performed four additional series of simulations (see Table 3.1) un-
der modified boundary conditions. The cases considered ERA40 wind stress, a
di!erent value of the vertical di!usivity, the coupling of the ocean to a simple
atmospheric energy balance model and a more realistic zonal salinity profile (with
a saline Atlantic and a fresh Pacific), and a change in the meridional extent of
‘Africa’. For each case a new spinup run was performed and from the spinup
state a point on each of the C–SS and NS–IC branches was found by temporarily
adding freshwater perturbations in the North Atlantic and/or North Pacific as in
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Marotzke and Willebrand [1991]. For each part of the branch, at least six sim-
ulations were performed to equilibrium, with di!erent values of #p to determine
the sensitivity of the equilibrium state versus #p (see Table 3.1). Although the
pattern and strength of the Atlantic and Pacific MOC in the five cases are very
di!erent (for example in case SA EL, an Antarctic Bottom Water cell is present
underneath the NADW cell) all four states are found in the simulations and the
branches are organized in the way of Fig. 3.3a-b. Of course, the bifurcation points
are at di!erent values of #p and the hysteresis widths are di!erent for the di!erent
cases, but the shape is uniform.

In four of the cases in Table 3.1, the C, SS, NS and IC states are present for
#p = 0, but in the most realistic case, SA EL, the values of #±p are all positive.
The C-state is, for example, stabilized by the response of the atmosphere to SST
anomalies (represented in an EBM). However, even in the SA EL case at #p = 0,
a transition from the C-state to the NS-state remains possible.
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3.4 Discussion and Conclusions

The new element in this study is the calculation of the sensitivity of steady solu-
tions of the circulation in an idealized two-basin configuration to the parameter
#p, the strength of an anomalous freshwater flux in the northern North Atlantic.
The main result is that, under a range of boundary conditions, the steady so-
lutions are connected in two separate branches, where the C-state is connected
with the SS-state and the NS-state with the IC-state. This result has important
implications for the existence of a multiple equilibrium regime. Even if the hys-
teresis behavior associated with the salt advection feedback disappears, and the
branches do not disappear, there will always exist at least two solutions for every
value for the freshwater forcing, i.e., the multiple equilibrium regime of the ocean
circulation is robust.

Many model studies have concentrated on multiple equilibria associated with
the C–SS branch, starting with a C-state and hosing in the North Atlantic. There
is no model study where a systematic search for the other branch of solutions has
been performed. In the model study of Von der Heydt and Dijkstra [2008], the
NS-state could still be found with one basin reaching to 76!N and the other to
64!N. In the study of Saenko et al. [2004], the IC-state was found by prescribing
excess evaporation in the Pacific and excess precipitation in the Atlantic. Their
model simulations indicate that equilibrium states with northern Pacific sinking
may exist under realistic geometry.

The robust multiple equilibrium regime as found here will always provide a
possibility for rapid transitions, even if transitions between the C-state and SS-
state are inhibited by atmospheric feedbacks or through small vertical mixing.
With respect to the Dansgaard-Oeschger oscillations, the MOC transition would
then not be from the C-state to the SS-state but from the C-state to the IC-state,
the di!erence being the changes in the Pacific. This may explain evidence from
proxy data that indicate warmer sea surface temperatures in the North Pacific
during Dansgaard-Oeschger events (while North Atlantic sea surface tempera-
tures were colder, Kiefer et al. [2001]). These transitions may also play a role in
the future development of the global MOC and must be taken into account when
trying to assess the risk of a change in ocean circulation due to global warming.



4
Does net E ! P set a preference for

North Atlantic sinking?

Abstract

The existence of the global Meridional Overturning Circulation (MOC) with for-
mation of North Atlantic Deep Water (NADW) and the absence of a similar
circulation in the Pacific, is often considered to be caused by the fact that the
Pacific basin has net precipitation, while the Atlantic is an evaporative basin. In
this paper, it is shown that the Atlantic forced by net precipitation can have a
meridional overturning circulation with northern sinking and a sea surface salin-
ity that resembles the present-day salinity field. We present bifurcation diagrams
showing the di!erent steady states for the MOC in a global ocean circulation
model. This demonstrates that North Atlantic sinking may be a robust feature
of the global ocean circulation, even with a surface freshwater flux that is unfa-
vorable for North Atlantic deep water formation.

This chapter is based on:

S. E. Huisman, H. A. Dijkstra, A. S. von der Heydt and W. P. M. de Ruijter (2010), Does net

E ! P set a preference for North Atlantic sinking?, submitted to Journal of Physical Oceanog-

raphy.
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4.1 Introduction

A key feature of the global ocean circulation is its Atlantic–Pacific asymmetry,
with only deep water formation in the North Atlantic and not in the Pacific. This
sinking motion in the North Atlantic is accompanied by a northward surface flow
which transports about 1.5 PW [Ganachaud and Wunsch, 2000] of heat north-
wards to the North Atlantic at 26!N. The di!erence in sea surface salinity (SSS)
between the basins can explain this asymmetry; Pacific upper layer water is too
fresh to sink to great depths, even when it is cooled to the freezing point [Warren,
1983]. This salinity di!erence is thought to be caused by net precipitation (P )
in the Pacific and net evaporation (E) in the Atlantic, together with moisture
transport through the atmosphere out of the Atlantic and into the Pacific over the
Central American isthmus (the “atmospheric bridge” Zaucker et al. [e.g 1994]).

Emile-Geay et al. [2003] estimated that the net evaporation is a factor 1.6
times larger in the North Atlantic than in the North Pacific but the precipitation
per unit area is very similar in both basins. The higher evaporation is directly
related to the higher surface temperature in the Atlantic Ocean, which in turn is
caused by the presence of deep water formation in the Atlantic and the absence of
it in the Pacific. Therefore, the explanation for the Atlantic–Pacific asymmetry
based on the hydrological cycle [Warren, 1983] contains a circular argument and
needs to be revisited [Czaja, 2009].

In an idealized ocean-only model of two (similar-size) basins which are con-
nected by a channel at high southern latitudes, four di!erent equilibrium solutions
of the ocean circulation are found under an equatorially symmetric freshwater
flux [Marotzke and Willebrand, 1991; Huisman et al., 2009]. The four states are
the Conveyor, Inverse Conveyor, Southern Sinking and Northern Sinking, where
the Conveyor state is associated with the present-day Atlantic–Pacific asymmet-
ric circulation. In this symmetric set-up, three more stable states are present
for the same boundary conditions, two of which (Northern Sinking and Inverse
Conveyor) have deep convection in the Pacific.

When asymmetries in Atlantic and Pacific geometry and equatorial asym-
metries in freshwater flux [Zaucker et al., 1994] and those in the atmospheric
circulation [Czaja, 2009] are taken into account, it is expected that some of these
four states can no longer be maintained as steady states. For example, the pres-
ence of open gateways (with relevance to paleocean circulation) has been shown
to lead to preference of specific solutions over others [Von der Heydt and Dijkstra,
2008]. Hughes and Weaver [1994] undertook a sensitivity study using an ocean
GCM to address why the present-day Pacific Ocean does not form deep water.
Their conclusion that the overall asymmetry of the geometry causes a prefer-
ence for Atlantic deep water could, however, only be weakly supported by their
simulations because they used a highly idealized two-basin ocean model configu-
ration and computed only a limited number of steady states [Weaver et al., 1999].
This suggests that the Atlantic–Pacific circulation asymmetry is a consequence
of the existence of multiple equilibria and subsequent preference of the Conveyor
state due to external asymmetries (e.g. geometry). From this point of view, the
Atlantic–Pacific di!erence in E !P is mainly an e!ect of state selection and not
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the cause of the preference for the Conveyor state [Dijkstra et al., 2003].
In this paper, we use a global low-resolution ocean model (coupled to an

energy balance atmosphere model) for which bifurcation diagrams can be directly
calculated [Dijkstra and Weijer, 2005] to address the Atlantic–Pacific asymmetry
problem. We specifically focus on possible global ocean circulation solutions for
two di!erent surface freshwater fluxes, where one of them is expected to favor
North Pacific sinking. Main result is that even in situations where the Atlantic
receives net precipitation, a state with North Atlantic deep water formation and
a high SSS can still be found, illustrating the preference for the present-day
Conveyor state.

(a) (b)
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Figure 4.1: (a) Surface freshwater flux (mm day!1) adapted for the model
grid from the HOAPS data set [Andersson et al., 2007]; (b) surface salinity
fields (!35 g kg!1) realized for the Conveyor solution under the flux from (a).
This Conveyor solution is found when 0.14 Sv of freshwater is subtracted in
the North Atlantic.

4.2 Model and Approach

A fully-implicit steady state ocean model is used in which the three-dimensional
flow is governed by the hydrostatic, primitive equations in spherical coordinates,
on a global domain which includes full continental geometry as well as bottom
topography [Weijer et al., 2003; Dijkstra and Weijer, 2005; Huisman et al., 2010].
The horizontal resolution of the model is about 4! (a 96$ 38 Arakawa C-grid on
a domain [180!W, 180!E]$ [85.5!S, 85.5!N ]) and the grid has 12 non-equidistant
levels in the vertical. The ocean flow is forced by the annual-mean wind stress as
given in Trenberth et al. [1989]. The upper ocean is coupled to a simple energy-
balance atmospheric model [Dijkstra and Weijer, 2005, Appendix] in which only
the heat transport is modelled (no moisture transport) and there is no sea-ice
component. Details of the model formulation and its strengths and weaknesses
(relatively high lateral friction) are discussed in Dijkstra and Weijer [2005].

The special feature of this fully-implicit model is that it has the ability to
solve the steady model equations directly without using any time-marching tech-
niques, giving the true steady state (with zero model drift) of the system. An
additional advantage of the steady state model is that full bifurcation diagrams
can be calculated and that the steady solutions determined satisfy integrated
(freshwater) balances with a relative error smaller than 0.1%. Here, we use the
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Figure 4.2: Surface salinity fields (!35 g kg!1) used for restoring forcing and
diagnosed freshwater fluxes (mm day!1) in the two experiments. (a) Levitus
salinity field SL [Levitus et al., 1994a]; (b) Inverse Levitus salinity field SInvL;
this field is obtained by interchanging the Atlantic and Pacific SSS of the field
under (a). SInvL is corrected with a constant factor (of 0.2 g/kg), surface
integral of salinity remains unchanged. (c) diagnosed flux for cases L and
(d) for case InvL. The large scale patterns are represented: net precipitation
around the equator and at high latitudes, and net evaporation in the subtropics.

same parameters setting and reference state as in Huisman et al. [2010].
When the model is forced by the satellite-based HOAPS [Andersson et al.,

2007] freshwater flux (Fig. 4.1a), it is incapable of maintaining a Conveyor state;
instead a Southern Sinking solution is found. The Conveyor state, with a strength
of 15Sv, can be retrieved when 0.14 Sv of freshwater is subtracted from the
North Atlantic. However, the surface salinity field found in this Conveyor state
(Fig. 4.1b) does not resemble the observed SSS. Therefore, we choose to start with
a restoring boundary condition for the salinity in our experiments, and diagnose
the freshwater flux needed to maintain this salinity field.

The reference solution (referred to as case L) is calculated by restoring the
model to the Levitus SSS field SL (Fig. 4.2a, [Levitus et al., 1994a]) and diagnos-
ing the freshwater flux FL from this steady state (Fig. 4.2c). The mean E ! P
per unit area for the Atlantic Ocean (north of the equator and excluding the Arc-
tic Ocean north of 74!N) is 0.15 mm day"1 (net evaporation) and for the Pacific
Ocean (also north of the equator) it is !0.26 mm day"1 (net precipitation). A
second case (referred to as InvL) is defined by restoring to a SSS field SInvL (Fig
4.2b), which is obtained by interchanging the Atlantic and Pacific SSS fields SL.
This new steady state solution was computed from case L by varying a so-called
homotopy parameter $ from 0 tot 1 in the restoring surface salinity field S:

S = (1! $)SL + $ SInvL.

Also for case InvL, the freshwater flux is diagnosed (Fig. 4.2d); the mean E ! P
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per unit area is !0.17 mm day"1 for the Atlantic and 0.16 mm day"1 for the
Pacific.

For both cases (L and InvL) a bifurcation diagram is computed under mixed
boundary conditions versus a parameter #Atl. This parameter is the amplitude
(in Sv) of an additional perturbation freshwater flux F p

S , which is defined as unity
in the area (,, )) % [60!W, 24!W ]$ [54!N, 66!N ] (cf. Fig. 4.3b, inset), and zero
elsewhere. Hence for each case, the freshwater flux is given by

FS = F d
S + #Atl F

p
S !Q, (4.1)

where F d
S is the diagnosed freshwater flux for the reference solution in each case

and Q is a compensating term to ensure a net zero flux over the total ocean
surface.

4.3 Results

The bifurcation diagrams (Fig. 4.3) show the maximum Atlantic (Fig. 4.3a) and
Pacific (Fig. 4.3b) meridional overturning stream function versus the perturbation
amplitude #Atl. The upper branch of the bifurcation diagram for case L represents
solutions with an Atlantic MOC having NADW formation. Under the diagnosed
freshwater flux field (#Atl = 0), we find a Conveyor state (label C, pattern in
Fig. 4.4a) where the maximum of the Atlantic streamfunction (#Atl) is 14 Sv.
Considerable e!ort was spent trying to find other isolated solutions, without
succeeding, so it appears that the Conveyor state is the unique state of case L at
#Atl = 0.

At #Atl = 0.23 Sv a saddle node bifurcation point is reached; this is the
threshold where the solution cannot sustain itself. In quasi-equilibrium experi-
ments adding freshwater (‘hosing’) to the North Atlantic [e.g. Rahmstorf, 1996],
this is the point where the Atlantic MOC collapses. The lower branch of solutions
corresponds to stable steady states without NADW formation, where the second
saddle-node bifurcation (at #Atl = 0.12 Sv) is related to the Atlantic MOC re-
covery. Between the two saddle node bifurcation points a multiple equilibrium
regime exists, where two di!erent steady states are present under the same forc-
ing conditions. The Pacific MOC is hardly a!ected by the change in #Atl and its
pattern remains very similar to Fig. 4.4a.

For case InvL, the bifurcation diagram is shown as the grey curves in Fig. 4.3.
Under mixed boundary conditions there are at least two stable steady states for
#Atl = 0. The first state (indicated by IC in Fig. 4.3) has no formation of NADW
and has sinking in the North Pacific (Fig. 4.4b); this is the expected Inverse
Conveyor state under the freshwater flux forcing of case InvL. The surprising
result, however, is that there also exists a state with vigorous Atlantic overturning
(indicated by label C in Fig. 4.3 and shown in Fig. 4.4c). The C and IC states of
case InvL are connected by a branch of unstable steady states, similar to case L.
As can be seen, besides these solutions, there exists an isolated branch for case
InvL, illustrating that even under the realistic global geometry, there is a small
parameter range where more than two stable steady states exist (remaining from



56 Does net E ! P set a preference for North Atlantic sinking?

!0.1 !0.05 0 0.05 0.1 0.15 0.2 0.25

0

5

10

15

20

!
A

tl (
S

v)

 

 

!0.1 !0.05 0 0.05 0.1 0.15 0.2 0.25

0

5

10

15

20

!
P

a
c (

S
v)

"
Atl

 (Sv)

case L
case InvL

IC

C

IC

C

C

C

(a)

(b)

Figure 4.3: Bifurcation diagram under mixed boundary conditions in which
the maximum value of the meridional overturning streamfunction in (a) the
Atlantic (!Atl) and (b) the Pacific (!Pac) are plotted versus the amplitude of
the freshwater forcing in the North Atlantic (!Atl, the area over which the flux
is changed is shown in the inset). Drawn (dotted) branches represent stable
(unstable) steady states. The labels refer a Conveyor type solution (C) and an
Inverse Conveyor type solution (IC), of which the streamfunctions are plotted
in Fig. 4.4. In (a) the isolated branch for case InvL is shifted upwards with
1 Sv, to make it visible.

the original four states in the totally symmetric setup [Marotzke and Willebrand,
1991]). These solutions only exist for a small interval of #Atl and are not further
discussed here.

For the HOAPS freshwater flux, the bifurcation diagram was also calculated
(not shown), having a very similar shape to Fig. 4.3a. However, the back-to-back
saddle node bifurcation points are shifted towards negative values of #Alt, there-
fore the state for #Alt = 0 is a Southern Sinking state. That the Conveyor state
was retrieved for #Atl = !0.14 Sv can be understood in light of this bifurcation
diagram; it is the saddle node on the lower branch.
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Figure 4.4: Meridional overturning streamfunction (sv) in Pacific (left) and
Atlantic (right), under mixed boundary conditions for !Atl = 0 in Fig. 4.3. (a)
Solution C for case L with deep water formation confined to the North Atlantic;
(b) Solution IC for case InvL with deep water formation in the North Pacific.
(c) Solution C for case InvL with deep water formation in the North Atlantic.

The di!erent SSS fields for the circulation patterns of Fig. 4.4 are shown in
Fig. 4.5. Due to the presence of NADW formation in the Atlantic, the SSS of the
C solution in case InvL is up to 2 g/kg larger than the surface salinity of solution
IC, with maximum salinification in the northern North Atlantic. This gives rise
to a SSS pattern in the Atlantic, caused by the circulation, that resembles the
Levitus salinity field even with a large net precipitation over the Atlantic.
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Figure 4.5: SSS (- 35 g/kg) realized under mixed boundary conditions (for
solutions with !Atl = 0). The presence of the overturning cell in the solution
C for case InvL (c) provides a salinification of the Atlantic up to 2 g/kg with
respect to the IC state without NADW formation (b). For reference also the
SSS for the solution C in case L is shown (a).

4.4 Summary, Discussion and Conclusions

We have investigated possible steady state solutions of the global ocean circu-
lation for two very di!erent surface freshwater flux patterns to investigate the
asymmetry in the global ocean circulation. Adding to earlier studies [e.g. Hughes
and Weaver, 1994], we systematically explored the steady solutions in parameter
space and presented full bifurcation diagrams instead of performing a limited set
of time integrations. In addition, the real ocean geometry and bathymetry are
better represented.

Under the freshwater flux which is needed to maintain the Levitus SSS field,
only the Conveyor state is found. Surprisingly, under the freshwater flux which
is needed to maintain the inverse Levitus SSS (case InvL) we find two stable
equilibria: an Inverse Conveyor state (with North Pacific sinking) and a Conveyor
state (with North Atlantic sinking). This means that, with a freshwater flux
giving net precipitation (evaporation) over the Atlantic (Pacific) there still exists
a Conveyor state. Hence the surface freshwater flux pattern is not responsible for
the preference for the North Atlantic as main region with deep water formation.

More likely this asymmetry – with sinking in North Atlantic and no sinking
in the North Pacific – is a multiple equilibrium problem, where a certain solution
is selected from a set of multiple equilibria which exist in a symmetric two-basin
configuration [Marotzke and Willebrand, 1991; Hughes and Weaver, 1994]. This
selection is due to asymmetries in either the forcing or the geometry. With a net
precipitation that is about equal for both basins [Emile-Geay et al., 2003], these
asymmetries lead to a Conveyor state. Then the SSS di!erence will be enhanced
due to both the salt-advection feedback [Stommel, 1961] and the Atlantic–Pacific
di!erence in evaporation which is induced by the circulation itself.
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The global Ocean Circulation on a

retrograde rotating Earth

Abstract

The present-day global ocean circulation, often referred to as the Conveyor state,
is characterized by an Atlantic Meridional Overturning Circulation (MOC) with
deep water formation at northern latitudes and the absence of such deep water
formation in the North Pacific. This MOC asymmetry is often attributed to
the di!erence in surface freshwater flux: the North Atlantic is a basin with net
evaporation, while the North Pacific receives net precipitation. This issue is re-
visited in this chapter by considering the global ocean circulation on a retrograde
rotating Earth, computing an equilibrium state of the coupled atmosphere-ocean-
land surface-sea ice model CCSM3. The Atlantic–Pacific asymmetry in surface
freshwater flux is indeed reversed but the ocean circulation pattern is not an In-
verse Conveyor state (with deep water formation in the North Pacific) as there is
strong and highly variable deep water formation in the North Atlantic. Using a
fully-implicit, global ocean-only model also the stability properties of the Atlantic
MOC on a retrograde rotating earth are investigated, showing a similar regime
of multiple equilibria as in the present-day case. These results demonstrate that
the present-day asymmetry in surface freshwater flux is not a crucial factor for
the Atlantic-Pacific asymmetry in the global MOC.

This chapter is based on:

Kamphuis, V., S. E. Huisman, and H. A. Dijkstra (2010), The global Ocean Circulation on a

retrograde rotating Earth, submitted to Climate of the Past.
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5.1 Introduction

The present-day meridional overturning circulation (MOC) is characterized by
strong deep water formation in the North Atlantic Ocean and the absence of
deep water formation in the North Pacific Ocean. Near-surface currents transport
water from the South Atlantic across the equator and into the subpolar North
Atlantic. In this region, the relatively warm and saline water is cooled by heat
loss to the cold atmosphere. In the Greenland and Labrador Seas, dense deep
water is formed. This dense water is transported back to the Southern Ocean
in deep western boundary currents in the Atlantic Ocean. Eventually this deep
water is returned to the surface by upwelling, which is driven by both mixing in
the ocean’s interior and the westerly winds over the Southern Ocean [Kuhlbrodt
et al., 2007]. The Atlantic MOC is an important feature of the climate system
since it transports about 1 PW of heat (1 PW = 1015W) northward at 25!N
[Ganachaud and Wunsch, 2000].

The Atlantic–Pacific asymmetry in deep water formation is explained by the
salinity contrast between the subpolar North Pacific and the subpolar North
Atlantic: the subpolar North Pacific surface water is not dense enough to sink,
even when it is cooled to the freezing point. It is often argued that this salinity
contrast is determined by the observed di!erence in freshwater flux (E ! P , i.e.
net evaporation minus precipitation) between the North Pacific and the North
Atlantic. This di!erence in E ! P is mainly due to the higher evaporation rate
per unit area over the North Atlantic as the precipitation rate per unit area has
been estimated to be similar over the subpolar gyres [Emile-Geay et al., 2003].
However, the higher evaporation rate over the North Atlantic is mainly caused
by the higher sea surface temperature, which is a consequence of the meridional
heat transport associated with the Atlantic MOC. Therefore, this explanation
contains a circular argument and we may still pose the question: why is there
currently a global ocean circulation with such a strong Atlantic–Pacific MOC
asymmetry?

Arguably, one of the main ingredients to answer this question is the strength
of the salt-advection feedback [Stommel, 1961], through which salinity anomalies
may be amplified. In short, an increase in the subpolar near-surface salinity en-
hances deep water formation. Therefore, the advection of salty subtropical water
into the subpolar region is enhanced, further increasing the near-surface salinity
in the regions of deep water formation. There is also a negative temperature-
advection feedback but as temperature anomalies are strongly damped by the
overlying atmosphere compared to salinity anomalies, the salt-advection feed-
back can lead to relatively rapid changes of the MOC.

In a hierarchy of models, ranging from the two-box model of Stommel [1961]
to climate models of intermediate complexity [Rahmstorf et al., 2005], this salt-
advection feedback creates a multiple equilibria regime of the MOC. In this mul-
tiple equilibrium regime, at least two stable states co-exist of the global MOC in
realistic geometry: the Conveyor state (or “on”-state, with a vigorous Atlantic
meridional overturning circulation and North Atlantic Deep Water formation)
and a so-called Southern Sinking state (or “o!”-state) for which deep water for-
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mation only takes place in the Southern Ocean. In the Conveyor state of this
multiple equilibrium regime, the Atlantic MOC is self-sustaining, providing itself
with the northward salt transport required for deep water formation. When the
strength of the freshwater flux is varied over the northern North Atlantic, two
saddle-node bifurcation points bound the region of the multiple and unique state
(either Conveyor or Southern Sinking) regimes [Dijkstra and Weijer, 2005], and
abrupt transitions between these states can occur.

In an idealized ocean-only model of two (similar-size) basins which are con-
nected by a channel at high southern latitudes, four di!erent equilibrium solutions
of the ocean circulation are found under an equatorially symmetric and zonally
independent freshwater flux [Marotzke and Willebrand, 1991; Huisman et al.,
2009]. These four states are called Conveyor, Inverse Conveyor, Southern Sink-
ing and Northern Sinking. When external asymmetries in Atlantic and Pacific
geometry and equatorial asymmetries in freshwater flux [Zaucker et al., 1994] are
taken into account, it is expected that some of these four states can no longer
be maintained as steady states. For example, the impact of asymmetries on the
steady-state patterns of the Atlantic MOC in a two-dimensional model [Dijkstra
and Weijer, 2003] has shown that a slight equatorial asymmetry in E ! P can
lead to the disappearance of the Southern Sinking solution. The presence of open
gateways [Von der Heydt and Dijkstra, 2008] or other geometrical asymmetries,
like a further northward extend of the Atlantic and a wider Pacific [Hughes and
Weaver, 1994] have also been shown to lead to preference of specific solutions
over others.

Hence at least two di!erent views on the Atlantic-Pacific MOC asymmetry
can be proposed:

(i) The Atlantic–Pacific salinity contrast is set up mainly by external forcing
asymmetries (external meaning everything outside the ocean circulation
itself, such as the asymmetry in surface freshwater flux) and multiple equi-
libria play no role.

(ii) Out of a number of possible equilibria, the present-day external asymme-
tries induce a strong preference for the Conveyor state.

The essential di!erence between these two views is the role of multiple equilibria
and hence of the relative importance of the salt-advection feedback with respect
to external forcing asymmetries in the global MOC.

Although it is di$cult (if not impossible) to determine all MOC equilibria
states in a state-of-the-art Global Climate Model (GCM), such as those used
in the IPCC-AR4, we can perform simulations with such a model to try falsify
aspects of (i). One of the consequences of (i) is that if the external asymmetries
are reversed (Atlantic versus Pacific), an Inverse Conveyor solution is expected.
Using a global ocean-only model, Huisman et al. [2010, submitted manuscript]
determined an equilibrium state under a Levitus surface salinity field which is
reversed between the Atlantic and the Pacific (the Pacific is made as salty as
the Atlantic and vice versa). Under the freshwater flux diagnosed from this
equilibrium, where the North Atlantic receives net precipitation, they show that
a stable ocean circulation state with deep water formation in the North Atlantic
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still exists. While this is quite a contrived situation, it already shows that the
asymmetries in the surface freshwater flux may not be crucial for the Atlantic-
Pacific MOC asymmetry.

A nice way to generate di!erent asymmetric surface freshwater flux forcing
conditions in a coupled ocean-atmosphere context is to investigate climate on an
Earth which is rotating retrograde. The MOC on a retrograde rotating Earth
has been examined before [Smith et al., 2008, EGU Poster] (although appar-
ently never published) using the FAMOUS model, but not in the context of the
problem of the Atlantic-Pacific MOC asymmetry. Interestingly, the basic mech-
anisms which control the MOC and the salt-advection feedback, are invariant to
a reversal of the Earth’s direction of rotation.

Given a positive meridional density di!erence %", the geostrophic and hydro-
static balance give for the zonal velocity u,

f
(u

(z
& %"

L
(5.1)

where L is a typical horizontal basin length scale, f is the local Coriolis parameter
(f = 2' sin )) and z is the vertical coordinate. For a retrograde rotating Earth,
the zonal surface velocity u is negative in the North Atlantic. Hence water will be
transported westwards at the surface providing a higher surface pressure in the
west compared to the east. A negative zonal pressure gradient %p/L (where L is
a typical length scale for the basin width) will result and the meridional velocity
v is determined by

fv & %p

L
(5.2)

Again in the North Atlantic, a positive v results which is similar as the response
to %" on a prograde rotating Earth. As the salt-advection feedback is associated
with the meridional transport of salinity due to salinity perturbations which a!ect
the MOC, it is also invariant with respect to a rotation reversal.

However, the atmospheric circulation is not the same for prograde and retro-
grade rotation and patterns of precipitation and evaporation over Atlantic and
Pacific are very di!erent. For example, the moisture transport by the trade winds
over the Central American isthmus is eastward on a retrograde rotating Earth,
salinifying the North Pacific and freshening the North Atlantic.

We therefore expect that the Atlantic–Pacific asymmetry in sea surface fresh-
water flux is reversed on a retrograde rotating Earth and hence, under view (i)
one would expect an Inverse Conveyor state. So what looks like an academic ex-
ercise to investigate climate on a retrograde rotating Earth may actually provide
an interesting test for the falsification of view (i). In this chapter we show results
(section 3) of the global MOC on a retrograde rotating Earth using the coupled
atmosphere-ocean-land surface-sea ice model CCSM3, which will be shortly de-
scribed in section 2. In addition, we analyze the stability properties of the global
MOC on a retrograde rotating Earth in a global ocean-only model (section 4).
The results are summarized and discussed in section 5.
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Figure 5.1: The strength (in Sv) of the (a) maximum Atlantic and (b) max-
imum Pacific meridional overturning circulation (below 500 m) as a function
of time (in years) for PRO (500 year simulation, black) and RETRO (1000
year simulation, grey). After 500 years, the Atlantic MOC is in a quasi-stable
equilibrium for both PRO and RETRO.

5.2 Model and experimental design

The climate of the Earth is simulated with the coupled atmosphere-ocean-land
surface-sea ice model CCSM3 (Community Climate System Model, version 3,
Collins et al. [2006a]). The atmosphere component (CAM3, Collins et al. [2006b])
has a horizontal T42 grid, which has a resolution of approximately 2.8! in both
longitude and latitude, and 26 hybrid coordinate levels in the vertical. The ocean
component is based on POP (Parallel Ocean Program, Smith and Gent [2004]).
It has a curvilinear grid which contains 100 longitudinal grid points (a resolution
of 3.6!), 122 latitudinal grid points and 25 vertical levels. The sea ice is simulated
in a thermodynamic sea-ice model (CSIM, Briegleb et al. [2004]), which runs at
the same resolution as the ocean model. The land component (CLM, Dickinson
et al. [2006]) runs at the same resolution as the atmospheric model. The CCSM3
model does not contain a dynamical vegetation model and has a representation
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of subgrid-scale heterogeneity of surface types.
We performed a 500 year control simulation indicated by PRO (for prograde

rotation), with a CO2 concentration of 355 ppmv (the observed global mean value
in 1990) and present-day boundary conditions. The initial ocean temperature and
salinity for PRO were obtained from Levitus [1982]. Both the maximum Atlantic
and maximum Pacific MOC values are plotted versus time in Fig. 5.1. After 500
years of simulation, the global meridional overturning circulation is in a stable
quasi-equilibrium state. The global mean surface temperature equilibrates at
14.7 !C, similar to earlier CCSM3 results [Meehl et al., 2004].

In the second simulation with CCSM3, indicated by RETRO, only the sign
of the rotation rate ' is switched from +1 to !1; a simulation of climate on
a retrograde rotating Earth results. The initial temperature and salinity for
RETRO are also obtained from Levitus [1982]. The MOC is found to be in quasi-
equilibrium after 500 model years (Fig. 5.1), but the simulation was continued
for another 500 years, showing no apparent climate drift. In the next section, the
quasi-stable equilibrium states after 500 years in PRO and RETRO (averages of
years 400 – 500 of integration) will be compared.

5.3 The global MOC on a retrograde rotating Earth

To illustrate one of the important consequences of a reversal of the Earth’s direc-
tion of rotation, the surface wind pattern for both PRO and RETRO is shown in
Fig. 5.2. Because the Coriolis acceleration changes direction and the equator to
pole density gradient does not change, the thermal wind relations show that the
wind patterns should reverse. This is indeed the case in CCSM3 (Fig. 5.2b); the
trade winds are eastward and the midlatitude winds are westward. The intensity
of the wind velocity is similar for PRO and RETRO.

The sea surface salinity field and the sea surface temperature field for the PRO
and RETRO quasi-equilibrium solutions are shown in Fig. 5.3. In the fields of
PRO (Fig. 5.3a and d), we can identify two zonal asymmetries associated with
the ocean circulation. The first asymmetry is due to the gyre transport within
the basins. At midlatitudes, the western boundaries of the North Atlantic and
the North Pacific are warmer and saltier than the eastern boundaries, because
the western boundary currents (i.e. the Gulf stream in the North Atlantic and
the Kuroshio in the North Pacific) transport warm and salty water from the sub-
tropics northward. The more striking asymmetry exist between the two basins:
the subpolar North Atlantic sea surface is warmer and saltier than the subpo-
lar North Pacific sea surface. This is related to the presence of the Conveyor
state of the global MOC with a relatively strong Atlantic MOC (Fig. 5.1a) and
a relatively weak Pacific MOC (Fig. 5.1b).

The midlatitude asymmetry in the sea surface salinity and sea surface temper-
ature for RETRO (Fig. 5.3b and e) between the western and eastern boundaries
of the basins is reversed with respect to that in PRO. The main reason is that the
midlatitude western boundary currents in the ocean are located at the eastern
basin boundaries on a retrograde rotating Earth as the meridional derivative of
the Coriolis parameter (the % parameter) has changed sign with respect to that in
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a) Surface wind velocity (m/s) PRO

b) Surface wind velocity (m/s) RETRO
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Figure 5.2: Surface wind field (m/s) in (a) PRO and (b) RETRO. The
reversal of the surface wind direction in RETRO due to a reversal of the Coriolis
parameter can be clearly seen. The equatorial trade winds are westward and the
midlatitude winds are eastward on a retrograde rotating Earth. The strongest
winds still occur over the Southern Ocean.

PRO. In the di!erence fields between RETRO and PRO (Fig. 5.3c and f) these
changes are seen as east-west dipoles in the midlatitude basins. The subpolar
North Atlantic sea surface in RETRO is both fresher and colder than in PRO,
whereas the surface fields of the subpolar North Pacific in RETRO is saltier than
in PRO.

As is shown in Fig. 5.4a, the Atlantic MOC in PRO has a maximum strength
of about 18 Sv. The Pacific MOC (Fig. 5.4b) has a strength of about 7 Sv and
is deeper and stronger than estimates from observations, which is a known bias
of CCSM3 [Thompson and Cheng, 2008]. The Atlantic MOC in RETRO (shown
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a) SSS (g/kg) PRO

b) SSS (g/kg) RETRO
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Figure 5.3: Sea surface salinity (SSS, g/kg) and sea surface temperature
(SST, "C). SSS of (a) PRO; (b) RETRO and (c) their di!erence field; SST of
(d) PRO; (e) RETRO and (f) their di!erence. In the di!erence field of SSS it
is clear that the Atlantic is much fresher in RETRO than in PRO. The SST
di!erence field shows a dipole structure that arises from the reversal of the
wind driven gyres. Shown are the means of the years 400-500 of the CCSM3
integration.

in Fig. 5.4c) is considerably weaker than in PRO and has a maximum varying
between 5 and 13 Sv on multidecadal timescales (Fig. 5.1a). The Pacific MOC in
RETRO (Fig. 5.4d) has a maximum strength of about 10 Sv, and this maximum
occurs at about 25!N. Analysis of the mixed layer depth (not shown) shows some
deep convection at high northern latitudes and some convection at lower latitudes
in the Pacific.

Due to the decrease in the strength of the Atlantic MOC, less warm water is
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Figure 5.4: Meridional overturning streamfunctions (in Sv) in the Atlantic
(a) and the Pacific (b) in PRO and in the Atlantic (c) and the Pacific (d) in
RETRO. In PRO, we see a Conveyor type solution, with a strong overturning
cell in the Atlantic and a minimal overturning cell in the Pacific. In RETRO,
the Atlantic MOC is much weaker, and in the Pacific the MOC is stronger,
although sinking motion seems to take place at midlatitudes and there is no
export to the Southern Ocean. Shown are the means of the years 400-500 of
the CCSM3 simulation.

transported from the subtropics into the subpolar North Atlantic. This reduc-
tion results in a substantial cooling of the subpolar North Atlantic sea surface.
Consequently, on a retrograde rotating Earth, surface temperatures over large
parts of Europe are cooler by as much as 10!C than in PRO and winter sea ice
extends southward up to the Bay of Biscay. The increase in the southward extent
of winter sea ice amplifies the cooling of the subpolar North Atlantic, as sea ice
reflects more solar radiation than ocean water.

When we take a closer look at this highly variable Atlantic MOC strength
in RETRO (Fig. 5.1b), we find that it has an intermittent character, with short
periods of vigorous overturning (Fig. 5.5a and b), alternated by periods with
hardly any deep water formation (Fig. 5.5c and d). This is also visible in the
mixed layer depth (not shown), which has a maximum around the Southern tip
of Greenland, 5 to 7 years prior to the maximum overturning. The timescale of
the variablility is decadal and it is requires further study to understand why the
amplitude of this decadal oscillation is so pronounced in RETRO.
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Figure 5.5: Meridional overturning streamfunctions (in Sv) in the Atlantic
and the Pacific. (a, b) Strong Atlantic overturning (with a maximum of 13 Sv)
and (c, d) weak Atlantic overturning.

The weakening of the Atlantic MOC can be expected to be caused by a fresh-
ening of the North Atlantic. At least part of the freshening can be explained
by the increase in stable precipitation (precipitation in convectively stable envi-
ronments) over the midlatitude North Atlantic (Fig. 5.6). Stable precipitation
influences the freshwater flux at the sea surface and is, in contrast with evapo-
ration and convective precipitation, for the most part independent of local sea
surface temperatures and thereby the MOC itself. The increase in stable precipi-
tation over the midlatitude North Atlantic freshens the surface waters which are
transported northward by the eastern boundary current. This results in a fresh-
ening of the subpolar North Atlantic. Other changes in climate aspects might also
contribute to the freshening of the subpolar North Atlantic, including changes in
interbasin salinity exchange via ocean pathways.

The surface freshwater flux (E!P ), treated as a virtual salt flux and defined
positive downward, is shown for PRO in Fig. 5.7a. At tropical and subpolar lati-
tudes, the virtual salt flux is negative due to net precipitation, and at subtropical
latitudes, the virtual salt flux is positive due to net evaporation. In PRO, the
asymmetry between the North Atlantic and the North Pacific virtual salt flux
(Fig. 5.7a) is clearly seen. At both subtropical and subpolar latitudes, the net
flux over the North Atlantic is more salinifying than over the North Pacific. In the
view of theory (i), this asymmetry has been suggested to determine the present-
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day state of the MOC, with deep water formation in the northern North Atlantic
but not in the northern North Pacific. As expected, the asymmetry in the vir-
tual salt flux field between the North Atlantic and the North Pacific is reversed
(Fig. 5.7b) on a retrograde rotating Earth (in RETRO). This is mainly due to
changes in the freshwater flux in the North Pacific with more net evaporation in
subtropical latitudes and less net precipitation in subpolar latitudes.

(a) stable precip (mm/day) PRO

(b) stable precip (mm/day) RETRO

(c) difference (mm/day) RETRO - PRO

longitude

la
ti

tu
d

e
la

ti
tu

d
e

la
ti

tu
d

e

Figure 5.6: Stable (non convective) precipitation (SP) in mm/day in (a)
PRO; (b) RETRO and (c) the di!erence field. The North Atlantic in RETRO
receives more (stable) precipitation and the North Pacific receives less. South-
ern Europe and the Middle East are much wetter in RETRO.

If the asymmetry in surface freshwater flux would determine the state of the
MOC (i.e. view (i)), we would expect to find an Inverse Conveyor, with deep
water formation in the North Pacific and not in the Atlantic, on a retrograde
rotating Earth. However, we find a state that has slightly stronger Pacific sinking
compared to PRO, but still has a strong and highly variable Atlantic deep water
formation.
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(a) E - P flux (kg/m2/day) PRO

(b) E - P flux (kg/m2/day) RETRO
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Figure 5.7: The virtual salt flux (in kg/m2/day), corresponding with the
surface freshwater flux E ! P , in (a) PRO; (b) RETRO and (c) the di!erence
field. In RETRO, the asymmetry in E!P is reversed, mainly due to a decrease
in net precipitation at subpolar latitudes and an increase in net evaporation at
subtropical latitudes.

5.4 Stability of the MOC on a retrograde rotating
Earth

With the CCSM3 simulation as in the previous section, we have obtained only
one quasi-equilibrium state of the global ocean circulation on a retrograde Earth.
We would also like to compare the sensitivity of the global MOC to changes in the
freshwater flux for the PRO and RETRO cases to see whether the salt-advection
feedback is able to induce Inverse Conveyor states in the RETRO case. This
analysis cannot be done with the CCSM3 and hence we use the mean forcing of
the CCSM3 in an ocean-only model.
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5.4.1 Reference states in the ocean-only model

The ocean-only model used, is the fully-implicit ocean model from [Dijkstra
and Weijer, 2005; Huisman et al., 2010]. The horizontal resolution of the
model is about 4! (a 96 $ 38 Arakawa C-grid on the domain [180!W, 180!E] $
[85.5!S, 85.5!N ]) and the grid has 12 non-equidistant levels in the vertical. De-
tails of the model formulation are discussed in Dijkstra and Weijer [2005]. The
upper ocean is coupled to a simple energy-balance atmospheric model [Dijkstra
and Weijer, 2005, Appendix], in which only the heat transport is modelled (and
no moisture transport). The special feature of this fully-implicit models is its abil-
ity to solve the steady model equations directly without using any time-marching
techniques, giving the true steady state (with zero model drift) of the system. An
additional advantage of the steady state model is that full bifurcation diagrams
can be calculated, including unstable steady states.

In the case PRO2, the ocean flow is forced by the annual-mean wind stress
as given in Trenberth et al. [1989]. The reference steady state is calculated by
restoring the model to the Levitus sea surface salinity field [Levitus, 1982]. The
reference steady state in PRO2 and its parameter settings are the same as in
Huisman et al. [2010]. From this steady state, the freshwater flux is diagnosed,
allowing us to change the surface freshwater flux under mixed boundary condi-
tions.

The reference steady state in case RETRO2 is found by forcing the ocean sur-
face by the quasi-equilibrium surface wind stress field from the CCSM3 RETRO
simulation and restoring the model to the quasi-equilibrium salinity field, also
from RETRO. More specifically, a continuation path is followed under restoring
boundary conditions, starting from the reference steady state in PRO2. First, the
wind stress field at the ocean surface is reduced to zero. Secondly, we changed the
rotation rate of the Earth from ' to !'. Then, we changed the zero wind stress
field at the ocean surface to the quasi-equilibrium wind stress field from RETRO,
and the sea surface salinity field to the quasi-equilibrium sea surface salinity field
from RETRO. Eventually, we diagnose the freshwater flux from this steady state.
This specific path is followed because of the character of the fully-implicit model:
equilibrium solutions can be found, provided that the new solution is not too
di!erent from the old solution.

5.4.2 North Atlantic freshwater flux perturbation

For both cases PRO2 and RETRO2, a bifurcation diagram with respect to a
subpolar North Atlantic freshwater flux perturbation is computed under mixed
boundary conditions. For each case, the freshwater flux FS is given by

FS = F d
S + #Atl F

p
S !Q, (5.3)

where F d
S is, for each case, the freshwater flux diagnosed from the reference

solution and Q is a compensating term to ensure a net zero flux over the total
ocean surface. The parameter #Atl is the amplitude (in Sv) of the freshwater flux
perturbation in the North Atlantic over a domain F p

S that is unity in the area
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Figure 5.8: Bifurcation diagrams under mixed boundary conditions, in which
the maximum value of the meridional overturning streamfunction in the At-
lantic (!Atl, black lines) and the Pacific (!Pac, grey lines) are plotted versus
the amplitude of the subpolar North Atlantic and subpolar North Pacific fresh-
water forcing, !Atl. In (a), !Atl and !Pac are shown versus !Atl for PRO2.
The indent shows the area where the perturbation freshwater flux is applied.
In (b), !Atl and !Pac are shown versus !Atl for RETRO2. The range for which
multiple equilibria exist is much smaller than in PRO2 and is shifted towards
smaller values of !Atl, but the shape of the bifurcation diagram is very similar.

(,, )) % [60!W, 24!W ]$ [54!N, 66!N ] (Fig. 5.8a, inset), and zero elsewhere.
The bifurcation diagram for PRO2 (Fig. 5.8a), showing the maximum of the

Atlantic and Pacific meridional overturning streamfunctions (#Atl and #Pac, re-
spectively) versus the parameter #Atl, is extensively described elsewhere [Dijkstra
and Weijer, 2005; Huisman et al., 2010]. The upper branch of the bifurcation di-
agram represents solutions with an Atlantic MOC having deep water formation
(Conveyor states). At #Atl = 0.23 Sv a saddle-node bifurcation point is reached;
this is the threshold where the solution cannot sustain itself. The lower branch of
solutions corresponds to stable steady states without NADW formation, in which
deep water formation only takes place in the Southern Ocean (the Southern Sink-
ing solution). A second saddle-node bifurcation (at #Atl = 0.12 Sv) is related to
the Atlantic MOC recovery. Between the two saddle node bifurcation points, a
multiple equilibria regime exists, in which both the Conveyor solution and the
Southern Sinking solution exist. In this multiple equilibria regime, also a branch
of unstable steady states exists, which cannot be found using a conventional time
stepping model. Furthermore, we note that the Pacific MOC is hardly a!ected
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by the change in #Atl.
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Figure 5.9: Atlantic and Pacific meridional overturning streamfunctions in
case RETRO2. Because the reference state is very close the saddle-node bi-
furcation point on the lower branch, the circulation is shown for !Atl = 0.007
Sv (see also Fig. 5.8 and section 5.4.2), a small freshwater perturbation in
the North Atlantic. (a) and (b) give the Conveyor-like solution, with positive
overturning in the Atlantic and upwelling in the Pacific. (c) and (d) show the
Southern Sinking solution with an upwelling cell in both basins.

The bifurcation diagram for RETRO2 is shown in Fig. 5.8b and has a shape
which is similar to the shape of the bifurcation diagram for PRO2. We identify
two stable branches of steady state solutions, connected by a branch of unstable
solutions. The upper branch corresponds to the Conveyor solution, whereas the
lower branch corresponds to the Southern Sinking solution. Furthermore, we
can identify a multiple equilibria regime which is bounded by two saddle-node
bifurcation points (at #Atl ' !10"4 Sv and #Atl = 0.02 Sv). Because the subpolar
North Atlantic is fresher in RETRO2, the bifurcation diagram has shifted to the
right, compared to the bifurcation diagram for PRO2.

For #Atl = 0.007 Sv the Atlantic and Pacific MOC of the Conveyor state
for the case RETRO2 are shown in Fig. 5.9a and b, respectively. The ocean
circulation is in a weaker Conveyor state than in PRO2 for a similar value of
#Atl. The Atlantic MOC has a strength of 8.0 Sv and there is no positive Pacific
MOC. Likely due to the relatively large vertical mixing in the model there is
enhanced upwelling within the Atlantic basin, which causes the absence of South
Atlantic outflow. The reference steady state solution in RETRO2 (for #Atl = 0.0



74 The global Ocean Circulation on a retrograde rotating Earth

Sv) has the same MOC patterns as in Fig. 5.9a-b and is close to the saddle-node
bifurcation point, which marks the transition to the Southern Sinking solution.
Therefore, we find that both a Conveyor solution and a Southern Sinking solution
exist for #Atl = 0.0 Sv in RETRO2. The meridional overturning streamfunctions
of the Atlantic and Pacific MOC of the Southern Sinking solution at #Atl = 0.007
Sv are shown in Fig. 5.9c, d. In this steady state, neither a positive Atlantic
MOC nor a positive Pacific MOC is present.

5.5 Summary and discussion

In the present-day climate, the North Atlantic is a basin with net evaporation,
while the North Pacific receives net precipitation. This argument is often used
to explain the strong Atlantic–Pacific asymmetry in salinity and meridional over-
turning circulation, with deep water formation in the North Atlantic, but not in
the North Pacific. Here, the question of why such a strong Atlantic–Pacific asym-
metry exists has been investigated in an innovative way. The coupled atmosphere-
ocean-land surface-sea ice model CCSM3 Collins et al. [2006a] was used to sim-
ulate the global MOC on a retrograde rotating Earth.

The basic mechanism of the meridional flow response to a meridional density
gradient associated with the MOC is invariant to a reversal of the Earth’s di-
rection of rotation. However, several other climate aspects which influence the
MOC are not invariant. On a retrograde rotating Earth, the midlatitude western
boundary currents are relocated at the eastern basin boundaries. Furthermore,
the salinity exchange via ocean pathways and freshwater transport via the atmo-
sphere di!er on a retrograde rotating Earth.

Here, we focussed on the structure of the global MOC and its stability prop-
erties on a retrograde rotating Earth. While the Atlantic–Pacific asymmetry in
E ! P is reversed with respect to the prograde rotating case due to changes in
precipitation and evaporation patterns, we do not find a simple Inverse Conveyor
solution (with deep water formation limited to the North Pacific). Rather, we
find a state with increased Pacific intermediate water formation and a weak-
ened Atlantic MOC which is highly variable on decadal time scales and certainly
still has northern deep water formation. The weakening of the Atlantic MOC is
caused by the freshening of the North Atlantic and results in a substantial cooling
of the subpolar North Atlantic sea surface. At least part of this freshening can
be explained by an increase in stable precipitation over the midlatitude North
Atlantic due to a reversed atmospheric flow.

The stability properties of the global MOC on a retrograde rotating Earth
were analyzed using a fully-implicit ocean-only model [Weijer et al., 2003; Dijkstra
and Weijer, 2005; Huisman et al., 2010] using the surface wind stress field and
sea surface salinity field from the CCSM3 quasi-equilibrium solution to determine
a reference state. The response of the MOC on a retrograde rotating Earth
to freshwater perturbations in the subpolar North Atlantic surface freshwater
flux is similar to the response of the MOC in our present-day climate. The
bifurcation diagram has a similar shape and contains a multiple equilibria regime
for a range of subpolar North Atlantic freshwater fluxes. Therefore, we conclude



Summary and discussion 75

that the mechanisms controlling the behavior of the MOC under such freshwater
perturbations are robust under reversal of Earth’s rotation direction. Indeed,
the stability behavior is mainly governed by the physics of the salt-advection
feedback, which is invariant under the rotation reversal.

Based on the results of the CCSM3 and the ocean-only model, we conclude
that even when the forcing of the freshwater flux (E ! P ) is reversed between
North Atlantic and North Pacific, a global MOC with North Atlantic deep water
formation having similar stability properties as the global MOC on the prograde
rotating Earth still exists. This suggests that solely the external surface forcing
of the ocean circulation is not the dominant factor in setting the large salinity
di!erence and ocean circulation asymmetry between the Atlantic and Pacific
basin. We do not claim that we have falsified the view (i) as presented in the
introduction, but we certainly found results (in agreement with those in Huisman
et al. [2010, submitted manuscript]) which do not fit within view (i). Under
a reversed freshwater flux, one would expect to find a clear Inverse Conveyor
solution.

As the external forcing appears not capable of generating the present-day
Atlantic-Pacific MOC asymmetry, the origin of this asymmetry may be associated
with the selection of the Conveyor state due to external factors according to the
view (ii) in the introduction. There are many partial results [Hughes and Weaver,
1994; Dijkstra and Weijer, 2003; Von der Heydt and Dijkstra, 2008; Czaja, 2009]
on which factors favor the selection of this state (such as basin size, land-sea
contrast, gateway transports, atmospheric circulation, etc.), but all of studies
have been done with rather idealized models. It is, however, clear from these
studies [Dijkstra and Weijer, 2003] that external asymmetries can have quite
some more consequences on the existence regime of one type of solution (for
example a Southern Sinking solution), than on existence regime of another type
(like a Conveyor solution).

It will be di$cult to find support for the view (ii) using present-day simu-
lations in state-of-the-art GCMs as the global Conveyor state may already be
unique (due to the external asymmetries all other equilibria do not exist any
more). Rather artificial studies would be needed where, for example, the conti-
nents are more symmetrized with respect to reality and even then, one probably
would have to be lucky to find other equilibria than the Conveyor state. Results
from paleoclimate modeling studies, where continents have very di!erent posi-
tions, may also provide support for the view (ii) although there are no results
yet of multiple MOC equilibria in any paleogeography yet. One would be able
to tackle the problem systematically when techniques of numerical bifurcation
could be applied to full climate models, but that will take considerable time.

In summary, in answering our question from the introduction on why there is a
strong present-day Atlantic-Pacific MOC asymmetry we established that view (i)
likely is not correct. However, to obtain convincing support for view (ii) creative
model experiments are needed.
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6
An indicator of the multiple equilibria

regime of the Atlantic MOC

Abstract

Recent model results have suggested that there may exist a scalar indicator "
monitoring whether the Atlantic meridional overturning circulation (MOC) is in a
multiple equilibrium regime or not. The quantity " is based on the net freshwater
transport by the MOC into the Atlantic basin. It changes sign as soon as the
steady Atlantic MOC enters the multiple equilibrium regime due to an increased
freshwater input in the northern North Atlantic. This paper addresses the issue
why the sign of " is such a good indicator for the multiple equilibrium regime.
Changes in the Atlantic freshwater budget over a complete bifurcation diagram
and in finite amplitude perturbation experiments are analyzed in a global ocean
circulation model. We show that the net anomalous freshwater transport into/out
of the Atlantic due to the interactions of the velocity perturbations and salinity
background field is coupled to the background (steady-state) freshwater budget
and hence to ". The sign of " precisely shows whether this net anomalous
freshwater transport is stabilizing or destabilizing the MOC. Therefore it can
indicate whether the MOC is in a single or multiple equilibrium regime.

This chapter is based on:

Huisman, S. E., M. den Toom, H. A. Dijkstra, and S. Drijfhout (2010), An indicator of the mul-

tiple equilibria regime of the Atlantic Meridional Overturning Circulation, Journal of Physical

Oceanography 40(3), 551—567
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6.1 Introduction

Over the last decades serious concerns have been raised about possible anthro-
pogenic induced changes in the ocean circulation and the consequences for climate
[Rahmstorf, 2003]. When the ocean velocity field is integrated in east-west di-
rection across an ocean basin, the resulting flow is referred to as the meridional
overturning circulation (MOC). In the Atlantic Ocean there is a net northward
flow of surface and bottom waters, which is compensated for by a southward mo-
tion at intermediate depths. The Atlantic MOC transports a substantial amount
(about 1.5 PW at 25!N) of heat northward. A reduction (collapse) of the MOC
may therefore lead to serious climate change. Regions around the North Atlantic
would experience significant cooling, and other parts of the world would also be
a!ected [Vellinga et al., 2002]. Paleoclimate data suggests that such changes in
the MOC may have occurred in the past [Clark et al., 2002; Rahmstorf, 2002].

Although wind-generated motions influence the shallow part of the MOC,
the deep overturning is dominantly driven by interior turbulent mixing of heat
and salt, and is therefore referred to as the thermohaline circulation (THC).
The spatial structure of the THC is predominantly determined by the ocean’s
density field [Wunsch, 2002; Kuhlbrodt et al., 2007]. Because the ocean flow itself
influences the density field by advection, the THC is by implication a nonlinear
phenomenon. Furthermore, the distribution and intensity of surface fluxes of
heat and fresh water act to modulate the flow pattern and its temporal behavior.

The nonlinear nature of the THC may result in the existence of multiple
equilibria (ME) for a given set of boundary conditions. Under present-day forcing
conditions, two stable equilibria appear possible in models, one usually referred
to as the ‘on’ state (or conveyor state) and the other as the ‘o!’ state (or collapsed
state). Traditionally large and abrupt changes in the Atlantic MOC have been
related to the existence of multiple equilibria. These are a robust feature in
models ranging from simple box ocean-only models [Stommel, 1961] to so-called
EMIC’s (Earth system Models of Intermediate Complexity) [Rahmstorf et al.,
2005], and have also been found in early coupled climate models [Manabe and
Stou!er, 1988]. It is, however, not clear whether this is a common characteristic of
state-of-the-art coupled (ocean-atmosphere) general circulation models (CGCMs)
simulating present-day climate. In analyzing nine di!erent CGCM simulations of
the response to the IPCC SRES-A1B scenario of future CO2 increase Schmittner
et al. [2005], for example, found that none of these models predicted an abrupt
change of the MOC.

As it is impossible at the moment to determine whether these CGCMs are in a
multiple equilibrium regime, it is important to have (preferably scalar) indicators
for the presence of such a regime. Using a simple box model, it was already
pointed out by Rahmstorf [1996] that the multiple equilibrium regime may be
related to the net freshwater budget over the Atlantic basin. This issue was
revisited by de Vries and Weber [2005] who showed (using an EMIC) that the
sign of the net freshwater export by the Atlantic MOC, indicated by Mov()), near
the latitude ) = 35!S in the Atlantic may be controlling whether, in addition to
the ‘on’ state, a stable ‘o!’ state exists or not.
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In Dijkstra [2007], it was shown that a measure of the divergence of the
freshwater transport " of the Atlantic MOC over the Atlantic basin is a good
indicator of the multiple equilibrium regime. When the freshwater transport at
the northern boundary is neglected, " reduces to the indicator in de Vries and
Weber [2005], since

"()n, )s) = Mov()s)!Mov()n), (6.1)

where )n and )s are the northern and southern latitudes of the Atlantic domain.
It appears that " changes sign (from positive to negative) when the Atlantic
MOC ‘on’ state enters the multiple equilibrium regime as the freshwater input in
the northern North Atlantic is increased. There is a slight sensitivity to the choice
of the southern boundary but )s = 35!S appears a ‘best’ choice because the tip
of Africa marks the southern boundary of the Atlantic basin. The sensitivity of
" to the northern latitude )n is relatively small as long as it is north of 60!N.

Although the indicator " seems to able to serve as an indicator for the mul-
tiple equilibria regime and descriptive explanations were given in de Vries and
Weber [2005] and Dijkstra [2007], there is a need for a better physical basis of this
indicator which can explain why " crosses zero when entering the multiple equi-
librium regime and why the southern boundary 35!S is so important. The main
purpose of this paper is to provide strong support that " is a correct indicator
for distinguishing di!erent MOC regimes.

The advantage of the approach and methodology followed in Dijkstra [2007]
is that full bifurcation diagrams are available and that steady states on the ‘on’
and ‘o!’ branches satisfy integrated (freshwater) balances with a relative error
smaller than 0.1%. In particular, the availability of the unstable steady state —
which was shown in Dijkstra et al. [2004] to separate the regions (the so-called
attraction basins) of initial conditions going to either ‘on’ and ‘o!’ states —
enables targeted studies on the development of finite amplitude perturbations.

To be self-contained here, we start in section 2 below with a very brief sum-
mary of the main results in Dijkstra [2007]. In section 3, we analyze details of the
Atlantic freshwater balance and provide a physical description of the processes
that are involved in the changes of this balance along a full bifurcation diagram.
In section 4, the transient development of specific finite amplitude perturbations
is studied with focus on the processes determining MOC recovery and collapse.
The analyses in the sections 3 and 4 provide a physical explanation why the sign
of " is a good indicator for the multiple equilibrium regime. The results are
summarized and discussed in section 5. Here we also address the usefulness of "
in CGCMs and observations and whether it is, in principle, possible to use the
indicator to assess the stability regime of the present-day MOC.

6.2 The indicator ! in a global ocean model

Bifurcation diagrams were computed in Dijkstra [2007] using a fully-implicit
global ocean model. Just to stress that this is no ‘toy’ model, we mention that
the governing equations of this ocean model are the hydrostatic, primitive equa-
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tions in spherical coordinates on a global domain which includes full continental
geometry as well as bottom topography [Dijkstra and Weijer, 2005]. Horizontal
and vertical mixing of momentum and heat and salt is represented by a Laplacian
formulation with prescribed constant ‘eddy’ viscosities AH and AV and vertically
dependent ‘eddy’ di!usivities KH(z) and KV (z), see Dijkstra [2007]. The ocean
flow is forced by the annual-mean wind stress as given in Trenberth et al. [1989].
The upper ocean is coupled to a simple energy-balance atmospheric model (see
the Appendix in Dijkstra and Weijer [2005]) in which only the heat transport
is modelled (no moisture transport). The freshwater flux is prescribed and the
model has no sea-ice component.

Starting from the steady state solution determined under restoring conditions
for the surface salinity field [Levitus et al., 1994b], steady states were calculated
in Dijkstra [2007] versus a parameter #p under the freshwater flux FS = P ! E
with

FS = F e
S + #pF

p
S !Q, (6.2)

where F p
S is unity only in the domain (,, )) % [60!W, 24!W ]$ [54!N, 66!N ] and

zero outside. Furthermore, F e
S is freshwater flux diagnosed from the solution at

#p = 0. The quantity Q is determined such that
*

Soa

FS r2
0 cos ) d)d, = 0, (6.3)

where Soa is the total ocean surface and r0 is the radius of the Earth, to ensure
a net zero freshwater flux over the total ocean surface.

For the case that the vertical di!usivity KV increases from 1.2$ 10"4 m2s"1

at the surface to 5.3 $ 10"4 m2s"1 near the bottom of the flow domain, the
bifurcation diagram, where the maximum of the Atlantic MOC (-A) is plotted
versus #p, is shown in Fig. 6.1a. For clarity, the stable (drawn) branches are
indicated with the ‘on’ branch and with the ‘o!’ branch. The dashed branch
represents unstable steady states. It is clear that the saddle-node bifurcations
L" and L+ limit the multiple equilibria regime; we indicate the values of #p at
these points with #L" and #L+, respectively.

Solutions of the Atlantic MOC along several labeled points of the bifurcation
diagram in Fig. 6.1a are plotted in Fig. 6.2a-f. For small #p, the solution of
the Atlantic MOC (the ‘on’ state) is near to the unperturbed state with strong
northern sinking and no bottom water of southern origin (Fig. 6.2a). Along
the bifurcation diagram, the strength of the Atlantic MOC decreases (Fig. 6.2b)
with increasing #p until the saddle-node bifurcation at #L+. In the pattern of the
Atlantic MOC, the return flow shallows (Fig. 6.2c) and the deep flow from the
south strengthens. Once on the unstable branch of steady states from L+ to L",
this southern sinking component increases leading eventually to the stable ‘o!’
state (Fig. 6.2d-f) for values of #p > #L" on the lower (drawn) branch in Fig. 6.1.
For values of #p between #L" and #L+, the MOC is in the multiple equilibrium
(ME) regime. For #p < #L" and #p > #L+ only one stable steady state exists,
and the MOC is in the single equilibrium (SE) regime.
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Figure 6.1: (a) Bifurcation diagram where the strength of the Atlantic MOC ('A) is
plotted versus the strength of the anomalous freshwater forcing (!p). The labeling [a]-[f]
along the branches refers to steady-state solutions of which the meridional overturning is
plotted in Fig. 6.2. (b) Indicator function $(&s, &n) for &n = 60"N and &s = 35"S along
the ‘on’ branch of the bifurcation diagram in (a). The vertical dotted lines indicate the
positions of L! and L+.

The indicator " in Dijkstra [2007] is based on the freshwater budget which
arises when the stationary salinity equation is integrated over a volume V of
the Atlantic Ocean bounded by the latitudes )s and )n. This integrated salinity
budget can be written as

*

SAtl

FS r2
0 cos ) d,d) = ! 1

S0
((()n)! (()s)). (6.4)

In (6.4), the left hand side is the freshwater volume (in Sv) going through the
ocean-atmosphere surface SAtl and the right hand side is the net freshwater trans-
port (in Sv) through the lateral boundaries at )n and )s. The salt flux ( is defined
as

(()) =
*

S!

(vS ! KH

r0

(S

()
) r0 cos ) d,dz, (6.5)

where S" is the (zonal-vertical) ocean section at latitude ).
The indicator "()s, )n) was already given in (6.1) where, following de Vries

and Weber [2005], Mov (the overturning component) and Maz (the azonal com-
ponent) are defined as

Mov()) = ! &

S0

*
(v)((S) ! S0) dz ; Maz()) = ! &

S0

*
(v$S$) dz. (6.6)
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Figure 6.2: Contour plots of the Atlantic MOC for several values of !p along
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Here, & and (F ) (for a function F ) are given through

& =
*

r0 cos ) d, ; (F ) =
1
&

*
Fr0 cos ) d, (6.7)

with v$ = v ! (v) and S$ = S ! (S). The indicator "()s, )n) is plotted (along
the ‘on’-branch of Fig. 6.1a) in Fig. 6.1b for )n = 60!N (in the sinking region)
and )s = 35!S (at the southern tip of Africa). " changes sign (from positive
to negative) just as the multiple equilibrium regime is approached (near the
saddle-node bifurcation L"). In the SE regime, the Atlantic MOC exports salt
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("()s, )n) > 0) while in the ME regime, it is exporting freshwater ("()s, )n) < 0).
It is remarkable that the indicator ", which is evaluated on the ‘on’ branch, is

able to detect the presence of the saddle-node bifurcation L" which is located on
the ‘o!’ branch. Certainly, the ‘on’ states for #p > #L" are linearly stable (i.e.,
very small perturbations on these states will decay), but they are susceptible to
finite amplitude instabilities. As was shown in Dijkstra et al. [2004], the attraction
domains of the ‘on’ state and ‘o!’ state seem to be bounded by the unstable state
and so it requires a finite amplitude perturbation which crosses the unstable
branch to make a transition from the ‘on’ state to the ‘o!’ state. But how would
" provide any information on the presence of the multiple equilibrium regime and
hence on the behavior of finite amplitude perturbations? In the next sections, we
will investigate this systematically by analyzing details in the freshwater balances
along both the ‘on’ and ‘o!’ branches (section 3) and by considering the transient
development of finite amplitude disturbances on the ‘on’ state (section 4).
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Figure 6.3: All terms in the freshwater balance (6.10) along the bifurcation
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6.3 Freshwater balance of the equilibria

When we represent the di!usive fluxes as

Md()) = !
*

S!

KH

r0

(S

()
r0 cos ) d,dz, (6.8)

and use the notation

ME"P =
*

SAtl

S0(E ! P ) r2
0 cos ) d,d), (6.9)
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the total freshwater balance (6.4) can be written as

Maz()n)+Mov()n)+Md()n)!Maz()s)!Mov()s)!Md()s)+ME"P = 0 (6.10)

The terms in this equation are shown in Fig. 6.3a (southern boundary) and
Fig. 6.3b (northern boundary). As was shown in Dijkstra [2007], the freshwater
balance (6.10) is satisfied accurately in this model. We see that the terms at
the northern boundary (Fig. 6.3b) are smaller than the corresponding terms at
the southern boundary (Fig. 6.3a), that the di!usive terms are not small with
respect to the other terms and that many parts of the curves are characterized by
near straight lines. In the subsections 3.1 and 3.2 below we study the latitudinal
dependence of Mov and Maz on the ‘o!’ and ‘on’ branches and the change of
Mov()s) along the ‘on’ branch.

6.3.1 Behavior of Mov and Maz on the ‘off’ branch

The function Maz()) is plotted in Fig. 6.4a. The azonal transport south of
) = 10!S is driven by the subtropical gyre in the South Atlantic, with southward
(northward) flow in the western (eastern) part of the basin. The salinity field
S$ (not shown) at the ‘o!’ solution in Fig. 6.2f for )s = 35!S is negative in the
western part of the basin and positive in the eastern part, the value of Maz is
negative and the gyres transport freshwater out of the basin. With decreasing #p,
the salinity field S$ changes to become more positive at the western side of the
basin and more negative at the eastern part. Hence the value of Maz becomes
less negative. The changes in S$ go down to about 1000 m while in deeper levels
S$ is hardly a!ected by the addition of salt in the northern North Atlantic. It is
interesting that Maz becomes zero near ) = 35!S at the saddle-node bifurcation
L" (very close to the solution in Fig. 6.2d). This indicates that the saddle-node
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bifurcation, which is a signal of ‘nonexistence’ of a steady solution, is connected
to the gyre driven freshwater transport over the southern boundary.

The function Mov()) is plotted in Fig. 6.4b and shows that the ‘o!’ state
Atlantic MOC is exporting salt south of 10!S. For the solution in Fig. 6.2f, (v)
is strongly negative in the upper ocean and the mean salinity (S) ! S0 > 0
which leads to a positive Mov()). When #p decreases (e!ectively adding salt in
the northern North Atlantic), the mean salinity at 35!S increases over the whole
depth and the mean surface velocity decreases slightly, leading to a slight increase
in Mov()) at ) = 35!S (Fig. 6.4b).

6.3.2 Behavior of Mov and Maz on the ‘on’ branch

The latitudinal dependence of Maz is plotted in Fig. 6.5a for the solutions in
Fig. 6.2a-c. South of ) = 20!S, the gyre driven freshwater transport is positive,
i.e. the gyres transport salt into the basin. Again the velocity distributions v$ are
fairly similar to those along the ‘o!’ branch (because the winds are the same),
but now the salinity distributions S$ are quite di!erent with positive values in
the western part of the basin and negative ones at the eastern part of the basin.
With increasing #p (adding freshwater in the northern North Atlantic), the fields
S$ hardly change and hence Maz south of 20!S remains constant with #p. The
reason is that the freshwater anomaly is transported southward at depth by the
‘on’ state and therefore this does not a!ect the azonal transport.

In Fig. 6.5b the function Mov()) is positive at the solution in Fig. 6.2a south
the equator as the ocean velocity at depth (v) is negative where the salinity (S) is
largest. Hence the meridional overturning transports salt out of the basin. When
#p is increased, one sees the decrease in mean salinity at depth while the salinity
at the surface increases. This implies that Mov must decrease with increasing #p

as is seen in Fig. 6.2a.
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Actually, it appears that there is linear behavior of Mov with #p on the ‘on’
branch due to the specific choice of the forcing. When we di!erentiate the forcing
(6.2) to #p, we find a positive constant ($), and hence

ME"P = M0
E"P ! $#p (6.11)

Here, the superscript in M0
E"P indicates the solution for #p = 0, i.e., the reference

solution. The linear relation in (6.11) is clearly seen in Fig. 6.3.
Using the notation "az = Maz()s)!Maz()n) and "d = Md()s)!Md()n), we

can write the equation (6.10) as

" +" az + "d = ME"P . (6.12)

We argued above that "az does not change much along the ‘on’ branch and it
appears from Fig. 6.3 that the same holds for "d. Using this result, (6.11) and
the fact that M0

E"P = "0 + "0
az + "0

d for the reference solution, we find that

" ' !$#p + "0. (6.13)

This indicates that " has a zero on the ‘on’ branch with increasing #p (as $ > 0)
when "0/$ < #L+. Physically this simply means that the input of freshwater
in the northern North Atlantic eventually leads to export of freshwater by the
Atlantic meridional overturning circulation.

Although from (6.13) it is clear that " decreases along the ‘on’ branch, it is not
at all guaranteed that it is changing sign near #L". The question is therefore: why
are the sign changes of the quantities " and the zonal salinity di!erence on the ‘on’
branch associated with the existence/non-existence boundary of the ‘o!’ branch?
This is a highly nonlinear problem as the issue is whether a finite amplitude
perturbation to the ‘on’ state is able to recover or not. In the unique regime,
one can put any perturbation on the MOC but it will always recover. In the
multiple equilibrium regime there always exists a finite amplitude perturbation
which is able (i.e., which is large enough) to induce a transition to the (stable)
‘o!’ state for the same value of #p. Hence, an analysis of the development of
finite amplitude perturbations in both regimes is required and this is the focus
of the next section.

6.4 Development of finite amplitude perturbations

In this section, we investigate why the ‘on’ state of the MOC always recovers in
the SE regime but that in the ME regime the ‘o!’ state can be reached. Thereto
we apply specific finite amplitude freshwater perturbations by considering the so-
called thermohaline pulse response problem (similar to the approach in Dijkstra
et al. [2004]), where the freshwater perturbation is switched on instantly and
after a certain time (tm) is suddenly reduced to zero. If we represent the time
dependence as a block function B(t; tm), then the total freshwater flux can be
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written as

FS = F e
S + (#̄p + %#pB(t; tm))F p

S !Q(t) (6.14a)
B(t; tm) = H(t)!H(t! tm) (6.14b)

where H is the Heaviside function and Q(t) is determined from the condition
that the surface integrated freshwater flux is zero. The value of #̄p refers to the
value of #p at a steady state and we use %#p as a perturbation of it. To facilitate
the interpretation of the results, we choose to make the pattern of the freshwater
perturbation associated with %#p the same as that for which the bifurcation
diagram (in #p) was computed.

6.4.1 Transient solutions

Now let us assume we start from a steady state solution determined for a certain
#̄p on the ‘on’ branch. When %#p = 0, we will remain at that steady state.
However, when %#p is so large that

#p = #̄p + %#p > #L+ (6.15)

the solution will be attracted to the ‘o!’ state for #̄p + %#p since this is the
only steady state for this value of #p. After a time tm, the trajectory will reach
a certain state and when the anomalous forcing is then suddenly released, the
trajectory will be attracted to one of the stable steady states which are present
for #p = #̄p. In the SE regime, there is only one steady state at #̄p and all
trajectories (for all values of tm) will be attracted to the ‘on’ state; hence the
MOC always recovers. In the ME regime, however, the MOC will recover for
small tm while the ‘o!’ state will be reached for large tm. In Dijkstra et al. [2004]
it was shown that the critical time, say t#m, is determined by the time when the
unstable steady state is crossed.

We take a value #̄S
p = 0.083 Sv in the SE regime and a value #̄M

p = 0.166
Sv in the ME regime. Plots of the meridional velocity field and salinity field at
35!S are presented in Fig. 6.6 for both steady states. The meridional velocity
fields look very similar for both cases although the MOC is slightly shallower
in Fig. 6.6c than in Fig. 6.6a. The salinity fields di!er markedly with a much
larger salinity contrast between surface and deep ocean in the ME regime. This
reflects the change in freshwater transport by the MOC over this section which
is positive (freshwater transport into the Atlantic basin) in the SE regime and
negative (freshwater transport out of the basin) in the ME regime.

To analyze the development for relatively small %#p, we show results for both
cases when the states in Fig. 6.6 undergo a change of %#S

p = %#M
p = 0.02 Sv

for tm = 200 year. The maximum of the Atlantic MOC (-A) is plotted versus
time in Fig. 6.7a and the drawn curves (red, SE regime; blue, ME regime) show
the long time development under this change in freshwater flux. After about 200
years, the MOC strength has decreased less than 1 Sv for both cases. When the
anomalous forcing is released at tm = 20 and tm = 100 yr (dashed curves), the
original equilibria are obtained showing that the steady states are indeed linearly
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Figure 6.6: Contour plots of the meridional velocity v̄ (a, c) and salinity S̄ (b,
d) field along the Atlantic 35"S section for both the steady state (a,b) in the
SE regime (!̄S

p = 0.083 Sv) and the one (c,d) in the ME regime (!̄M
p = 0.166

Sv).

stable.
Subsequently, we take %#S

p = 0.197 Sv and %#M
p = 0.114 Sv, respectively

such that for tm * + the same ‘o!’ state at #p = 0.280 Sv is reached (cf.
Fig. 6.1). This is confirmed by the drawn curves in Fig. 6.7b. The dashed
curves in Fig. 6.7b again show the development of the MOC strength when the
anomalous forcing is turned to zero (i.e., #p = #̄p) after a time tm. It is indeed
seen that for every tm the trajectories in the SE regime (black curves) eventually
end up on the ‘on’ state. However, for the ME regime (gray curves) we see that
for tm < t#m, the Atlantic MOC recovers but that for tm > t#m, the Atlantic MOC
approaches the ‘o!’ state; here the critical time t#m ' 400 yr.
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Figure 6.7: Strength ('A) in Sv of the Atlantic MOC along trajectories
(drawn) for a permanent freshwater flux change for both the SE (black) regime
(!̄S

p = 0.083 Sv) and the ME (gray) regime (!̄M
p = 0.166 Sv). The dashed are

trajectories for which the freshwater flux change is reduced to zero at certain
times tm; the latter time can be deduced from the starting point of each dashed
curve. (a) A very small change, #!S

p = #!M
p = 0.02 Sv. (b) A larger change,

#!S
p = 0.197 Sv and #!M

p = 0.114 Sv.
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6.4.2 Analysis

We now turn to a physical explanation of the results in Fig. 6.7. Our task is to
explain why (i) the MOC recovers in the ME regime for tm < t#m, and collapses
for tm > t#m and (ii) explain why the MOC in the SE regime, when subjected to a
similar perturbation, always recovers. Our ingredients are that " ' Mov()s) < 0
for the steady ‘on’ state in the ME regime and " ' Mov()s) > 0 in the SE regime.

The existence of multiple equilibria in the MOC is caused by the salt advec-
tion feedback, which is present in its simplest form in the Stommel [1961] box
model. A freshwater perturbation on the ‘on’ state of the MOC, for example,
causes a weakening of the MOC and hence leads to a smaller meridional advective
salt transport which amplifies the original perturbation. As advective meridional
transport is crucial, this feedback has also been identified in two- and three di-
mensional ocean models [Walin, 1985; Dijkstra and Molemaker, 1997; Kuhlbrodt
et al., 2007].

If a perturbation (ṽ, S̃) is assumed on a mean state (v̄, S̄), the development
of the salinity perturbation is determined (considering only meridional advective
transport and hence neglecting all other (zonal/vertical advection and di!usive)
transports) by the equation

(S̃

(t
' ! 1

r0

+
ṽ
(S̄

()
+ v̄

(S̃

()
+ ṽ

(S̃

()

,
. (6.16)

When we integrate (6.16) over the Atlantic basin (longitude , from coast to coast,
z from bottom to surface and latitude ) from )n to )s), then the development of
the Atlantic basin averaged salinity anomaly is governed by the equation

(

(t

!*

V
S̃ d3x

"
'

*

S!s

(ṽS̄ + S̃v̄ + ṽS̃) d2x (6.17)

where the fluxes through the northern boundary are neglected. This relation
shows that the growth of the salinity anomaly in the Atlantic basin is related
to the anomalous meridional salt transport terms integrated over the southern
boundary.

In the following, we will investigate the time development of the di!erent
terms in the right hand side of (6.17) along the trajectories in Fig. 6.7a. We will
call the contribution of a certain term in the (6.17) ‘stabilizing’ (’destabilizing’)
when it increases (decreases) the salt content of the Atlantic basin and hence
strengthens (weakens) the MOC. The terms are plotted in Fig. 6.8a for %#p =
0.02 Sv. Note that because this value of %#p is relatively small, both linear
interaction terms are of larger magnitude than the nonlinear interaction term
ṽS̃. The v̄S̃ term is positive for both SE and ME regimes and this transport
is stabilizing the MOC. The nonlinear interaction term is negative (making the
Atlantic fresher) and hence is destabilizing the MOC for both regimes. The
central result is that the ṽS̄ term is stabilizing in the SE regime, while it is
destabilizing for the ME regime.

To understand the sign of the terms in (6.17), plots of ṽ and S̃ are shown in
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Figure 6.8: (a) Time development of the three di!erent terms in the right
hand side of (6.17) along the drawn trajectories in Fig. 6.7a. The color coding
corresponds to that in Fig. 6.7a (black: SE regime; gray: ME regime) and a
similar line style indicates a similar term. (b) Integral terms in (6.18). The
dotted curve is again the ṽS̄ integral term similar to the one in (a). The drawn
(dashed-dotted) curve is the first (second) term in the right hand side of (6.18).

Fig. 6.9 for the solutions at year 200 (endpoints of drawn curves in Fig. 6.7a).
For both ME and SE regimes, the S̃ field is positive at the surface and negative
at depth, which is a typical response to the slowdown of the MOC. As the v̄ term
is largest at the surface (cf. Fig. 6.6a), the anomalous salt transport associated
with the term v̄S̃ is into the basin and hence is stabilizing. As ṽ is negative at
the surface and positive at depth (Fig. 6.9a,c), the nonlinear interaction term
ṽS̃ always leads to salt export out of the Atlantic basin and hence this term is
destabilizing.

The ṽS̄ field is plotted for the SE and ME regimes (again at year 200) in the
Figs. 6.10a,b, respectively and their di!erence is shown in Fig. 6.10c. The change
in steady state salinity field with #p turns out to be crucial for the sign of the
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Figure 6.9: Contour plots of the meridional velocity (a, c) and salinity (b, d)
perturbations at year 200 field along the Atlantic 35"S section for both the SE
regime (!̄S

p = 0.083 Sv) and the ME regime (!̄M
p = 0.166 Sv) under the change

#!S
p = #!M

p = 0.02 Sv.

ṽS̄ term. The salinity S̄ is smaller in the deep ocean (below # 3 km) for the
solution in the ME regime than for the SE regime. Hence the transport of salt
due to the ṽS̄ term is out of the Atlantic basin in the ME regime and into the
Atlantic basin for the SE regime. Hence, this term is stabilizing in the SE regime
and destabilizing in the ME regime.

We can make the link of the section integral over ṽS̄ and Mov()s) more explicit
by looking at the relation between the profiles of (v̄) (Fig. 6.11a) and (ṽ) (plotted
for di!erent times in Fig. 6.11b). By inspection, it appears that for both regimes,
it is a reasonable assumption that (ṽ) ' !'(t)(v̄). Physically, this makes sense
because the MOC decreases due to the imposed change in freshwater flux in the
northern North Atlantic and the overall spatial pattern of the MOC remains the
same for small %#p. In other words, there is a southward velocity perturbation
in the upper layers and a northward velocity perturbation at depth.

When we now decompose ṽ = (ṽ)+ ṽ$, S̄ = (S̄)+ S̄$, then the section integral
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in Fig. 6.7a.

can be written as
*

z

*

$
ṽS̄ r0 cos ) d,dz = &

*

z
(ṽ)(S̄) dz +

*

z

*

$
ṽ$S̄$ r0 cos ) d,dz (6.18)

Using (ṽ) ' !'(t)(v̄), the first term in the right hand side is proportional to
Mov()s). The second integral is dependent on the azonal components of ṽ and S̄.
For both SE and ME cases in Fig. 6.8a, the three integrals in (6.18) are plotted
in Fig. 6.8b. For the ME-regime (gray curves) the integral involving the ṽ$S̄$

term is much smaller than that involving the (ṽ)(S̄) term. Hence, the sign of
the section integral of ṽS̄ is the same as that of Mov at 35!S. For the SE case
the integrals in the right hand side of (6.18) are of the same order of magnitude,
so here the relation between the sign of the ṽS̄ integral and Mov at 35!S is less
obvious. However, from Fig. 6.8b, it is clear that the sign of the ṽS̄ term is most
influenced by the changes in sign of the (ṽ)(S̄) term.

From Fig. 6.8a, it can furthermore be seen that the stabilizing term v̄S̃ de-
creases and the destabilizing term ṽS̃ becomes more negative (more destabilizing)



94 An indicator of the multiple equilibria regime

-1

-2

-3

-4

-5

D
e

p
th

 (
km

)

-1

-2

-3

-4

-5

D
e

p
th

 (
km

)

-1

-2

-3

-4

-5

-2                           -1                             0                              1                             2

-2                        0                        2 -2                        0                        2

!v" (m/s)

!v" (! 10-4 m/s)

¯

!v" (! 10-4 m/s)˜ ˜

(a)

(b) (c)

SE-regime
ME-regime

Figure 6.11: (a) The field "v̄# for the steady state at !̄S
p = 0.083 Sv (black)

and !̄M
p = 0.166 Sv (gray). (b-c) The fields "ṽ# at di!erent times (every 25
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Development of finite amplitude perturbations 95

with increasing #p. This demonstrates that when the ‘on-state’ of the MOC en-
ters the ME regime, the salt transport near the southern boundary induced by
changes in the northern North Atlantic freshwater flux tend to be more desta-
bilizing. In the analysis above, the salt transport at the northern boundary )n

is assumed to be much smaller than that at the southern boundary )s, but it
can easily be taken into account in (6.17). Following (6.18), the integral of the
term ṽS̄ over the northern and southern boundary can then be related to ".
Hence, assuming a dominance of the meridional advective transport terms, the
sign change in the ṽS̄ term, as directly linked to ", is the crucial e!ect deter-
mining whether the MOC is in the SE or ME regime. When the perturbations
become very large, as in the results of Fig. 6.7b, the pattern of the MOC changes
drastically with time. Eventually, the magnitudes of all terms in (6.17) along the
drawn trajectories in Fig. 6.7b will determine whether the MOC will collapse or
recover when the forcing is released.

6.4.3 Further analysis in a box model

To substantiate the reasoning in the last subsection, we analyze the same con-
nection between properties of the steady states and the transient development
of perturbations in the Rahmstorf [1996] model. In this box model, only the
meridional advective processes are taken into account. The model consists of two
equatorial boxes connected to two polar boxes that are arranged as depicted in
Fig. 6.12a. It is designed to mimic the pattern of the Atlantic circulation, with
deep convection at subpolar latitudes (box 2), while low-latitude upwelling is lim-
ited (hence no connection between boxes 3 and 4), but instead takes place outside
the domain of the Atlantic (box 1). The volume transport between the boxes has
strength m and is proportional to the density di!erence "2 ! "1. Assuming a
linear equation of state, the flow strength is diagnosed from

m = k ("2 ! "1) = k [% (S2 ! S1)! $ (T2 ! T1)] , (6.19)

where k, % and $ are constants and Ti and Si are the temperature and salinity
in box i.

Mixed boundary conditions are imposed, where temperatures will be simply
prescribed and the surface freshwater forcing consists of two independent active
fluxes, F1 and F2. The adjective ‘active’ here means that not only atmospheric
vapor fluxes are captured in the Fi, but also the salt transport by the wind-
driven gyres as well as (sub-grid scale) di!usion. The fluxes Fi are converted to
equivalent salt transports by multiplication with !S0, a fixed reference salinity,
and will be assumed constant. The salt conservation equation for the southern
box is then given by

V1
dS1

dt
=

- m (S4 ! S1)

m (S1 ! S3)

.
+ S0F1 for

m , 0.

m - 0.
(6.20)

Here, V1 is the fixed volume of box 1. The equations for the other boxes follow
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strength m as function of time for the four perturbation experiments. (d)
Negative time rate of change of the salinity in box 1 as function of time, split
into the three contributions given in equation (6.22). Term 1 corresponds to

m̃
`
S̄4 ! S̄1

´
, term 2 to m̄

“
S̃4 ! S̃1

”
and term 3 to m̃

“
S̃4 ! S̃1

”
.

in a similar fashion [Rahmstorf, 1996].
For m , 0, the steady state salinity in box 2 is equal to that in box 4,

S̄2 = S̄4. Combination of equations (6.19) and (6.20) then yields the steady-
state flow strength as function of the temperature contrast and the freshwater
forcing:

m̄ = !1
2
k$ (T2 ! T1)±

/
1
4

[k$ (T2 ! T1)]
2 ! k%S0F1 for m̄ , 0. (6.21)

For m̄ - 0, the solution is similar to (6.21), but with !F1 replaced by +F2.
We will only consider the case for which T1 > T2. For m̄ , 0 solutions exist for

F1 %
%
!+, FCrit

1

&
, where FCrit

1 = k$2 (T2 ! T1)
2 /4%S0, the critical freshwater

flux at the saddle-node bifurcation. We are primarily interested in the transition
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associated with the sign change of F1, which Rahmstorf [1996] identified with
the transition from the single equilibrium to the multiple equilibrium regime.
The bifurcation diagram for this case is plotted in Fig. 6.12b, showing all steady
solutions for m̄ , 0. Note that for m̄ - 0 solutions exist for F2 , 0, independent
of F1. However, this inverse circulation implies that all upwelling takes place in
the northern box, despite the absence of a physical mechanism to limit dominant
upward motion to the northern high latitudes. Hence, the applicability of the box
model ends when the flow reverses sign. For simplicity we define any situation
for which m̄ < 0 as the collapsed state and we take F2 > 0 to ensure that the
trajectories are attracted to this state when m becomes negative.

Suppose we perturb the equilibrium given by equation (6.21) by applying an
anomalous freshwater flux of strength #p to box 2 for a time tm. Simultaneously
an equal amount of water is extracted from boxes 1 and 3, in a ratio defined by
their respective surface areas A1 and A3, in order to preserve salinity. This will
change the salinity contrast between boxes 1 and 2 such that the flow is weakened,
but #p and tm are chosen such that m does not reverse sign during the application
of the perturbation. In the first two experiments F1 is taken slightly negative
(F1 = !10"3 Sv), and in the latter two slightly positive (F1 = 10"3 Sv). For each
of the two cases we apply a perturbation #p = 0.25 Sv for a period of tm = 20 yr
and for a period of tm = 23 yr. The time scale can be easily increased by changing
the parameters as summarized in Table 6.1 and is not essential here. Figure 6.12c
shows that the system recovers after both perturbations when F1 < 0, which is
in the SE regime. On the other hand, when F1 > 0, the system recovers for
tm = 20 yr, but collapses for tm = 23 yr.

k = 2.7$104 Sv S0 = 35.0 psu V1 = 4.0$1016 m3

" = 1.0$10!4 K!1 F2 = 1.0$10!2 Sv V2 = 1.0$1016 m3

# = 7.6$10!4 [ ] A1 = 1.0$1013 m2 V3 = 1.0$1017 m3

#T = 4.5 K A3 = 1.0$1014 m2 V4 = 2.0$1017 m3

Table 6.1: Values of parameters used in the numerical calculations for the
box model. #T = T1 ! T2.

The fluxes and salinities may be written as the sum of a mean state (m̄, S̄i)
and a perturbation (m̃, S̃i). Since total salinity is conserved, the evolution of the
Atlantic salinity is proportional to !dS̃1/dt, which for positive m is given by

V1
dS̃1

dt
= m̃

%
S̄4 ! S̄1

&
+ m̄

#
S̃4 ! S̃1

$
+ m̃

#
S̃4 ! S̃1

$
, (6.22)

which has a similar interpretation as (6.17) for the global ocean model. The
time evolution of these three terms is shown in Fig. 6.12d for the case tm =23 yr
both for the system residing in the single (black curves) and in the multiple
equilibrium regime (gray curves). Similar to the the results in the global ocean
model, the term m̄

#
S̃4 ! S̃1

$
is stabilizing (it leads to an increase in Atlantic
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salinity) and the term m̃
#
S̃4 ! S̃1

$
is destabilizing. The two terms m̄

#
S̃4 ! S̃1

$

and m̃
#
S̃4 ! S̃1

$
are very similar in both ME and SE regimes.

The change from SE to ME regime is, just as in the global ocean model, also
related to a sign change in the term m̃

%
S̄4 ! S̄1

&
. The nice element in the box

model is that the steady state salinity contrast is given by

S̄4 ! S̄1 = !S0F1

m̄
. (6.23)

and hence its sign is directly coupled to that of F1. Since m̄ > 0 and m̃ < 0 in
both regimes, the term m̃

%
S̄4 ! S̄1

&
will switch sign when F1 (in the box model

the equivalent to Mov in the global model) switches sign which is exactly at the
boundary between SE and ME regime (Fig. 6.12b).

6.5 Summary and Discussion

Using a fully-implicit global ocean model coupled to an energy balance atmo-
sphere model, we revisited the problem of the characterization of the multiple
equilibrium (ME) regime of the Atlantic MOC through an indicator " given by
(6.1). Our ocean model certainly has many deficiencies [Dijkstra and Weijer,
2005] such that western boundary currents are very broad, the wind-driven gyre
flows are relatively weak and eddy processes are completely ignored. The dis-
cussion below should be considered with these limitations in mind. The main
advantages of the model approach here is that (i) full bifurcation diagrams can
be computed versus the freshwater flux parameter #p and that (ii) the freshwater
balances over the Atlantic basin are accurately satisfied. A detailed connec-
tion can therefore be made between the position of the saddle-node bifurcations
bounding the hysteresis regime of the Atlantic MOC and changes in the Atlantic
freshwater budget.

Our aim was to provide a better physical picture why the indicator " has
a zero on the ‘on’ branch for the value of #L", where we find the saddle-node
bifurcation L" on the ‘o!’ branch. This is a nonlinear problem as entering the
ME regime from the SE regime when #p is increased is related to a change in the
development of finite amplitude perturbations. The ‘on’ state is stable to small
perturbations in both SE and ME regime. Our approach was to add controlled
perturbations (an anomalous freshwater flux) for a time tm and then analyze the
di!erences in the evolution of the Atlantic freshwater budget between both ME
and SE regimes.

The equation (6.17) clearly illustrates the importance of the freshwater fluxes
at the southern boundary. Interactions between the perturbed flow and the
background steady state, as well as nonlinear driven freshwater transport, directly
contribute to the tendency of the volume averaged salinity perturbation in the
Atlantic basin. At the value of #p where the steady state value of " ' Mov(35!S)
changes sign, also the anomalous salinity transport associated with the ṽS̄ term
changes sign. As the steady state meridional velocity v̄ does not change much
with #p on the ‘on’ branch, the sign of " is closely coupled to that of the steady
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state salinity field at 35!S. With increasing #p the salinity at depth decreases
(there is freshwater export in the ME regime) and hence the ṽS̄ term becomes
more destabilizing (again because ṽ is very similar for the SE and ME regime).

This connection between properties of the steady states and the processes
controlling the evolution of perturbations was most clearly illustrated with the
box model analysis in section 5.3. When the MOC decreases due to change in
freshwater flux in the northern box, the interaction of the velocity perturbation
and the steady state salinity field transports salt into the Atlantic basin in the SE
regime and freshwater in the ME regime. While in the box model the meridional
advection terms in the salinity equation are the only relevant process, we have
assumed that these terms are dominant in the global ocean model (as reflected
in the equation (6.17)).

Climate models that were integrated as part of the SRESA1B-scenario of the
IPCC do not show any sign of abrupt change in the Atlantic MOC [Schmittner
et al., 2005], although this does not prove that the models do not have a ME
regime. Model intercomparison studies show no systematic di!erences in THC
behavior and climate response between EMICs and AOGCM’s [Gregory et al.,
2005; Stou!er et al., 2006]. The ME regime is present in simple coupled models
[de Vries and Weber, 2005; Rahmstorf et al., 2005; Weber et al., 2007] and in
some more complex coupled models [Manabe and Stou!er, 1988]. Atmospheric
feedbacks may indeed change the crucial role of the salt-advection feedback by
a!ecting the east-west salinity di!erence at 35!S in response to a temporarily
decrease in the Atlantic MOC. However, when they would completely remove the
ME regime, it becomes more di$cult to explain the paleoclimatic record [Clark
et al., 2002].

Before discussing the applicability of " as an indicator of multiple equilibria
in GCMs and in observations, we mention explicitly that the model used here
has a relatively large vertical di!usivity and hence the MOC is in the ‘mixing’
regime. When KV is decreased, several cases can be distinguished: (i) the mul-
tiple equilibria disappear, (ii) there are still multiple equilibria but because the
MOC is more ‘wind-driven’ the quantity " would not be a good indicator and
(iii) the multiple equilibria remain and " is still a good indicator. Support for
(iii) is provided by the results in Weber et al. (2007) but a detailed study what
happens with the bifurcation diagrams when decreasing KV would require much
more work. It would also require a di!erent model, as low vertical di!usivity
regimes cannot be reached with the model used in this paper.

Calculating " to investigate multistability in coupled GCMs is rather straight-
forward and has the advantage of inferring the stability regime from the equilib-
rium solution, without having to perform hosing experiments. When the MOC
changes in these models, the freshwater flux field changes in a complicated way,
and there are also changes in the wind field and the heat flux field. However,
based on the increased knowledge of the physics behind the indicator ", we think
that it is a relevant diagnostic for the stability properties of the MOC in coupled
GCMs as it is related to (intrinsic) advective processes in the Atlantic freshwater
budget.

Yin and Stou!er [2007] compared the development of the MOC to freshwater
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Figure 6.13: (a) Zonally averaged salinity field from the dataset in
Gouretski and Koltermann [2004]. (b) Zonally averaged meridional
velocity field as determined from the same dataset.

perturbations in two di!erent versions of the GFDL model. They attributed the
di!erent behavior of the MOC in these models to the di!erent character of the
‘o!’ states and to di!erent atmospheric feedbacks. However, from their analysis
it can be deduced that " is negative in the model where the ‘o!’ state appears
to be stable and is characterized by a reversed MOC. In the other model, " is
positive and a weakened ‘on’ state is found, that evolves back to the ‘on’ state
MOC when the hosing stops, regardless the atmospheric feedbacks. This behavior
is consistent with the hypothesis that the sign of " determines the regime of the
MOC.

It is interesting to see that the result on " strongly depends on the depth
of the zero contour of the MOC. When the position of the zero contour is at
shallower depth, " tends to be more negative and hence there is a tendency to
the multiple equilibrium regime. This is actually seen in GCMs where the MOC
shoals under increasing greenhouse gas concentrations [Stou!er et al., 2006]. Also
in simulations of glacial climates, there are indications for a shoaling of the MOC
[Weber et al., 2007] again pointing to a MOC which is more likely to be in a
multiple equilibrium regime.

To address the important question where the real ocean resides, estimates
of " can be made. Using data from an inversion of WOCE data by Holfort
[1994], Weijer et al. [1999] concluded that the MOC exports freshwater at 30!S.
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They determined a present day value of " ' Mov(30!S) ' !0.3 Sv and no
error estimate was given. Using a recent data set [Gouretski and Koltermann,
2004], we determined the zonally averaged salinity profile at 35!S (Fig. 6.13a)
and calculated a zonal mean velocity profile based on thermal wind balance with
the same method as was used to obtain Fig. 8.2 in Van Aken [2007]. An Ekman
transport of 4 Sv was added to obtain a zero integral of the section averaged
volume transport (as required in steady state); the result is shown in Fig. 6.13b.
From these profiles, we obtain " = Mov(35!S) ' !0.1 Sv; an Ekman transport
change of 2 Sv gives a di!erence of 0.02 Sv in ". Similar to the results in
Weijer et al. [1999], this would indicate that the present day MOC is in the ME
regime. Obviously, this result probably has a large error bar as " will be a highly
fluctuating quantity a!ected by many processes not considered here (such as the
e!ect of the Bering Strait transport). We hope, however, that this value for "
and the results in this paper will stimulate analysis of combined data sets from
observations and model simulations (such as in Garzoli and Baringer [2007]) to
provide better estimates of present day values of ".

The main result of this paper is that we provide a physical justification that
a negative sign of " is a good indicator for the multiple equilibrium regime of
the MOC. The results in section 4.2 show that, when a freshwater perturbation
is imposed on the ‘on’ state of the MOC, " is a measure for the anomalous fresh-
water transport into/out of the Atlantic induced by velocity perturbations and
the background salinity field. This transport is stabilizing the MOC (making the
Atlantic saltier) in the SE regime for which the background MOC is exporting
salt. However, it is destabilizing (freshening the Atlantic) in case the MOC ex-
ports freshwater. The analysis fully supports and corroborates earlier descriptive
explanations [Rahmstorf, 1996; de Vries and Weber, 2005; Dijkstra, 2007] and
provides the details of the processes involved.
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7
Conclusions and outlook

In this thesis we examined fundamental questions about the large scale density
driven ocean circulation, which is so crucial for the temperate European climate.
One of the focus points was the question why the ocean circulation is so asym-
metric, with vigorous overturning in the North Atlantic, which is absent in the
North Pacific. And then there is the related question: what is the stability of
this overturning circulation with respect to perturbations?

The relevance of these question lies in the fact that we are perturbing the
climate system as we speak. The Greenland ice sheet is losing mass rapidly
[van den Broeke et al., 2009], and from conceptual models it has been suggested
this might cause a collapse of the MOC. In IPCC scenario runs, no collapse of the
MOC until 2100 is predicted [Schmittner et al., 2005] under increased greenhouse
gases. However, one of the main contributors to the possibility for rapid change,
freshwater input in the north Atlantic (by ice melt) is not taken into account in
these experiments.

In order to better assess the risk of a collapse of the Atlantic MOC it is vital
to understand why the circulation is as asymmetric as it is and which factors
influence its stability. Intrinsically, however, this research is driven by curiosity
about the mechanisms and physical principles that drive our ocean circulation
and ultimately our climate.

7.1 Preference for the Conveyor

The simplest model of the overturning circulation is a two box model, first de-
scribed by Stommel [1961] and recapped in section 1.2.1. This model consists
of a polar box and an equatorial box and is forced by temperature and salinity
forcing at the surface. The flow is driven by density di!erences and even in this
very idealized model, there is non-linear behavior and there exist two di!erent
states for a certain range of freshwater fluxes values at the surface, giving rise to
a multiple equilibrium regime.



104 Conclusions and outlook

When we take a step up in the hierarchy of models, and look at a two-
dimensional ocean model, we can already say something about preference for
Atlantic deep water formation (Chapter 2). The high northward extent of the
Atlantic is an asymmetry in the geometry that creates a preference for northern
sinking, because the colder atmospheric temperatures closer to the pole will pro-
mote deep water formation. Within this framework we also were able to establish
that we need a strong salt advection feedback (thereby introducing the possibility
of multiple equilibria) to get the right, low sensitivity to north–south freshwater
asymmetries. Then, large salinity gradients can exist, in absence of any surface
forcing asymmetry (as is the case in the real oceans surface freshwater flux).

In Chapter 3 a three-dimensional, two basin ocean is used, which, however
still very idealized, is already able to model the most important features of the
global meridional overturning circulation. In this setup, we have shown that
under symmetric forcing there exist four di!erent stable meridional overturning
circulation states. All four states exist under zero perturbation and for similar
ranges of the perturbation amplitude, and therefore there is no preference of one
state above another. If we then (in a thought experiment) slowly deform this two
basin ocean and its forcing into the real world ocean, asymmetries in forcing and
geometry will create a inclination for one or more of these circulation patterns
and will disfavor the others.

We have focussed on the surface freshwater forcing in Chapter 4 and 5. In
Chapter 4, it was demonstrated that an Atlantic ocean with net precipitation
can still form NADW and has an associated high surface salinity. In the setup
of these model experiments the fingerprints of the surface salinity field of the
Atlantic and Pacific were interchanged (the Atlantic was made fresh and the
Pacific was salinified), before switching to a surface freshwater flux boundary
condition. While this is quite a contrived situation, it already shows that the
asymmetries in the surface freshwater flux may not be crucial for the Atlantic-
Pacific MOC asymmetry.

This idea is validated in Chapter 5, where a retrograde rotating Earth is stud-
ied in the coupled atmosphere-ocean-land surface-sea ice model CCSM3 . The
reversed atmospheric water vapor transport induces a reversed E!P asymmetry.
Still, we find a circulation in which the Atlantic ocean has deep water formation,
albeit of intermittent character.

7.2 Stability of the MOC

In Chapter 2 we showed that we need a strong salt advection feedback to set a
large salinity di!erence between the sinking hemisphere and the upwelling hemi-
sphere, in absence of a strong E ! P asymmetry. And in Chapter 3 we found
that the surface salinity in the sinking basin is higher than in the upwelling
basin, under equal, symmetric surface freshwater flux, also due to the salt advec-
tion feedback. The consequence of a strong salt advection feedback, however, is
the introduction of the possibility of multiple equilibria.

The possibility of multiple equilibria introduces critical thresholds (saddle
node bifurcation points) and the opportunity for large and rapid climate change.
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It is therefore practical to have some kind of indicator to tell what is the stability
of the ocean circulation. Are we close to the bifurcation point and should we
prepare for collapse of the overturning circulation?

In Chapter 6 the physics of such an indicator was investigated. The freshwater
transport into the Atlantic is shown to be a good indicator for the multiple
equilibrium regime of the MOC, as it is related to (intrinsic) advective processes
in the Atlantic freshwater budget. This indicator can be calculated relatively
straightforward in models, however, in the real ocean it might prove di$cult to
determine.

7.3 Outlook

There are still questions around the stability and preference of the present-day
ocean Conveyor. Most importantly, where does the real ocean reside? Is the
meridional ocean circulation close to collapsing? In order to answer this question
analysis of combined data sets from observations and (original) model simulations
are needed. It is also part of the objective of the South Atlantic Meridional
Overturning Circulation (SAMOC) program. This international cooperation is
currently designing a monitoring system at 35!S to estimate the meridional and
inter-basin fluxes of mass, heat and salt. This program is planned to be sustained
for a long-term period and is supposed to incorporate the existing observational
array as well as WOCE sections.

There are still unresolved questions in the paleoceanographic records. The
concept of multiple equilibria seems a suitable idea to explain the large temper-
ature fluctuations that seem to have a world wide signature. But there are other
interpretations of the data series, that seem plausible too [Clement and Peterson,
2008].

Then there are all sorts of questions that have not been answered in this study
because they involve processes that are not in the models that are used. These
include a realistic Arctic circulation (studies have shown that Artic waters can
inhibit NADW formation [Hillaire-Marcel et al., 2001], Atlantic variability on
timescales from seasons to decades (the AMO [Frankcombe et al., 2009]), eddies
and eddy transport and probably dozens of other important processes.

I believe future work on the preference question and the stability of the At-
lantic MOC should be a multi-strand rope. On the one hand, theoretical under-
standing of the mechanisms is only possible in conceptual models, or idealized
climate models. On the other hand, it is di$cult to apply these results to our
present-day ocean circulation. Therefore, more realistic modeling should also be
preformed, where the results for the idealized models can be interpreted in a
more realistic setting. Then, finally, measurements of the real ocean are dearly
needed, preferably long time series, due to the long time scales involved.
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