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Abstract. To understand the three-dimensional ocean circu-1 Introduction

lation patterns that have occurred in past continental geome-

tries, it is crucial to Study the role of the present_day Con_The extent and the connections between the main ocean
tinental geometry and surface (wind stress and buoyancypasins have dramatically changed over the Cenozoic due to
forcing on the present-day g|0ba| ocean circulation. ThisCOﬂtinentaJ movement. Very Ilkely, this has induced Changes
circulation, often referred to as the Conveyor state, is charin the global ocean circulation pattern, in particular, in the
acterised by an Atlantic Meridional Overturning Circulation locations of deep-water formation (e-Ghomas 2004. In-
(MOC) with a deep water formation at northern latitudes anddeed, there are many indications from various geological data
the absence of such a deep water formation in the North Pathat the global meridional overturning circulation (MOC) in
cific. This MOC asymmetry is often attributed to the dif- the Eocene, Oligocene or Miocene was substantially differ-
ference in surface freshwater flux: the Atlantic as a whole€nt from the present-day circulation (séen der Heydt and

is a basin with net evaporation, while the Pacific receivesDijkstra, 2008for an overview). An understanding of how
net precipitation. This issue is revisited in this paper by factors, such as continental geometry and surface forcing,
considering the global ocean circulation on a retrograde rohave affected these past circulation patterns requires knowl-
tating earth, computing an equilibrium state of the couplededge on why the present-day circulation is as we observe it
atmosphere-ocean-land surface-sea ice model CCSM3. ThdVunsch 2010.

Atlantic-Pacific asymmetry in surface freshwater flux is in- At present, the global MOC is characterised by strong
deed reversed, but the ocean circulation pattern is not an Indeep water formation in the North Atlantic Ocean and the
verse Conveyor state (with deep water formation in the Northabsence of deep water formation in the North Pacific Ocean
Pacific) as there is relatively weak but intermittently strong (Gordon 1986. Near-surface currents transport water from
deep water formation in the North Atlantic. Using a fully- the South Atlantic across the equator and into the subpo-
implicit, global ocean-only model the stability properties of lar North Atlantic. In this region, the relatively warm and
the Atlantic MOC on a retrograde rotating earth are also in-Saline water is cooled by heat loss to the cold atmosphere.
vestigated, showing a similar regime of multiple equilibria In the Greenland and Labrador Seas, dense deep water is
as in the present-day case. These results indicate that tHermed. This dense water is transported back to the South-
present-day asymmetry in surface freshwater flux is not theern Ocean in deep western boundary currents in the Atlantic
most important factor setting the Atlantic-Pacific salinity dif- Ocean. Eventually this deep water is returned to the surface

ference and, thereby, the asymmetry in the global MOC. 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 = 18 W) northward at 25N (Ganachaud and
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The Atlantic-Pacific asymmetry in deep water formation is latitudes, four different equilibrium solutions of the ocean
explained by the salinity contrast between the subpolar Nortttirculation are found under an equatorially symmetric and
Pacific and the subpolar North Atlantic: the subpolar North zonally independent freshwater flukMérotzke and Wille-
Pacific surface water is not dense enough to sink, even whehrand 1991 Huisman et al.2009. These four states are
it is cooled to the freezing poinMarotzke 2000. It is of- called Conveyor, Inverse Conveyor, Southern Sinking and
ten argued that this salinity contrast is determined by the obNorthern Sinking. When external asymmetries in Atlantic
served difference in surface freshwater flik-{ P, i.e., net  and Pacific geometry and equatorial asymmetries in surface
evaporation minus precipitation) between the North Pacificfreshwater flux Zaucker et al.1994) are taken into account,
and the North Atlantic. This difference ifi — P is mainly it is expected that some of these four states can no longer
due to the higher evaporation rate per unit area over the Nortlbe maintained as steady states. For example, the impact
Atlantic (thereby makingz the most important factor in set- of asymmetries on the steady-state patterns of the Atlantic
ting the difference between the freshwater budget of the At-MOC in a two-dimensional modelDjjkstra et al, 2003
lantic and Pacific) as the precipitation rate per unit area havas shown that a slight equatorial asymmetngkin P can
been estimated to be similar over the subpolar gyEesile- lead to the disappearance of the Southern Sinking solution.
Geay et al.2003. However, the higher evaporation rate over The presence of open gatewaysif der Heydt and Dijkstra
the North Atlantic is mainly caused by the higher sea surface2008 or other geometrical asymmetries, like a further north-
temperature, which is a consequence of the meridional heatard extent of the Atlantic and a wider Pacifldyghes and
transport associated with the Atlantic MOC. Therefore, thisWeaver 1994 have also been shown to lead to the preference
explanation contains a circular argument and we may stillof specific solutions over others. A recent studySachmit-
pose the question: why is there currently a global ocean cirtner et al.(2011) shows that mountain ranges could play a
culation with such a strong Atlantic-Pacific MOC asymme- critical role in selecting a circulation pattern.
try? Therefore, at least two different views on the Atlantic-

Arguably, one of the main ingredients to answer this ques-Pacific MOC asymmetry can be proposed:
tion is the strength of the salt-advection feedbaSko(n-
mel, 1967), through which salinity anomalies may be am- , , :
plified. In short, an increase in the subpolar near-surface €M in the ocean under any atmospheric surface forcing
salinity enhances deep water formation. Therefore, the ad- and continental geometry (In'C.Iuc.ilng the present forc!ng
vection of salty subtropical water into the subpolar region is and_geometry)_ |V_|U|tlp|e_ _EQU"Ibr_Ia do not play a_role in
enhanced, further increasing the near-surface salinity in the ~ Setting the Atlantic-Pacific salinity contrast. This con-
regions of deep water formation. There is also a negative  (rastis setby the external forcing asymmetries.
temperature-advection feedback, but as temperature anomas;
lies are strongly damped by the overlying atmosphere com-
pared to sal.inity ano_malies, the salt-advection feedback can o ence for the Conveyor state, with a strong Atlantic-
lead to relatively rapid changes of the MOC. Pacific salinity contrast, due to the positive salt feed-

In a hierarchy of models, ranging from the two-box model back.
of Stommel(196]) to climate models of intermediate com-
plexity (Rahmstorf et a).2009, this salt-advection feed- The essential difference between these two views is the role
back creates a multiple equilibria regime of the MOC. In of multiple equilibria and, hence, of the relative importance
this multiple equilibrium regime, at least two stable statesof the salt-advection feedback with respect to external forc-
of the global MOC co-exist in realistic geometry: the Con- ing asymmetries in the global MOC.
veyor state (or “on”-state, with a vigorous Atlantic merid-  Although it is difficult (if not impossible) to determine all
ional overturning circulation and North Atlantic Deep Water MOC equilibrium states in a state-of-the-art Global Climate
formation) and a so-called Southern Sinking state (or “off’- Model (GCM), such as those used in the IPCC-AR4 (WG1,
state) for which deep water formation only takes place in theChapter 8), we can perform simulations with such a model
Southern Ocean. In the Conveyor state of this multiple equi-o try to falsify aspects of (i). One of the consequences of (i)
librium regime, the Atlantic MOC is self-sustaining, provid- is that if the external asymmetries are reversed (Atlantic ver-
ing itself with the northward salt transport required for deep sus Pacific), an Inverse Conveyor solution is expected. Us-
water formation. When the strength of the freshwater flux ising a global ocean-only modeHuisman et al(20100 de-
varied over the northern North Atlantic, two saddle-node bi-termined an equilibrium state under a Levitus surface salin-
furcation points bound the region of the multiple and uniqueity field which is reversed between the Atlantic and the Pa-
state (either Conveyor or Southern Sinking) reginiegk¢ cific (the Pacific is made as salty as the Atlantic and vice
stra and Weijer2005, and abrupt transitions between these versa). Under the freshwater flux diagnosed from this equi-
states can occur. librium, where the North Atlantic receives net precipitation,

In an idealized ocean-only model of two (similar-size) they show that a stable ocean circulation state with deep wa-
basins which are connected by a channel at high southerter formation in the North Atlantic still exists. While this is

i. There is only one possible equilibrium circulation pat-

. Out of a number of possible equilibria, the present-day
weak external forcing asymmetries induce a strong pref-
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quite a contrived situation, it already shows that the asymmeen a retrograde rotating earth using the coupled atmosphere-
tries in the surface freshwater flux may not be crucial for theocean-land surface-sea ice model CCSM3, which will be
Atlantic-Pacific MOC asymmetry. shortly described in Sect. 2. In addition, we analyse the sta-
A nice way to generate different asymmetric surface fresh-bility properties of the global MOC on a retrograde rotating
water flux forcing conditions in a coupled ocean-atmospheresarth in a global ocean-only model (Sect. 4). The results are
context is to investigate climate on an earth which is rotat-summarized and discussed, in particular, the implications for
ing retrograde. The MOC on a retrograde rotating earth ha®cean circulation patterns in the past, in Sect. 5.
been examined befor&inith et al, 2008 EGU Poster) us-
ing the FAMOUS model, in the context of the problem of
the Atlantic-Pacific MOC asymmetry. Interestingly, the basic
mechanisms which control the MOC and the salt-advection. .~ . .~.0 of the earth is simulated with the cou-

];efer(cj)?;icokr; are invariant to a reversal of the earth's dwecnonpled atmosphere-ocean-land surface-sea ice model CCSM3

. . . . . Community Climate System Model, versionGllins et al,
Given a positive meridional density differencep, the ( Y y o

trophi d hvdrostatic bal Ve for th | 20063. The atmosphere component (CAM3ollins et al,
geostrophic and hydrostatic balance give for the zonha Ve'2006tj has a horizontal T42 grid, which provides a resolu-

2 Model and experimental design

locity u, tion of approximately 2.8in both longitude and latitude, and
ou g Ap 26 hybrid coordinate levels in the vertical. The ocean compo-
f 2 0 L (1) nentis based on POP (Parallel Ocean Progran@méth and

Gent 2004. It has a curvilinear grid which contains 100 lon-
whereL is a typical horizontal basin length scajejs the  gitudinal grid points (a resolution of 3 122 latitudinal
gravitational acceleratiomg the reference density of seawa- grid points and 25 vertical levels. The sea ice is simulated
ter andz is the vertical coordinate. The paramefeis the  in a thermodynamic sea-ice model (CSIBriegleb et al,
local Coriolis parameterf{=2Qsind), with Q representing 2004, which runs at the same resolution as the ocean model.
the angular frequency of the earth’s rotation @nd the ge-  The land component (CLMDickinson et al. 2006 runs at
ographic latitude. For a retrograde rotating earth, the zonathe same resolution as the atmospheric model. The CCSM3
surface velocity is negative in the North Atlantic. Hence, model does not contain a dynamical vegetation model and
water will be transported westwards at the surface providinghas a representation of subgrid-scale heterogeneity of surface
a higher surface pressure in the west compared to the eadipes.

A negative zonal pressure gradiexp/L will result and the We performed a 500 year control simulation indicated by
meridional geostropic velocity is determined by PRO (for prograde rotation), with a GQoncentration of

355ppmv (the observed global mean value in 1990) and

fo~ i Ap ) present-day boundary conditions. The initial ocean tem-
po L perature and salinity for PRO were obtained fraevitus

(1982. Both the maximum Atlantic MOC and maximum
Pacific MOC values are plotted versus time in Fig.After
00 years of simulation, the global meridional overturning
circulation is in a stable quasi-equilibrium state. The global
mean surface temperature equilibrates at 1@, 7%&imilar to
earlier CCSM3 resultdVeehl et al, 2004).

L L In the second simulation with CCSM3, indicated by
However, th mospheric circulation is not th me for . ) " .
owever, the atmospheric circulation Is not the same fo RETRO, only the sign of the rotation rate is switched

prograde and retrograde rotation and patterns of precipitatio?rom +1to—1: a simulation of global climate on a retro-

and evaporation over the Atlantic and the Pacific are Verégrade rotating earth results. The initial temperature and salin-
different. For example, the moisture transport by the trad 'ty for RETRO are also obtained froirevitus (1982. The

winds over the Central American isthmus is eastward on al\/l X . . o

. . e OC is found to be in quasi-equilibrium after 500 model
retrogr rotatin rth linifying the North Pacific an . . . .
etrograde rotating earth, salinifying the North Pacific a dyears (Fig.1), but the simulation was continued for another

freshening the North Atlantic. . . .
We, therefore, expect that the Atlantic-Pacific asymmet 500 years, showing no apparent climate drift. In the next
’ » &XP y Iysection, the quasi-stable equilibrium states after 500 years in

in sea surface freshwater flux is .rever.sed on a retrograde ro|5RO and RETRO (averages of years 400500 of integration)
tating earth and, hence, under view (i) one would expect an

Inverse Conveyor state, which was also foundSoyith et al. will be compared.
(2008 EGU Poster). So what looks like an academic exercise

to investigate climate on a retrograde rotating earth may actu-

ally provide an interesting test for the falsification of view (i).

In this paper, we show results (Sect. 3) of the global MOC

Again in the North Atlantic, a positive results, which is
similar to the response to a positivep on a prograde rotat-
ing earth. As the salt-advection feedback is associated wit
the meridional transport of salt, due to salinity perturbations
which affect the MOC, it is also invariant with respect to a
rotation reversal.
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Time (years) Fig. 2. Surface wind field (m3s1) in (a) PRO andb) RETRO. The
reversal of the surface wind direction in RETRO due to a reversal
Fig. 1. The strength (in Sv) of th¢a) maximum Atlantic and  of the Coriolis parameter can be clearly seen. The equatorial trade
(b) maximum Pacific meridional overturning circulation (below winds are westward and the midlatitude winds are eastward on a
500m) as a function of time (in years) for PRO (500 year sim- retrograde rotating earth. The strongest winds still occur over the

ulation, red) and RETRO (1000 year simulation, blue). After Southern Ocean. Shown are the means of the years 400-500.
500 years, the Atlantic MOC is in a quasi-stable equilibrium for

both PRO and RETRO.

and d), we can identify two zonal asymmetries associated

with the ocean circulation. The first asymmetry is due to the
3 The global MOC on a retrograde rotating earth gyre transport within the basins. At midlatitudes, the west-

ern boundaries of the North Atlantic and the North Pacific
To illustrate one of the important consequences of a reverare warmer and saltier than the eastern boundaries, because
sal of the earth’s direction of rotation, the surface wind pat-the western boundary currents (i.e., the Gulf stream in the
terns for both PRO and RETRO are shown in RigBecause  North Atlantic and the Kuroshio in the North Pacific) trans-
the Coriolis acceleration changes direction and the equatorport warm and salty water from the subtropics northward.
to-pole density gradient does not change, the thermal windrhe more striking asymmetry exists between the two basins:
relations show that the wind patterns should reverse. Thighe subpolar North Atlantic sea surface is warmer and saltier
is indeed the case in CCSM3 (Figp); the trade winds are than the subpolar North Pacific sea surface. This is related to
eastward and the midlatitude winds are westward. The magthe presence of the Conveyor state of the global MOC with
nitude of the wind velocity is similar for PRO and RETRO. a relatively strong Atlantic MOC (Figla) and a relatively

The sea surface salinity field and the sea surface tempemweak Pacific MOC (Figlb).

ature field for the PRO and RETRO quasi-equilibrium so- The midlatitude asymmetry in the sea surface salinity and
lutions are shown in Fig3. In the fields of PRO (Fig3a sea surface temperature for RETRO (Rg.and e) between
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Fig. 3. Sea surface salinity (SSS, g/kg) and sea surface temperature°@SESS of(a) PRO;(b) RETRO and(c) their difference field;

SST of(d) PRO;(e) RETRO and(f) their difference. In the difference field of SSS it is clear that the Atlantic is much fresher in RETRO

than in PRO. The SST difference 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.

the western and eastern boundaries of the basins is reversadrface in RETRO is both fresher and colder than in PRO,
with respect to that in PRO. The main reason is that the mid-whereas the subpolar North Pacific in RETRO is saltier than
latitude boundary currents in the ocean are located at the easn PRO. A complicating factor is the reversed transport of the
ern basin boundaries on a retrograde rotating earth (whiléBering Strait, making the surface layers of the North Pacific
they are located at western boundaries on a prograde rotatinigesher than expected. Just below the surface, however, the
earth) as the meridional derivative of the Coriolis parame-water is much saltier than in PRO.

ter (thep parameter) has changed sign with respect to that As is shown in Fig.4a, the Atlantic MOC in PRO has

in PRO. In the difference fields between RETRO and PROa maximum strength of about 18 Sv. The Pacific MOC
(Fig. 3c and f) these changes are seen as east-west dipol€Fig. 4b) has a strength of about 7 Sv and is deeper and
in the midlatitude basins. The subpolar North Atlantic seastronger than estimates from observations, which is a known

www.clim-past.net/7/487/2011/ Clim. Past, 7, 4899 2011
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Fig. 4. Meridional overturning streamfunctions (in Sv) in the Atlan@} and the Pacifi¢b) in PRO and in the Atlanti¢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 CCSMS3 simulation.

bias of CCSM3 Thompson and Cheng008. The Atlantic  deep water formation (Fichc and d). This is also visible in
MOC in RETRO (shown in Fig4c) is considerably weaker the mixed layer depth (not shown), which has a maximum
than in PRO and has a maximum varying between 5 andaround the southern tip of Greenland, 5 to 7 years prior to
13 Sv on multidecadal timescales (Flg). The Pacific MOC  the maximum overturning. The timescale of the variability
in RETRO (Fig.4d) has a maximum strength of about 10 Sv, is decadal and it requires further study to understand why
and this maximum occurs at about°2$. Analysis of the  the amplitude of this decadal oscillation is so pronounced in
Pacific mixed layer depth (not shown) shows sporadic deefRETRO.
convection at high northern latitudes and at lower latitudes.  The weakening of the Atlantic MOC can be expected to be
Due to the decrease in the strength of the Atlantic MOC, caused by a freshening of the North Atlantic. At least part of
less warm water is transported from the subtropics into thethe freshening can be explained by the increase in stable pre-
subpolar North Atlantic. This reduction results in a substan-cipitation (precipitation in convectively stable environments)
tial cooling of the subpolar North Atlantic sea surface. Also, over the midlatitude North Atlantic (Fig). Stable precipi-
the main wind direction is now from the Eurasian continent, tation influences the freshwater flux at the sea surface and is,
which has a continental climate, resulting in even more win-in contrast with evaporation and convective precipitation, for
ter cooling of the North Atlantic. Consequently, on a retro- the most part independent of local sea surface temperatures
grade rotating earth, surface temperatures over large parts @nd, thereby, the MOC itself. The increase in stable precip-
Europe are cooler by as much as°XDthan in PRO and win-  itation over the midlatitude North Atlantic freshens the sur-
ter sea ice extends southward up to the Bay of Biscay. Thdace waters which are transported northward by the eastern
increase in the southward extent of winter sea ice amplifiedoundary current. This results in a freshening of the subpo-
the cooling of the subpolar North Atlantic, as sea ice reflectslar North Atlantic. Other changes in climate aspects might
more solar radiation than ocean water. also contribute to the freshening of the subpolar North At-
When we take a closer look at the highly variable Atlantic lantic, including changes in interbasin salinity exchange via
MOC strength in RETRO (Figla), we find that it has an ocean pathways.
intermittent character, with short periods of vigorous over- The surface freshwater flux(— P), treated as a virtual
turning (Fig.5a and b), alternated by periods with hardly any salt flux and defined positive downward, is shown for PRO

Clim. Past, 7, 487499, 2011 www.clim-past.net/7/487/2011/



V. Kamphuis et al.: Ocean circulation on a retrograde rotating earth 493

Atlantic MOC (Sv) RETRO (year 415) Pacific MOC (Sv) RETRO (year 415)

DEPTH (m)

3000

4000

o° 0°
(@) LATITUDE (b) LATITUDE

Atlantic MOC (Sv) RETRO (year 459) Pacific MOC (Sv) RETRO (year 459)

DEPTH (m)

=22 4000 —
—26

30 ,

(@] | ATITUDF (d) | ATITUDF

Fig. 5. Meridional overturning streamfunctions (in Sv) in the Atlantic and the Pad#icb) Strong Atlantic overturning (with a maximum
of 13 Sv) andc, d) weak Atlantic overturning.

in Fig. 7a. At tropical and subpolar latitudes, the virtual salt find an Inverse Conveyor, with deep water formation in the
flux is negative due to net precipitation, and at subtropicalNorth Pacific and not in the Atlantic, on a retrograde rotat-
latitudes, the virtual salt flux is positive due to net evapora-ing earth. However, we find a state that has slightly stronger
tion. In PRO, the asymmetry between the North Atlantic andPacific sinking compared to PRO, but still has a strong and
the North Pacific virtual salt flux (Figra) is clearly seen. highly variable Atlantic deep water formation.

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-day state of the IVIOQNith the CCSM3 simulation as in the previous section, we

with deep water formation in the northern North Atlantic, but . ; —_—
. o L have obtained only one quasi-equilibrium state of the global
not in the northern North Pacific. The basinwide freshwater . . .
ocean circulation on a retrograde earth. We would also like

budgets are calculated for the Atlantic (betweer S2nd to compare the sensitivity of the global MOC to changes in
80° N) and the Pacific (between 36 and 70 N). The mean P g g
! o 2 1 the freshwater flux for the PRO and RETRO cases to see
E — P in the Atlantic is 1.01kgm<day * for PRO and . . .
0.71 kg 2 day-L for RETRO. The meai — P in the Pa- whether the salt—gdvectlon feedback is aple to |nd.uce Inverse
) : Conveyor states in the RETRO case. This analysis cannot be

P 2 1 1
cificis —0.16 kg day™" for PRO and 0'07 kg rr?gay’ done with the CCSM3 and, hence, we use the mean forcing
for RETRO. As expected, the asymmetry in the virtual salt ;

of the CCSM3 in an ocean-only model.

flux field between the North Atlantic and the North Pacific is
changed (Fig7b) on a retrograde rotating earth (in RETRO), 4 1 Reference states in the ocean-only model
where the Pacific becomes net evaporative. This is mainly
due to changes in the freshwater flux in the North PacificThe ocean-only model used, is the fully-implicit ocean model
with more net evaporation in subtropical latitudes and lessysed in Dijkstra and Weijer 2005 Huisman et a].20103.
net precipitation in subpolar latitudes. The horizontal resolution of the model is aboti{d 96x 38

If the asymmetry in surface freshwater flux would deter- Arakawa C-grid on the domain [180V, 180 E] x [85.5° S,
mine the state of the MOC, i.e., view (i), we would expect to 85.5 N]) and the grid has 12 non-equidistant levels in the

4 Stability of the MOC on a retrograde rotating earth
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Fig. 6. Stable (non-convective) pr_ecipitation' (SP) in mmd&yn Fig. 7. The virtual salt flux (in kg 2 day~1), corresponding with

(a) PRO; (b) RETRO and(c) the difference field. The North At- the surface freshwater flug — P, in (a) PRO: (b) RETRO and(c)
lantic in RETRO receives more (stable) precipitation and the Norththe difference field. In RETRO, the asymmetryfin- P is reversed
Pacific receives less. Southern Europe and the Middle East arg,qiny due to a decrease in net precipitation at subpolar latitudes

much wetter in RETRO. and an increase in net evaporation at subtropical latitudes.

vertical. Details of the model formulation are discussed in

Dijkstra and Weijer(2005. The upper ocean is coupled to techniques, giving the true steady state (with zero model
a Simp|e energy_ba|ance atmospheric modﬁ]k@tra and drlft) of the system. An additional advantage of the steady
Weijer, 2005 Appendix), in which only the heat transport State model is that full bifurcation diagrams can be calcu-
is modelled (and no moisture transport). The special featurdated, including unstable steady states.

of this fully-implicit model is its ability to solve the steady In the case PRO2, the ocean flow is forced by the annual-
model equations directly without using any time-marching mean wind stress as given irenberth et al(1989. The
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reference steady state is calculated by restoring the modelto 45

the Levitus sea surface salinity fieldgvitus 1982. The ref- = Wati
erence steady state in PRO2 and its parameter settings are th@ || Wae

same as ituisman et al(20103. From this steady state, the
freshwater flux is diagnosed, allowing us to change the sur-5 5|
face freshwater flux under mixed boundary conditions. We _Z
used this forcing and not the one from the CCSM3 PRO sim- = 0 =
ulation as the bifurcation diagram for PRO2 was already cal- : : : : :
culated and analysed Huisman et al(20103. Within the 0 0.05 0.1 0'185 02 025 03
coarse resolution ocean model, we do not expect that the dif-(@) VAt (Sv)

ferences in the forcing will lead to substantial changes in the
bifurcation diagram.

The reference steady state in case RETRO2 is found by __
forcing the ocean surface by the quasi-equilibrium surface & "
wind stress field from the CCSM3 RETRO simulation and o 19
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 0 ‘ ‘ ‘
field at the ocean surface is reduced to zero. Secondly, we  -0.08 -0.04 0 0.04 0.08
changed the rotation rate of the earth fréhto —2. Then, b Vag (SV)
we changed the zero wind stress field at the ocean surface
to the quaS|-equH|b.r|l_Jm yvmd stress f'e"_’ froml RETRO’ and Fig. 8. Bifurcation diagrams under mixed boundary conditions, in
the sea surface salinity field to the quasi-equilibrium sea suryhich the maximum value of the meridional overturning stream-
face salinity field from RETRO. Eventually, we diagnose the function in the Atlantic @aq, black lines) and the Pacifickpag
freshwater flux from this steady state. This specific path isgrey lines) are plotted versus the amplitude of the subpolar North
followed because of the character of the fully-implicit model: Atlantic and subpolar North Pacific freshwater forcingy. In
equilibrium solutions can be found, provided that the new so-(a), Way and Wpac are shown versugay for PRO2. The indent

Pac

157

Pac

lution is not too different from the old solution. shows the area where the perturbation freshwater flux is applied. In
(b), Yay andWpgcare shown versugay for RETRO2. The range
4.2 North Atlantic freshwater flux perturbation for which multiple equilibria exist is much smaller than in PRO2

and is shifted towards smaller valuesygf;, but the shape of the

For both cases PRO2 and RETRO2, a bifurcation diagranbifurcation diagram is very similar.
with respect to a subpolar North Atlantic freshwater flux per-
turbation is computed under mixed boundary conditions. For
each case, the freshwater fliix is given by without North Atlantic Deep Water formation, in which deep

d water formation only takes place in the Southern Ocean (the
Fs = F§ + yau F§ — Q. ) southern Sinking szglution).pA second saddle-node bifur(ca—
where F¢ is, for each case, the freshwater flux diagnosedtion (atyas =0.12Sv) is related to the Atlantic MOC recov-
from the reference solution ang is a compensating term €ry. Between the two saddle node bifurcation points, a mul-
to ensure a net zero flux over the total ocean surface. ThéPle equilibriaregime exists, in which both the Conveyor so-
parameteray is the amplitude (in Sv) of the freshwater flux lution and the Southern Sinking solution exist. In this multi-

perturbation in the North Atlantic over a domaﬁg thatis  Pple equilibria regime, also a branch of unstable steady states
unity in the area(g, 6) € [60° W, 24° W] x [54° N, 66° N] exists, which cannot be found using a conventional time step-

The bifurcation diagram for PRO2 (Figa), showing the hardly affected by the change jay .
maximum of the Atlantic and Pacific meridional overturn-  The bifurcation diagram for RETRO2 is shown in Faip
ing streamfunctions¥ay andWp,. respectively) versus the and has a shape which is similar to the shape of the bifur-
parameteray, is extensively described elsewhekgijkstra cation diagram for PRO2. We identify two stable branches
and Weijer 2005 Huisman et al.20103. The upper branch of steady state solutions, connected by a branch of unstable
of the bifurcation diagram represents solutions with an At-solutions. The upper branch corresponds to the Conveyor so-
lantic MOC having deep water formation (Conveyor states).lution, whereas the lower branch corresponds to the South-
At yan =0.23 Sv a saddle-node bifurcation point is reached;ern Sinking solution. Furthermore, we can identify a multi-
marking the transition to the southern sinking solution. Theple equilibria regime which is bounded by two saddle-node
lower branch of solutions corresponds to stable steady statdsifurcation points (atyay ~-10"4Sv and yay =0.02 Sv).
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a) Atlantic streamfunction (YAtI =0.007 Sv) Conveyor
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b) Pacific streamfunction (YAtI = 0.007 Sv) Conveyor
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Fig. 9. Atlantic and Pacific meridional overturning streamfunctions in case RETRO2. Because the reference state is very close the saddle-
node bifurcation point on the lower branch, the circulation is showrygr=0.007 Sv (see also Fi@.and Sect4.2), a small freshwater
perturbation in the North Atlantiqda) 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.

Because the subpolar North Atlantic is fresher in RETRO2, The MOC of RETRO2 (Fig. 9) is substantially different

the bifurcation diagram has shifted to the right, compared tofrom the time-mean MOC of RETRO (Fig. 4). Of course, the

the bifurcation diagram for PRO2. implicit ocean model represents a much smaller set of pro-
For yay =0.007 Sv the Atlantic and Pacific MOC of the cesses than the ocean model of CCSM3. Also because of the

Conveyor state for the case RETRO2 are shown in §dg. large variability of the Atlantic MOC in RETRO, it is hard to

and b, respectively. The ocean circulation is in a weaker Conjudge whether the bifurcation behaviour of RETRO?2 is rep-

veyor state than in PRO2 for a similar valueyaf. The At- resentative for RETRO. However, one can view the results

lantic MOC has a strength of 8.0 Sv and there is no positiveof the different bifurcation diagrams in the implicit ocean

Pacific MOC. Due to the relatively large vertical mixing in model as another indication that on a counterrotating earth,

the model, there is likely an enhanced upwelling within the with a reversedt — P forcing, sinking of surface waters is

Atlantic basin, which causes the absence of South Atlanticstill found in the Atlantic, but not in the Pacific.

outflow. The reference steady state solution in RETRO2 (for

yat =0.0 Sv) has the same MOC patterns as in 8é&gb and ) _

is close to the saddle-node bifurcation point, which marks® Summary and discussion

the transition to the Southern Sinking solution. Therefore, . . :

we find that both a Conveyor solution and a Southern Sink-In t_he present-day cllmgte, the_ Atlantic as a whc_)le IS a

ing solution exist foryag =0.0 Sv in RETRO2. The merid- basin with net evaporation, while the Pacific receives net

ional overturning streamfunctions of the Atlantic and Pacific preC|p|tat|on.' Th|s. grgument IS qften u ;ed 0 expl_a N the
MOC of the Southern Sinking solution pkq =0.007 Sv are strong Atlantic-Pacific asymmetry in salinity and meridional
shown in Fig.9c and d. In this steady state, neither a positive overturning circulation, with deep water formation in the

Atlantic MOC nor a positive Pacific MOC is present. North_ Atlantic, but not in the North _Pacifi(_:._ Here, the
question of why such a strong Atlantic-Pacific asymmetry
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exists has been investigated in an innovative way. The couAtlantic and Pacific basin. We do not claim that we have
pled atmosphere-ocean-land surface-sea ice model CCSMalsified the view (i) as presented in the introduction, but we
(Collins et al, 20063 was used to simulate the global MOC certainly found results (in agreement with thosédimisman

on a retrograde rotating earth. et al, 20108 which do not fit within view (i). Under a re-

The basic mechanism of the meridional flow response to aversed freshwater flux, one would expect to find a clear In-
meridional density gradient associated with the MOC is in-verse Conveyor solution. This is not found in either CCSM3
variant to a reversal of the earth’s direction of rotation. How- or in the implicit ocean model. A caveat is of course that this
ever, several other climate aspects which influence the MOGQesult may be model dependent; in the Reversed World sim-
are not invariant. On a retrograde rotating earth, the mid-ulation of Smith et al.(2008 EGU Poster), only the Inverse
latitude boundary currents are relocated at the eastern basi@ionveyor state was found (in a low resolution AOGCM). We
boundaries. Furthermore, the salinity exchange via oceamope that this paper will stimulate this type of numerical ex-
pathways and freshwater transport via the atmosphere diffeperiments in other models so the issue of model dependence
on a retrograde rotating earth. can be addressed.

Here, we focussed on the structure of the global MOC and As the external forcing appears not capable of generating
its stability properties on a retrograde rotating earth. Whilethe present-day Atlantic-Pacific MOC asymmetry, the origin
the Atlantic-Pacific asymmetry if — P is reversed with re-  of this asymmetry may be associated with the selection of
spect to the prograde rotating case due to changes in préhe Conveyor state due to external factors according to the
cipitation and evaporation patterns, we do not find a sim-view (ii) in the introduction. There are many partial results
ple Inverse Conveyor solution (with deep water formation (Hughes and Weavef994 Dijkstra et al, 2003 Von der
limited to the North Pacific). Rather, we find a state with Heydt and Dijkstra 2008 Czajg 2009 on which factors
increased Pacific intermediate water formation and a weakfavour the selection of this state (such as basin size, land-sea
ened Atlantic MOC which is highly variable on multidecadal contrast, gateway transports, atmospheric circulation, etc.),
time scales and certainly still has northern deep water formabut all of the studies have been done with rather idealized
tion. The weakening of the Atlantic MOC is caused by the models. It is, however, clear from these studies that external
freshening of the North Atlantic and results in a substantialasymmetries can have more consequences on the existence
cooling of the subpolar North Atlantic sea surface. At leastregime of one type of solution (for example a Southern Sink-
part of this freshening can be explained by an increase in staing solution), than on the existence regime of another type
ble precipitation over the midlatitude North Atlantic due to a (like a Conveyor solution).
reversed atmospheric flow. The view above implies that continental geometry is a cru-

The stability properties of the global MOC on a retrograde cial factor for controlling the global ocean circulation pat-
rotating earth were analysed using a fully-implicit ocean-terns. For example, the meridional extent of the Atlantic is
only model {eijer et al, 2003 Dijkstra and Weijer 2005 larger than the Pacific, therefore, allowing for colder tem-
Huisman et a.20103g using the surface wind stress field and peratures and denser waters. The equilibrium ocean circula-
sea surface salinity field from the CCSM3 quasi-equilibrium tion pattern under past continental geometries such as in the
solution to determine a reference state. The response of thEocene, Oligocene or Miocene may depend on subtle dif-
MOC on a retrograde rotating earth to freshwater perturbaferences in the continental geometry of ocean basins, such
tions in the subpolar North Atlantic surface freshwater flux as the representation of certain gateways, also concluded in
is similar to the response of the MOC in our present-dayVon der Heydt and Dijkstré2008 based on idealized model
climate. The bifurcation diagram has a similar shape andstudies. It suggests that sensitivity studies with respect to de-
contains a multiple equilibria regime for a range of subpo-tails in past geometries are important in studying the robust-
lar North Atlantic freshwater fluxes. Therefore, we conclude ness of the global ocean circulation pattern and associated
that the mechanisms controlling the behaviour of the MOCmeridional heat transport.
under such freshwater perturbations are robust under reversal It will be difficult to find support for the view (ii) us-
of earth’s rotation direction. Indeed, the stability behaviour ing present-day simulations in state-of-the-art GCMs as the
is mainly governed by the physics of the salt-advection feed-global Conveyor state may already be unique (due to the ex-
back, which is invariant under the rotation reversal. ternal asymmetries all other equilibria do not exist any more).

Based on the results of the CCSM3 and the ocean-onlyRather artificial studies would be needed where, for example,
model, we conclude that even when the forcing of the freshthe continents are more symmetrized with respect to reality
water flux (£ — P) is reversed between North Atlantic and and even then, one probably would have to be lucky to find
North Pacific, a global MOC with North Atlantic deep wa- other equilibria than the Conveyor state. Results from pale-
ter formation having similar stability properties as the global oclimate modelling studies, where continents have very dif-
MOC on the prograde rotating earth still exists. This sug-ferent positions, may also provide support for the view (ii)
gests that solely the external surface forcing of the ocean ciralthough there are no results yet of multiple MOC equi-
culation is not the dominant factor in setting the large salin-libria in any paleoceanographic geometry. One would be
ity difference and ocean circulation asymmetry between theable to tackle the problem systematically when techniques of

www.clim-past.net/7/487/2011/ Clim. Past, 7, 4899 2011



498 V. Kamphuis et al.: Ocean circulation on a retrograde rotating earth

numerical bifurcation could be applied to full climate mod- Gordon, A. L.: Interocean Exchange of Thermocline Water, J.
els, but that will take considerable time. Geophys. Res., 91, 5037-5041%i:10.1029/JC091iC04p05037

In summary, in answering our question from the introduc-  1986. _ o
tion on why there is a strong present-day Atlantic-Pacific Hughes, T. M. C. and Weaver, A. J.: Multiple Equilibria of an
MOC asymmetry, we established that view (i) is not likely Asymmetric Two-Basin Ocean Model, J. Phys. Oceanogr., 24,

correct. However, to obtain convincing support for view (ii) 619-637, 1994.
. P g Supp " Huisman, S. E., Dijkstra, H. A., von der Heydt, A., and de Rui-
creative model experiments are needed.

jter, W. P. M.: Robustness of Multiple Equilibria in the

) ) ) global ocean circulation, Geophys. Res. Lett.,, 36, L01610,
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