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Abstract 17 

We investigate elements of the extratropical ocean dynamics that can control interhemispher-18 

ic asymmetry of the meridional overturning circulation (MOC) and the intertropical convergence 19 

zone (ITCZ). We use a coarse-resolution coupled general circulation model (CGCM) with sim-20 

plified atmospheric physics and idealized land-sea distribution. In an equatorially symmetric set-21 

ting, unforced climate asymmetry develops due to the advective circulation-salinity feedback that 22 

amplifies asymmetry of the deep MOC cell and the upper-ocean meridional salinity transport. It 23 

eventually confines the deep-water production and the dominant extratropical ocean heat release 24 

to a randomly selected hemisphere. The resultant cross-equatorial ocean heat transport (OHT) 25 

toward the hemisphere with the deep-water source is partially compensated by the atmospheric 26 

heat transport across the equator in the opposite direction by asymmetric Hadley circulation. It 27 

places the ITCZ in the hemisphere warmed by the ocean. When a circumpolar channel is open at 28 

subpolar latitudes, the circumpolar current disrupts the poleward transport of the upper-ocean 29 

saline water from the subtropics and suppresses deep-water formation poleward of the channel.  30 

The MOC adjusts by shifting the deep-water production into the opposite hemisphere from the 31 

channel and the ITCZ follows due to Hadley circulation adjustment to forced cross-equatorial 32 

OHT. The climate response is sensitive to the sill depth of a circumpolar channel, but becomes 33 

saturated when the sill is deeper than the main pycnocline depth. In our model with a circumpo-34 

lar channel, the ITCZ is in the Northern Hemisphere (NH) due to the southern hemisphere (SH) 35 

circumpolar flow that forces northward OHT.  36 

37 
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1. Introduction 38 

The developing line of research investigates the influence of various extratropical perturba-39 

tions on the mean global climate through the interhemispheric thermal gradient and, specifically, 40 

on the tropical circulation and precipitation. Early motivation can be traced to the goal to under-41 

stand the nature of abrupt climate changes during glacial periods in the late Quaternary (Dans-42 

gaard et al. 1993; Alley et al. 2003). The rapid warming and cooling over the North Atlantic, 43 

recorded in Greenland ice cores (Grootes and Struiver 1997), are reflected in the tropical Atlan-44 

tic (Peterson et al. 2000; Wang et al. 2004) and the east Pacific (Koutavas and Lynch-Stieglitz 45 

2004). The tropical rainfall in the examined regions shifts southward (northward) during rapid 46 

cooling (warming) in the North Atlantic that is typically hypothesized to stems from weakening 47 

(strengthening) of the Atlantic MOC (e.g., Broecker et al. 1985). 48 

Proxy records and observations will always contain gaps, hence their combination with mod-49 

els provide a more complete understanding. Changes in high-latitude land and sea ice cover in 50 

AGCM-slab ocean models generate an interhemispheric thermal difference that shifts the global 51 

tropical precipitation away from the cooled hemisphere (Broccoli 2000; Chiang and Bitz 2005). 52 

In a series of CGCM experiments, AMOC disruption, due to additional freshwater input in the 53 

northern Atlantic, manifests various degrees of NH cooling and southward displacement of the 54 

ITCZ (Manabe et al. 1995; Zhang and Delworth 2005; Timmermann et al. 2007). Modeling stu-55 

dies of industrial aerosol emissions, primarily originating in the NH, show that these tend to in-56 

crease the reflectivity of the atmosphere (due to higher scattering and cloud albedo) and induce 57 

NH-wide cooling that shifts the ITCZ south and weakens the NH summer monsoons (Broccoli et 58 

al. 2006; Yoshimori and Broccoli 2008). 59 
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Realistic model geometries can sometimes entangle or mask the key processes and pathways 60 

from being distinctly revealed. Thus, an idealized geometry under hypothetical conditions can 61 

enrich our understanding at a more fundamental level. The influence of prescribed extratropical 62 

surface heating perturbations, representing the OHT, on the tropical mean state in a set of 63 

AGCM-slab ocean models without land confirms the sensitivity of the ITCZ position to the in-64 

terhemispheric thermal gradient (Kang et al. 2008; Kang et al. 2009). Atmospheric physics with 65 

different levels of complexity show that the amplitude of the tropical response can significantly 66 

vary with different representations of radiative, cloud and surface feedbacks, but the basic dy-67 

namical response is robust: the zonal average maximum precipitation in the tropics moves away 68 

from (toward) the cooled (warmed) hemisphere.      69 

These findings about the remote influence of the extratropics on the global interhemispheric 70 

asymmetry and therefore on the tropical ocean-atmosphere domain enrich our understanding of 71 

the dynamics of the Hadley circulation and the ITCZ (e.g., Held and Huo 1980; Xie and Philan-72 

der 1994; Philander et al. 1996). The specific configurations of the eastern coastline and the air-73 

sea feedbacks are the key local controlling factors in the tropics (Xie 2004). We aim to contribute 74 

to the formulation of a more encompassing dynamical picture as the superposition of local and 75 

remote processes governing the tropical circulation and precipitation. Our focus is on the crucial 76 

elements of the ocean dynamics connecting upper-ocean horizontal circulation with the MOC as 77 

the source of extratropical climate perturbation. The Southern Ocean circumpolar flow is the key 78 

interhemispheric difference throughout the world oceans with crucial effects on the cli-79 
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mate. Various geometries of the Drake Passage1 in OGCM-atmosphere energy balance setups 80 

(Toggweiler and Bjornsson 2000; Sijp and England 2004; Sijp and England 2005) lead to sub-81 

stantially different MOC, OHT and interhemispheric thermal gradient. Our paper builds on the 82 

above-mentioned modeling studies and goes forward by employing both a dynamically resolved 83 

ocean and atmosphere in an idealized geometry.  84 

We examine the influence of extratropical ocean circulation on the mean coupled climate 85 

and, specifically, on the tropical circulation and precipitation in a coupled numerical setup.  Sec-86 

tion 2 describes our simplified CGCM, outlines a series of experiments, and presents the control 87 

cases. Section 3 focuses on unforced interhemispheric symmetry breaking in a closed-basin 88 

symmetric configuration. Section 4 studies the consequences of opening a circumpolar channel 89 

with different sill depths in different hemispheres, i.e., examines the effects of tectonically forced 90 

symmetry breaking. Section 5 summarizes results that contribute to our understanding of remote 91 

processes controlling the tropical circulation and precipitation, and discusses possible future di-92 

rections.     93 

2. Numer ical setup and the control exper iments 94 

A comprehensive understanding of global and regional climate processes has the potential to 95 

benefit society with, among other things, improved climate predictions and projections. Develop-96 

ing insight into such a complex system as the planetary climate (Pierrehumbert 2010) requires 97 

analysis and modeling of various domains at different levels of complexity (Held 2005). We em-98 

                                                

1 The narrow body of water between Patagonia and the Antarctic Peninsula. 
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ploy a fully dynamical intermediate complexity climate model (ICCM) unburdened by realistic 99 

land distribution and complex atmospheric physics. Our ICCM setup is derived from the Geo-100 

physical Fluid Dynamics Laboratory (GFDL) CM2.0 (Delworth et al. 2006) in a modular way 101 

through a set of parameterization and geographic simplifications (Farneti and Vallis 2009; Vallis 102 

and Farneti 2009). ICCM is publically available from GFDL as a part of CM2 distribution 103 

(https://fms.gfdl.noaa.gov/gf/).  104 

a. Elements of idealized climate system 105 

This CGCM solves the three-dimensional primitive equations for the atmosphere and ocean 106 

with dynamically-consistent surface exchange of momentum, heat and freshwater fluxes, but it 107 

uses rather simplified atmospheric physics. We select an idealized coarse-resolution configura-108 

tion with a sector atmosphere over land without mountains and a single-basin flat-bottom ocean. 109 

The goal is to expose crucial elements of coupled dynamics in a more revealing geometrical set-110 

ting, and to make the model computationally less demanding. Sector geometry with cyclic zonal 111 

boundary conditions is a conceptual heritage of the very first CGCM developed at GFDL (Ma-112 

nabe 1969).  113 

The atmospheric component, with 7 vertical levels and 3.75°x3° horizontal resolution, has a 114 

sector geometry that is 120° long and spans from 84°S to 84°N. This AGCM is based on a moist 115 

B-grid dynamical core, but it uses a grey radiation scheme with the long-wave flux independent 116 

of water vapor and cloudiness (F rierson et al. 2006). The model is forced with a time-117 

independent, zonally uniform top-of-atmosphere solar radiation that analytically mimics the ob-118 

served mean profile. Solar absorption in the atmosphere is neglected. A large-scale condensation 119 

scheme is applied along with a simplified Betts-Miller convection scheme (Betts 1986, Frierson 120 

2007); thus, humidity and temperature are adjusted when saturation occurs and precipitation falls 121 



7  

out immediately (there is no liquid water or clouds in the atmosphere). Eliminating water vapor 122 

and cloud feedbacks enables us to focus on a purely dynamical response of the coupled climate 123 

system to the ocean state changes.  124 

The ocean component is the Modular Ocean Model (MOM) version 4.0 (Griffies et al. 2004) 125 

with 24 vertical levels (of thickness ranging from 10m at the top to 315m at the bottom) and 126 

2°x2° horizontal resolution. The ocean basin is 60° wide, spans from 70°S to 70°N, and has a flat 127 

bottom that is 3.9 km deep. Circumpolar channels with various sill depths are opened in the sub-128 

polar regions of both hemispheres to explore the impact of high-latitude zonally unconstrained 129 

flows. The ocean physics parameterizations are similar to the standard free surface MOM model 130 

incorporated in CM2.0. This OGCM has constant vertical tracer diffusivity of 0.5 cm2/s. It ap-131 

plies the Gent-McWilliams skew flux scheme combined with a downgradient neutral diffusion 132 

that parameterizes the effects of mesoscale eddies using constant eddy tracer diffusivity of 800 133 

m2/s (Gent and McWilliams 1990; Griff ies 1998). MOM4 uses a tracer-conserving convective 134 

scheme for instantaneous vertical adjustment of unstable water columns.  135 

The dynamic-thermodynamic sea-ice model SIS (Winton 2000) is coupled within the ocean 136 

grid. The land model LM2.0 (Milly and Shmakin 2002) is configured with the atmospheric hori-137 

zontal resolution. It is implemented as a collection of soil water reservoirs with constant water 138 

availability and heat capacity at each land cell. The excess precipitated water is redistributed 139 

back to the ocean at a nearby grid point. There are no mountains or glaciers, and surface albedo 140 

values are altered to obtain a realistic mean climate in the control experiments (for more details 141 

of ICCM setup see Farneti and Vallis 2009). 142 

b. The role of ocean basin geometry 143 
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The only external forcing agents of the interhemispheric asymmetries in our experiments is 144 

the ocean basin geometry through different configurations of a circumpolar channel at subpolar 145 

latitudes. Figure 1 shows a schematic map and key geometric parameters of various ocean ba-146 

sins, as well as the integration timeline of our suite of experiments. The two control experiments, 147 

Exp1.0 and Exp1.0a, have a closed-basin equatorially symmetric configuration. They are initia-148 

lized from no-flow symmetric initial conditions (IC) of potential temperature and salinity, and 149 

then integrated for 1500 years. Exp1.0 has zonally uniform IC with a prescribed main pycnoc-150 

line. Exp1.0a starts from a dynamically quasi-balanced IC obtained from Exp1.0 outputs by us-151 

ing only the symmetric components (averaged from year 151 to 200).  After 400 years of Exp1.0 152 

integration, we branch out an additional set of tectonically-forced experiments through sudden 153 

opening of circumpolar channels (between 48° and 60° latitude) with various sill depths. Specifi-154 

cally, Exp1.1, Exp1.2, Exp1.3 and Exp1.4 have an idealized Drake Passage 102m, 480m, 2436m, 155 

and 3900m deep, respectively, while Exp1.5 features the NH equivalent that is 2436m deep. All 156 

non-zero restart fields for specific circumpolar channel cases are specified as the linear interpola-157 

tion between eastern and western boundary values of Exp1.0 (at 01/01/0401) to avoid catastroph-158 

ic numerical shock.  159 

The unbalanced symmetric IC of Exp1.0 yields, from the start, fast dynamical adjustment and 160 

strong fluctuations that lead to deep MOC symmetry breaking after about 50 years (Figure 2.a). 161 

Specifically, in Exp1.0 the deep-water is predominately produced in the SH (dashed black curve) 162 

and exported to the NH (red curve). The symmetric geometry and forcing of the control cases 163 

require the ensemble mean control climate to be symmetric. Different model realizations started 164 

from different IC should manifest climate asymmetry with different, randomly selected, interhe-165 

mispheric signs. Exp1.0a  (Figure 2.b) develops, also on a multi-centennial time scale, the oppo-166 
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site sign of deep MOC asymmetry from Exp1.0. The lower panels in Figure 2 show that in the 167 

long-term mean, two control experiments reach equatorially-mirrored final steady states of the 168 

ocean: they demonstrate ocean bistability of our equatorially symmetric coupled system.  169 

c. The symmetrized mean control state 170 

In general, with respect to an equatorial mirrored reflection, any continuous and finite varia-171 

ble can be decomposed into the sum of symmetric and antisymmetric parts2. We use the set of 172 

long-term averages of symmetric or antisymmetric field components from Exp1.0 and Exp1.0a 173 

to approximate the ensemble mean control climate of a large number of the closed-basin symme-174 

tric experiments. We present some fields of this equatorially symmetrized mean control state 175 

(averaged over the last 100 years of integration) below in this subsection that are important for 176 

the analysis of asymmetries in the rest of the paper. 177 

The surface ocean circulation (averaged over the top 100m) in Figure 3.a shows tropical, sub-178 

tropical and subpolar gyres divided by zero wind stress (white) contours. The subpolar gyres are 179 

too wide in comparison to the North Atlantic due to an equatorward bias of the mid-latitude wes-180 

terlies (Figure 3.b). The SST (contours in Figure 3.a) and surface salinity (shading in Figure 3.a) 181 

distributions show influence of the precipitation pattern (shading in Figure 3.b), surface currents 182 

(vectors in Figure 3.a) and surface winds (vectors Figure 3.b). The green (grey) horizontal lines 183 

                                                

2 For example, SST(y) = [SST(y) + SST(-y)]/2 + [SST(y)  SST(-y)]/2 = SSTs(y) + 

SSTa(y), where SSTs(-y) = SSTs(y) and SSTa(-y) = -SSTa(y). The basic, equatorially symme-

trized, m-
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in Figure 3.a (3.b) mark the surface borders between the Hadley, Ferrell and polar cells. The red 184 

(positive) and blue (negative) contours in Figure 3.b show the net surface heat flux distribution 185 

(positive upward). This distribution clearly reflects the influence of strong convergent boundary 186 

currents in the extratropical zones that coincide with a strong SST gradient which primarily ma-187 

nifest a strong heat release from the ocean. 188 

The mean control climate in Figure 4.a shows a well-structured meridional overturning mass 189 

streamfunction clearly displaying the atmospheric overturning cells. Figure 4.b delineates the 190 

meridional distribution of the total planetary (black curve) and ocean (blue curve) energy trans-191 

port along with the atmospheric moist static (red curve), dry static (purple curve) and latent 192 

(green curve) energy transport. The energy decomposition of the thermally direct Hadley circula-193 

tion shows that the latent heat transport (primarily in the lower troposphere due to high specific 194 

humidity) is opposing the dominant dry static energy transport within the tropics (Trenberth and 195 

Stepaniak 2003). The realized values of the meridional heat transport components are approx-196 

imately one-third of the real world values, which is expected since the sector atmosphere in only 197 

120° long. 198 

3. Unforced symmetry breaking 199 

The possibility of multiple ocean equilibria, arising due to nonlinear interactions between 200 

ocean circulation and structure, and due to the inherent differences in heat and freshwater ocean-201 
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atmosphere coupling3, has been studied for some time (e.g., Dijkstra and Ghill 2005). In a sense, 202 

our simplified symmetric CGCM is a modeling successor of Bryan (1986) numerical setup used 203 

to demonstrate for the first time the existence of the MOC interhemispheric asymmetry in a 204 

symmetric OGCM under symmetric surface forcing fields. The symmetry breaking and domin-205 

ance of deep-water production in one hemisphere is caused by the advective ocean circulation-206 

salinity feedback (Stommel 1961; Rooth 1982). An increase of surface salinity in subpolar region 207 

of one hemisphere, with the respect to the other, causes local intensification of deep-water pro-208 

duction that leads to export of a relative excess of deep water to the other hemisphere and thus 209 

asymmetry in the deep MOC cell. Its surface branch advects additional subtropical high-salinity 210 

water towards the subpolar region with intensified deep-water production and further increases 211 

local surface salinity. 212 

Internal variability spontaneously initiates the MOC and ocean asymmetry in our control 213 

closed-basin numerical setup. For example, Figure 2.b shows that Exp1.0a gradually develops 214 

the dominant source of deep-water production in the NH (solid black curve), deep southward re-215 

turn flow across the equator (red curve).  In the next subsection we analyze the time evolution of 216 

zonally collapsed anomalous surface fields, with respect to the symmetrized mean control state, 217 

critical for the development of interhemispheric asymmetry in the MOC and the associated ano-218 

malous surface heat flux in Exp1.0a. 219 

a. Development of key surface anomalies in a control experiment 220 

                                                

3 There is a strong negative feedback between changes in SST and surface heat flux, 

while there is no direct dependence of surface freshwater flux on surface salinity.   



12  

The development of the anomalous northward upper-ocean transport of salinity tracer (shad-221 

ing in Figure 5.a that focuses of the key evolution phase from Figure 2.b) directly reflects build 222 

up of the anomalous northward upper-ocean transport that constitute surface branch of the 223 

asymmetric, pole-to-pole deep MOC cell.  It controls the evolution of asymmetry in surface sa-224 

linity, most significantly in the extratropics (shading in Figure 5.b poleward of green contours at 225 

about 36° latitude marking the poleward edges of the Hadley circulation). A decrease (increase) 226 

of salinity in the SH (NH) extratropics in Figure 5.b coincides with a decrease (increase) of SST 227 

in Figure 5.c, most substantially at the same latitudes, which is also due to the northward ano-228 

malous upper-ocean advection. At low temperature, water density is more sensitive to changes in 229 

salinity than temperature, hence surface salinity primarily controls long-term surface density and 230 

deep-water production in the subpolar region. The concurrent growth of SST asymmetry in the 231 

extratropics limits the growth of asymmetry in deep MOC and on oceanic long time scales in-232 

duces an asymmetry in net surface heat flux (shading in Figure 5.d) that the atmosphere must 233 

respond to. The surface heat flux anomalies in the extratropics have the opposite sign and much 234 

stronger amplitude than in the tropics.  235 

The interhemispheric asymmetry in deep-water production is directly reflected in the asym-236 

metry of SST (Figure 5.c) and net surface heat flux (Figure 5.d) at the poleward edges of the 237 

ocean basin beneath the polar cell. However, the strongest anomalies in all surface scalar fields 238 

in Figure 5 are located in the vicinity of subtropical-subpolar divide (black contours fluctuating 239 

about 42° latitude) beneath the Ferrell cell (between mid-latitude green contours). Hence, the 240 

anomalous meridional upper ocean salinity transport, a key element of the advective feedback, 241 

plays the most important role first during the poleward transition of upper-ocean water from the 242 

subtropical to subpolar gyre and then when reaching high-latitude sites of deep-water formation. 243 
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What is the underlying cause for the formation of these two distinct extratropical regions critical 244 

for the ocean heat release to the atmosphere? 245 

b. F inal steady-state surface conditions of a control experiment 246 

The horizontal distribution of surface salinity asymmetry in the final steady state of Exp1.0a 247 

in Figure 6.a (shading) shows the dynamically-controlled pattern of two key regions with the 248 

most pronounced anomalies in the extratropics: the extended region of convergence of the sub-249 

tropical and subpolar western boundary currents and the eastern poleward sector of subpolar do-250 

main. The anomalies in these particular regions arise due to surface current anomalies (vectors in 251 

Figure 6.a show them averaged over the top 100m) acting across the strong horizontal gradient in 252 

the symmetrized control state surface salinity (shading in Figure 3.a).  253 

The asymmetry pattern of surface currents in Figure 6.a (vectors) shows that northward cur-254 

rent anomalies along the entire western boundary and subpolar eastern boundary constitute the 255 

key contributions to the northward surface branch of deep MOC cell in Figure 2.d. The contours 256 

in Figure 6.a show that the two key extratropical regions of surface salinity asymmetry are also 257 

endowed with substantial asymmetry in SST due to anomalous surface currents across these re-258 

gions with strong horizontal gradient in the control SST. The strong ocean forcing of the atmos-259 

phere occurs through SST change, hence there is the associated asymmetry in net surface heat 260 

flux. More precisely, contours in Figure 5.b show anomalous latent heat flux (the key surface 261 

flux component for ocean heat release to the atmosphere) closely matching anomalous SST pat-262 

tern in the extratropics in Figure 5.a. In Exp1.0a anomalously high NH (low SH) SST in the ex-263 

tratropics leads to local anomalous release (uptake) of heat from (by) the ocean. The pole-to-pole 264 

deep MOC imposes the interhemispheric thermal gradient to the atmosphere most significantly 265 
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from the two specified extratropical regions. A weaker surface heat flux asymmetry in the tropics 266 

has the opposite sign. 267 

c. Dynamic response of the atmosphere to the ocean asymmetry 268 

The asymmetric surface heating of the atmosphere from the extratropics intrudes equator-269 

ward via large-scale eddy heat fluxes (Kang et al. 2008; Kang et al. 2009) and surface wind-270 

evaporation-SST (WES) coupling in the region of the low-latitude easterlies (Chiang and Bitz, 271 

2005; Chiang et al. 2008) generating an interhemispheric thermal gradient in the tropics. The 272 

low-latitude coupled atmosphere-ocean system responds by inducing an anomalous cross-273 

equatorial Hadley cell (Figure 7.b). The anomalous Hadley circulation facilitates the cross-274 

equatorial AHT from the warmer to colder hemisphere (red curve in Figure 7.c) as a response to 275 

cross-equatorial OHT from the colder to warmer hemisphere (blue curve in Figure 7.c) con-276 

trolled by the directionality of the surface branch of deep MOC. The Hadley circulation is ther-277 

mally direct (e.g., Dima and Wallace 2003, Webster 2004), therefore the surface branch of the 278 

anomalous cell extends across the equator (Figure 7.b) providing anomalous low-level moisture 279 

transport towards the warmer hemisphere (green curve in Figure 7.c). Tropical atmosphere-ocean 280 

dynamics anchor the ascending branch of the anomalous Hadley cell and the maximum of tropi-281 

cal precipitation (shading in Figure 6.b and blue curve in Figure 7.a) in the warmer hemisphere, 282 

which is determined by the main source of deep-water production. In the extratropics, the in-283 

duced asymmetry in precipitation (shading in Figure 6.b) is opposing surface salinity asymmetry 284 

(shading in Figure 6.a) emphasizing importance of asymmetry in surface circulation (vectors in 285 

Figure 6.a). 286 

Very gradual evolution of the tropical asymmetries on oceanic long time scales is characte-287 

ristic for the deep-MOC-guided mechanism of the interhemispheric and tropical-extratropical 288 
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interaction and is shown, in the zonal mean sense, in Figure 7.a. The buildup of the extratropical 289 

surface heat flux asymmetry4 (purple curve with NH maximum in Figure 7.a) excites coherent 290 

tropical asymmetries with significant amplitude. In the tropics WES feedback (Xie 2004) plays 291 

an important role in local coupling of cross-equatorial wind stress (solid black curve with north-292 

ward directionality in Figure 7.a), tropical SST asymmetry (red curve with NH maximum in Fig-293 

ure 7.a) and cumulative tropical precipitation asymmetry5 (blue curve with NH maximum in Fig-294 

ure 7.a). The cross- - Figure 6.b is a signature 295 

of WES feedback that in deep tropics, on short time scales, in Exp1.0a connects the SH zone of 296 

stronger easterlies, stronger evaporation and lower SST with the NH zone of weaker easterlies, 297 

weaker evaporation and higher SST. The sign and magnitude of zonal mean tropical anomalies 298 

on multi-decadal and longer time scales in our model is controlled by the extratropical surface 299 

heat flux anomalies.  300 

The extratropical excess (suppressed) heat release in the NH (SH) atmosphere makes it, in a 301 

thermal sense, the summer-like (winter-like) hemisphere due to a decrease (increase) of meri-302 

                                                

4 The asymmetry index of total extratropical net surface heat flux is defined as the half of 

the difference between total surface heat flux in the extartropics of the NH and the SH. Surface 

heat flux is positive upward, so positive (negative) values of this asymmetry index represent 

excess ocean heat release in the NH (SH) extratropics.  

5 We use the total precipitation in the NH deep tropics, between the equator and 10°N, 

minus total precipitation in the SH deep tropics, between 10°S and the equator, that results with 

positive (negative) values if the ITCZ is in the NH (SH).     
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dional surface temperature gradient between the equator and extratropics in Exp1.0a. The Had-303 

ley, Ferrell and polar cells in the NH (SH) get weaker (stronger) in Figure 7.b and manifest the 304 

associated asymmetries in the surface winds: weakening (strengthening) in the NH (SH) shown 305 

as anomalous surface wind vectors in Figure 6.b. The equivalent behavior of unforced symmetry 306 

breaking on oceanic long time scales in the opposite direction is manifested in the evolution of 307 

Exp1.0 demonstrating the climate bistability of our closed-basin symmetric configuration. In the 308 

next section, we bring our study a step closer to the real world geometry by opening various cir-309 

cumpolar channels at subpolar latitudes. 310 

4. Forced symmetry breaking 311 

The forced change of the MOC is a powerful driver for change of the global climate because 312 

it can substantially alter ocean-atmosphere heat exchange in the extratropics. We externally force 313 

our coupled system through changes in the basin boundary conditions in time. This approach is 314 

conceptually motivated by tectonic history . Specifically, the sudden open-315 

ing of various circumpolar channels in Exp1.1 through Exp1.5 (starting from Exp1.0 at 316 

01/01/0401) forces an interhemispheric asymmetry in the extratropical ocean circulation and the 317 

MOC. What is the role of the circumpolar current? In this section we examine whether such 318 

boundary-forced change in the ocean circulation at subpolar latitudes alters the MOC and tropi-319 

cal climate in an equivalent manner as in the control experiments.  320 

a. Development of key surface anomalies in a forced experiment 321 

Exp1.3 opens the SH circumpolar channel approximately 2.5km deep - close to the topogra-322 

phy of Scotia Ridges in the South Atlantic that are the major obstacles to the Antarctic Circum-323 

polar Current exiting the Drake Passage. Shading in Figure 8.a shows that initial development of 324 
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southward anomalous upper-ocean salinity transport in Exp1.0, that intensifies SH deep-water 325 

production (Figure 2.a until year 400), is very quickly inverted in the SH after the channel opens.  326 

The rapidly formed circumpolar flow prevents establishment of a net zonal pressure gradient, 327 

hence it constraints the geostrophic component of the circulation to have zero net meridional 328 

flow above the sill level and suppresses meridional transport. Substantial weakening of poleward 329 

salinity transport in the upper ocean, with respect to the symmetrized control state, shows as a 330 

strong northward anomalous transport that rapidly reduces surface salinity south of the circum-331 

polar current (shading in Figure 8.b). This locally decreases surface density, and suppresses 332 

deep-water production and ocean heat release. The concurrent decrease of SST (shading in Fig-333 

ure 8.c), due to reduction of poleward transport of warm water, opposes surface salinity decrease 334 

in control over surface density, but salinity change is more important at low temperatures. SST 335 

decrease south of the circumpolar channel also causes sea-ice expansion and further weakens 336 

upward surface heat flux at the poleward edge of the basin (shading in Figure 8.d).   337 

The transition of deep-water production to the NH is primarily facilitated via oceanic tele-338 

connection pathways using the Kelvin waves along the boundaries and at the equator, and the 339 

westward Rossby waves in the basin interior (e.g., Kawase 1987, Johnson and Marshall 2004). 340 

The signal about opening of circumpolar channel and consequent shut down of deep-water for-341 

mation in the SH is transmitted northward as anomalous deepening of isopycnals throughout the 342 

basin (not shown). The equator acts as a high-frequency filter for change of the main pycnocline 343 

depth (Johnson and Marshall 2004) and deep MOC source in the NH since the large-scale deep-344 

water production rate is proportional to square of the main pycnocline depth (e.g., Vallis 2006). 345 

It takes several decades for anomalous surface salinity and temperature to rise significantly in the 346 
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NH extratropics (Figure 8.b and 8.c) due to delayed intensification of the NH deep-water produc-347 

tion.  348 

The anomalous SST rise in the NH extratropics yields again the two key regions of surface 349 

net heat flux asymmetry formed close to the equatorward and poleward edges of the subpolar 350 

gyre. The opening of the SH circumpolar channel yields the strongest suppression of ocean heat 351 

release south of the circumpolar current in the polar cell, while in the NH the maximum of ocean 352 

heat release takes place in the region of intensified transformation of upper-ocean water from 353 

subtropical to subpolar gyre (shading in Figure 8.d). The anomalies of net surface heat flux in the 354 

tropics and extratropics in Figure 8.d have predominately the opposite sign in a hemisphere, and 355 

anomaly values in the tropics, due to the strong ocean-atmosphere coupling, are significantly 356 

smaller than in the extratropics. 357 

b. F inal steady state of a forced experiment 358 

Surface conditions in Exp1.3 evolve to the steady state with the surface interhemispheric 359 

asymmetry shown in Figure 9. The circumpolar current in the SH disrupts poleward upper-ocean 360 

transport, most importantly along the eastern boundary in the subpolar domain (vectors in Figure 361 

9.a), cooling (contours in Figure 9.a) and freshening (shading in Figure 9.a) the surface region of 362 

SH deep-water production. The resulting decrease of SH high-latitude surface density eventually 363 

moves the deep-water production to the NH. The northward orientation of the surface branch of 364 

the deep pole-to-pole MOC cell is evident as a strong anomalous northward flow along the west-365 

ern boundary in Figure 9.a. The northward anomalous advection across the extended western 366 

subtropical-subpolar divide is critical for the increase (decrease) of surface salinity in the NH 367 

(SH) extratropics. Ultimately, the anomalous northward eastern boundary flow in the NH subpo-368 

lar domain injects additional salinity toward the region of deep-water source.   369 
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The surface current asymmetry pattern again manifests two key regions of anomalies in sur-370 

face scalar fields of interest in the extratropics: in the vicinity of subtropical-subpolar divide and 371 

at the high-latitude region of deep-water formation.  The extratropical SST asymmetry (contours 372 

in Figure 9.a) causes the dominant latent heat flux asymmetry (contours in Figure 9.b) that in-373 

duces the climate response similar to the climate asymmetry in Exp1.0a, but with stronger mag-374 

nitude. The surface wind asymmetry in Figure 9.b confirms that NH (SH) becomes, in a thermal 375 

sense, the summer-like (winter-like) hemisphere with weaker (stronger) winds. The tropical 376 

ocean-atmosphere system responds in similar manner as discussed in section 3.3. The anomalous 377 

Hadley cell in Exp1.3 has the same sign but stronger amplitude than in Exp1.0a (Figure 7.b) and 378 

the ITCZ northward asymmetry is more pronounced (shading in Figure 9.b). Likewise, the ano-379 

malous components of ocean-atmosphere meridional energy transport in Exp1.3 have similar 380 

structure as in Exp1.0a (Figure 7.c), but with higher amplitudes.    381 

The stronger surface current and surface heat flux anomalies in Exp1.3 (Figure 9) as com-382 

pared with Exp1.0a (Figure 6) lead us to expect stronger NH deep-water production in Exp1.3. 383 

The steady-state MOC streamfunction in Figure 10 confirms a stronger asymmetry in the deep 384 

MOC cell, with respect to Figure 2.d, forced by the circumpolar flow in the SH that disrupts crit-385 

ical poleward salinity transport.  The zonally averaged anomalous salinity in Exp1.3 (red-386 

positive and blue-negative contours in Figure 10) shows impact of anomalous northward upper-387 

ocean salinity transport (schematic red arrow in Figure 10). The SH upper ocean exports salinity 388 

to the NH and significantly freshens its source region. In the NH intensified deep-water produc-389 

tion sequesters excess salt below the upper ocean primarily through the core of southward deep-390 

water flow across the equator.  391 
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The surface and interior salinity asymmetry in Exp1.3 is a direct product of the asymmetry in 392 

ocean circulation, because in the extratropics asymmetry in precipitation (shading in Figure 10.b) 393 

is opposing asymmetry in surface salinity (shading in Figure 10.a). The blue and red arrows in 394 

Figure 10 schematically depict directionality of established interhemispheric water and heat 395 

cycle in Exp1.3 (and Exp1.0a). The gray arrows show the direction of the cross-equatorial Had-396 

ley circulation that is the critical element of interhemispheric interaction forced in our experi-397 

ments by the asymmetry in deep MOC and surface heat flux from the extratropics. The upper 398 

branch of the anomalous Hadley cell transports excess atmospheric heat southward from the 399 

warmed hemisphere. The surface branch of anomalous Hadley cell brings excess moisture 400 

northward to the tropics of the warmed hemisphere where coupled ocean-atmosphere dynamics 401 

establishes the maximum of tropical precipitation (vertical blue lines in Figure 2 schematically 402 

point to the position of ITCZ). 403 

c. Climate sensitivity to sill depth of a circumpolar channel 404 

The opening of the Drake Passage and tectonic history of the entire circum-Antarctic path-405 

way have had an important influence on the evolution of Cenozoic climate (e.g., Baker and 406 

Thomas 2004).  The anatomy of physical and biogeochemical mechanisms responsible for the 407 

prevailing cooling over the last 65 million years continues to be a very active area of research. 408 

This gives us additional motivation to investigate the response of climate asymmetry to changes 409 

in the sill depth of the circumpolar channel. Comparison of Exp1.1, Exp1.2, Exp1.3 and Exp1.4 410 

with sill depths of 102m, 480m, 2436m and 3900m (basin bottom) in the SH, respectively, 411 

enables us to examine the response of the upper-ocean meridional salinity transport and its role 412 

in the deep MOC and climate asymmetry. 413 
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The vertical distributions of zonally integrated anomalous meridional salinity transport in 414 

Figure 11 (shading) show that most significant change occurs from Exp1.0 to Exp1.2. Exp1.4 415 

(not shown) with the sill depth matching bottom of the ocean gives result very similar to Exp1.3. 416 

When a circumpolar channel completely blocks the upper-ocean meridional transport (roughly 417 

top 500m), further deepening of the sill level induces no relevant change in the salinity decrease 418 

(contours in Figure 11) that suppresses deep-water formation poleward of the circumpolar cur-419 

rent.  In Exp1.1, below the sill level at 102m, there is still a significant net geostrophic compo-420 

nent of the poleward upper-ocean flow. The steady-state MOC streamfunction of Exp1.2, Exp1.3 421 

and Exp1.4 are essentially indistinguishable, while Exp1.1 has a similar but weaker deep pole-to-422 

pole MOC cell (not shown).  423 

The evolution of the deep MOC asymmetry6 in Exp1.2 (green curve), Exp1.3 (blue curve) 424 

and Exp1.4 (brown curve) in Figure 12.a is parallel after opening of their circumpolar channels. 425 

These three experiments manifest the same multi-decadal time scale for the transition of deep-426 

water source from the SH in Exp1.0 to the NH. Exp1.1 (red curve in Figure 12.a) develops a 427 

weaker deep-water production in the NH on even longer time scale because there is still a suffi-428 

cient amount of the subtropical upper-ocean high-salinity water being advected southward below 429 

                                                

6 The deep MOC asymmetry index used is defined as the sum of the extratropical subsur-

face maximum in NH and minimum in SH of MOC streamfunction representing a low-order 

measure of difference in deep-water production between hemispheres. In our convection, a 

strong deep-water production in the NH (SH) is characterized by a high positive (low negative) 

subsurface extremum of  the MOC streamfunction in the NH (SH) extratropics.   
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the circumpolar channel to prevent complete shut down of the SH deep-water production. These 430 

results show that forced deep MOC asymmetry strongly depends on how much of the upper-431 

ocean meridional transport is vertically obstructed by the circumpolar flow.  432 

Closely following the evolution of deep MOC asymmetry, the associated asymmetry of the 433 

net surface heat flux in the extratropics (Figure 12.b) projects the ocean state asymmetry depen-434 

dence on a circumpolar channel sill depth throughout the coupled global climate. The tropical 435 

ocean-atmosphere domain adjusts in all experiments as previously discussed by inducing a cross-436 

equatorial Hadley circulation. Figure 12.c and Figure 12.d show that the zonally averaged sur-437 

face cross-equatorial wind (i.e., surface branch of anomalous Hadley cell) and the total tropical 438 

precipitation asymmetry, respectively, reflect a similar dependence on sill depth that gets satu-439 

rated as we lower the channel bottom below the main pycnocline depth (about 500m when aver-440 

aged over the subtropical gyre). In our model the atmosphere cannot distinguish whether a cir-441 

cumpolar channel is 500m deep or it reaches all the way to the ocean bottom. Figure 12 overall 442 

shows the prevailing linear scaling of all pairs of the presented asymmetry indices stemming 443 

from the hemispheric location and strength of the deep-water source. 444 

5. Conclusions and future directions 445 

We have investigated the dynamics of interhemispheric asymmetry in ocean circulation and 446 

climate in an idealized CGCM. The unforced and forced symmetry breaking in the upper-ocean 447 

meridional salinity transport in the extratropics leads to a substantial asymmetry in the MOC and 448 

ocean structure. The associated asymmetry in the OHT and the SST breaks the coupled climate 449 

symmetry through the development of the key asymmetry in the extratropical surface heat flux. 450 

The two distinct regions of anomalous ocean heat release in the extratropics, organized by the 451 
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upper ocean dynamics, are the extended confluence region of subtropical and subpolar western 452 

boundary currents beneath the Ferrell cell and the high-latitude region of deep-water production 453 

beneath the polar cell. The resulting thermal asymmetry causes the interhemispheric interaction 454 

that is mediated in the atmosphere across the equator via an anomalous Hadley cell.  Its energy 455 

transport partially compensates the cross-equatorial OHT in the opposite direction. Excess mois-456 

ture in the tropics of the warmer hemisphere anchors the maximum of tropical precipitation 457 

there, which in the experiments with a circumpolar channel is always in the opposite hemisphere 458 

from the channel. In our fully dynamical coupled climate model, the time evolution of interhe-459 

mispheric asymmetry of the mean tropical climate, including the shift of ITCZ, takes place on 460 

multi-decadal to multi-centennial time scales determined by the development of the deep MOC 461 

asymmetry.    462 

The two control experiments with the same closed-basin symmetric geometry (started from 463 

different symmetric IC) demonstrate the interhemispheric climate bistability due to the advective 464 

feedback that amplifies asymmetry in the upper-ocean meridional salinity transport and the deep 465 

MOC. The set of tectonically forced open-basin experiments with various circumpolar channels 466 

further points to the importance of the upper-ocean meridional salinity transport for the evolution 467 

of MOC. The opening of a channel in the SH subpolar domain enables the establishment of a cir-468 

cumpolar current that suppresses the poleward transport of salinity and suppresses the deep-469 

water formation in the SH. In the extratropics, surface salinity and density are more influenced 470 

by the upper ocean circulation than by precipitation, while surface heat flux is critical for the 471 

subtropical-to-subpolar water transformation and the formation of deep water.  Lowering of the 472 

channel sill through the upper part of a water column substantially alters the MOC and surface 473 
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heat flux asymmetry, leading to a drastic change in the tropical ocean-atmosphere system. Lo-474 

wering the sill depth further below approximately 500m produces a saturated response. 475 

The atmosphere quickly adjusts to the ocean asymmetry. The upper panel in Figure 13 shows 476 

that through the whole suite of experiments (including Exp1.5 that is the equatorially-mirrored 477 

case from Exp1.3), and in all transient and equilibrated states, the interhemispheric difference in 478 

the meridional upper-ocean salinity transport between the subtropical and subpolar gyre, that 479 

controls the deep MOC and extratropical surface heat flux asymmetry, is a good linear predictor 480 

of the cumulative precipitation asymmetry in the tropics.  The anomalous northward (southward) 481 

upper-ocean salinity transport, most importantly at the subtropical-subpolar divide, yields the 482 

NH (SH) deep-water production and the tropical precipitation maximum north (south) of the 483 

equator. The lower panel in Figure 13 shows in a similar way that more asymmetric deep MOC 484 

leads to a deeper and wider lower equatorial pycnocline. This behavior reflects the activity of the 485 

oceanic wave teleconnections that utilize the equatorial Kelvin waves for the transmission of 486 

isopycnal anomaly signals carrying information about the deep MOC change between the hemis-487 

pheres. Our model demonstrates that water-mass transformation in the extratropics can have a 488 

significant impact on the tropical pycnocline. A dependence of the upper-ocean tropical structure 489 

on the deep MOC asymmetry in a realistic CGCM could potentially reveal a mechanism for the 490 

MOC influence on the tropical ocean-atmosphere variability.     491 

The climate transition from a closed-basin bistability to a circumpolar channel forced asym-492 

metry by means of establishing a circumpolar current presents us with an intriguing result that 493 

the Southern Ocean circulation can exert (through the MOC and surface heat flux asymmetry) an 494 

important influence over the tropical circulation and the ITCZ. In the most general sense, the 495 

tropical circulation and precipitation are controlled in different regions around the globe by the 496 
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superposition of local and remote processes. This motivates us to consider the introduction of 497 

additional geometric elements, approximating real-world features, which have the potential to 498 

break the climate symmetry from the tropics and compete them against extratropical forcing 499 

agents.  500 

The follow-up study compares the role of a slanted tropical coastline and a tropical zonal 501 

channel with the role of a circumpolar channel in the generation of the interhemispheric and 502 

tropical asymmetries. Further expansion from single-basin to multi-basin configurations will 503 

bring us closer to the real-world complexity through the introduction of an interbasin interaction 504 

and an asymmetric land-mass distribution. Another future direction of study is the increase in 505 

complexity of atmospheric physics. With a grey atmosphere we have explored only the minimal 506 

dynamic response of the atmosphere to the ocean asymmetry (Kang et al. 2009). The role of wa-507 

ter vapor and cloud feedbacks in the interhemispheric and tropical-extratropical interaction me-508 

rits investigations with both idealized and realistic geometries. 509 
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Figure 1 The different ocean basin geometries used in this study (upper panel) and time 627 

integration outline for the whole series of experiments (lower panel). 628 

Figure 2 The upper panels show time evolution (smoothed with the 31-year Hamming filter) of 629 

MOC streamfunction indices in Exp1.0 (a) and Exp1.0a (b). The deepMOC (black curves) is 630 

the magnitude of the deep MOC cell (subsurface extremum in the extratropics). The eqMOC 631 

(red curves) is the amplitude of deep-water exchange across the equator (subsurface 632 

extremum). The absolute values of the SH MOC indices (dashed curves) are shown for easier 633 

comparison of the interhemispheric differences. The lower panels show the MOC 634 

streamfunction (gray contours), with positive values representing clockwise circulation, over 635 

the zonally averaged anomalous salinity (shading), with respect to the symmetrized mean 636 

control state, averaged over the last 500 years of Exp1.0 (c) and Exp1.0a (d). 637 

Figure 3 The symmetrized mean control climate averaged over the last 100 years of Exp1.0 and 638 

Exp1.0a. The left panel (a) shows surface salinity (shading), surface currents averaged over 639 

top 100m (vectors) and SST (grey contours). The right panel (b) shows precipitation 640 

(shading), surface level winds (vectors) and net surface heat flux (red, positive in the 641 

atmosphere, and blue, negative out of the atmosphere, contours). The SH conditions mirror 642 

the presented NH conditions across the equator by construction. White contours mark 643 

boundaries between ocean gyres (zero wind stress curl), while green (gray) horizontal lines in 644 

the left (right) panel delineate surface boundaries between the meridional overturning cells in 645 

the atmosphere (the zonally averaged position of zero surface meridional wind). 646 

Figure 4. The symmetrized mean control climate averaged over the last 100 years of Exp1.0 and 647 

Exp1.0a. The upper panel (a) shows atmospheric meridional overturning stream-function 648 

(contours and grey shading for negative values). The lower panel (b) shows meridional heat 649 

transport elements: total planetary (black curve), moist static energy (red curve), dry static 650 

energy (purple curve), latent energy (green curve) and ocean (blue curve). Vertical gray lines 651 

in (b) panel mark surface boundaries of the Hadley, Ferrell and Polar overturning cells (the 652 

zonally averaged position of zero surface meridional wind). 653 

Figure 5. A key segment of the evolution of anomalous components, with respect to the 654 

symmetrized mean control fields, in Exp1.0a: (a) zonally and vertically integrated anomaly 655 

of meridional salinity transport in top 200m (in 109kg/s), (b) zonally averaged anomaly of 656 
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surface salinity (in psu), (c) zonally averaged anomaly of SST (in °C), and (d) zonally 657 

integrated anomaly of net ocean surface heat flux (in 1012W). The green curves mark zonal 658 

mean surface boundaries between the Hadley, Ferrell and polar cells, while the black curves 659 

mark zonal mean boundaries between the tropical, subtropical and subpolar gyres. The 31-660 

year Hamming filter is applied to all fields. The surface heat flux from the ocean to the 661 

atmosphere has positive sign. 662 

Figure 6. The steady state anomalies, with respect to the symmetrized mean control state in Fig. 663 

3, averaged over the last century of Exp1.0a. The left panel (a) shows anomalous SST 664 

(contours), anomalous surface salinity (shading) and anomalous surface currents averaged 665 

over the top 100m (vectors). The right panel (b) shows anomalous latent heat flux (red, 666 

positive in the atmosphere, and blue, negative out of the atmosphere, contours), anomalous 667 

precipitation (shading) and anomalous surface wind (vectors). The gray horizontal lines mark 668 

zonal mean surface boundaries between the Hadley, Ferrell and Polar cells (zonal average of 669 

zero meridional surface wind), while the white curves mark boundaries between the tropical, 670 

subtropical and subpolar gyres (zero wind stress curl). 671 

Figure 7. The panel (a) shows time evolution (with applied 31-year Hamming filtering) of the 672 

following asymmetry parameters in Exp1.0a: the black curve is zonal mean meridional wind 673 

stress at the equator (in N/m2), the red curve is difference between (0°,10°N)-averaged SST 674 

and (10°S,0°)-averaged SST (in °C), the blue curve is difference between (0°,10°N)-675 

integrated precipitation and (10°S,0°)-integrated precipitation (in Sv), and the purple curve is 676 

integrated asymmetry of extratropical surface heat flux with positive values representing 677 

excess heat release into the NH atmosphere (in PW). The panel (b) and (c) show anomalous 678 

(with respect to symmetrized control state in Fig. 4) overturning streamfunction in the 679 

atmosphere and meridional heat transport components averaged over the last 100 years.  In 680 

panel (c) blue, black, red, purple and green curves show vertically and zonally integrated 681 

anomalous ocean heat, total planetary heat, moist static energy, dry static energy and latent 682 

energy transport, respectively. 683 

Figure 8. A key segment of the evolution of anomalous components, with respect to the 684 

symmetrized control mean fields, in Exp1.3 bifurcated from Exp1.0 at 01/01/0401 (marked 685 

by black horizontal line): (a) zonally and vertically integrated anomaly of meridional salinity 686 
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transport in top 200m (in 109kg/s), (b) zonally averaged anomaly of surface salinity (in psu), 687 

(c) zonally averaged anomaly of SST (in °C), and (d) zonally integrated anomaly of net 688 

ocean surface heat flux (in 1012W). The green curves mark zonal mean surface boundaries 689 

between the Hadley, Ferrell and polar cells, while the black curves mark zonal mean 690 

boundaries between the tropical, subtropical and subpolar gyres. The white horizontal lines at 691 

48°S and 60°S mark the edges of circumpolar channel. The 31-year Hamming filter is 692 

applied to all fields. The surface heat flux from the ocean to the atmosphere has positive sign.  693 

Figure 9. The steady state anomalies, with respect to the symmetrized mean control state in Fig. 694 

3, averaged over the last century of Exp1.3. The left panel (a) shows anomalous SST 695 

(contours), anomalous surface salinity (shading) and anomalous surface currents averaged 696 

over the top 100m (vectors). The right panel (b) shows anomalous latent heat flux (red, 697 

positive in the atmosphere, and blue, negative out of the atmosphere, contours), anomalous 698 

precipitation (shading) and anomalous surface wind (vectors). The gray horizontal lines mark 699 

zonal mean surface boundaries between the Hadley, Ferrell and Polar cells (zonal average of 700 

zero meridional surface wind), while the white curves mark boundaries between the tropical, 701 

subtropical and subpolar gyres (zero wind stress curl). The black horizontal lines in the SH 702 

subpolar region at 48°S and 60°S mark boundaries of the circumpolar channel approximately 703 

2.5km deep.  704 

Figure 10. The final steady state, averaged over the last 100 years, of Exp1.3 with the SH 705 

circumpolar channel 2436m deep. The black contours and gray shading show the MOC 706 

overturning streamfunction overlaid by red (positive) and blue (negative) contours of zonally 707 

averaged salinity anomaly (with the respect to the symmetrized mean control state). The red, 708 

blue, purple and gray arrows schematically depict interhemispheric upper-ocean salinity 709 

transport, anomalous freshwater transport, anomalous heat transport and anomalous Hadley 710 

circulation, respectively.  711 

Figure 11. The shading and contours show development, over the key period, of the vertical 712 

distribution of zonally integrated anomalous meridional salinity transport (in 106kg/s) at the 713 

southern edge of circumpolar channel (60°S) and average salinity anomaly (in psu) south of 714 

the channel, respectively, in Exp1.0 (a), Exp1.1 (b), Exp1.2 (c) and Exp1.3 (d) in the top 715 

1km. The black vertical lines mark the opening of circumpolar channels at 01/01/0401. The 716 
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white horizontal lines in panels (b) and (c) show the sill depth at 102m and 480m, 717 

respectively. 718 

Figure 12. The shading and contours show development, over the key period, of the vertical 719 

distribution of zonally integrated anomalous meridional salinity transport (in 106kg/s) at the 720 

southern edge of circumpolar channel (60°S) and average salinity anomaly (in psu) south of 721 

the channel, respectively, in Exp1.0 (a), Exp1.1 (b), Exp1.2 (c) and Exp1.3 (d) in the top 722 

1km. The black vertical lines mark the opening of circumpolar channels at 01/01/0401. The 723 

white horizontal lines in panels (b) and (c) show the sill depth at 102m and 480m, 724 

respectively.  725 

Figure 13. The climate states, with applied 3-year Hamming filer, throughout the integration of 726 

Exp1.0 (black), Exp1.0a (gray), Exp1.1 (red), Exp1.2 (green), Exp1.3 (blue) and Exp1.5 727 

(purple). The upper panel (a) shows the cumulative tropical precipitation difference between 728 

the NH and the SH (an ITCZ asymmetry index) as a function of the difference between 729 

zonally and vertically integrated meridional salinity transport in the top 200m at 42°N and at 730 

42°S (average latitude of boundary between the subtropical and subpolar gyres). The lower 731 

panel (b) shows depth of equatorial isopycnals zx (with x marking sigma densities relative to 732 

the surface pressure) averaged between 4°N and 4°S as a function of a deep MOC asymmetry 733 

index (sum of the subpolar MOC streamfunction extrema in both hemisphere) that is 734 

proportional to abscissa in the upper panel. Exp1.4 results (not shown) are indistinguishable 735 

from Exp1.3 and Exp1.2.  736 
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 737 

Figure 1 The different ocean basin geometries used in this study (upper panel) and time integra-

tion outline for the whole series of experiments (lower panel). 
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 738 

Figure 2 The upper panels show time evolution (smoothed with the 31-year Hamming filter) of 

MOC streamfunction indices in Exp1.0 (a) and Exp1.0a (b). The deepMOC (black curves) is 

the magnitude of the deep MOC cell (subsurface extremum in the extratropics). The eqMOC 

(red curves) is the amplitude of deep-water exchange across the equator (subsurface extre-

mum). The absolute values of the SH MOC indices (dashed curves) are shown for easier 

comparison of the interhemispheric differences. The lower panels show the MOC stream-

function (gray contours), with positive values representing clockwise circulation, over the 

zonally averaged anomalous salinity (shading), with respect to the symmetrized mean control 

state, averaged over the last 500 years of Exp1.0 (c) and Exp1.0a (d). 
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 739 

Figure 3 The symmetrized mean control climate averaged over the last 100 years of Exp1.0 and 

Exp1.0a. The left panel (a) shows surface salinity (shading), surface currents averaged over 

top 100m (vectors) and SST (grey contours). The right panel (b) shows precipitation (shad-

ing), surface level winds (vectors) and net surface heat flux (red, positive in the atmosphere, 

and blue, negative out of the atmosphere, contours). The SH conditions mirror the presented 

NH conditions across the equator by construction. White contours mark boundaries between 

ocean gyres (zero wind stress curl), while green (gray) horizontal lines in the left (right) pan-

el delineate surface boundaries between the meridional overturning cells in the atmosphere 

(the zonally averaged position of zero surface meridional wind). 
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Figure 4. The symmetrized mean control climate averaged over the last 100 years of Exp1.0 and 

Exp1.0a. The upper panel (a) shows atmospheric meridional overturning stream-function 

(contours and grey shading for negative values). The lower panel (b) shows meridional heat 

transport elements: total planetary (black curve), moist static energy (red curve), dry static 

energy (purple curve), latent energy (green curve) and ocean (blue curve). Vertical gray lines 

in (b) panel mark surface boundaries of the Hadley, Ferrell and Polar overturning cells (the 

zonally averaged position of zero surface meridional wind). 
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Figure 5. A key segment of the evolution of anomalous components, with respect to the symme-

trized mean control fields, in Exp1.0a: (a) zonally and vertically integrated anomaly of meri-

dional salinity transport in top 200m (in 109kg/s), (b) zonally averaged anomaly of surface 

salinity (in psu), (c) zonally averaged anomaly of SST (in °C), and (d) zonally integrated 

anomaly of net ocean surface heat flux (in 1012W). The green curves mark zonal mean sur-

face boundaries between the Hadley, Ferrell and polar cells, while the black curves mark 

zonal mean boundaries between the tropical, subtropical and subpolar gyres. The 31-year 

Hamming filter is applied to all fields. The surface heat flux from the ocean to the atmos-

phere has positive sign. 
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Figure 6. The steady state anomalies, with respect to the symmetrized mean control state in Fig. 

3, averaged over the last century of Exp1.0a. The left panel (a) shows anomalous SST (con-

tours), anomalous surface salinity (shading) and anomalous surface currents averaged over 

the top 100m (vectors). The right panel (b) shows anomalous latent heat flux (red, positive in 

the atmosphere, and blue, negative out of the atmosphere, contours), anomalous precipitation 

(shading) and anomalous surface wind (vectors). The gray horizontal lines mark zonal mean 

surface boundaries between the Hadley, Ferrell and Polar cells (zonal average of zero meri-

dional surface wind), while the white curves mark boundaries between the tropical, subtropi-

cal and subpolar gyres (zero wind stress curl). 
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 740 

Figure 7. The panel (a) shows time evolution (with applied 31-year Hamming filtering) of the 

following asymmetry parameters in Exp1.0a: the black curve is zonal mean meridional wind 

stress at the equator (in N/m2), the red curve is difference between (0°,10°N)-averaged SST 

and (10°S,0°)-averaged SST (in °C), the blue curve is difference between (0°,10°N)-

integrated precipitation and (10°S,0°)-integrated precipitation (in Sv), and the purple curve is 

integrated asymmetry of extratropical surface heat flux with positive values representing 

excess heat release into the NH atmosphere (in PW). The panel (b) and (c) show anomalous 

(with respect to symmetrized control state in Fig. 4) overturning streamfunction in the at-

mosphere and meridional heat transport components averaged over the last 100 years.  In 

panel (c) blue, black, red, purple and green curves show vertically and zonally integrated 

anomalous ocean heat, total planetary heat, moist static energy, dry static energy and latent 

energy transport, respectively. 
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 741 

Figure 8. A key segment of the evolution of anomalous components, with respect to the symme-

trized control mean fields, in Exp1.3 bifurcated from Exp1.0 at 01/01/0401 (marked by black 

horizontal line): (a) zonally and vertically integrated anomaly of meridional salinity transport 

in top 200m (in 109kg/s), (b) zonally averaged anomaly of surface salinity (in psu), (c) zonal-

ly averaged anomaly of SST (in °C), and (d) zonally integrated anomaly of net ocean surface 

heat flux (in 1012W). The green curves mark zonal mean surface boundaries between the 

Hadley, Ferrell and polar cells, while the black curves mark zonal mean boundaries between 

the tropical, subtropical and subpolar gyres. The white horizontal lines at 48°S and 60°S 

mark the edges of circumpolar channel. The 31-year Hamming filter is applied to all fields. 

The surface heat flux from the ocean to the atmosphere has positive sign.  
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Figure 9. The steady state anomalies, with respect to the symmetrized mean control state in Fig. 

3, averaged over the last century of Exp1.3. The left panel (a) shows anomalous SST (con-

tours), anomalous surface salinity (shading) and anomalous surface currents averaged over 

the top 100m (vectors). The right panel (b) shows anomalous latent heat flux (red, positive in 

the atmosphere, and blue, negative out of the atmosphere, contours), anomalous precipitation 

(shading) and anomalous surface wind (vectors). The gray horizontal lines mark zonal mean 

surface boundaries between the Hadley, Ferrell and Polar cells (zonal average of zero meri-

dional surface wind), while the white curves mark boundaries between the tropical, subtropi-

cal and subpolar gyres (zero wind stress curl). The black horizontal lines in the SH subpolar 

region at 48°S and 60°S mark boundaries of the circumpolar channel approximately 2.5km 

deep. 
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Figure 10. The final steady state, averaged over the last 100 years, of Exp1.3 with the SH cir-

cumpolar channel 2436m deep. The black contours and gray shading show the MOC over-

turning streamfunction overlaid by red (positive) and blue (negative) contours of zonally av-

eraged salinity anomaly (with the respect to the symmetrized mean control state). The red, 

blue, purple and gray arrows schematically depict interhemispheric upper-ocean salinity 

transport, anomalous freshwater transport, anomalous heat transport and anomalous Hadley 

circulation, respectively. 
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Figure 11. The shading and contours show development, over the key period, of the vertical dis-

tribution of zonally integrated anomalous meridional salinity transport (in 106kg/s) at the 

southern edge of circumpolar channel (60°S) and average salinity anomaly (in psu) south of 

the channel, respectively, in Exp1.0 (a), Exp1.1 (b), Exp1.2 (c) and Exp1.3 (d) in the top 

1km. The black vertical lines mark the opening of circumpolar channels at 01/01/0401. The 

white horizontal lines in panels (b) and (c) show the sill depth at 102m and 480m, respective-

ly. 
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Figure 12. The shading and contours show development, over the key period, of the vertical dis-

tribution of zonally integrated anomalous meridional salinity transport (in 106kg/s) at the 

southern edge of circumpolar channel (60°S) and average salinity anomaly (in psu) south of 

the channel, respectively, in Exp1.0 (a), Exp1.1 (b), Exp1.2 (c) and Exp1.3 (d) in the top 

1km. The black vertical lines mark the opening of circumpolar channels at 01/01/0401. The 

white horizontal lines in panels (b) and (c) show the sill depth at 102m and 480m, respective-

ly. 
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Figure 13. The climate states, with applied 3-year Hamming filer, throughout the integration of 

Exp1.0 (black), Exp1.0a (gray), Exp1.1 (red), Exp1.2 (green), Exp1.3 (blue) and Exp1.5 

(purple). The upper panel (a) shows the cumulative tropical precipitation difference between 

the NH and the SH (an ITCZ asymmetry index) as a function of the difference between zo-

nally and vertically integrated meridional salinity transport in the top 200m at 42°N and at 

42°S (average latitude of boundary between the subtropical and subpolar gyres). The lower 

panel (b) shows depth of equatorial isopycnals zx (with x marking sigma densities relative to 

the surface pressure) averaged between 4°N and 4°S as a function of a deep MOC asymmetry 

index (sum of the subpolar MOC streamfunction extrema in both hemisphere) that is propor-

tional to abscissa in the upper panel. Exp1.4 results (not shown) are indistinguishable from 

Exp1.3 and Exp1.2. 


