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ABSTRACT

Ocean heat transport in the Atlantic basin is northwards at all latitudes, and is largest between

the equator and 42↑N. This heat transport impacts multiple aspects of the Earth’s climate, setting

tropical precipitation, surface temperatures and Arctic sea ice concentration. In this paper, we

attempt to understand the role of the equatorial winds in setting the meridional heat transport

in the Atlantic using an idealized single basin model with a re-entrant channel in the southern

boundary. Increasing the westward wind stress at the equator increases the volume transport of the

subtropical cells. Although the wind stress changes are symmetric about the equator, we find that

the heat transport in the Northern Hemisphere changes more than the heat transport in the Southern

Hemisphere. We find that heat transport changes are mediated by the western boundary currents,

which are warmer when the winds are stronger at the equator. This heat continues poleward until it

reaches the poleward boundary of the subtropical gyre (STG), after which waters cool down due to

exposure to colder subpolar atmospheric temperatures. A further series of experiments run with a

20% decrease in AMOC shows that the AMOC has very little impact on the fate of heat that enters

the ocean in the equatorial Atlantic.
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Significance statement. Optional significance statement goes here.21

1. Introduction22

The Atlantic Meridional Overturning Circulation (AMOC) is a large-scale system of ocean23

currents that plays a crucial role in Earth’s climate by redistributing heat, salt, and nutrients.24

It consists of a northward-flowing upper limb, where warm, salty waters are transported to the25

North Atlantic, and a deep colder return flow, where dense waters formed in high-latitude polar26

sites sink and travel southward as the North Atlantic Deep Water (NADW) (see Broecker (1992),27

Richardson (2008)). The Atlantic Meridional Overturning Circulation causes the total ocean heat28

transport in the Atlantic to be northward at all latitudes (see (Trenberth and Caron 2001; Bryan29

1962; Hastenrath 1982; Buckley and Marshall 2016; Kelly et al. 2014)). This feature of the heat30

transport in the Atlantic is unique among all ocean basins and has been recognized for its role31

in modulating the climate in the Europe (Palter 2015; Mo”a-Sánchez and Hall 2017) and the32

Americas (Srokosz et al. 2012; Buckley and Marshall 2016; Lynch-Stieglitz 2017). Variations33

in the northward Atlantic heat transport are thought to be a key driver of Atlantic Multidecadal34

Variability (Oldenburg et al. 2021), which a”ects variability in multiple parts of the climate system35

(Zhang et al. 2019), including precipitation patterns (Folland et al. 1986; Martin and Thorncroft36

2014).37

While meridional Atlantic Ocean heat transport is northward at all latitudes, its magnitude varies38

significantly. The Atlantic Subtropical Cells (STCs) are shallow wind driven circulation patterns39

that connect the subtropics subduction areas to the tropical upwelling regions. The STCs transport40

water poleward at the surface and equatorward at depths of about 100-200m. (Tuchen et al. 2019).41

Heat transport by the subtropical cells has not been studied very much, (Klinger and Marotzke42

2000) develops a theory to relate the heat transport to the winds over the subtropical cell. The43
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theory directly correlates the heat transport to the Ekman transport, which they claim is bound44

within the subtropical cell.45

Past the subtropical cells, the subtropical gyres extend to regions with negative wind stress46

curl. STGs each have a strong and narrow western boundary current that flows polewards, with a47

broader and slower return flow that is equatorwards in the rest of the basin Vallis (2017). Since48

each subtropical cell extends from the equator to the zero wind stress line, there is overlap between49

the subtropical gyres and the subtropical cells, and water parcels are exchanged between these50

structures (Rousselet and Cessi 2022). This study highlights how this exchange between the51

subtropical cell and the subtropical gyre impacts heat transport.52

Studies in the past have attempted to separate the heat transport by the overturning circulation53

and by the gyres (Bryan 1962; Hall and Bryden 1982; McDonagh et al. 2010; Ferrari and Ferreira54

2011; Piecuch et al. 2017; Bhagtani et al. 2024). While it is understood that the heat is transported55

northwards, these studies have shown that it is not straightforward to attribute this northward heat56

transport directly to either wind driven circulation or the buoyancy driven circulation, because57

winds a”ect the AMOC strength (Yang 2015; Cessi 2018), and buoyancy forcing a”ects the gyre58

profile (Bhagtani et al. 2023). In addition, both circulations interact, and some methods attribute59

a large fraction of the heat transport to the “mixed” circulation, which only occurs when both60

the AMOC and the gyres are present (Ferrari and Ferreira 2011; Bhagtani et al. 2024). Jones61

et al. (2024) compared several methods that separated the heat transport into gyre and overturning62

components and found that the results of these methods disagree: one possible explanation is that63

the mixed circulation dominates heat transport and separation into a contribution by the gyres and64

by the AMOC is not possible.65

In this study, we do not aim to separate the contribution of the gyres and AMOC, instead we66

aim to characterize the relationship between winds at the equator, the overturning circulation and67
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the meridional heat transport by running a series of model experiments with di”erent equatorial68

winds in an idealized single basin Atlantic-like model. We find that the northward heat transport in69

the Northern Hemisphere increases with an increase in equatorial westward winds, and these heat70

transport di”erences extend to about 42↑N. In the Southern Hemisphere, we see the heat transport71

di”erences, are of a lower magnitude than the North, and extend to about 30↑S. We analyze the72

water pathways responsible for the transport of heat, and find that the observed heat transport73

di”erences are a result of the warmer waters primarily traveling through the western boundary74

currents of the subtropical gyres.75

In our initial experiments, the wind stress over the Southern Ocean is higher than the wind stress76

over equivalent latitudes in the Northern Hemisphere, consistent with observations. Our initial77

experiments exhibit zonal asymmetries in heat transport, and we want to understand whether these78

asymmetries are caused by the asymmetric wind stress. Hence later in this paper we discuss79

further experiments with fully symmetric winds. The winds in this second set of experiments have80

a weaker wind stress over the Southern Ocean, which causes a weaker AMOC transport.81

We first discuss our model set up and other relevant details of our run in Section 2. We discuss82

the heat transport and overturning from these simulations in Section 3. We then discuss the water83

pathways that may be responsible for the conduit of heat in both the hemispheres in Section 4. In84

Section 5 we discuss the set of experiments with reduced Southern Ocean winds. We conclude our85

results and discuss the summary in Section 6.86
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2. Data and Methods87

The numerical model used is the Modular Ocean Model version 6 (MOM6) which uses a88

horizontal C-grid stencil and a vertical Lagrangian mapping. The ocean bathymetry is based89

on the NeverWorld2 model developed by Marques et al. (2022), but unlike the Neverworld290

configuration, which is adiabatic, our model has thermodynamics and convection. The domain is91

a spherical sector spanning 140↑ in latitude and 80↑ in longitude, enclosed by a solid coast at 70↑N92

and 70↑S; and also at 0↑E and 80↑E, except for a re-entrant channel at the southern edge of the basin93

centered at 50↑S, as shown in Fig. 1. The model has a 1↑↓1↑ resolution, with 32 uneven depth94

layers - decreasing in resolution with increase in depth. The unevenly spaced layers range from a95

minimum spacing of 13m at the top to a maximum spacing of 309m at the bottom. A triangular96

ridge of height 2000m runs through the length of the basin, centered at 40↑E with base spanning97

from 10↑E to 70↑E as shown in Fig. 1 (a). This ridge is an idealization of the Mid-Atlantic Ridge98

and Scotia Arc that work oppose momentum via drag across the Drake Passage.99

The model is run with a linear equation of state described by100

𝐿 = 𝐿0 +𝑀𝑁𝑁 (1)

where, 𝐿 refers to the density of water, 𝐿0 = 1000𝑂𝑃/𝑄3
,𝑀𝑁 = 𝑅𝐿

𝑅𝑁
= ↔0.2𝑂𝑃/𝑄3↑

𝑆101

The density is independent of salinity, i.e., the model is run with a constant salinity of 35ppm.102

The surface temperature is relaxed towards a temperature profile that is shown in Fig. 1 (b),103

at a rate of 10𝑄/𝑇𝑈𝑉. Momentum dissipation is through Laplacian viscosity with horizontal and104

vertical viscosity coe!cients 𝑊𝑋 = 2↓ 105
𝑄

2/𝑌 and 𝑊𝑍 = 5↓ 10↔6
𝑄

2/𝑌 respectively. Because of105

the coarse resolution in the model, we use the parametrization of advective form from Gent and106

Mcwilliams (1990). This parameterization uses mixing coe!cient 𝑎𝑏𝑐 = 500𝑄2/𝑌. Because107
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the salinity does not vary, there are no gradients of temperature along isopycnals and we do not108

parametrize the di”usive e”ects of eddies.109

Our model is run with purely zonal wind stress (𝑑𝑉 = 0 everywhere), steady in time. The zonally110

averaged zonal wind forcings are shown in Fig. 2 (a). The expression for the zonal wind stress 𝑑𝑒111

for seq0, our control case, is given by112

𝑑 = 𝑑𝑄𝑈𝑒 [↔𝑓𝑔𝑌(3𝑕𝑖) + 𝑗↔𝑖
2/2𝑘2

1 + 𝑗↔(𝑖+46.7)2/2𝑘2
2 ] (2)

where 𝑑𝑄𝑈𝑒 = 0.1Pa, 𝑘1=10↑, and 𝑘2=8↑. The rightmost exponential term is responsible for113

creating stronger eastward winds over the Southern Ocean than at equivalent latitudes in the114

Northern Hemisphere (see Fig. 2). In perturbation experiments (here called seq2, seq and seq4.6)115

the equatorial wind stress is changed by adding weighted Gaussian bumps centered around the116

equator, as seen in Fig. 2. Di”erences between the cases are localized close to the equator between117

12.5↑N and 12.5↑S.118

a. Residual Overturning Streamfunction119

1) D!”#$ S”%&!120

The overturning circulation is quantified using the zonally integrated residual overturning stream-121

function122

𝑙(𝑉, 𝑚, 𝑛) =
∫

𝑜𝐿

0

∫
𝑝

0
𝑍
†(𝑒, 𝑉, 𝑚, 𝑛)𝑇𝑚𝑇𝑒 (3)

where 𝑍
† is the resolved velocity plus the eddy velocity from the GM parametrization, 𝑝 is the123

ocean depth and 𝑜𝑒 is the width of the basin.124

Winds close to the equator are westwards, and this drives a poleward Ekman transport in both125

hemispheres. The shaded contours in Fig. 3 show the residual overturning circulation in depth126

space in the between 25↑S and 25↑N. Our subtropical cells are contained within the latitudes of the127
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zero wind stress line containing the equator, which is from 23 ↑
𝑞 to 23 ↑

𝑟 . We choose to zoom in128

on these latitudes in Fig. 3 because of the negligible change in the streamfunction outside of these129

latitudes (see supplement).130

To illustrate the theoretical volume transport due to wind-driven velocities in this region, we131

employ the vertical streamfunction due to wind stress formulated by Rousselet and Cessi (2022),132

where the streamfunction proportional to the wind stress forcing is given by133

𝑠(𝑉, 𝑚) = ↔𝑑𝑒 (𝑉,0)
𝐿 𝑡

(
1+ 𝑚

𝑝

)
(4)

where f is the Coriolis parameter, and 𝑝 is the maximum depth, which we set as 400m in our134

calculations. This calculation gives us the theoretical wind driven circulation in the top 400m of135

the ocean as a function of latitude and depth, which are shown in the black contours in Fig. 3.136

2) D!’()#* S”%&!137

The overturning circulation as a function of latitude and density is quantified using138

𝑙𝐿 (𝑉, �̃�, 𝑛) =
∫

𝑜𝐿

0

∫
𝑚(𝐿𝑀)

𝑚( �̃�)
𝑍
†(𝑒, 𝑉, 𝑚(𝐿), 𝑛)𝑇𝑚𝑇𝑒 , (5)

where 𝐿𝑌 is the density at the surface. The variable 𝑙𝐿 is then the zonally integrated transport of139

water as a function of latitude and density, as shown in Fig. 4.140
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3. Results141

We show the heat transport for each of the wind forcings in Fig. 2(b). Fig. 2 (c) shows the142

di”erence in heat transport between the simulations with westward equatorial winds (seq2, seq3,143

and seq4.6) and the control run (seq0). We see an increase in the northward heat transport with144

an increase in westwards winds at the equator. In the Northern Hemisphere we observe that the145

di”erence in the heat transport in the westward wind cases continues up to 42↑N. We see that in146

the Southern Hemisphere, there is a decrease in the heat transported southwards with an increase147

in wind strength, and this di”erence is negligible polewards of 30↑S. Hence, an equatorially148

symmetric change in wind stress between 12.5↑S and 12.5↑N leads to an equatorially asymmetric149

change in heat transport between 30↑S and 42↑N.150

To better understand how the di”erences in heat transport arise, we next examine the overturning151

streamfunction calculated in depth space. We plot the ROC for seq0 in Fig. 3(a) and the di”erence152

from seq0 for the other 3 wind stresses cases in Fig. 3 (b), (c), (d). The transport of the subtropical153

cells increases with an increase in the winds, and these changes are roughly symmetric around the154

equator in all 3 cases. We see the di”erence primarily localized around the equator, confined to155

25↑S and 25↑N, in the subtropical cell.156

We plot the theoretical streamlines, as defined above in eq. (4) as contours overlapping the shaded157

ROC in Fig. 3. The theoretical Ekman transport is largest at the equator because 𝑡 is zero there,158

and for the same reason, the di”erences between the theoretical transports from di”erent winds159

are also largest at the equator (0.5↑S and 0.5↑SN where the grids are defines). But the maximum160

di”erence in the simulation appears to be centered around about 5↑N and 5↑S. This is likely caused161

by viscous e”ects, which are not included in the theoretical predictions.162
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Although the theoretical Ekman streamline contour di”erences only extend up to 12.5↑ in both163

hemispheres, as expected due to the wind change latitudes, the actual ROC di”erences extend164

beyond these latitudes and depths in all of the wind cases. The depth of the volumetric transport165

di”erence increases in both hemispheres with an increase in winds at the equator, meaning that166

colder waters from deeper depths are upwelled at the equator when the winds increase. This allows167

for ventilation of colder waters at the equator, resulting in a net heat uptake.168

We observe that the volume transport of water in depth space cannot explain the transport of heat169

from the equator, because while the ROC di”erences appear to be symmetric around the equator,170

the heat transport di”erences are not. Furthermore, the heat transport di”erences occur farther171

northwards than the observed ROC di”erences do. The change in the volume transport of water in172

the subtropical cell cannot be responsible for the meridional heat transport of water, which extends173

further polewards in both hemispheres.174

The overturning circulation is calculated as a function of density and latitude as described in175

Section 2. We plot the ROC in density space for seq0 in Fig. 4 (a) and the di”erence between the176

other wind stress cases and seq0 in Fig. 4(b), (c) and (d). We notice that the maximum di”erence is177

confined to the lower densities. We see a larger change in the volumetric transport in the Northern178

Hemisphere, in comparison to the South. An increase in wind corresponds to a larger volume179

transport of water in the density range of 1023 to 1026. The di”erence in ROC streamfunction180

in density space continues farther north than the di”erences in the ROC streamfunction in depth181

space, reaching 42↑N. Density and temperature have a linear relationship in our model (eq. (1)),182

so any changes in the ROC in density space can be attributed to the changes in the temperature of183

water flow. Hence, the circulations that we see in density space are always associated with warmer184

water flowing in one direction and colder water flowing in the other direction.185
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Fig. 5 shows the barotropic streamfunction of the circulation showing the tropical, subtropical186

and subpolar gyres, and we note that the northern edge of the subtropical gyre in the Northern187

Hemisphere is at 42↑N. The changes in the density space ROC (see Fig. 4) in the Northern188

Hemisphere extend to the poleward boundary of the subtropical gyre (blue lines) in all of the wind189

cases. The subtropical gyre in the Southern Hemisphere is bound by the ACC, and has a lower190

latitude extent in the western boundary of the basin. The latitude of changes in the density space191

ROC (see Fig. 4) in the Southern Hemisphere lie at a lower latitude of about 30↑S. The asymmetry192

in the density ROC di”erences aligns well with the asymmetry of the heat transport di”erences in193

Fig. 2(c). We conclude that the increased heat transport till the subtropical gyre boundary is the194

result of the increased temperatures of water flowing northwards; and this change only gets stronger195

when we have stronger winds at the equator. In the next section, we will explore the pathway of196

this high-temperature water.197

4. Water Pathways responsible for the Heat Transport198

As discussed in Section 3, the increased heat transport from the equator to the is due to an199

increased volume of high-temperature water flowing till the STG edge. The volume of water that200

changes in the subtropical cell is recirculated in the tropics, and does not extend farther. To examine201

the water pathways of the higher temperature waters responsible for this, we plot the longitudinal202

cross-section of the isopycnals from the equator till 40↑N and 30↑S varying in 20↑ and 10↑ intervals203

in both hemispheres respectively, as seen in Fig. 6 and Fig. 7.204

Fig. 6 and Fig. 7 show the cross-section of the isopycnals in both Hemispheres. Fig. 6(a)205

shows the isopycnals at the Equator. The isopycnals are more tilted when the winds are stronger.206

This di”erence is highest at the equator and the tropics – to which we have limited our wind207

changes. Analysis of the isopycnals as plotted in Fig. 6 suggests that the di”erence in the depths208

11



of isopycnals are most prominent in the western boundary of the basin. These di”erences in the209

WBCs continue till about 40↑N. At a given depth, water at the WBC of a higher equatorial wind210

forcing will be warmer than that of a lower equatorial wind forcing. The temperature of the water211

at a given depth and latitude is warmer at the western boundary, if the winds at the equator are212

stronger, thus contributing to a higher magnitude of heat transport. The equator is a region of high213

upwelling of waters, which increases with an increase in winds, thus, enabling ventilation of larger214

volumes of water. The volumes of water flowing changes only as far as the subtropical cell, which215

might be due to an increased strength in the recirculation of waters in the tropics itself. But the216

waters that do continue traveling polewards beyond the tropics (via the western boundary currents),217

are warmer if the winds at the equator are higher.218

At the poleward edge of the Northern Hemisphere subtropical gyre, the western boundary current219

separates from the boundary, and travels eastwards, instead of going farther north. This exposes220

warm waters to the cold atmospheric conditions of the subtropics, leading to a net heat flux from the221

ocean to the atmosphere at these latitudes, which may set the boundary of heat transport di”erences222

we notice in Fig. 2 (c). We also see this in Fig. 8 which shows the net surface heat flux of the223

ocean. The heat uptake is highest at the equator in the eastern parts of the basin where colder224

waters upwell. Highest loss of heat happens at the western boundary at the STG latitudes. This loss225

of heat also continues eastwards in the basin. Colder waters then downwell at these latitudes, from226

where they travel equatorwards, as seen in Fig. 6 via the eastern boundary of the basin. Waters227

then upwell at the equator from the east, completing the circuit.228

We isolate and simplify the northward pathway of water from the equator in Fig. 15. Water229

upwells at the equator, warms, and flows north through the western boundary current till the230

northern edge of the STG, at which point they cool, downwell and travel equatorwards via the231

easternmost flow of the basin.232
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Fig. 2 shows that in the Southern Hemisphere, the di”erence in heat transport between seq0233

and the experiment forcings only exist until about 30↑S. Although the poleward boundary of the234

subtropical gyre extends farther south than this, the presence of the Antarctic Circumpolar Current235

(ACC) causes the subtropical gyre extent to separate from the western boundary at about 30↑S.236

This can be seen in the barotropic streamfunctions plotted in Fig. 5. The subtropical gyre in the237

Southern Hemisphere extends only up to 30↑S in the western boundary, but extends farther south238

in the east beyond 40↑E. Since we have seen that the higher temperature waters flow through the239

western boundary circulation, the heat transported only extends as far south as the subtropical240

gyre’s western boundary current.241

5. Heat Transport with Symmetric Zonal Winds242

Next, we run the equatorial winds with a weaker wind forcing over the Southern Ocean, making243

the wind profile symmetric around the equator throughout the length of the basin. This is done to244

understand if the observed asymmetry in the heat transport di”erences is a result of the equatorial245

asymmetry in the winds.246

247

The wind profile and the heat transport for these new simulations are shown in Fig. 10. The248

most striking result is, despite an equatorially symmetric wind stress forcing, we still observe an249

asymmetry in the heat transported across the equator to both hemispheres. While the magnitude250

of heat being transported is higher in the Northern Hemisphere with an increased Southern Ocean251

winds, we see that the changes in the heat transport with in the eqx experiments (eqx-eq0) remain252

very similar to the changes we observe in the seqx experiments (Fig. 2(c) and Fig. 10(c)). Change253

in the state of the AMOC (and hence an increased volume transport) causes the heat transport254

to increase by the same amount for all of the corresponding equatorial winds (notice how the255
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di”erences follow very similar values and trends at lower latitudes (Fig. 10)). The zonal heat256

transport di”erence, however, changes negligibly (see supplement).257

We see the volume transport contours in density space at the equator for both the experiment258

runs in Fig. 11. We see that the maximum AMOC flow in eqx experiments is 20.6% lower than the259

peak transport flow in seqx. We also plot Fig. 13 which shows the di”erence between eq0 and eqx260

residual overturning circulation in the density space. We have seen in Section 4 that the di”erence261

in heat transport between seq0 and seqx is a result of the change in temperature of the waters262

flowing from the equator. We see that Fig. 13 also follows the same result – the di”erences in the263

heat transport in the eqx series extend till the poleward edge of STG in the Northern Hemisphere,264

and till the poleward edge at the western basin of the STG in the Southern Hemisphere (see Fig.265

12 which shows that the gyre boundaries of the eqx experiments). This confirms that the pathways266

of water carrying heat over the basin remain largely similar in both the seqx and eqx experiments.267

Reduced Southern Ocean wind stress does not alter heat transport pathways.268

269

The heat transport di”erences remain asymmetric, with larger di”erence in the Northern Hemi-270

sphere compared to the Southern Hemisphere for all of the wind cases. The shape and magnitude271

of the changes due to equatorial wind stress are not a”ected by the change in AMOC transport.272

Hence, the asymmetry in the heat transport does not appear to arise from the asymmetry in the273

zonal wind profile in Fig. 2 (a). The geometry of the basin, however, is retained in all the runs. The274

ocean basin in all the runs is asymmetric around the equator, due to the presence of the re-entrant275

channel in the Southern boundary. The presence of the Antarctic Circumpolar Current forces the276

boundary of the Southern subtropical gyre to be closer to the equator, thus the warm boundary277

currents have a lower latitude extent. This is the most likely the cause of the asymmetry in heat278

transport about the equator.279
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6. Concluding Remarks280

One goal of this study was to understand the relationship between winds at the equator and the281

northward heat transport in the AMOC. We ran a series of increasingly westwards wind models282

at the equator, each run with symmetric and asymmetric high latitude winds. We compared it283

with a control run that was set at 0 Pa at the equator. In response to these changes in wind, the284

zonally-integrated circulation in depth space displayed significant di”erences within 25↑ of the285

equator. But we find that the e”ects of westward wind changes close to the equator on the heat286

transport extend to the poleward boundary of the subtropical gyre: about 42↑N in the Northern287

Hemisphere and about 30↑S in the Southern Hemisphere.288

The equator is a site of high Ekman upwelling, and this upwelling increases with increasing289

winds, leading to more heat uptake. Previous theoretical work by Klinger and Marotzke (2000)290

predicted that the heat transport di”erences are contained purely within the subtropical cell. We291

find that this is not true for an Atlantic-like basin: the heat transport di”erences extend as far as292

the poleward edge of the subtropical gyre, and the change in the heat transported due to tropical293

winds is barely a”ected by changes to the buoyancy forcing and the AMOC.294

As westward wind stress at the equator increases, the volume of water traveling poleward due to295

Ekman transport increases. At the equator, this strengthened divergence causes more cool water296

to upwell and warm at the surface. The temperatures of water in the western boundary increases297

with an increase in the wind. This warm water is eventually transported northwards in the western298

boundary. The volume of waters transported outside the subtropical cell do not change in response299

to the change in winds at the equator, but these waters are warmer when the winds stress is higher.300

An increase in volume of warmer waters traveling along the western boundary of the subtropical301

gyre appears to be responsible for the transport of heat from the equator. At the poleward boundary302
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of the subtropical gyre these warm waters sink and travel equatorwards at deeper depths. Fig. 15303

shows a simplified version of the water pathways carrying warm waters to the Northern Hemisphere.304

The water pathways we infer are similar to Fig. 18 in Rousselet and Cessi (2022) which shows the305

particle trajectories in the Northern Hemisphere, and how they are connected between the tropical306

and subtropical gyres and the subtropical cell.307

Despite zonally symmetric wind changes, the transport of heat is zonally asymmetric over the308

basin, and this asymmetrical nature is not influenced by the strength of winds over the equator.309

In the second set of experiments, we employ a symmetric wind forcing over the basin, which310

means that the only changes between the two hemispheres are in the geometry and the temperature311

forcing. The re-entrant channel in the Southern Hemisphere allows for an Antarctic Circumpolar312

Current, which could be responsible for the asymmetry in the heat transport. Due to the geometry,313

and consequently the presence of the ACC, the western boundary of the subtropical gyre in314

the SH lies at a lower latitude than the corresponding eastern parts of the gyre. Since warmer315

waters travel primarily through the western boundary currents, the warmer waters in the SH are316

bound by the ACC in the westernmost part of the basin, which extends less polewards than the317

WBCs in STG in the NH. The latitudes of separation of the gyre and the subtropical cell in our318

model’s basin is di”erent from the real geometry of the ocean. In the Northern Hemisphere, the319

subtropical gyre flows through the Gulf stream past Cape Hatteras at 35↑N o” the coast of North320

Carolina. The North Atlantic Current arising from the Gulf Stream from the Grand Banks of321

Newfoundland at 45/𝑓𝑢𝑣𝑓N, and extending into the Norwegian Sea o” northwestern Europe marks322

the separation of the subtropical and the subpolar gyres. The poleward extent of the Souther323

STG lies around south Brazil at Rı́o de la Plata, where the southward flowing Brazil Current324

is met with the Falkland Currents at the Brazil-Malvinas Confluence Zone. This zone occurs325

between 35↑ to 45↑S. Our experiments run on the ideal geometry of the ocean basin are impor-326
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tant in understanding the role of these locations of separations to the transport of heat in the AMOC.327

328
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lantic subtropical cells inferred from observations. Journal of Geophysical Research: Oceans,395

124 (11), 7591–7605.396

21



Vallis, G. K., 2017: Atmospheric and oceanic fluid dynamics. Cambridge University Press.397

Yang, J., 2015: Local and remote wind stress forcing of the seasonal variability of the atlantic398

meridional overturning circulation (amoc) transport at 26.5 n. Journal of Geophysical Research:399

Oceans, 120 (4), 2488–2503.400

Zhang, R., R. Sutton, G. Danabasoglu, Y.-O. Kwon, R. Marsh, S. G. Yeager, D. E. Amrhein, and401

C. M. Little, 2019: A review of the role of the atlantic meridional overturning circulation in402

atlantic multidecadal variability and associated climate impacts. Reviews of Geophysics, 57 (2),403

316–375.404

22



LIST OF FIGURES405

Fig. 1. (a) 2D Bathymetry - Depth in meters. The basin has a re-entrant channel in the Southern406

Ocean, centered around 50↑S. A triangular ridge running through the length of the basin is an407

idealization of the Mid-Atlantic Ridge; (b) Latitude profile of zonally averaged SST forcing.408

The sea surface temperature is relaxed towards this profile at a rate of 10 m/day . . . . . 25409

Fig. 2. (a) Latitude profile of zonally averaged wind stress forcings for 4 cases set as - 0 at the equator410

(orange), 0.02 westwards at the equator (red), 0.03 westwards at the equator (maroon), no411

curl between the tropical gyres in the North and South Hemispheres (black), set at 0.046412

westwards between 12.5↑S to 12.5↑N. (b) Latitude profile of net heat transport by the AMOC413

in seq0, seq2, seq3, seq4.6. (c) Latitude profile of net heat transport of seq2, seq3 and seq4.6414

di”erenced from seq0. The blue line is the poleward boundary of the Northern Hemisphere415

STG. . . . . . . . . . . . . . . . . . . . . . . . . 26416

Fig. 3. a. Idealised volume transport contours from the Ekman transport of seq0 wind, overlapped417

on the ROC of the seq0 wind case as a function of latitude and depth ; b, c, d, Idealised418

volume transport contours from the Ekman transport of seq2, seq3, seq4.6 winds overlapped419

on ROC di”erence of seq2, seq3 and seq4.6 from seq0, respectively. Solid lines indicate a420

positive clockwise volumetric transport and dotted lines indicate a negative anticlockwise421

volumetric transport. The black contours have a spacing of 15 Sv in panels b, c, and d. We422

do not plot black contours higher than 40 Sv to avoid obscuring the shaded contours. . . . 27423

Fig. 4. a. Residual Overturning Circulation of the seq0 wind case as a function of latitude and424

density; b, c, d, Residual Overturning Circulation of seq0 subtracted from the ROC of seq2,425

seq3 and seq4.6 respectively. This shows the di”erence in the volumetric flow of water in426

reference to the seq0 run, for each of three the wind cases as a function of density. . . . . 28427

Fig. 5. a. Barotropic Streamfunction of the AMOC with seq0 forcing, with an indicative line at the428

poleward boundary of the STG latitudes. b,c,d barotropic streamfunction of seq0 subtracted429

from the barotropic streamfunction of seq2, seq3 and seq4.6 respectively, to show the change430

in the circulation on changing winds. Note the di”erence in the colorbars in two panels due a431

di”erence in the scaling in the volume transport, and a change in the volume transport. The432

blue lines indicate the edge of the subtropical gyres . . . . . . . . . . . . 29433

Fig. 6. Zonal cross section of the isopycnals of seq2 (red), seq3 (maroon), and seq4.6 (black) plotted434

on top of the zonal cross section of the isopycnal contours of seq0, for every 20 degree435

interval from the equator till 40↑N. The contours of the 40↑S are zoomed in on the Western436

Boundary (blue box). The isotherms are set at every 2↑ interval from 6↑C to 20↑C. The black437

boundaries indicate the walls of the channel . . . . . . . . . . . . . . 30438

Fig. 7. Zonal cross section of the isopycnals of seq2 (red), seq3 (maroon), and seq4.6 (black) plotted439

on top of the zonal cross section of the isopycnal contours of seq0, for every 10 degree440

interval from the 10↑S till 30↑S. The contours of the 30↑S are zoomed in on the Western441

Boundary (blue box). The isotherms are set at every 2↑ interval from 6↑C to 20↑C. The black442

boundaries indicate the walls of the channel . . . . . . . . . . . . . . 31443

Fig. 8. Net Surface Heat Flux of the Ocean Basin for seq0, seq2, seq3, seq4.6. We see a high heat444

influx at the eastern boundary of the basin at the equator, consistent with our understanding445

of higher Ekman equatorial upwelling with higher winds . . . . . . . . . . . 32446

Fig. 9. Circulation pathway of water in the Northern Hemisphere, depicting the upwelling of water at447

the equator (which increases with increasing winds), and warmer waters traveling northwards448

23



through the western boundary currents. Upon reaching the STG, they downwell, and travel449

equatorwards through the eastern boundary, and eventually upwell at the equator, thus450

completing the circuit. . . . . . . . . . . . . . . . . . . . . 33451

Fig. 10. (a) Latitude profile of zonally averaged wind stress forcings for 4 cases set as - 0 at the equator452

(orange), 0.02 westwards at the equator (red), 0.03 westwards at the equator (maroon), no453

curl between the tropical gyres in the North and South Hemispheres (black), set at 0.046454

westwards between 12.5↑S to 12.5↑N. (b) Latitude profile of zonally averaged net heat455

transport by the AMOC in eq0, eq2, eq3, eq4.6. (c) Latitude profile of zonally averaged net456

heat transport of eq2, eq3 and eq4.6 di”erenced from seq0 . . . . . . . . . . 34457

Fig. 11. Volume transport at the equator for the (a) seqx series and (b) eqx series . . . . . . . 35458

Fig. 12. Barotropic Streamfunction of the AMOC with eq0 forcing, with an indicative line at the459

poleward boundary of the STG latitudes . . . . . . . . . . . . . . . 36460

Fig. 13. a. Residual Overturning Circulation of the seq0 wind case as a function of latitude and461

density; b, c, d, Residual Overturning Circulation of eq0 subtracted from the ROC of eq2,462

eq3 and eq4.6 respectively. This shows the di”erence in the volumetric flow of water in463

reference to the eq0 run, for each of three the wind cases as a function of density. . . . . 37464

Fig. 14. Depth of the 10↑C isotherm at the western boundary of the basin from the equator till 40↑N . . 38465

Fig. 15. Circulation pathway of water in the Northern Hemisphere, depicting the upwelling of water at466

the equator (which increases with increasing winds), and warmer waters traveling northwards467

through the western boundary currents. Upon reaching the STG, they downwell, and travel468

equatorwards through the eastern boundary, and eventually upwell at the equator, thus469

completing the circuit. . . . . . . . . . . . . . . . . . . . . 39470

24



F)+. 1. (a) 2D Bathymetry - Depth in meters. The basin has a re-entrant channel in the Southern Ocean,

centered around 50↑S. A triangular ridge running through the length of the basin is an idealization of the Mid-

Atlantic Ridge; (b) Latitude profile of zonally averaged SST forcing. The sea surface temperature is relaxed

towards this profile at a rate of 10 m/day
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F)+. 2. (a) Latitude profile of zonally averaged wind stress forcings for 4 cases set as - 0 at the equator (orange),

0.02 westwards at the equator (red), 0.03 westwards at the equator (maroon), no curl between the tropical gyres in

the North and South Hemispheres (black), set at 0.046 westwards between 12.5↑S to 12.5↑N. (b) Latitude profile

of net heat transport by the AMOC in seq0, seq2, seq3, seq4.6. (c) Latitude profile of net heat transport of seq2,

seq3 and seq4.6 di”erenced from seq0. The blue line is the poleward boundary of the Northern Hemisphere

STG.

475

476

477

478

479

480

26



F)+. 3. a. Idealised volume transport contours from the Ekman transport of seq0 wind, overlapped on the ROC

of the seq0 wind case as a function of latitude and depth ; b, c, d, Idealised volume transport contours from the

Ekman transport of seq2, seq3, seq4.6 winds overlapped on ROC di”erence of seq2, seq3 and seq4.6 from seq0,

respectively. Solid lines indicate a positive clockwise volumetric transport and dotted lines indicate a negative

anticlockwise volumetric transport. The black contours have a spacing of 15 Sv in panels b, c, and d. We do not

plot black contours higher than 40 Sv to avoid obscuring the shaded contours.
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F)+. 4. a. Residual Overturning Circulation of the seq0 wind case as a function of latitude and density; b, c, d,

Residual Overturning Circulation of seq0 subtracted from the ROC of seq2, seq3 and seq4.6 respectively. This

shows the di”erence in the volumetric flow of water in reference to the seq0 run, for each of three the wind cases

as a function of density.
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F)+. 5. a. Barotropic Streamfunction of the AMOC with seq0 forcing, with an indicative line at the

poleward boundary of the STG latitudes. b,c,d barotropic streamfunction of seq0 subtracted from the barotropic

streamfunction of seq2, seq3 and seq4.6 respectively, to show the change in the circulation on changing winds.

Note the di”erence in the colorbars in two panels due a di”erence in the scaling in the volume transport, and a

change in the volume transport. The blue lines indicate the edge of the subtropical gyres
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F)+. 6. Zonal cross section of the isopycnals of seq2 (red), seq3 (maroon), and seq4.6 (black) plotted on top of

the zonal cross section of the isopycnal contours of seq0, for every 20 degree interval from the equator till 40↑N.

The contours of the 40↑S are zoomed in on the Western Boundary (blue box). The isotherms are set at every 2↑

interval from 6↑C to 20↑C. The black boundaries indicate the walls of the channel
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F)+. 7. Zonal cross section of the isopycnals of seq2 (red), seq3 (maroon), and seq4.6 (black) plotted on top

of the zonal cross section of the isopycnal contours of seq0, for every 10 degree interval from the 10↑S till 30↑S.

The contours of the 30↑S are zoomed in on the Western Boundary (blue box). The isotherms are set at every 2↑

interval from 6↑C to 20↑C. The black boundaries indicate the walls of the channel
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F)+. 8. Net Surface Heat Flux of the Ocean Basin for seq0, seq2, seq3, seq4.6. We see a high heat influx at

the eastern boundary of the basin at the equator, consistent with our understanding of higher Ekman equatorial

upwelling with higher winds
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F)+. 9. Circulation pathway of water in the Northern Hemisphere, depicting the upwelling of water at the

equator (which increases with increasing winds), and warmer waters traveling northwards through the western

boundary currents. Upon reaching the STG, they downwell, and travel equatorwards through the eastern boundary,

and eventually upwell at the equator, thus completing the circuit.
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F)+. 10. (a) Latitude profile of zonally averaged wind stress forcings for 4 cases set as - 0 at the equator

(orange), 0.02 westwards at the equator (red), 0.03 westwards at the equator (maroon), no curl between the

tropical gyres in the North and South Hemispheres (black), set at 0.046 westwards between 12.5↑S to 12.5↑N.

(b) Latitude profile of zonally averaged net heat transport by the AMOC in eq0, eq2, eq3, eq4.6. (c) Latitude

profile of zonally averaged net heat transport of eq2, eq3 and eq4.6 di”erenced from seq0
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F)+. 11. Volume transport at the equator for the (a) seqx series and (b) eqx series
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F)+. 12. Barotropic Streamfunction of the AMOC with eq0 forcing, with an indicative line at the poleward

boundary of the STG latitudes
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F)+. 13. a. Residual Overturning Circulation of the seq0 wind case as a function of latitude and density; b,

c, d, Residual Overturning Circulation of eq0 subtracted from the ROC of eq2, eq3 and eq4.6 respectively. This

shows the di”erence in the volumetric flow of water in reference to the eq0 run, for each of three the wind cases

as a function of density.
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F)+. 14. Depth of the 10↑C isotherm at the western boundary of the basin from the equator till 40↑N
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F)+. 15. Circulation pathway of water in the Northern Hemisphere, depicting the upwelling of water at the

equator (which increases with increasing winds), and warmer waters traveling northwards through the western

boundary currents. Upon reaching the STG, they downwell, and travel equatorwards through the eastern boundary,

and eventually upwell at the equator, thus completing the circuit.
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F!”. 4. (a) Di!erence of the heat transport in the eqx series subtracted from the heat transport in the seqx

series. (b), (c) and (d) are the plots of the heat transport di!erences (with the control run) between the seqx and

eqx experiments

29

30

31

6



F!”. 5. Barotropic Streamfunction of the AMOC with eq0 forcing, with an indicative line at the poleward

boundary of the STG latitudes

32

33

7




