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ABSTRACT: Using a 26-year average of a dynamically consistent ECCO state-estimate, an effort is

made to find descriptive, but nonetheless quantitative patterns of properties of the ocean circulation

that are near-globally applicable outside the Arctic regions. Even with a 26-year average, complex

spatial variations in the flow field remain, particularly below about 2000m. Nonetheless, certain

constructs do describe the great bulk of the ocean. These constructs consist of thermal wind

balance (quasi-geostrophy), spiral-like flow behavior in the near-surface boundary layers with

orientation analogous to that of an Ekman layer—abruptly changing sign across the equator. In

contrast, evidence for beta-spirals is very thin, consistent with the spatially complex meridional and

vertical velocities. As expected, integration so as to remove spatial dependence in one coordinate

(e.g. zonal) does produce much simplified structures, albeit in the process suppressing diverse

dynamical regimes. Predominantly zonal structures persist in the zonal velocity at depth, and

are presumed sensitive to the (parameterized) mean eddy fluxes. An unanswered question, and

one perhaps unanswerable at the present time, is whether a much longer averaging interval would

significantly further simplify the circulation.
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1. Introduction22

As in a previous paper, Wunsch (2023, hereafter W23) an attempt is made here to extract some23

simple quantitative principles that are widely applicable when describing the time-averaged global24

ocean. Present knowledge suggests that the ocean has numerous physically distinct regions, and25

within those regions each grid point can differ from any others—rendering difficult any sort of26

generalization. As an example of the challenge, W23 addressed the question of whether the Munk27

“abyssal recipes”were a generally applicable description of the global ocean below about 1000m?28

(The answer was “no ”.)29

Results in both W23 and here are based upon a 26-year uniform time-averaged state estimate30

(version 4, release 4) from the Estimating the Circulation and Climate of the Ocean (ECCOv4r4;31

see Wunsch and Heimbach, 2007; Forget et al., 2015; Fukumori et al., 2019) with 1◦ of horizontal32

spatial resolution. That estimate has the property, up to numerical accuracy, of obeying all of33

the physically important time-varying constraints of a system, including conservation laws for34

energy, mass, vorticity, etc. and the usual no-slip and known flux boundary conditions and so35

is physically realizable through time. “Obeying” is used in the sense that changes in each of the36

values of conservation laws can be traced directly to values and changes in forcing and dissipation37

mechanisms without incurring the errors in these quantities often induced by methods intended to38

accommodate sequential observations (Wunsch et al., 2023). The estimate also has the important39

property that it represents a non-linear least-squares fit of a version of the MITgcm to the great40

majority of global-scale data sets (CTD, Argo, altimetry, scatterometry, meteorological fields,41

etc. including their uncertainty estimates; see Forget et al., 2015). An alternative statement of42

the present goal is to ask “what qualitative, but quantifiable, properties of the ocean circulation43

must be reproduced by any useful near-global description, including those from general circulation44

models, of its time-average?”45

Forget et al. (2015) should be consulted for technical details of the underlying model, data,46

and the estimation methods. Of particular importance here are the use of the Gaspar et al (1990)47

near-surface dynamics, the Gent and McWilliams (1990) eddy transport scheme, the Redi (1982)48

mixing tensor, and other parameterizations of instabilities and mixing. The Appendix has a brief49

discussion of the role of unresolved boundary layers in the presence of large amounts of interior50

data.51
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The present purpose is to further describe a few of the salient phenomena in the global 26-52

year average, and to determine which properties of the dynamical time-mean solution can, unlike53

the original abyssal recipes in W23, be used as near-universal descriptors of the near-global54

ocean. Another example of a hypothetical descriptor would be the statement that in most of55

the world ocean, the time-mean upper layer velolcities describe an Ekman-like spiral (which56

proves true). An earlier time-average was described by Forget (2010), but over a considerably57

shorter time interval (3 years). Numerous pictorial renderings of a 20-year v4r4 average can58

be seen in http://hdl.handle.net/1721.1/107613, and http://hdl.handle.net/1721.1/109847 or in the59

Supplemental Material, and with a discussion in Fukumori et al. (2018). Some fields not displayed60

here, as well as a sketch representation of the time-variability, can be found in those references.61

Finding explanatory physics underlying most of the results requires analyses that are found62

elsewhere. The goal does however, require a minimal sketch of the global circulation and its63

properties. No claim is made that what follows is a full or definitive description of the time-64

average oceanic general circulation: a full discussion requires a much longer and elaborate study.65

Comparisons could be made, for example, with many of the descriptive elements in Talley et al.66

(2011)—requiring a book. Decisions as to the most useful representations of a three- dimensional67

global flow are extremely challenging, and to a considerable degree, arbitrary.68

An underlying, fundamental,idea, is what might be called the “hypothesis of simplification”: that69

is whether a multi-decade time-average of the circulation is necessarily significantly simpler than70

a synoptic one. On the one hand, averages tend to simplify by diminishing structures arising from71

temporally varying phenomena. On the other hand, long-term averages permit the emergence72

from the masking variability of quasi-steady structures from the the zero-frequency complicated73

topography and lateral boundaries, and from the influence of inhomogeneities of time-mean forcing74

and turbulent effects. Which, if any, of these effects will dominate over 26-years and longer is75

not, a priori, obvious. The simplification hypothesis has a direct bearing e.g., on the utility of a76

Reynolds decomposition in frequency and/or wavenumber.77

Discussion and analysis here are confined to the regions southward of about 60◦N—omitting78

the Arctic regions, which are the subject of a purpose-built state estimation system (Nguyen et79

al., 2021), one including the important effects of sea ice. Some of the figures do display Arctic80

structures, but they are not discussed here. Note too, that a higher resolution state estimate of the81
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Southern Ocean region (Mazloff et al., 2010) and subsequent published analyses of the physics also82

exist. Much higher resolution global state estimates are available (Menemenlis et al., 2008), but83

for considerably shorter intervals than being used here. Those are being incrementally extended in84

time without data constraints apart from the initial conditions—as derived from ECCOv4.185

a. Underlying Time Scales86

Of the powerful and attractive theories of the ocean circulation (e.g., Sverdrup balance, abyssal87

recipes, Stommel-Arons flows, etc.) almost all were created in the framework of a laminar steady-88

state ocean, commonly with simplified topography, and surface and lateral boundary structures. In89

recent years (e.g., the Wunsch and Ferrari, 2018 review, and numerous other papers), it has become90

clear that the synoptic ocean is turbulent on many scales and filled with fields of three-dimensional91

structures, often labelled as “eddies” of a great variety of theoretical and observational types—with92

no known low frequency cut-off— and including such phenomena as internal waves, too.93

Known adjustment times of the large-scale ocean vary from days (some barotropic Rossby wave94

phenomena), decades (high latitude baroclinic adjustments), and out to many thousands of years95

(water mass property adjustment times). In that context, 26-years is an extremely short averaging96

time and the system is surely not in equilibrium. (Gebbie, 2020, discusses the issue of thermal97

equilibrium in the ocean.) It is nonetheless of interest to understand the extent to which such an98

average does reduce the complexity of the system, possibly leading to global generalizations. As99

a rough guide to the structure of temporal stability, Fig. A3 in the Appendix shows the annual100

standard deviation of current speed at the sea-surface. Many distinct regions already appear. The101

focus on what follows is on the velocity field—including its connection to in situ density through the102

quasi-geostrophic thermal wind equations. Central results are mostly pictorial and in the interests103

of a shorter length, some figures are consigned to an Appendix or to the Supplemental Material.104

2. Flow Field105

Let 𝑢, 𝑣,𝑤 be the zonal, meridional and vertical velocity components, all understood to be 26-year111

Eulerian time-average values. The descriptions that follow could be done for Lagrangian or residual112

mean velocities, but the Eulerian picture is the most straightforward. Local cartesian coordinates113

1For recent developments in the higher resolution representation and for biological applications, see Carroll et al. (2022) and for a discussion
of the role of resolved eddies on Lagrangian flows, see Wang et al. (2022), among other applications.
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Fig. 1. Time-average zonal velocity (left column) and meridional velocity (right column) at depths (a, b) 95m,

(c, d) 635m, (e, f) 1100m. (An expanded version of these charts is contained in the Supplemental Material. Units

are m/s.)

106

107

108

are 𝑥, 𝑦, 𝑧. Figs. 1, 2 display the horizontal flow elements, 𝑢, 𝑣 at a variety of depths. (The contouring114

algorithm used in this paper obscures some small scale features. Enlarged versions of these charts115

are contained in the Supplemental Material.) The 95m depth shows the conventional features of116

the near-surface velocity field , including the complex reversing-with-latitude zonal flows near the117

equator, and the locally intensified patches in the Southern Ocean. The ocean interior meridional118

flow field at this depth shows the generally equatorward-motion characteristic of Sverdrup balance,119

in both hemispheres of the Atlantic and Pacific. A very sharp convergence of 𝑣 is seen at the120

equator over much of the Pacific and partially so in the Atlantic and Indian Oceans. (Brandt et al.121

(2008, their Fig. 1) describe the intricate flow field expected in the equatorial Atlantic.) In the122

meridional flow at 635m, Fig. 1, the vertical persistence of the Sverdrup-balance interiors is clear,123

with equatorward flow in both hemispheres within the major gyres.124

By 1100m several characteristics of the abyssal flows emerge. These include the much greater125

noisiness of 𝑣 as compared to 𝑢 with the latter still displaying a strong tendency toward a series of126

quasi-zonal jets. A large literature discusses the formation of zonal jets albeit in the ocean primarily127
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Fig. 2. Time-average zonal flow (left column) and meridional flow (right column) at depths of 3000 (a, b) and

4000m (c,d). (An expanded version of these charts is contained in the Supplemental Material.)

109

110

directed at transient features arising from local turbulence (see e.g., the review by Cornillion et al.,128

2019) .129

A foundation of dynamical oceanography is the linearized potential vorticity conservation equa-130

tion,131

𝛽𝑣 = 𝑓
𝜕𝑤

𝜕𝑧
. (1)

Liang et al. (2017) described the time-average vertical velocity fields, 𝑤, from a shorter- in-132

duration ECCO estimate. The fields they found were strikingly complex spatially and with the133

vertical derivative of 𝑤, by implication, being even more so. If Eq. (1) is an accurate description,134

the corresponding spatial complexity in 𝑣 and its vertical derivative are expected. A somewhat135

surprising result is the persistent absence at 1000m in both velocity components of any obvious136

disturbance from the major underlying topographic features of the mid-ocean ridges. By 4000m137

(Fig. 2c,d), topographic features (including mid-ocean ridges) and complicated lateral boundaries138

do intrude directly into the charts with the zonal flow taking on the more noisy elements seen above139

in 𝑣.140
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a. Velocity Sections-Meridional 𝑣141

Consider first the meridional velocity across two latitude bands shown in Fig. 3. Character-142

istically, both show a 𝑣-component intensified in a near-surface western boundary current, and a143

very much weaker interior flow. The latter contains a sign-reversing columnar structure generally144

below about 1000m, sometimes identifiable with local topography. Such lateral structures in the145

deep flow field have persisted for decades. What is perhaps surprising is the absence, except in the146

Southern Ocean (Fig. 4), in the near-surface fields (above about 1000m) of any indication of the147

presence of such powerful flow and mixing disturbances as the mid-ocean ridges.148

Fig. 3. Meridional velocity at 30◦N (upper panel) and 30◦S (lower panel) in m/s. Note that the longitude and

color scales are different in the two panels. Colorbars are reversed in the two panels so that yellow-orange colors

are regions of equatorward flow and thus of opposite sign to greenish areas. Even with 26 years of averaging, a

highly structured meridional flow persists at all depths. An intense western boundary current near-surface is just

visible in all oceans.

149

150

151

152

153

b. Velocity Sections–Zonal 𝑢157

The character of the zonal velocity, 𝑢, orthogonal to the 165◦W meridian in the Pacific, is shown158

in Fig. 5 and displays a rich variety of structures as does an Atlantic meridional section shown159

there. The equatorial undercurrent is visible (smoothed by the contouring algorithm) in both160

sections. The only summary statement would be that the flows again remain highly structured after161

26-years of averaging.162
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Fig. 4. Mean meridional velocity at 60◦S. Zero contour is marked in white. Yellow-orange and light-blue

regions here are equatorward flow (positive 𝑣). In contrast with mid-latitudes, a strong tendency to barotropic

(uniform with depth) flow is conspicuous.

154

155

156

Fig. 5. Time-mean zonal flows along 165◦W and 30◦W. Latitude scales are identical in the two sections with

the white contour denoting zero. Equator is marked by the vertical dashed line.

163

164

c. Meridional Overturning Circulation165

The zonally integrated meridional transports have in recent years become the focus of intense169

interest as they represent a very great simplification of the flow field, and particularly as they170

might directly reflect a changing climate system. Fig. 6 displays the zonal integrals of 𝑣 in the171

northern hemisphere at 31◦N for the sum of the Atlantic and Pacific Oceans and for the Atlantic172
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Fig. 6. Zonal integral of the time-averaged meridional velocity, 𝑣(𝑦, 𝑧), for the global ocean at 31◦N (left-

panel) and for the same latitude (right panel) in the North Atlantic alone. Both results correspond to conventional

expectations.

166

167

168

alone. Both summations correspond to conventional expectations (e.g. Talley, et al., 2011) with173

the global result showing northward time-average flow above about 1000m and which includes174

both the Kuroshio and Gulf Stream. Below that, the southward flow consists of the intermediate175

waters and then a reversal reflecting the northward movement of Antarctic Bottom Water. The176

North Atlantic profile shows the dominance of the intermediate levels there by North Atlantic Deep177

Water, but with a much reduced injection, compared to the Pacific, of near-bottom Antarctic-origin178

waters. (See Roquet and Wunsch, 2022, for references and a commentary on the interpretations of179

the Atlantic portion).180

Corresponding integrals for heat, freshwater, etc. are also readily computed but not shown181

here. Interpretation of such integrals raises awkward questions, analogous to those in W23,182

which concerned a one-dimensional physics, as to whether a two-dimensional representation of183

integrated transports across highly diverse flows has any easy interpretation? Results in Fig. 6184

involve integrals across flow fields such as those depicted in Figs. 3 where the flow field—and its185

underlying physics—varies greatly with longitude and depth.186
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d. Rossby Number187

The log (base 10) of the Rossby number, defined here as 𝑅𝑜 =

√︃
𝑢 (𝑥, 𝑦, 𝑧)2 + 𝑣 (𝑥, 𝑦, 𝑧)2/ 𝑓 (𝑦) 𝐿188

based upon a distance of 𝐿 = 1◦ of latitude is shown for two depths in Appendix Fig. A4 at 5189

and 553m. Apart from the expected singularity on the equator, the Rossby number is less than190

0.1 everywhere, including the surface. Charts at greater depths (not shown) all produce smaller191

values. A robust inference is that the system overall is consistent with geostrophic balance, subject192

to the caveat that a small Rossby number is a necessary, but not a sufficient, requirement for that193

to be so (large Ekman numbers or equivalent could preclude the inference). A general westward194

intensification appears in all oceans. Many 𝑅𝑜 values in the Southern Ocean are also O(0.1).195

e. Some Generalizations196

From this preliminary sketch of the structure of the time-mean flow field, a few globally applicable197

generalizations appear possible. (1) The 26-year average field remains markedly noisy, particularly198

in the abyss, where it is subject to strong topographic barriers and unresolved boundary layers.199

(2) The sub-tropical gyre structures emerge robustly in the two components of flow in the upper200

approximately 1000m. (3) The three-dimensionality of the flow field precludes a simple explanation201

from a two-dimensional physics e.g., that as portrayed in Fig. 6. (4) The considerable remaining202

spatial structures leave an outstanding question: which of them would persist in a much longer203

time average and which would be suppressed?204

3. Thermal Wind205

Theory (e.g., Pedlosky, 1982), and the small Rossby numbers seen in Fig. A4 suggest strongly206

that on the scales of the general circulation (vaguely defined, but here larger than the basic grid207

scale), geostrophic balance should be maintained almost everywhere. As already noted however,208

a small Rossby number does not preclude the effects of relatively strong dissipation or eddy fluxes209

of either sign. On scales smaller than those resolved here exceptions to large-scale geostrophic210

balance can arise from the effects of balanced eddies, the sub-mesoscale (see e.g., Callies et211

al., 2016), along-stream pressure gradients in western boundary currents (WBCs), the numerous212

boundary layers near the sea-surface and near topographic features. With the partial exception213

of the WBCs, these regions are not resolved in ECCO(v4r4). Numerous textbooks discuss the214
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expected geostrophic balance through the applicability of the thermal wind equations, which are,215

in local Cartesian coordinates, (𝑥, 𝑦, 𝑧) ,216

𝑓
𝜕𝑣

𝜕𝑧
= − 𝑔

𝜌0

𝜕𝜌

𝜕𝑥
, (2a)

𝑓
𝜕𝑢

𝜕𝑧
=

𝑔

𝜌0

𝜕𝜌

𝜕𝑦
, (2b)

representing the vertical shear in terms of the horizontal density gradients. 𝑓 and 𝜌 are the con-217

ventional Coriolis parameter and the in situ density. 𝜌0 is a constant reference value. Historically,218

these equations were used with observed hydrographic fields in finite difference form to find the219

horizontal flow field up to an unknown integration constant. A scale analysis (see e.g., Phillips,220

1963, Pedlosky, 1982) shows that this balance is the expected one, apart from boundary layers221

(including those at the surface and on sea-floor topography including side-walls) and on and near222

the equator where 𝑓 ≈ 0. Separate discussion of the meridional and zonal geostrophic velocities is223

both convenient and necessary as will be seen.224

a. Meridional Thermal Wind225

In the meridional component, the thermal wind shear involves a horizontal (in 𝑥) derivative of226

𝜌, and the corresponding vertical shear of the velocity field in the state estimate requires a vertical227

derivative of the northward velocity component 𝑣. Anywhere adjacent to a topographic feature,228

disagreement is expected between the thermal wind shear and 𝜕𝑣/𝜕𝑧 both because unresolved229

boundary layers of several types are anticipated there, and from the simple centered finite differences230

being used here. As will be seen however, over the great bulk of the ocean, quantitative agreement231

is found. In practice, use of simple centered-differences appears to produce as much similarity232

between the two fields as does use of the differencing stencil of the model (not shown).233

Consider first a single zonal section at 30◦S (Fig. 7) spanning all longitudes, some of which234

are land. Visually, the two patterns of the two sides of the thermal wind equation differ in small235

details, many attributable to the finite differences taken in the presence of complicated topographic236

boundaries. The median difference is 2×10−7/s. Vertical profiles of the thermal wind shear237

(computed from 𝜌) and 𝜕𝑣/𝜕𝑧 at three longitudes are displayed in Fig. 8. (The separate centered238

differences in the vertical and horizontal render the effective topography as visually somewhat239
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inconsistent.) A comparable display for 60◦S is in Appendix Fig. A7—and showing a greater240

visual difference between the two calculations.241

Fig. 7. Thermal wind shear from 𝜌 (upper panel) and 𝑑𝑣/𝑑𝑧 (lower panel) directly from the estimate at 30◦S

both multiplied by 104. Topographic details appear to vary owing to the way in which 𝑥− and a 𝑧−derivatives are

taken in different directions relative to the various boundaries. A general similarity exists with small deviations,

most commonly in the very upper ocean.

242

243

244

245

Fig. 8. Profiles with depth of the thermal wind shear and of 𝜕𝑣/𝜕𝑧 at three Pacific longitudes 169◦W, 190◦W,

-200◦W at 30◦S.

246

247
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To obtain a quantitative measure of the degree of similarity of the two fields, consider at each248

horizontal point the two vectors corresponding to the discrete rendering of a = 𝜕𝑣
(
𝑥, 𝑦, 𝑧 𝑗

)
/𝜕𝑧249

and b =𝑔/( 𝑓 𝜌0)𝜕𝜌
(
𝑥, 𝑦, 𝑧 𝑗

)
/𝜕𝑥. The projection 𝑝𝑣 = a ·b/ (|a| |b|) is the cross-correlations of the250

vertical structures of the thermal wind shear and the vertical derivative of 𝑣 in the model. But as251

the system is here being treated as deterministic, the outcome of the numerical cross-correlations252

will be referred to as the “normalized projection” of the two fields (or just the “projection”) with253

maximum magnitude 1. From the figures, e.g. Appendix Figs. A6, A8, a variety of deviations in254

the upper few hundred meters are apparent and the projections are taken below 200m.255

Fig. 9. Global values of the projection, 𝑝𝑣 , of the vertical structure of the meridional thermal wind shear

onto the vertical shear, 𝑑𝑣/𝑑𝑧 from 200m depth downward to 4000m. Apart from the Southern Ocean and the

immediate vicinity of the equator, the two fields are very similar everywhere.

256

257

258

The magnitudes (all positive) of 𝑝𝑣 are shown in Fig. 9) and generally exceed a value of 0.8.259

Reduced values occur where anticipated—including boundary regions on the African coast and260

elsewhere, high northern convective regions of the North Atlantic, the Kuroshio extension, and in261

the Southern Ocean generally. Regions of deviation from large-projections are generally the result262

of failure of the thermal wind balance in the near-surface (down to about 200m), as can be seen263

e.g., in Figs. 8, A6.264

Thermal wind balance of the meridional flow, 𝑣, appears to be a good general oceanic description265

with the exception of the equator and parts of the Southern Ocean—both regions where a failure266

would be expected based upon the basic physics of the vanishing of 𝑓 in the former, and in the latter267
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of the topographic pressure balances of quasi-zonal flows (e.g. Wilson et al., 2022). Adjacent to268

topography, the situation is somewhat obscure, as both a failure of boundary layer resolution, and269

numerical issues of differentiation of topographic, partially filled, grid boxes occur.270

Behavior in the Southern Ocean is interesting—and the physics there has been the subject of271

much discussion (see e.g., Wolfe and Cessi (2010), Vallis (2017) and their numerous references).272

b. Meridional Lines–Zonal Thermal Wind273

Local thermal wind-shear balance is much more fragile in the zonal flow, 𝑢, than it is in the274

meridional component, 𝑣. The literature on zonal jet formation suggests a much greater sensitivity275

of zonal mean flows to the eddy field than is the meridional component. A strong tendency276

toward zonal flows occurs, especially in the Pacific Ocean, both in the variability (not shown) and277

time-averages of varying duration. See for example, Berloff et al. (2009) or Chen et al. (2015);278

both are idealized analyses of turbulent interactions and divergences leading to zonal jets. The279

edited volume by Galperin and Read (2019) discusses the subject in the wider context including280

the atmospheres of both of the Earth and of the giant planets. Cornillion et al. (2019) review281

much of the oceanographic observational evidence (although no true time-average was available).282

An example is the regional South Atlantic study by Hogg and Owens (1999). Zonal flows are283

potentially generated by a variety of detailed turbulent mechanisms and interactions with the284

background velocities.285

In a dissipationless ocean without meridional barriers, zonal flows are free solutions and will286

also tend to appear if western and eastern boundary currents can absorb or provide the incoming287

or outgoing flow. To the extent that deviations from geostrophic balance occur in the present state288

estimate, they would arise from the parameterizations used to represent the unresolved eddy fields289

and boundary layers. Fig. 10 displays the zonal thermal wind shear and 𝜕𝑢/𝜕𝑧 along 165◦W.290

Profiles of the two fields at three latitudes along this longitude are in Fig. 11. Because of the291

equatorial singularity, 𝑓 𝜕𝑢/𝜕𝑧 is computed from Eqs. (2). The two fields range from showing292

near-coincidence to considerable differences. Projections will, in any case, be dominated by the293

upper 500m where the shear is greatest.294

Apparent regional deviations from thermal wind shear as an accurate determinant of 𝜕𝑢/𝜕𝑧 can295

arise from at least two causes: (1) low-frequency time-variation in a particular area renders the296
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temporal average relatively far from a true value. (2) Strong unresolved eddy divergence effects are297

present, rendered in the state estimate through the parameterized values. Spectra of low-frequency298

variability is likely different for 𝑢, 𝜌. Appendix Fig. A3 shows the logarithm of the annual average299

standard deviation for speed in the surface layer about the 26-year mean for each grid point and300

which produces, as is well-known, a very strong regional dependence.301

A global chart of the profile projections, 𝑝𝑣, is in Fig. 12. In contrast to Fig. 9, the result302

displays a series of dominantly zonal bands of reduced projection values. The summary statement303

might be that although thermal wind balance of the zonal flow is a good approximation over304

much of the ocean outside the Southern Ocean, regions of measurable deviation do exist with a305

dominantly zonal character at mid- and low-latitudes. (A layer-thickness weighted projection (not306

shown) necessarily produces larger values as the greatest deviations between the two profiles is in307

the upper ocean.)308

Fig. 10. Upper panel is 𝑓 times the thermal wind shear along 165◦W and lower panel is the corresponding

vertical derivative of the model 𝑢 (𝑥, 𝑦, 𝑧) . Qualitatively great similarity is apparent but with small systematic

offsets in the deep water.

309

310

311

c. f/h Contours317

One of the robust implications of a steady geostrophic flow over topography is that the streamlines318

should follow the contours of 𝑓 /ℎ (e.g. Vallis, 2017). With the complicated topography, ℎ (𝑥, 𝑦) ,319

(see the Appendix, Figs. A1, A2) much regional complexity exists. The strong latitude dependence320
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Fig. 11. Profiles of thermal wind shear and 𝜕𝑢/𝜕𝑧 along 165◦W. Strongest deviations between them tend to

occur above about 1000m depth. Other profiles can be found in the Appendix.

312

313

Fig. 12. Projection, below 200m of the zonal component of thermal wind shear profiles, onto the profiles

of 𝑓 𝜕𝑢/𝜕𝑧 directly from the state estimate. Note the zonally-banded structure here is mostly absent in the

meridional flow component. Numerous reduced values contrast with the results for the meridional vertical shear.

314

315

316

of 𝑓 leads to a corresponding tendency toward zonality at low latitudes and over much of the tropical321

Pacific.322

One example of an exception, noticed long ago, is the region of closed contours in the Argentine323

basin. de Miranda and Barnier (1999) discuss studies of what is called the Zapiola Drift, but324
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which is a highly regionalized result. Note the intensified flow there in e.g., Fig. 1c,d. Many other325

regional analyses are obviously possible.326

d. Reference Levels327

In the period of classical oceanography almost the only general circulation estimates could be328

made using the thermal wind shear—converted to absolute velocity by assuming a deep “level-of-329

no-(horizontal) motion”, or “reference level.” Recent observational tools produce direct estimates330

of absolute values of 𝑢, 𝑣 (altimeters, floats, improved meteorology combined with higher order331

dynamics,...) and a reasonable question is whether some simple distribution exists for levels of332

minimum speed and/or velocity components?333

From the 26-year average, the answer to the question of “where is the depth of minimum flow?”334

is a spatially complicated field. Even when smoothed over 10◦ degrees of longitude and 5◦ of335

latitude, the result for the net speed shows (Fig. 13) a complicated pattern. A gross generalization is336

that minimum speed depths in the tropics tend to be between 500 and 1000m, and at high southern337

latitudes, generally lie close to the seafloor, but with numerous exceptions. The zonal averages in338

water depths exceeding 3000m in Fig. 13 show an overall trend upwards from the southern towards339

the northern hemisphere with a secondary minimum at northern midlatitudes.340

In the North Atlantic reference levels-of-no-motion for 𝑣 have commonly been chosen near345

1500m (e.g., Leetmaa et al., 1977) and these present results suggest a value of smallest speed346

nearer 2000m there.347

4. Spirals348

Velocity spirals enter into discussions of oceanic flow under at least three circumstances: (1)349

in the Ekman (1905) layer; (2) in large-scale geostrophic flows as the beta-spiral (Stommel and350

Schott, 1977); (3) the surface manifestation in the submesoscales of Munk et al. (2000). For351

present purposes, (3) is not relevant. The question of the extent to which the time-averaged state352

estimate is at least consistent with either of the remaining descriptions is worth asking in the pursuit353

of global-scale quantitative descriptors. (An apparent Lagrangian particle spiral in the Southern354

Ocean has been described by Tamsitt, et al., 2017, but the discussion here is confined to Eulerian355

mean values.)356
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Fig. 13. (Map, upper panel) Depth of the minimum speed in the water column, smoothed over 10 degrees of

longitude and 5 degrees of latitude. Tropical and high latitudes do differ but each band has numerous structures.

Only water depths greater than 3000m were included. (Lower panel) Global zonal average of the depth of

minimum flow shown for 𝑢, 𝑣 separately.

341

342

343

344

a. Near-Surface Ekman-like Spirals357

The ECCO(v4r4) model lacks the near-surface resolution required to depict the complex pro-358

cesses, including the energetically dominant surface waves, Langmuir cells, Stokes velocities,359

seasonal and night-time convection, and other flows present in and near the upper boundary of360

the ocean. The literature, dating back to 1905 and Ekman’s paper, postulates the existence of an361

Ekman layer in an unstratified, uniformly rotating fluid. Price et al. (1987) discuss observations362

and realism issues. In a notation almost identical to theirs, the classical Ekman layer takes the363

form,364

[𝑢 (𝑧′) , 𝑣 (𝑧′)] =𝑉0 exp (−𝑧′/𝐷𝐸 ) [cos (𝜋/4− 𝑧′/𝐷𝐸 ) , sin (𝜋/4− 𝑧′/𝐷𝐸 )] (3)

𝑉0 =
𝜏

𝜌0 (𝐴𝑣 𝑓 )1/2 , 𝐷𝐸 =

(
2𝐴𝑣

𝑓

)1/2

where 𝜏 is the mean wind-stress, however defined, 𝐴𝑣 is a vertical eddy viscosity, and 𝐷𝐸 is the365

Ekman depth. 𝑧′ = 0 is defined such that (𝑢 (𝑧′) , 𝑣 (𝑧′)) lies at 45◦ to the right or left (northern/-366
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southern hemisphere). Some of the consequences of stratification and heating are described by367

Price et al., (1986) and by later authors. With layer thicknesses of 10 meters between the surface368

and 100m, resolution of an Ekman layer is possible (Price et al., 1987). McWilliams et al. (2012)369

analyze numerically some of the complex, intense, surface wave and Langmuir circulation effects,370

and Shrira and Amehla (2020) discuss some consequences of time-dependent viscosity/dissipation.371

The ECCO near-surface boundary layer model is based on that of Gaspar et al. (1990) and which372

includes stratification. These papers and numerous related ones mean that finding a useful wide-373

spread description of the expected upper-level current structure in the mean-state is not necessarily374

possible.375

Perhaps surprisingly, near-surface spirals are found in the ECCO(v4r4) time-average—spirals376

whose hemispheric dependence on the sign of the Coriolis frequency is consistent with that expected377

for the classical Ekman layer of an unstratified, otherwise resting, ocean.378

Consider first Fig. 14 which shows hodograph plots with depth 𝑧 at four locations along the386

165◦W meridian. A typical behavior is the change from Fig. 14a of a reversal of sign across the387

equator of the sense of the spiraling velocity field with depth in (c) and (d). The spiral construct388

fails at a distance of 1/4◦ from the equator—the nearest grid points. Note that in panels (a), (c) the389

top layer (5m thick) does not reproduce the classical Ekman layer result having a maximum speed390

at the surface, whereas (d) does show that result.391

A simple test of a spiral-like behavior is used here by computing the sign of the turning with depth392

in the hodograph at each lateral grid point. Ekman-like behavior appears, producing a counter-393

clockwise spiral in the Southern Hemipshere (increasing, positive angular sign with depth), and a394

clockwise spiral (increasingly negative sign angle sign with depth). A measure of consistency—395

quality of the fit—within the upper layers is computed from the sign of the change from one layer396

to the next in the top 5 layers. A value of ±2 means complete consistency, and a value of ±1 implies397

a single reversal between two of the layers, but with an overall consistently spiral-like behavior.398

Results are shown in Fig. 15. The most common cause of a reduced magnitude quality value is399

the occurence of the maximum in layer 2 rather than in the top-most layer (as seen in Fig.14a,c).400

Nonetheless, the spiral structure remains. With some minor regional inconsistencies, generally401

near boundaries and including parts of the Mediterranean, the expected different signs in the two402

hemispheres is pronounced. Generally speaking, the fit is best far from oceanic boundaries. That403
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Fig. 14. Sample hodographs along 165◦W in the central Pacific Ocean at different latitudes. Units are m/s.

Green dot denotes the value (5m layer) nearest the surface, and the red dot the terminal value at a depth of 105m.

South of the equator (a), movement is counter-clockwise with depth (here the velocity magnitude is largest in

layer 2). (b) Hodograph at 0.25◦S showing the expected failure of a simple Ekman-like spiral on and near the

equator. (c,d) show clockwise spirals in the northern hemisphere at 4.75◦N and 19.75◦N. (c) has a clear spiral,

but one of increasing magnitude with depth down to about 50m. (d) Spiral has the property that the top layer has

the strongest flow.

379

380

381

382

383

384

385

the underlying physics is Ekman-like is a reasonable inference, albeit the behavior of the underlying404

turbulence remains to be understood and further exploration involves the vector wind-field.405

The estimated 𝑒-folding scale depth, 𝐷𝐸 , is determined from a least-squares fit to the logarithm406

of the hodograph from Eq. (3) analogous to the procedure in W23. Compared to the sense of407

rotation, it is less spatially stable, even with a 26-year average, near-surface. Again the question408

arises of whether a 26-year average is of sufficient duration to provide a stable mean? The fit409

was made for layers 2-10, omitting the top layer. The physics may well be that of an Ekman410

layer—but here it is just a readily computed reparameterization of the physics of the uppermost411

layers. Appendix Fig. A5 displays the equivalent value of 𝐴𝑣 determined from 𝐷𝐸 although its412
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significance remains obscure and the result is spatially very variable. To the extent the physics is413

indeed that of Ekman layers, the corresponding patterns of injection of energy to the circulation414

are discussed by Roquet et al. (2011).415

Fig. 15. Orange-red regions display a counter-clockwise behavior in the flow of the surface layers, and the blue

areas are correspondingly clockwise, both as expected from Ekman-like dynamics with a sharp change across the

equator. Values represent a measure of the quality of the spiral fit. Darker colors indicate a stronger fit. Those

less than |1| exhibit some inconsistencies, but spiral direction is, overall, as indicated by the sign. Blank regions

of failure are associated with eastern boundaries and quasi-zonal bands, especially east of Australia.

416

417

418

419

420

b. Beta-Spiral421

The expected turning of the time-averaged flow with depth in the geostrophically balanced interior422

was explicitly introduced by Stommel and Schott (1977) and elaborated in several later papers e.g.,423

by McDougall (1995) for the presence of lateral mixing. For present purposes, the discussion in424

Olbers et al. (2012, P. 153+) of the formulation in geographic coordinates is adequate.2425

In a perfect fluid in steady-state, conservation of density can be written,426

𝑢
𝜕𝜌

𝜕𝑥
+ 𝑣 𝜕𝜌

𝜕𝑦
= −𝑤𝜕𝜌

𝜕𝑧
, (4)

2In this context, the equations are usually written in terms of isopycnal or neutral surface coordinates instead of the 𝑧 coordinate, but the latter
is more stable in a geographical-coordinate model output.
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and with conservation of planetary potential vorticity leads (Olbers et al., 2012, their Eq. 5.67) to,427

𝑢
𝜕

𝜕𝑧

(
𝜕𝜌/𝜕𝑥
𝜕𝜌/𝜕𝑧

)
+ 𝑣

[
𝜕

𝜕𝑧

(
𝜕𝜌/𝜕𝑦
𝜕𝜌/𝜕𝑧

)
+ 𝛽

𝑓

]
= 0 (5)

and which perhaps carries to its outer limit the present requirement of a “simple” relationship.428

Schott and Stommel (1977) produce a construct (their equation 1.4) for the rate of turning of the429

hodograph as,430

𝜕𝜃

𝜕𝑧
=

𝑔

𝑓 𝜌
(
𝑢2 + 𝑣2) (𝑤𝜕𝜌

𝜕𝑧
− 𝜕𝜌

𝜕𝑡

)
(6)

for a perfectly geostrophic flow. 𝜕𝜌/𝜕𝑧 < 0 for static stability and, by assumption, the time-431

derivative of 𝜌 vanishes in the time-average. Thus the sign of 𝑤 determines the direction of432

turning. As long as a meridional component exists, the linear vorticity conservation equation433

implies 𝑤 is non-zero. Results in Liang et al. (2017) show a very noisy 𝜕𝑤/𝜕𝑧.434

Instead of attempting to determine the predicted rate of turning from Eq. (6), the simple435

question is asked whether evidence exists for interior spirals approximately encompassing the main436

thermocline? The answer to this question is “no”: spirals do exist in many places (Fig. 16,437

but many others display a depth dependence closer to a straight line and others have no readily438

discernable analytic structure. Attempts to fit spirals over a depth range of 550 to 3000m produced439

a complicated spatial dependence (Fig. 16). Deviations from a simple spiral are expected from440

complexities in 𝑤, vertical changes in lateral kinetic energy, along with any generic deviation from441

perfect geostrophic balance.442

The 𝛽−spiral thus does not produce any simple generalization about the flow field—consistent443

with the spatial noisiness of 𝑣,𝑤. A significant fraction of the ocean, but mainly in the Southern444

Ocean, exhibits a linear trend of the hodograph with depth, with the sign of the linear trend varying445

rapidly (not shown).446

5. Where are the Thermocline and Pycnocline?450

A centerpiece of dynamical oceanography is the theoretical explanation of the “main thermo-451

cline” in the upper ocean where the vertical temperature derivative is strongest, usually correspond-452

ing to maximum derivatives in salinity and density as well. That structure is normally distinguished453

from the seasonal thermocline which waxes and wanes over the year (see Talley et al., 2011, for a454
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Fig. 16. Beta-spiral hodograph plots showing a variety of linear and spiral-like features along 165◦W. Again,

starting depth is marked in green, ending depth in red. Latitudes are 25◦S, 0◦,5◦N, 20◦N (panels left to right, top

to bottom). Depth range is 550 to 3000m.

447

448

449

generic description). In the wider literature, definitions of the thermocline depth are vague—being455

replaced by various theories in different models and producing depths of the order of several456

hundred to about 1000m (see for example, Pedlosky, 1996; Huang, 2010). A useful question is457

whether a thermocline depth can be defined in a time-average ocean?458

The gist of W23 however, is the implication that temperature and salinity distributions can be459

very different—largely as a result of distinct boundary conditions at the ocean top and bottom, and460

the three-dimensional flow field. As discussed in the various thermocline theories, the dynamically461

important physics of the circulation lies with the density distribution and not with 𝑇, 𝑆 separately.462

For that reason, only the geographical structure of the pycnocline in the time-average is depicted463

here.464

Consider as examples Figs. 17, 18 for 𝜕𝜌/𝜕𝑧 along 30𝑜S, 30𝑜N across all ocean basins. A 60◦S465

section can be seen in the Supplemental Material. Visually, it is not easy to define a particular466

vertical scale characterizing the vertical rate of change. Generally speaking, vertical rates of change467

of density are largest in the region above 100m—usually considered the domain of the seasonal468

thermocline and of the Ekman and other boundary-layers. Evidently, the averaging process leaves469

a time-mean near-surface thermocline, interpretable as owing to the net fluxes of heat, moisture,470
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and momentum. In the regions below 100m, a general, near-exponential decline in the derivative471

occurs, but a single, ocean-wide characteristic depth is not visually obvious.472

Fig. 17. 103 times 𝜕𝜌/𝜕𝑧 at 30𝑜S. The sign is rendered so that the derivative is positive downward. Contour

separation is numerically constant. Density is the in situ value.

473

474

Fig. 18. 103 times the z derivative of in situ density at 30𝑜N. The sign is rendered so that the derivative is

positive downward.

475

476

6. Discussion477

From a focus on the flow field, the quest for universal, simple, properties and patterns in an478

estimated 26-year time-mean ocean circulation produces a number of results that characterize479

25



this specific time average circulation and provide a basis, both qualitative and quantitative, for480

comparison with any other estimate of a time-average. A major, overall, description is the survival481

of much structure, particularly in the horizontal, despite the multi-decadal averaging time. Whether482

much longer, hypothetical, avergaging times would produce and further great simplification remains483

unknown. Some properties and patterns nonetheless do emerge: (1) Over the abyssal ocean, an484

exponential fit in 𝑧 to the potential density field is found (W23 and Rogers et al., 2023) and slowly485

varying with horizontal position scale height. (2) Apart from the equatorial region, the Rossby486

number based on a 110km scale, is small—less than about 0.1 everywhere. (3) Consistent with487

small Rossby number (a necessary but not sufficient condition), the meridional thermal wind shear488

is in geostrophic balance over most of the water column below about100m, with the Southern489

Ocean displaying apparent ageostrophic results above about 500m. Zonal flow thermal wind490

balance tends to be violated at greater depths in zonal bands. (4) Near-surface, and consistent491

with the implications of Ekman layers, spirals of clockwise (northern hemisphere) and counter-492

clockwise (southern hemisphere) turning with depth are found almost everywhere (Fig. 15),493

although departures from a strict surface maximum flow do exist widely and the vertical scale494

height is spatially variable. (5) A single simple definition of the thermocline/pycnocline depth is495

not obvious. (6) The issue of the dynamical equations governing the time-average circulation can496

be answered partially as being those for quasi-geostrophy in the meridional velocity except for the497

Southern Ocean and in the zonal velocity too with the addition of a number of quasi-zonal strips498

where deviations from balance exist. (7) The tentative answer to the question of whether spatial499

and temporal averaging are interchangeable (a hypothesis of simplification) is apparently negative,500

with the spatially complex influence of the sidewall and bottom topography boundaries emerging501

as strong signals in the time-average. Any hope that a multi-decadal average would produce a502

simplified ocean circulation is only partially borne out. Many more descriptors of the time-mean503

ocean circulation are possible. An example is Buzzicotti et al. (2023) for the spatial scales of504

kinetic energy.505

A final caveat to all of the above is that the ECCO(v4r4) state estimate is is indeed only an506

estimate of the ocean circulation—albeit one that largely fits all of the global scale data constraints507

of the open ocean (listed in various of the references), and simultaneously is a full solution508

to a consequently adjusted, free-running, oceanic GCM. An old rule-of-thumb for analysis of509
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5 15 25 35 45 55 65 75 85 95 105 116 127 140 154 172 195 223

257 300 351 410 477 553 635 722 814 910 1007 1106 1206 1306 1409 1517 1634 1765

1914 2084 2276 2491 2729 2990 3274 3581 3911 4264 4640 5039 5461 5906

Table A1. Depths (meters) of the layers in the ECCO(v4r4) state estimate

time-series is that recalculation is worthwhile when the duration doubles in length. The present510

time-estimate will grow incrementally with the passage of time. But in the interim, the model511

should improve, resolution should increase, and more data will be better understood.512

APPENDIX513

Topography, Variance, Eddy Viscosity, Boundary Layers514

Layer Depths, Topography, f/h515

In the interests of simplicity, layer depths in the text are sometimes rounded to the nearest 10 or516

100m. Thus for example, 2990m is referred to as 3000m.517

Fig. A1. Bathymetry, ℎ, used in the state estimate model. Depths in meters. The complexity effects the flow

field out to the longest time-scales. Those features will not disappear with temporal averaging.

518

519

The topographic complexity (Fig.A1) under the strong latitude dependence of 𝑓 produces con-523

tours of 𝑓 /ℎ (Fig. A2) that tend to be zonal at low-latitudes, but with much structure at mid- and524

high-latitudes.525

Temporal Standard Deviation, Speed526

27



Fig. A2. 106 | 𝑓 /ℎ|, units 1/(m s). The overlay of the meridional dependence of 𝑓 and particularly its zero

value on the equator simplifies the topographic structures, but any geostrophic flow attempting to follow 𝑓 /ℎ

contours is still subject to the variations in ℎ alone.

520

521

522

The standard deviation of the surface speed as inferred from annual average of 𝑢, 𝑣 is shown in527

Fig. A3. High values appear generally where expected including the western boundary currents,528

the equatorial regioins and the Southern Ocean. A similar calculation for temperature (not shown)529

displays markedly larger variability in the northern North Atlantic Ocean, and is presumably a530

consequence of sensitivity to variations in convective intensity, coupled with the long baroclinic531

adjustment times at high latitudes (e.g., Anderson and Gill, 1975).532

Boundary Layers537

Most of the available global-scale data concern the oceanic state lying outside the numerous538

boundary layers expected in the ocean at all surfaces including bottom topography, the sloping539

sidewalls, and the surface physics, and which are not resolved by the state estimate. The ECCO540

system, with the existing resolution, is an inverse problem in which parameterized (by the coarse541

resolution) boundary values are calculated from the observed interior solution. The Gulf Stream542

and other western boundary currents provide one example: these currents are not dynamically543

resolved in the state estimate. But if the interior flow is forced to consistency with resolved544

structures and it drives a boundary current mass or volume transport, e.g. through a Sverdrup-545

relation, then the interior property structures and transports of the system may well be accurately546

determined without complete dynamical consistency in the boundary layers. (For reference, the547
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Fig. A3. Logarithm of the standard deviation, 𝑚/𝑠, at the surface, based upon 26 1-year averages. High

latitude North Atlantic Ocean is conspicuously noisy with secondary maxima apparent e.g., in the Kuroshio

and Gulf Stream extensions. Column total patterns are similar but with relatively larger values in the Southern

Ocean. Quasi-zonal bands of low and high variance are conspicuous.

533

534

535

536

topography, ℎ, and boundaries as employed in the estimate can be seen in Fig. A1 along with the548

Table of model layer-interface depths. Fig. 𝐴2 shows the corresponding values of 𝑓 /ℎ where 𝑓 is549

the Coriolis parameter.) Yet finer-scale boundary layers required to satisfy the no-flux and no-slip550

conditions at topography are implicitly parameterized without, it is assumed, doing violence to the551

data-constrained interior solution.552

Rossby Number553

Fig. A4 displays the logarithm of the estimated Rossby number at two depths. It tends to be very554

small at these and all other depths apart from the equatorial singularity.555

Equivalent vertical eddy coefficients556

The equivalent vertical eddy coefficient 𝐴𝑣 corresponding to the Ekman spiral is shown in Fig.561

A5 and is markedly variable.562

Thermal Wind Shear Profiles563

Some of the deviations from perfect thermal wind balance in 𝑣 at 60◦S can be seen in Fig. A6.566

Fig. A7 shows the complete zonal structure.567
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Fig. A4. Log10(Rossby number) at 5m (left panel) and at 550m (right panel).

Fig. A5. Equivalent vertical eddy-coefficient 𝐴𝑣 determined from the near-surface spiral. Units are m2/s.

In the blank areas, no estimate could be made that passed the ordinary significance test for the fit. Note that

although some overlap exists with the structures in Fig. 15 they are not the same because the measures of fit

differ.

557

558

559

560
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Fig. A6. Profiles of the meridional thermal wind shear at 60◦S at three longitudes, 170◦W, 50◦W, 15◦W

showing that the major differences occur in the upper ocean.

564

565

Fig. A7. 60◦S thermal wind shear (multiplied by 𝑓 from the density field (upper panel) and 𝑑𝑣/𝑑𝑧 (lower

panel). Difference between the two fields is greater here in the Southern Ocean than is seen at middle latitudes

with a slight systematic difference in the southward going regions. Centered differences exaggerate the structural

differences of apparent topography.

568

569

570

571
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Fig. A8. Thermal wind profiles for velocity, 𝑣,profiles along 30◦N in the three longitudes.. Left-most and

center panels are in the Pacific Ocean (at 169◦W, 121◦W) and the third is a North Atlantic profile at 15◦W.

572

573

Fig. A9. Thermal wind shear (upper panel) and 𝑓 𝜕𝑢/𝜕𝑧 (lower panel) along 30◦W in the Atlantic, both

multiplied by 108.

574

575
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