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Abstract

The ocean’s permanent pycnocline is a layer of elevated stratification that separates the well-ventilated upper ocean from the

more slowly-renewed deep ocean. Despite its pivotal role in organizing ocean circulation, the processes governing the formation

of the permanent pycnocline remain little understood. Two factors in particular are generally overlooked: the presence of a zonal

channel in the Southern Ocean, and the nonlinear interplay between temperature and salinity distributions. Here we assess the

mechanism generating the Southern Ocean’s permanent pycnocline through the analysis of a high-resolution, realistic, global

sea ice-ocean model. We show that the permanent pycnocline is formed by seasonal sea ice-ocean interactions in two distinct

ice-covered regions, fringing the Antarctic continental slope and the winter sea ice edge. In both areas, persistent sea ice melt

leads to the formation of strong, salinity-based stratification at the base of the surface mixed layer in winter. The resulting

sheets of high stratification subsequently descend into the ocean interior at fronts of the Antarctic Circumpolar Current, and

are projected equatorward into the Southern Hemisphere basins along density surfaces. Our findings thus highlight the crucial

role of localized sea ice-ocean interactions in configuring the vertical structure of the Southern Ocean.
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Abstract23

The ocean’s permanent pycnocline is a layer of elevated stratification that separates the24

well-ventilated upper ocean from the more slowly-renewed deep ocean. Despite its piv-25

otal role in organizing ocean circulation, the processes governing the formation of the26

permanent pycnocline remain little understood. Two factors in particular are generally27

overlooked: the presence of a zonal channel in the Southern Ocean, and the nonlinear28

interplay between temperature and salinity distributions. Here we assess the mechanism29

generating the Southern Ocean’s permanent pycnocline through the analysis of a high-30

resolution, realistic, global sea ice-ocean model. We show that the permanent pycnocline31

is formed by seasonal sea ice-ocean interactions in two distinct ice-covered regions, fring-32

ing the Antarctic continental slope and the winter sea ice edge. In both areas, persis-33

tent sea ice melt leads to the formation of strong, salinity-based stratification at the base34

of the surface mixed layer in winter. The resulting sheets of high stratification subsequently35

descend into the ocean interior at fronts of the Antarctic Circumpolar Current, and are36

projected equatorward into the Southern Hemisphere basins along density surfaces. Our37

findings thus highlight the crucial role of localized sea ice-ocean interactions in config-38

uring the vertical structure of the Southern Ocean.39

Plain Language Summary40

Satellite observations have revealed significant trends in sea ice concentration over41

recent decades. While the science community is starting to unravel the causes of the ob-42

served changes in sea ice extent, our understanding of how these ice changes are influ-43

encing ocean circulation remains rudimentary. Here we take a step toward addressing44

this critical gap by showing – through the analysis of a state-of-the-art, realistic sea ice-45

ocean model – that localized sea ice-ocean interactions in the Southern Ocean, in par-46

ticular the melting of sea ice, configure the vertical structure of the Southern Hemisphere47

oceans.48

1 Introduction49

The permanent pycnocline (not to be confused with the ventilated pycnocline (Luyten50

et al., 1983), which refers to the shallower, relatively weakly stratified and well-ventilated51

portion of the pycnocline at the base of subtropical gyres) is a perennial layer of elevated52

density stratification, found at 200-1500 m over much of the ocean (Samelson & Vallis,53
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1997; Gnanadesikan, 1999). It is the main organizing feature of global ocean circulation,54

as it separates the relatively well-ventilated waters of the upper ocean, including those55

of the ventilated pycnocline, from more slowly-renewed deeper waters (DeVries & Primeau,56

2011). The abrupt vertical gradient in renewal time scale associated with the permanent57

pycnocline structures many important oceanic physical and chemical properties, such as58

salinity (Fig. 1 b,d,f) or dissolved inorganic carbon (DeVries & Weber, 2017), thus fun-59

damentally shaping the ocean’s climatic role.60

Classical views of the pycnocline – historically referred to as thermocline theory,61

since past work has focused on regions where stratification is set by temperature (often62

termed the alpha ocean, see (Carmack, 2007)) – propose two distinct mechanisms of py-63

cnocline formation. In adiabatic theories (Welander, 1959; Luyten et al., 1983; Huang,64

1988), the surface density distribution is set by atmospheric thermal forcing and trans-65

ferred to the ocean interior by wind-driven Ekman downwelling, which maps the surface66

meridional density gradient to a vertical profile. In contrast, diabatic theories (Robinson67

& Stommel, 1959; Stommel & Webster, 1962; Young & Ierley, 1986; Salmon, 1990) in-68

terpret the pycnocline as a diffusive front (or internal boundary layer) that forms at the69

convergence of warm near-surface waters and upwelling cold abyssal waters. In this view,70

the pycnocline thickness decreases as diabatic mixing weakens. Such adiabatic and di-71

abatic perspectives on pycnocline generation were subsequently unified in a two-regime72

model (Samelson & Vallis, 1997), according to which an upper, adiabatic part of the py-73

cnocline (the ventilated pycnocline) results from the vertical mapping of the surface merid-74

ional temperature gradient across the subtropical gyre; and a lower, diabatic part of the75

pycnocline (the internal, or permanent, pycnocline) is generated via a vertical advection76

- diffusion balance, which recasts the surface meridional temperature difference across77

the subpolar gyre onto the vertical. This two-regime model, derived for a single-hemisphere78

closed basin, reproduces the main characteristics of the subtropical pycnocline and con-79

stitutes, to this day, the standard point of reference upon which our understanding of80

the pycnocline is based.81

However, classical pycnocline theories do not directly address where or how exten-82

sive parts of the permanent pycnocline, in particular that pervading in the Southern Ocean,83

are formed. To elucidate this question, at least two limitations of classical pycnocline the-84

ories must be considered. First, these theories overlook the impact of the Southern Ocean’s85

zonal channel, thought to lead to a markedly different pycnocline structure as well as the86
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emergence of a vigorous inter-hemispheric overturning circulation (Vallis, 2000; Nikurashin87

& Vallis, 2012). Although more recent renditions of pycnocline theory have identified a88

focal generative role for the Southern Ocean, they either assume the existence of (Gnanadesikan,89

1999), or fail to reproduce (Wolfe & Cessi, 2010; Nikurashin & Vallis, 2012), the mid-90

depth stratification maximum that defines the permanent pycnocline.91

Second, classical pycnocline theories assume, through their focus on temperature92

stratification, a minor role for salinity. As they effectively treat density as a conserva-93

tive quantity, the theories disregard potentially influential nonlinear interactions between94

the distributions of temperature and salinity. These nonlinear interactions may arise in95

two main ways: (i) via density’s nonlinear dependence on temperature, salinity and pres-96

sure; and (ii) via the forcing of surface heat and freshwater fluxes through distinct mech-97

anisms with different spatio-temporal scales. Nowhere is the significance of such non-98

linear interactions more evident than in polar regions. There, the dominance of salin-99

ity in determining upper-ocean stratification (in the so-called beta ocean) maintains vast100

volumes of warm waters below the pycnocline and favours the wintertime formation of101

sea ice (Carmack, 2007) – the presence of which creates a powerful coupling between heat102

and freshwater fluxes (Martinson, 1990; Polyakov et al., 2017; Lecomte et al., 2017; Wil-103

son et al., 2019). Recent work demonstrates the prominent global stratification impact104

of the nonlinear dependence of density on temperature and pressure (Nycander et al.,105

2015; Roquet et al., 2015), and highlights the large sensitivity of global stratification to106

seawater properties near the freezing point (Roquet et al., 2015).107

In this paper, we show that the two key elements missing from the classical pyc-108

nocline paradigm (specifically, Southern Ocean geometry and nonlinear interactions be-109

tween temperature and salinity patterns) play an important role in the generation of the110

permanent pycnocline of the Southern Hemisphere oceans. Our illustration of this re-111

sult is framed in terms of potential vorticity (PV). Although vigorously modified at the112

ocean surface, PV is approximately conserved in the ocean interior, where diabatic and113

frictional processes are generally weak (Luyten et al., 1983). Here we define PV = − f
ρ
dρ
dz ,114

where f is the Coriolis parameter, ρ is the surface-referenced potential density, and 1
ρ
dρ
dz115

quantifies the vertical stretching of isopycnal layers. Relative vorticity is neglected in this116

definition, as it is small relative to planetary vorticity except in localized frontal regions117

(J. Marshall et al., 1993). Thus, PV is closely related to stratification, and the pycnocline—118

a comparatively thin layer of high stratification—is found to comprise several two-dimensional119
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surfaces along which PV is elevated. We will refer to these two-dimensional surfaces as120

high-PV sheets.121

2 Data and Methods122

2.1 Model description123

Observations of seasonal surface forcing in conjunction with subsurface hydrogra-124

phy in the Southern Ocean are presently scarce. We therefore turn to an eddying global125

sea ice-ocean simulation that has been thoroughly validated with observations and proven126

to be reasonably realistic (Kiss et al., 2020). The use of model output allows seasonally-127

varying surface fluxes to be linked to the seasonal evolution of stratification and PV. This128

enables us, in turn, to build an integrated picture of processes leading to the structure129

of the permanent pycnocline.130

The simulation at the core of our analysis uses a mesoscale eddy-rich version of the131

sea ice-ocean implementation of the Australian Community Climate and Earth System132

Simulator, ACCESS-OM2, run at a horizontal resolution of 0.1o (ACCESS-OM2-01) with133

75 vertical levels. The ocean model is MOM5.1 and the sea ice model CICE5.1, coupled134

with the OASIS-MCT coupler. The model was forced with the JRA55-do v1.3 forcing135

data set. The ACCESS-OM2-01 experiment ran for 33 years from 1 January 1985 to 31136

December 2017. It was started from a 40-year spin-up under repeated 1 May 1984 – 30137

April 1985 JRA55-do forcing. Note that, while below we define the Stratification Con-138

trol Index in terms of conservative temperature Θ and absolute salinity SA, the model139

uses potential temperature θ and practical salinity SP instead. Hence, both PV and the140

SCI in the model are calculated using θ and SP . Details of the simulation and its eval-141

uation can be found elsewhere (Kiss et al., 2020).142

3 Results and Discussion143

3.1 Relating potential vorticity to the Southern Hemisphere’s ocean struc-144

ture145

The distribution of PV provides the organizing framework for the large-scale wa-146

ter mass structure and vertical circulation of the ocean. In the Southern Ocean and neigh-147

bouring Southern Hemisphere basins, this may be readily illustrated with meridional sec-148

tions of PV across the Indian, Pacific and Atlantic sectors (Fig. 1). PV exhibits a lay-149
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ered arrangement, whereby thick layers of low PV are separated by thinner sheets of high150

PV. The thick, low-PV layers correspond to the major oceanic water masses, which fea-151

ture prominently in syntheses of the Southern Hemisphere ocean circulation (Talley, 2013;152

A. C. Naveira Garabato et al., 2014).153

Specifically, the low-PV layers extending northward from the Southern Ocean in154

both the Indian and Pacific basins at depths of < 800 m contain Subantarctic Mode Wa-155

ter (SAMW; Fig. 1 a-d). In the Atlantic basin, a low-PV layer residing at depths of <156

500 m encompasses Subtropical Mode Water (STMW; Fig. 1 e-f). The low-PV layers ex-157

tending northward from the Southern Ocean in the Indian and Pacific basins (Atlantic158

basin) at depths of ∼ 1000 m (∼ 700 m) contain Antarctic Intermediate Water (AAIW).159

AAIW exhibits a broad sub-surface salinity minimum (Fig. 1 b,d,f). Both STMW / SAMW160

and AAIW are characterized by relatively short ventilation time scales (McCartney, 1977;161

DeVries & Primeau, 2011). The deepest low-PV layer visible in Figure 1 encompasses162

Circumpolar Deep Water (CDW), a voluminous, slowly-renewed water mass that has pri-163

mordial sources in the North Atlantic and ultimately upwells in the Southern Ocean (Tamsitt164

et al., 2017). All of these water masses acquire their low PV at their surface formation165

sites, where intense wind and buoyancy forcings in winter trigger convective mixing and166

destroy stratification (Speer & Forget, 2001; Bullister et al., 2001).167

In turn, the high-PV sheets bounding the low-PV layers define the fabric of the ocean’s168

pycnocline. The high-PV sheet closely following the 27.15 kg m−3 (27.05 kg m−3) isopy-169

cnal in the Pacific (Indian) basin embodies the SAMW-AAIW interface. A less pronounced170

high-PV sheet is found at higher density, following the 27.5 kg m−3 (27.45 kg m−3) isopy-171

cnal in the Pacific (Indian) Ocean, and constitutes the AAIW-CDW interface. A sim-172

ilar framework of two high-PV sheets exists in the Atlantic basin, where the sheets fol-173

low lighter isopycnals than in the Indo-Pacific sector and act as the STMW-AAIW and174

AAIW-CDW interfaces.175

Jointly, the two high-PV sheets in the Pacific and Indian basins, at the upper and176

lower boundaries of AAIW, give rise to the stratification maximum that defines the per-177

manent pycnocline. In the Atlantic basin, the permanent pycnocline integrates only the178

denser high-PV sheet. (The lighter sheet is embedded within the subtropical gyre base,179

and thereby contributes to the ventilated pycnocline.) All in all, the pycnocline’s struc-180

ture documented here is found to correspond closely with that in hydrographic obser-181
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Figure 1. Potential vorticity and salinity. Winter values (shown for the month of

September 2015) of (a,c,e) log10(|PV |) and (b,d,f) salinity for a representative section in (a,b)

the South Indian Ocean (100oE), (c,d) the South Pacific Ocean (100oW ) and (e,f) the South At-

lantic Ocean (30oW ). Colored lines are isopycnal surfaces associated with the upper (green) and

lower (blue) high-PV sheets. Subantarctic Mode Water (SAMW), Antarctic Intermediate Water

(AAIW) and Circumpolar Deep Water (CDW) are labelled. The dashed cyan line represents the

mixed layer depth. The orange line at the surface shows the sea ice extent, defined by sea ice

concentrations in excess of 15%.
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vations (Fig.A1; Appendix A), albeit these display a more subtle inter-sheet separation182

concealed by finescale processes (such as internal waves) absent from the model, and slight183

differences in the density of the high-PV sheets.184

The anatomy of the high-PV sheets forming the permanent pycnocline offers sev-185

eral important hints as to the pycnocline’s origin (Fig. 1 a,c,e). As one traces the high-186

PV sheets southward, approximately following isopycnals, their PV increases as the sheets187

draw near the surface in the seasonally ice-covered Southern Ocean. There, the high-PV188

sheets deviate significantly from density surfaces, as would be expected if diabatic or fric-189

tional processes were modifying PV locally. Thus, the structure of the high-PV sheets190

making up the Southern Hemisphere’s permanent pycnocline suggests that the elevated191

stratification is generated in the upper layers of the seasonally ice-covered Southern Ocean.192

The generation mechanism of the high-PV sheets is assessed next.193

3.2 High-PV generation in the ice-covered Southern Ocean194

The generation of high PV in the ice-covered Southern Ocean may be understood195

in terms of two factors. First, the high-PV sheets originate near the surface in areas where196

salinity overwhelms temperature in determining stratification. This indicates that sur-197

face freshwater forcing is likely to play a central role in the creation of the high-PV sheets.198

Second, in order for these sheets to establish the permanent pycnocline, their stratifi-199

cation must survive PV destruction by surface buoyancy loss and vertical mixing in win-200

ter.201

To further unravel these factors, the seasonal evolution of upper-ocean PV and salin-202

ity along a representative meridional section at 100◦W, in the Pacific basin, is shown in203

Figure 2. Panels in each column correspond to every third month of the year, starting204

in December. Colored contours denote density surfaces of particular significance to the205

pycnocline’s structure, as highlighted in Figure 1. The dashed cyan line marks the mixed206

layer base. The bottom panels provide the equivalent sections of potential temperature207

(Fig. 2 i) and the Stratification Control Index (SCI, Appendix B; (Fig. 2 j) in winter (shown208

for the month of September).209

The highest PV values occur at the base of the buoyant mixed layer at the end of210

summer (Fig. 2 c), when inputs of ice melt, meteoric freshwater and heat create fresh and211

light Antarctic Surface Water (Fig. 2 d). The summer mixed layer base marks the loca-212
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tion of the seasonal pycnocline (Carmack, 2007; Pellichero et al., 2017). As the atmo-213

sphere cools and sea ice (shown by orange bars) rapidly expands in autumn, heat loss214

and brine rejection deepen the mixed layer and progressively erode the seasonal pycn-215

ocline (Fig. 2 e,f). The upper-ocean density increase and mixed layer deepening continue216

over winter (Fig. 2 g,h). Yet, despite the strong surface buoyancy loss and vertical mix-217

ing in autumn and winter, two distinct regions withstand the destruction of high PV at218

the base of the mixed layer. The 69-72◦S latitude band holds the key to the generation219

and preservation of high PV along the 27.5 kg m−3 isopycnal (i.e. the denser of the per-220

manent pycnocline’s high-PV sheets), which reaches its shallowest point and highest PV221

there. The 63-69◦S latitude band hosts the formation of the lighter (27.15 kg m−3) of222

the high-PV sheets, which attains its maximum PV in the area. Both of these high-PV223

source regions are characterized by a SCI < −1 (Fig. 2 j): cold near-surface waters over-224

lie warmer deeper waters in winter, and salinity determines upper-ocean stratification225

(Fig. 2 i).226

The preferential imprinting of high PV on shallow isopycnals in the two highlighted227

regions begs the question of what sets these areas apart from the rest of the Southern228

Ocean. A first step toward an answer is provided by examination of the sea ice-ocean229

freshwater flux (Fig. 3 e; the total surface freshwater flux, including surface restoring terms,230

is shown in Fig. C1 and discussed in Appendix C). Both high-PV generation regions host231

net sea ice melt in winter. This counter-intuitive result has a different physical expla-232

nation in the southern and northern regions. In the southern area (69-72◦S), net sea ice233

melt is related to upwelling of warm CDW (Wilson et al., 2019), which is shallowest in234

this region (Fig. 2 i). Once the seasonal pycnocline has been eliminated in the autumn,235

sea ice formation leads to entrainment of warm CDW into the surface mixed layer. The236

entrained heat melts the existing sea ice and hinders further ice formation. This well-237

documented negative feedback on sea ice formation (Martinson, 1990; Wilson et al., 2019)238

maintains the low salinity of the mixed layer. As a result, the strong, salinity-determined239

stratification (i.e. high PV) at the mixed layer base is preserved through winter (Fig. 2240

g,j) against the upwelling of CDW (Evans et al., 2018). Thus, the isopycnal lying at the241

mixed layer base in the area (27.5 kg m−3) is imprinted with high PV, despite never out-242

cropping to the surface.243

In contrast, north of 69◦S in Figure 2, the sub-surface heat reservoir of CDW lies244

considerably deeper (Fig. 2 i) and no longer provides a leading-order feedback on the win-245

–9–



manuscript submitted to JGR: Oceans

Figure 2. Seasonal evolution of potential vorticity and salinity in the Pacific sec-

tor. A latitude-depth section at 100oW of (a,c,e,g) log10(|PV |) and (b,d,f,h) salinity for (a,b)

December, (c,d) March, (e,f) June, and (g,h) September of year 2014/2015. (i) Temperature,

and (j) Stratification Control Index SCI at 100oW for June 2015. Colored lines are isopycnal

surfaces σΘ = 27.15 kg m−3 (green) and 27.5 kg m−3 (blue). Dashed cyan line shows the mixed-

layer depth. Vertical lines mark Southern Ocean fronts, in particular, the Southern ACC front

(SACCF; white), the Polar Front (PF; olive), and the Subantarctic Front (SAF; grey). Orange

line at the surface shows the sea-ice extent, defined by sea-ice concentrations in excess of 15%.
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Figure 3. Circumpolar view of pycnocline formation in the upper ocean. (a)

log10(|PV |), (b) temperature, (c) salinity, and (d) Stratification Control Index SCI, at a depth

of 89 m in September 2015. (e) Wintertime (July to September 2015) mean of surface freshwa-

ter flux due to sea ice melting and freezing. Positive fluxes are directed into the ocean (melting

ice). Green and blue contours respectively indicate isopycnal surfaces σΘ = 27.15 kg m−3 and

σΘ = 27.5 kg m−3. The orange line at the surface shows the sea ice extent, defined as the north-

ern terminus of sea ice concentrations in excess of 15%.
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tertime evolution of sea ice (Wilson et al., 2019). In this area, high-PV values below the246

mixed layer are maintained by the continuous influx of sea ice, which drifts from the main247

freezing sites near the Antarctic margins toward the open ocean (Haumann et al., 2016).248

The import of sea ice impedes wintertime PV destruction through two effects. First, the249

sea ice cover acts as a thermodynamic and mechanical insulator that dampens oceanic250

heat loss and wind-driven mechanical mixing (Sturm & Massom, 2009; Thorndike & Colony,251

1982), and thus suppresses the erosion of upper-ocean stratification. Second, near and252

to the north of the winter sea ice edge, near-surface waters remain sufficiently warm year-253

round to melt sea ice drifting into the region (Fig. 3 b). Because of these two factors, sea254

ice melting prevails over much of the open Southern Ocean – including in winter (Fig. 3255

e) – and the seasonal densification of the mixed layer is limited (Fig. 2 d-h). Hence, like256

in the southern high-PV source region, the surface mixed layer in this area remains very257

fresh in winter (Fig. 2 h), despite forcing by the cold and windy atmosphere and by dif-258

fusive salt gain from the underlying CDW. Elevated, salinity-determined stratification259

is then maintained year-round on the isopycnal lying at the base of the winter mixed layer260

(27.15 kg m−3) in the area straddling the late winter sea ice edge, and the permanent261

pycnocline’s lighter high-PV sheet is formed.262

To the north of their formation sites, the two high-PV sheets are projected into the263

ocean interior along isopycnals at distinct locations (Fig. 2). These locations correspond264

with specific fronts of the Antarctic Circumpolar Current (ACC), where (sub-)mesoscale265

processes linked to the fronts’ enhanced horizontal density gradients and vertical shears266

have been shown to induce along-isopycnal subduction of near-surface waters (A. Naveira267

Garabato et al., 2001; Klocker, 2018; Bachman & Klocker, 2020). Examination of Fig-268

ure 2 indicates that the deeper of the high-PV sheets, extending along the 27.5 kg m−3
269

isopycnal in the Pacific basin, departs from the winter mixed layer base and dives into270

the interior at the Southern ACC Front (SACCF). Similarly, the shallower of the high-271

PV sheets, found at the 27.15 kg m−3 isopycnal in the Pacific sector, descends into the272

interior at the Polar Front (PF). These qualitative relationships between the spatial con-273

figuration of high-PV sheets and the ACC’s frontal structure are reproduced all around274

the Southern Ocean (Figs. 2,4 and 5), and point to the existence of a dynamical under-275

pinning of the sheets’ downward and northward projection from their generation areas.276

While the precise nature of these dynamics cannot be ascertained with the model data277

available, we hypothesize that the high-PV sheets’ descent into the interior is controlled278
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Figure 4. Seasonal evolution of potential vorticity and salinity in the Indian

sector. A latitude-depth section at 100oE of (a,c,e,g) log10(|PV |) and (b,d,f,h) salinity for

(a,b) December, (c,d) March, (e,f) June, and (g,h) September of year 2014/2015. (i) Tem-

perature, and (j) SCI at 100oE for September 2015. Colored dashed lines are isopycnal sur-

faces σΘ = 27.05 kg m−3 (green) and 27.5 kg m−3 (blue). Dashed cyan line shows the mixed

layer depth. Vertical lines mark Southern Ocean fronts, in particular the Southern ACC front

(SACCF; white), the Polar Front (PF; olive), and the Subantarctic Front (SAF; grey). Orange

line at the surface indicates the sea ice extent, defined by sea-ice concentrations in excess of 15%.

by the same processes that govern frontal subduction (A. Naveira Garabato et al., 2001).279

Establishing whether this control is exerted directly via the northward transport of el-280

evated PV along the pycnocline’s isopycnals, or indirectly via the absence of low-PV in-281

jection on those isopycnals, will be the subject of a follow-up study.282

3.3 Circumpolar view of Southern Ocean permanent pycnocline gen-283

eration284

The permanent pycnocline-generating processes identified above with a meridional285

section in the Pacific basin (Fig. 2) are widely generic around the Southern Ocean. To286

elicit this point, Figures 3 a-d compare the horizontal distributions of wintertime (shown287
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Figure 5. Seasonal evolution of potential vorticity and salinity in the Atlantic

sector. A latitude-depth section at 30oW of (a,c,e,g) log10(|PV |) and (b,d,f,h) salinity for

(a,b) December, (c,d) March, (e,f) June, and (g,h) September of year 2014/2015. (i) Tem-

perature, and (j) SCI at 30oW for September 2015. Colored dash-dotted lines are isopycnal

surfaces σΘ = 27.15 kg m−3 (green) and 27.5 kg m−3 (blue). Dashed cyan line shows the mixed

layer depth. Vertical lines mark Southern Ocean fronts, in particular the Southern ACC front

(SACCF; white), the Polar Front (PF; olive), and the Subantarctic Front (SAF; grey). Orange

line at the surface indicates the sea-ice extent, defined by sea ice concentrations in excess of 15%.
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for the month of September) upper-ocean PV, thermohaline properties and SCI at an288

illustrative depth of 89 m, which is close to the base of the winter mixed layer south of289

the PF (Fig. 2). The wintertime surface freshwater flux due to the melting and freezing290

of sea ice is also shown in Figure 3 e.291

Wintertime upper-ocean PV is elevated along a several hundred kilometre-wide,292

circumpolar swath immediately to the north of the Antarctic continental shelf break (light293

blue shading in Fig. 3 a). This swath delineates the generation area of the denser high-294

PV sheet, as can be gleaned from the approximate spatial correspondence between the295

band of increased PV and the 27.5 kg m−3 isopycnal (blue contour in Fig. 3 a), on which296

that high-PV sheet lies in the Pacific basin. The lighter high-PV sheet, formed further297

to the north, is not visible in this map because its generation takes place at a greater298

depth (see the high-PV sheet on the green isopycnal in Fig. 2 g). The swath of elevated299

PV encircling Antarctica coincides with an area of higher temperature (Fig. 3 b) and salin-300

ity (Fig. 3 c), and reduced SCI (SCI < −1, yellow shading in Fig. 3 d). These indicate301

the shoaling of relatively warm and saline CDW beneath cold and fresh near-surface wa-302

ters, which gives rise to strong, salinity-determined upper-ocean stratification. The as-303

sociation of high-PV generation, CDW shoaling and elevated salinity-induced stratifi-304

cation with the ice-ocean feedback outlined above (Martinson, 1990; Wilson et al., 2019)305

is supported by the horizontal distribution of the surface freshwater flux due to the melt-306

ing and freezing of sea ice (Fig. 3 e): the swath of high PV is broadly aligned with a band307

of substantial freshwater input to the ocean (red shading) fringing the Antarctic conti-308

nental shelf break.309

A second region of enhanced surface freshwater input occurs further to the north,310

around the winter sea ice edge (Fig. 3 e), and is linked to the generation of the lighter311

high-PV sheet. The excess freshwater forcing in this area produces an abrupt northward312

reduction in mixed layer salinity (Fig. 3 c), and is associated with a meridional transi-313

tion from near-freezing to above-zero mixed layer temperature (Fig. 3 b). Such thermo-314

haline signatures suggest that the reduction in salinity stems at least in part from the315

melting of sea ice transported into warmer surface waters via wind-driven, northward316

Ekman drift (Haumann et al., 2016). More generally, persistent surface freshwater gain317

in this circumpolar band of reduced surface salinity enables the preservation of elevated318

PV at the winter mixed layer base on the isopycnal coincident with the lighter high-PV319

sheet.320
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Although the key pycnocline formation features highlighted above are quasi-circumpolar,321

some differences between distinct sectors of the Southern Ocean are also apparent (cf.322

Figs. 2, 4 and 5). Most notably, the South Atlantic permanent pycnocline incorporates323

one high-PV sheet only, at a considerably lighter isopycnal than the denser high-PV sheets324

in the Indo-Pacific sector. This is because, upon entering the South Atlantic, the ACC325

veers sharply northward, leading to a significant rearrangement of ACC frontal locations326

and surface buoyancy flux patterns. As a result, unlike in the other basins, the SACCF327

in the South Atlantic lies consistently to the north of the winter sea ice edge, such that328

all melt-generated, high-PV waters at the winter mixed layer base within this sector are329

collated into a single sheet descending into the interior at the SACCF (Fig. S3). The ad-330

ditional, shallower and lighter high-PV sheet formed in the Atlantic basin (see section331

3.1) contributes to the ventilated pycnocline, and qualitatively conforms to the internal332

boundary layer of classical pycnocline theories.333

4 Conclusions and Outlook334

The main result of this work is that the generation of the defining feature of the335

permanent pycnocline in the Southern Ocean and neighbouring Southern Hemisphere336

basins – elevated mid-depth stratification – is governed by forcings and processes that337

are distinct from those highlighted by classical views of pycnocline formation (Welander,338

1959; Luyten et al., 1983; Huang, 1988; Robinson & Stommel, 1959; Stommel & Web-339

ster, 1962; Young & Ierley, 1986; Salmon, 1990) in four significant ways.340

First, the Southern Ocean permanent pycnocline’s high stratification is primarily341

sourced under the seasonal sea ice (Fig. 1), where stratification is determined by salin-342

ity (the beta ocean), rather than widely across regions of the subtropical and subpolar343

oceans with temperature-determined stratification (the alpha ocean), as suggested by344

classical theories. It remains to be established how the processes highlighted by such the-345

ories interact with the mechanism put forward in this work to determine the permanent346

pycnocline’s structure across alpha and beta oceans. This will be investigated in follow-347

up work.348

Second, the key external forcing driving the formation of the Southern Ocean per-349

manent pycnocline’s enhanced stratification is not atmospheric cooling, as broadly pro-350

posed in classical views (Wolfe & Cessi, 2010; Nikurashin & Vallis, 2012), but freshwa-351
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ter input by sea ice melt in winter. The melting is focused in two distinct zones: one off-352

shore of the Antarctic continental shelf break, where sea ice melt is sustained by the up-353

ward entrainment of warm CDW (Martinson, 1990; Wilson et al., 2019), and another354

fringing the winter sea ice edge, where sea ice melts as it drifts northward into warmer355

surface waters (Haumann et al., 2016). These two wintertime melting zones give rise to356

two sheets of high stratification, and confer the pycnocline with a double stratification-357

maximum structure (Fig. 1). This highlights how the strong coupling between thermal358

and freshwater forcings associated with sea ice formation and melt acts to configure ocean359

stratification on basin scales.360

Third, the production of high stratification within the Southern Ocean permanent361

pycnocline does not stem from the downward projection of a meridional surface density362

gradient along outcropping isopycnals, as in classical theories (Luyten et al., 1983; Samel-363

son & Vallis, 1997), but rather from the production of a vertical density gradient at the364

base of the winter mixed layer. Thus, the density classes hosting the permanent pycn-365

ocline across and beyond the Southern Ocean need not reach the surface to acquire their366

elevated stratification. This implies that the permanent pycnocline’s density structure367

may be controlled by sub-surface mixing processes around the mixed layer base, rather368

than directly by buoyancy fluxes across the ocean surface.369

Fourth, our finding that the descent of the permanent pycnocline’s high-stratification370

sheets into the ocean interior is localized to specific ACC fronts suggests that (sub-)mesoscale371

upper-ocean frontal dynamics may shape this stage of pycnocline formation. This con-372

trasts with classical views, which rationalize the downward projection of the pycnocline373

in terms of large-scale, wind-driven Ekman flows and, in some cases, the integrated ef-374

fects of deep baroclinic eddies (Wolfe & Cessi, 2010; Nikurashin & Vallis, 2012).375

In conclusion, the elevated stratification that defines the Southern Ocean perma-376

nent pycnocline is generated by seasonal sea ice-ocean interactions, and may be projected377

equatorward by upper-ocean frontal processes. Both of these elements are absent from378

current theoretical perspectives on pycnocline formation, including those considering the379

Southern Ocean’s role (Gnanadesikan, 1999; Wolfe & Cessi, 2010; Nikurashin & Vallis,380

2012; D. P. Marshall et al., 2017). Such Southern Ocean-focused theories reveal the per-381

manent pycnocline’s depth to be determined by an intricate interplay between wind forc-382

ing, baroclinic eddies and surface buoyancy fluxes. However, they assume that the per-383
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manent pycnocline’s stratification reflects the meridional density gradient at the surface384

of the Southern Ocean, and that this gradient is set by annual-mean surface heat fluxes.385

Our work indicates that establishment of the permanent pycnocline depends on the cou-386

pled seasonal evolution of sea ice-induced freshwater forcing, upper-ocean density struc-387

ture, and sub-surface mixing processes.388

Appendix A Model comparison with observations389

While the model is thoroughly validated elsewhere (Kiss et al., 2020), for the pur-390

pose of this work we note that the model adequately reproduces the observed structure391

of the permanent pycnocline (cf. Figs. 1 and A1), with two modest differences. First,392

the separation between high-stratification sheets in the observations is more subtle than393

in the model. This is due at least in part to contamination of the observational picture394

by finescale motions (e.g., internal waves) and measurement noise. It is also likely that395

the model exaggerates the inter-sheet gap in the ocean interior, as the model’s limited396

resolution does not fully capture the (sub-)mesoscale re-stratification processes expected397

to moderate vertical gradients in interior stratification (Bachman & Klocker, 2020). Sec-398

ond, the densities of the observed high-stratification sheets are slightly lighter (typically399

by 0.1 - 0.2 kg m−3) than those in the model.400

Appendix B Stratification Control Index401

A key theoretical concept in our analysis of the model simulation is the Stratifi-402

cation Control Index, SCI, which is considered here to assess the degree of spiciness in403

a stable stratification (Stewart & Haine, 2016). The SCI is defined as the ratio of the404

spice frequency, K2 = g(α∂zΘ+ β∂zSA), to the buoyancy frequency, N2 = g(α∂zΘ−405

β∂zSA), where g is the gravitational acceleration, α is the thermal expansion coefficient,406

and β is the haline contraction coefficient (Ioc et al., 2010). Since planetary PV is pro-407

portional to the stratification, SCI can equally be interpreted to indicate the relative con-408

tributions of temperature and salinity to setting PV. By construction, the SCI has three409

distinct regimes: SCI < −1 corresponds to a stable stratification controlled by salinity410

where the thermal stratification is unstable (as often found in polar regions); −1 < SCI411

< 1 is associated with thermal and haline stratifications that are both stable; and SCI412

> 1 is obtained when temperature controls the density stratification in the presence of413

a destabilizing effect of salinity.414

–18–



manuscript submitted to JGR: Oceans

Figure A1. Potential vorticity and salinity from observations. Ship-based observations

of (a,c,e) log10(|PV |) and (b,d,f) salinity. (a,b) WOCE transect I09s from a R/V Aurora Aus-

tralis cruise in January-February 2012, (c,d) WOCE transect P18 from a R/V Ronald H. Brown

cruise in November 2016 - February 2017, and (e,f) WOCE transect A16s from R/V Ronald

H. Brown cruise in January-February 2005. Colored lines are isopycnal surfaces approximately

associated with the upper (green) and lower (blue) high-PV sheets. Subtropical Mode Water

(STMW), Subantarctic Mode Water (SAMW), Antarctic Intermediate Water (AAIW), and Cir-

cumpolar Deep Water (CDW) are labeled.
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The SCI can be connected to several other stratification indicators more commonly415

used in the literature. The density ratio, Rσ = (α∂zΘ)/(β∂zSA), was first introduced416

by Turner (Turner, 1973) and can be related to the SCI as Rσ = (SCI + 1)(SCI − 1).417

A difficulty with the density ratio is that it diverges when the salinity stratification van-418

ishes, even in the presence of a stable thermal stratification. This is the reason why the419

SCI is preferred here. Subsequently, the Turner angle was also determined as the arc tan-420

gent of the ratio of spice to buoyancy frequencies (Ruddick, 1983). Hence, the SCI is sim-421

ply the tangent of the Turner angle, uniquely defined for any stable stratification. Draw-422

ing on the properties of the Turner angle, salt fingering is implied to occur when SCI >423

1, and diffusive convection develops when SCI < −1.424

Appendix C Thermal and haline surface buoyancy fluxes425

The surface buoyancy flux, B, depends on both surface heating and freshwater in-426

put, and can be expressed as (Cronin & Sprintall, 2001)427

B = −gαQ

ρcp︸ ︷︷ ︸
BH

+ gβFwSSS︸ ︷︷ ︸
BFW

, (C1)

where BH is the buoyancy flux due to heating and cooling, and BFW is the buoyancy428

flux due to freshwater input or loss. Q is the surface heat flux, Fw the surface freshwa-429

ter input, ρ the surface density, cp the specific heat capacity of seawater, and SSS the430

sea surface salinity. Q has units of W m−2, Fw has units of m s−1, and B has units of431

m2 s−3. In the coupled sea ice-ocean model used here, surface fluxes are due to (i) restor-432

ing to temperature and salinity at the sea surface in the JRA55-do v1.3 forcing data set,433

and (ii) freshwater fluxes resulting from the melting and freezing of sea ice. In winter434

(Fig. C1, showing a mean over July-September 2015), the surface buoyancy flux indicates435

that changes in upper-ocean buoyancy under sea ice are almost entirely due to freshwa-436

ter fluxes induced by the melting and freezing of sea ice. North of the sea ice edge, the437

surface buoyancy flux transitions to being largely dominated by surface heat fluxes.438
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