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Filamented Southern Ocean MLD (color) at the early stage of austral winter (July)

Model-simulated MLD (0.1°-resolution POP)

Observation-based MLD (Argo floats; Holte et al. 2017)

The deepest MLDs are located just on the equatorward flank of the ACC jets.
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The JSOC is responsible for the formation of the deep mixed layers.
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Figure 3-7: a) Schematic diagram of eddy-momentum-flux-driven jet (⨀), JSOC (→) and 
JSOC-driven equatorward potential density σ (contours) gradient north of the SAF. Red 
arrows (→) denote the eddy momentum flux. b) Vertical cross-section of November-
April-mean potential density (contours; unit: 10-2 kg m-3) and the change in potential 
density (color; unit: kg m-3) caused by the sector (130°E-142°E) mean vertical advection 
during the period of November-April. Black vertical dashed line indicates the latitude of 
the SAF core (~48.7°S). White box indicates the region of the diagram shown in a). 

Background about Jet-Scale Overturning Ocean Circulation (JSOC):

Mechanisms for the winter mixed 
layer formation in the SO:

•Air-sea buoyancy loss (Sallée et al. 
2006; Dong et al. 2008; Hogg 2010)
•Ekman advection of buoyancy 
(Rintoul and England 2002)
•Mesoscale eddy buoyancy transport 
(Sallée et al. 2010)
•Langmuir turbulence associated with 
the Stokes drift (Belcher et al. 2012)

At the early stage of austral winter

destratifies the water column

deepens the MLD

On the equatorward flank of the jet:

JSOC brings down light water
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The JSOC is responsible for the formation of the deep mixed layers.
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Background about Jet-Scale Overturning Ocean Circulation (JSOC):

Eddy momentum flux can drive multiple jets and JSOCs
JSOC is strong enough to show in the transformed Eulerian mean (TEM) circulation 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
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QG scaling of the Boussinesq equations on the beta
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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Residual-mean meridional circulation: 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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QG zonal momentum and buoyancy equations: 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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Residual-mean meridional circulation: 
Thermal wind balance 
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• Example from the atmosphere: 



Background about Jet-Scale Overturning Ocean Circulation (JSOC):

Eddy momentum flux can drive multiple jets and JSOCs
JSOC is strong enough to show in the transformed Eulerian mean (TEM) circulation 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
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QG scaling of the Boussinesq equations on the beta
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
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buoyancy frequency. Following the notation of Peixoto
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and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,
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›[u ]
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and (2) and (3) are combined to yield the equation for
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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Residual-mean meridional circulation: 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
›[u ]
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).

OCTOBER 2016 L I AND LEE 2945

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as

[yy]5 [y]2
›

›z

!
1

N2
y*b*

"
and

[wy]5 [w]1
›

›y

!
1

N2
y*b*

"
, (1)

the QG zonal momentum and buoyancy equations take
the form of

›[u ]

›t
5 f0[y

y]2
›

›y
[u *y*]1

›

›z

!
f
0

N2
y*b*

"
1 [F] (2)

and

›[b]

›t
52N2[wy]1 [Q] , (3)

where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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QG zonal momentum and buoyancy equations: 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,
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and (2) and (3) are combined to yield the equation for
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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Residual-mean meridional circulation: 
Thermal wind balance 

!6

• Example from the atmosphere: 



Background about Jet-Scale Overturning Ocean Circulation (JSOC):

Eddy momentum flux can drive multiple jets and JSOCs
JSOC is strong enough to show in the transformed Eulerian mean (TEM) circulation 

• Example from the atmosphere: 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,
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and (2) and (3) are combined to yield the equation for
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
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›z
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, (4)

and (2) and (3) are combined to yield the equation for
the residual-mean meridional circulation:

N2›[w
y]

›y
2 f 20

›[yy]

›z
52f

0

›

›z

›

›y
[u *y*]

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
A

1 f
0

›2

›z2

!
f0
N2

y*b*

"

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
B

.

(5)

FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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Residual-mean meridional circulation: 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
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and (2) and (3) are combined to yield the equation for
the residual-mean meridional circulation:
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
›[u ]

›z
52

›[b]

›y
, (4)

and (2) and (3) are combined to yield the equation for
the residual-mean meridional circulation:
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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QG zonal momentum and buoyancy equations: 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,
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and (2) and (3) are combined to yield the equation for
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).

OCTOBER 2016 L I AND LEE 2945

Residual-mean meridional circulation: 
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Background about Jet-Scale Overturning Ocean Circulation (JSOC):

Eddy momentum flux can drive multiple jets and JSOCs
JSOC is strong enough to show in the transformed Eulerian mean (TEM) circulation 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
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and (2) and (3) are combined to yield the equation for
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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Residual-mean meridional circulation: 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
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and (2) and (3) are combined to yield the equation for
the residual-mean meridional circulation:
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
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›z
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and (2) and (3) are combined to yield the equation for
the residual-mean meridional circulation:
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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QG zonal momentum and buoyancy equations: 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
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and (2) and (3) are combined to yield the equation for
the residual-mean meridional circulation:
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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• Example from the atmosphere: 

Background about Jet-Scale Overturning Ocean Circulation (JSOC):

Eddy momentum flux can drive multiple jets and JSOCs
JSOC is strong enough to show in the transformed Eulerian mean (TEM) circulation 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
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and (2) and (3) are combined to yield the equation for
the residual-mean meridional circulation:
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,
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and (2) and (3) are combined to yield the equation for
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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Residual-mean meridional circulation: 
Thermal wind balance 

!9

ACC scale

• Example from the ocean: 



Background about Jet-Scale Overturning Ocean Circulation (JSOC):

Eddy momentum flux can drive multiple jets and JSOCs
JSOC is strong enough to show in the transformed Eulerian mean (TEM) circulation 

single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
›[u ]

›z
52

›[b]

›y
, (4)

and (2) and (3) are combined to yield the equation for
the residual-mean meridional circulation:

N2›[w
y]

›y
2 f 20

›[yy]

›z
52f

0

›

›z

›

›y
[u *y*]

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
A

1 f
0

›2

›z2

!
f0
N2

y*b*

"

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
B

.

(5)

FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
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and (2) and (3) are combined to yield the equation for
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
buoyancy frequency. Following the notation of Peixoto
and Oort (1992), the bracket [!] denotes a zonal mean,
and asterisks denote the deviation from the zonal mean.
Neglecting frictional and heating terms (F andQ) and by
requiring maintenance of thermal wind balance,

f0
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and (2) and (3) are combined to yield the equation for
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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single cell as illustrated in Fig. 2a. Instead, as indicated
schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux

convergence/divergence is strong enough to overcome
the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
key idea, we consider the equation developed under the
QG scaling of the Boussinesq equations on the beta
plane (Vallis 2006). In terms of the residual-mean me-
ridional circulation—[yy], [wy]—defined as
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where u , y, and w are the zonal, meridional, and vertical
velocities, respectively; b is the buoyancy; and N is the
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FIG. 1. A schematic diagram of multiple zonal jets, baroclinic eddy structure, baroclinic eddy momentum flux
[u 0*y0*] [the notation is introduced in (4)], and baroclinic eddy buoyancy flux. This schematic is based on Fig. 5 of
Lee (1997). The horizontal axis is either the zonal speed U of the flow or zonal phase speed c of the eddies; the
eddies that grow at the jet latitudes propagate faster than the eddies that grow at the interjet region. The former
eddies transport zonal momentum into the corresponding jet, while the interjet eddies export zonal momentum out
of the interjet. As a result, the momentum flux by both eddies help maintain the multiple jets. However, the
buoyancy flux has a meridional scale of the entire baroclinic zone that encompasses both the jets and the interjet
region (notice that the vertical shear of the flow is positive everywhere).
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QG zonal momentum and buoyancy equations: 
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schematically in Fig. 2b, there is a midlatitude dip in the
upper branch of the TEMwith descent in the subtropics
and ascent in the subpolar region. This midlatitude dip
can be clearly seen in Fig. 6a of Edmon et al. (1980).
Figure 2 in Karoly et al. (1997) shows that this dip is
sufficiently deep that it extends to the surface.
The cause of this dip is that eddy momentum flux
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the eddy buoyancy flux effect (Robinson 2006). Unlike
the eddy buoyancy flux contribution, the eddy momen-
tum flux contribution to the three-cell structure does not
disappear in the TEM framework. To help illustrate the
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QG scaling of the Boussinesq equations on the beta
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Residual-mean meridional circulation: 
Thermal wind balance 

[Li, Lee, Griesel 2016, JPO]
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Jet scale

• Example from the atmosphere: • Example from the ocean: 



• The POP model forced by CORE-IAF

• Horizontal resolution: ~1/10° 

• Vertical resolution: 42 levels

• Period: 1994-2007 (14 years)

• Acknowledgements: Matt Maltrud, Elena Yulaeva, Julie McClean

Background about Jet-Scale Overturning Ocean Circulation (JSOC):

JSOCs are found in the 0.1°-resolution ocean model

Analysis region:
Indo-western Pacific Southern Ocean

Zonal Current Speed

120E-144E: Zonal velocity (color)
Meridional and vertical velocities (vectors)

that a broad band of buoyancy flux can occur even when
the eddy momentum flux drives much smaller-scale mul-
tiple zonal jets.
Our findings are from a small sector and hence

cannot be generalized for the entire ACC. For exam-
ple, in the region of the ACC where topography gen-
erates substantial standing meanders, locally enhanced
eddy buoyancy flux and eddy kinetic energy (oceanic

storm tracks) can occur downstream of topography
(Abernathey and Cessi 2014; Bischoff and Thompson
2014; Chapman et al. 2015). Thompson and Naveira
Garabato (2014) concluded that the enhancement of
eddy kinetic energy within the standing meanders is
related to the increase in cross-stream buoyancy flux
and enhanced mixing by mesoscale eddies. A. Klocker
et al. (2016, unpublished manuscript) analyzed eddy

FIG. 9. Vertical cross sections of zonal current velocity (cm s21; colors), meridional velocity
(cm s21; vectors), and vertical velocitiesmultiplied byL/D, whereL is themeridional width and
D is the depth of the domain (cm s21; vectors) for (left) sector A and (right) sector B in
(a),(c) TEM driven by transient eddies and (b),(d) isopycnal coordinates, respectively. Green
contours in (a) and (c) indicate the potential density (kgm23 ) surface. Hatched areas represent
missing values.
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Do JSOCs exist in nature?



Argo: Observing the Ocean in Real Time

�14http://www.argo.ucsd.edu/

http://www.argo.ucsd.edu/


An Argo Float Mission

Descending:  Xdes, Ydes, tdes

Ascending:    Xasc, Yasc, tasc[Schmid et al. 2007]

The Observed Ocean Current Velocities
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In this study, drift subsurface velocity at the parking depth of ~1,000 dbar 

(approximately 1 km), !! !!, !! , was estimated for each float cycle using the time (!!"#) 
and location (!!"#,!!"#) of the surfacing at the end of the cycle, and those of the previous 

cycle. By approximating the surfacing time and location of the previous cycle as time and 

location of the current cycle’s dive (!!"#,!!"#,!!"#), the subsurface velocity may be 

computed as 

!! = !!"#!!!"#
!!"#!!!"#

!! = !!"#!!!"#
!!"#!!!"#

.                                                            (2) 

For the analysis, we used cycles with drift time intervals greater than 8 days and 

with their parking depth deeper than 500 dbar. Because each float spends some time at 

the surface for transmitting measurements and coordinates to satellites, the actual surface 

drift causes an error in the estimated subsurface velocity. This error, however, is 

considered to be an order of magnitude smaller than the displacement at the parking 

depth [Lebedev et al., 2007; Ollitrault and Rannou, 2013]. The vertical shear is also a 

known source of error, which is more of a problem at locations close to shallow 

topography [Zilberman et al., 2017]. However, the sectors analyzed in this study are far 

from the topography. Therefore, no corrections are applied to the subsurface velocity 

inferred in this study. Although accuracy of the parking-depth velocity is of concern  

[Chapman and Sallée, 2017], owing to the large sample size,  the values that we obtain 

are found to be statistically significant. 

4.4.3 Streamwise and Cross-stream Velocities 

If the jet is purely zonal, the JSOC velocity can be diagnosed using !!. However, 

the ACC meanders and generally flows in the southeast direction (Figure 3). Therefore, 

in order to more accurately diagnose the JSOC velocity, streamwise (!!) and cross-

streamwise (!!) velocities must be computed instead as: 

• Subsurface velocities at ~1 km (Argo parking level)



An Argo Float Mission

Descending:  Xdes, Ydes, tdes

Ascending:    Xasc, Yasc, tasc[Schmid et al. 2007]

The Observed Ocean Current Velocities
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• Surface geostrophic velocity:

73 

 

4.4 Data and Methods 

4.4.1 Surface Geostrophic Velocity from Satellite-based Altimeter Data 

The sea surface height (η) derived from the Archiving, Validation, and 

Interpretation of Satellite Oceanographic (AVISO) product [Ducet et al., 2000; 

http://www.aviso.oceanobs.com/] were used in this study to compute surface geostrophic 

velocity. The daily η data from January 2005 to December 2016 was used. The surface 

geostrophic velocity !! !!, !!  is related to the horizontal gradient in η as 

!! = − !
!
!"
!"

!! = !
!
!"
!"

, 

where g is the gravity, and f is the Coriolis parameter. The magnitude of the geostrophic 

velocity is defined as  

!! = !!! + !!!.                                                          (1) 

4.4.2 Subsurface Velocity from Argo Float Trajectories 

Argo float data were collected by the International Argo Program and associated 

contributing national programs [http://www.argo.ucsd.edu; http://argo.jcommops.org]. 

Data from January 2005 to December 2017 were used in this study. Argo float data 

provide the locations of drifting floats approximately every 10 days, and corresponding 

profiles of temperature and salinity between the surface and 2 km [Riser et al., 2016]. 

Because the floats are programmed to drift at the parking depth of ~1 dbar for ~9 days 

and to ascend or descend over a time period of  ~1 day (roughly about 10% of each duty 

cycle), their trajectories can be used to obtain direct estimates of the Lagrangian 

subsurface velocity at the parking depth [Lebedev et al., 2007; Ollitrault and Rannou, 

2013; Gray and Riser, 2014]. 

Sea Surface Height
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If the jet is purely zonal, the JSOC velocity can be diagnosed using !!. However, 

the ACC meanders and generally flows in the southeast direction (Figure 3). Therefore, 

in order to more accurately diagnose the JSOC velocity, streamwise (!!) and cross-

streamwise (!!) velocities must be computed instead as: 

• Subsurface velocities at ~1 km (Argo parking level)



0.5° x 0.5° resolution
• Contours: AVISO SSH-based surface geostrophic current speed (above 5 cm s-1)

• Vectors/color: Argo-float-trajectories-based subsurface (at ~1 km) velocity/magnitude

The Observed Ocean Current Velocities

[Li, Lee, Mazloff 2018, GRL]
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Structure of the Theoretical JSOC
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ACC Jets are tilted

Streamwise Coordinate
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!! = !! cos! − !! sin!
!! = !! sin! + !! cos!,                                               (3) 

where ! is the angle between the (west-east) x-axis and the streamwise direction of the 

jet. The angle ! was estimated by first identifying latitude of maximum daily !!  field 

from Eq. (1), and then by computing a least square fit of a line to the latitudes (Figure S1). 

This analysis is performed over the deep MLD formation Sectors A and B in the IWPSO 

(Figures 3a and 3c) and Sectors C and D in the EPSO (Figures 3b and 3d). As shown in 

Fig. 3, the core of the Argo trajectory velocity field coincides remarkably well with that 

of the AVISO-based !!  such that the same angle α is obtained using maximum |!!|. 
This negligible rotation of the flow with depth in the core of the ACC jets is consistent 

with the findings of Peña-Molino et al. (2014). 

4.5 Observational Evidence of the JSOCs in Argo Float Trajectories 

The position of ACC fronts at the ocean surface is based on the AVISO-derived surface 

geostrophic velocity !!  field. Its position at subsurface depends on the drift subsurface 

velocity field at the parking depth of ~1 km, !! , which was constructed using the Argo 

float trajectories. The !!  field and !!  field that is binned in 0.5°×0.5° resolution are 

presented for the IWPSO (Figure 3a) and EPSO (Figure 3b), respectively. The stream of 

strongest !!  coincides with the location of the ACC jets that were independently 

estimated from AVISO, lending confidence to the estimated values of !!. The agreement 

between the ocean surface and ~1-km ACC positions also give rise to investigating the 

observed JSOCs. 

We therefore proceed to explore the existence of the JSOCs by analyzing the 

cross-stream meridional drift velocity, !!, for Sectors A (95°E-110°E) and B (121°E-

139°E) in the IWPSO, and C (136°W-124°W) and D (113°W-84°W) in the EPSO. As 

described in Figure 2c, if the JSOCs exist in nature, there would be negative !! across the 

Streamwise velocity
Cross-stream velocity

 
 

3 
 

 
Figure S2. Daily positions (dots) of the speed maxima for each longitude in AVISO-based 
surface geostrophic current speed !"##⃗ %! field for a) Sector A (95°E-110°E), b) Sector B (121°E-
139°E), c) Sector C (136°W-124°W) and d) Sector D (113°W-84°W). Contours show the 
Gaussian-boxcar (1° ×1°) smoothed climatological annual-mean !"##⃗ %!, which exceeds 5 cm s-1 
(thin) and 9 cm s-1 (thick) with an interval of 2 cm s-1. Pink line is the least square fit to a line of 
the blue dots. The angle ((%) of each line is presented in Table S1. The streamwise coordinates 
with the angle (() of rotation are indicated in the top right corner of each panel. 

• Dots: Daily positions of the speed maxima in the AVISO 
SSH-based surface geostrophic current speed.
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Detecting Horizontal Motion by Argo Float Trajectories

Indo-western Pacific Southern Ocean
Negative cross-stream motion across the jets

Lines: Streamwise velocity (us)

Bars: Cross-stream velocity (vs)

[Li, Lee, Mazloff 2018, GRL] !20



Detecting Horizontal Motion by Argo Float Trajectories

Eastern Pacific Southern Ocean

Lines: Streamwise velocity (us)

Bars: Cross-stream velocity (vs) !21

Negative cross-stream motion across the jets

[Li, Lee, Mazloff 2018, GRL]



• In the Indo-western Pacific SO, where the jets are relatively well-defined, the analysis 
shows that eddy momentum fluxes drive the ACC jets and jet-scale overturning 
circulations (JSOCs). 

• Analogous to the Ferrel Cell, the JSOCs are thermally indirect with sinking/rising 
motions on the equatorward/poleward flank of the jets. 

• The negative cross-stream motion is revealed across the jets by Argo float trajectories. 
It suggests that the JSOCs indeed exist in nature. 

• The eddy-driven JSOC associated with the SAF plays an important role in initiating the 
narrow and deep mixed layer wedge that forms north of the SAF.

Conclusions
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