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What	mechanism	accounts	for	this	fine	jet-
scale	structure	in	the	surface	ocean	pCO2	
and	air-sea	CO2	flux	in	the	Indo-western	

Pacific	Southern	Ocean? 
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ABSTRACT

The relationship between Antarctic Circumpolar Current jets and eddy fluxes in the Indo–western Pacific
Southern Ocean (908–1458E) is investigated using an eddy-resolving model. In this region, transient eddy mo-
mentum flux convergence occurs at the latitude of the primary jet core, whereas eddy buoyancy flux is located
over a broader region that encompasses the jet and the interjet minimum. In a small sector (1208–1448E) where
jets are especially zonal, a spatial and temporal decomposition of the eddy fluxes further reveals that fast eddies act
to accelerate the jet with themaximumeddymomentumflux convergence at the jet center, while slow eddies tend
to decelerate the zonal current at the interjet minimum. Transformed Eulerian mean (TEM) diagnostics reveals
that the eddy momentum contribution accelerates the jets at all model depths, whereas the buoyancy flux con-
tribution decelerates the jets at depths below;600m. In ocean sectors where the jets are relatively well defined,
there exist jet-scale overturning circulations with sinkingmotion on the equatorward flank and a rising motion on
the poleward flankof the jets. These jet-scale TEMoverturning circulations, which are also discernible in potential
density coordinates, cannot be attributed to Ekman downwelling because the Ekman vertical velocities are much
weaker and their meridional structure shares little resemblance to the rapidly varying jet-scale overturning pat-
tern. Instead, the location and structure of these thermally indirect circulations suggest that they are driven by the
eddy momentum flux convergence, much like the Ferrel cell in the atmosphere.

1. Introduction

The Southern Ocean, which extends from Antarctica to
308S, has a significant influence on the global oceanic cir-
culation and the earth’s climate. The Antarctic Circum-
polar Current (ACC) is known to play a critical role for the
modulation of a global-scale meridional overturning cir-
culation (MOC; Toggweiler and Samuels 1995; Marshall
and Speer 2012). In spite of its importance, there are as-
pects ofACCdynamics that remain elusive in part because
turbulent mesoscale eddies are important players in the
general circulation of the Southern Ocean.
Mesoscale eddies influence theACCcirculation through

eddy buoyancy and eddy momentum fluxes. During the
past decade or so, the importance of the eddy buoyancy

fluxes on theACCdynamics has been firmly established. It
has been shown that eddy buoyancy fluxes are important in
determining the slope of isopycnal surfaces and setting the
strength of the ACC and Southern Ocean MOC (Karsten
et al. 2002; Marshall and Radko 2003; Olbers et al. 2004;
Olbers and Visbeck 2005). In contrast, the role of eddy
momentum fluxes in ACC dynamics remains less certain
(Hughes and Ash 2001; Grezio et al. 2005). Stevens and
Ivchenko (1997) found that when averaging over the entire
ACC, the primary zonal momentum balance is between
surface wind stress and bottom form stress, and the con-
tribution by eddy momentum flux divergence–convergence
is an order of magnitude smaller. However, at regional
scales, eddymomentumfluxmay still be important. Close to
the Macquarie Ridge–Campbell Plateau, Morrow et al.
(1994) found that the eddy momentum flux convergence is
significant and acts to accelerate the mean jet. Ivchenko
et al. (1997) showed that eddymomentum flux convergence
drives localized jets to the northeast of Drake Passage.
Williams et al. (2007) found that in regions of topographic
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Hypothesis:	The	Jet-scale	Overturning	Circula9on	(JSOC)	is	responsible	
for	the	fine	jet-scale	structure	in	the	air-sea	carbon	exchange 

destra9fies	the	water	column	

deepens	the	mixed	layer	

JSOC	brings	down	light	water	

On	the	equatorward	flank	of	the	jet: 
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Figure 7. a) Schematic diagram of eddy-momentum-flux-driven jet (⨀), JSOC (→) and 618 
JSOC-driven equatorward potential density ! (contours) gradient north of the SAF. Red 619 
arrows (→) denote the eddy momentum flux. b) Vertical cross-section of November-April-620 
mean potential density (contours; unit: 10-2 kg m-3) and the change in potential density (color; 621 
unit: kg m-3) caused by the sector (130°E-142°E) mean vertical advection during the period 622 
of November-April. Black vertical dashed line indicates the latitude of the SAF core 623 
(~48.7°S). White box indicates the region of the diagram shown in a).  624 
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Sector	of	105°E-118°E	in	the	Indo-western	Pacific	Southern	Ocean	 

200	m 
Low	DIC	tongue 

DIC=Dissolved	Inorganic	Carbon	 



Jet-scale	Structure	in	the	DIC	distribu9on	
in	the	Indo-western	Pacific	Southern	Ocean 

Low	DIC	concentra9on	on	the	equatorward	flank	of	the	ACC	jet;	
High	DIC	concentra9on	on	the	poleward	flank	of	the	ACC	jet. 

Mean	annual	DIC	at	200	m	(2008-2012;	BSOSE)	 ACC	Jet 



Jet-Scale	Overturning	Circula9ons	(JSOC)	
in	the	Indo-western	Pacific	Southern	Ocean 

¤:	ACC	Jet 
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What	are	the	dynamics	of	the	JSOC? 



Eddy	momentum	flux	can	drive	Jet-Scale	Overturning	Circula9on	(JSOC) 

• Quasi-geostrophic	(QG)	zonal	momentum	and	
buoyancy	equa9ons:		

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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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
[u0*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
[u0*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	circula9on:		

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
[u0*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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Thermal	wind	balance		

JSOC	is	strong	enough	to	show	in	the	transformed	Eulerian	mean	(TEM)	circulaBon 

Li,	Lee,	Griesel	(2016,	JPO)	

•  Example	from	the	atmosphere:		

The	JSOC	dynamics: Eulerian	vs.	Lagrangian 

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
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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
[u0*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
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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
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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
[u0*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	circula9on:		
Lagrangian	View 



JSOCs	are	found	in	model	and	observa9ons 

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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Li,	Lee,	Griesel	(2016,	JPO)	

SAF 

Argo	float	trajectories	show	
that	JSOCs	also	exist	in	
nature.	(Li,	Lee,	Mazloff,	
2017,	in	prep.)	
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Sector	120E°-144°E	
from	an	eddy-resolving	
(0.1°x0.1°)	POP	simulaVon	 

VerVcal	Cross-secVon	of	Mean	Annual	Zonal	Velocity	(color)	and	VerVcal	Velocity	(vectors)	 

Eddy	momentum	flux	is	very	small	in	the	zonal-mean	analysis.	
However,	it	is	large	and	can	be	very	important	locally.	
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More	evidence	of	the	impact	of	the	
JSOC	on	biogeochemical	process.	



Jet-scale	Structure	in	Chlorophyll	(ocean	color;	SeaWiFS)		
in	the	Indo-western	Pacific	Southern	Ocean 

Austral	Winter 

Contours:	Smoothed	zonal	velocity	from	(1/4°x1/4°)	EsVmaVng	the	CirculaVon	and	Climate	of	the	Ocean,	
phase	II	(ECCO2;	hgp://ecco2.jpl.nasa.gov/).	
Ocean	Color:	NASA	Goddard	Space	Flight	Center,	Ocean	Biology	Processing	Group;	(2014):	Sea-viewing	
Wide	Field-of-view	Sensor	(SeaWiFS)	Ocean	Color	Data,	NASA	OB.DAAC,	Greenbelt,	MD,	USA.	
Hu,	C.,	Lee	Z.,	and	Franz,	B.A.	(2012).	Chlorophyll-a	algorithms	for	oligotrophic	oceans:	A	novel	approach	
based	on	three-band	reflectance	difference,	J.	Geophys.	Res.,	117,	C01011.	

On	the	equatorward	flank:	
•  Local	minimum	in	Chlorophyll	
•  Associated	with	the	winter	

deep	ML	and	light	limitaVon	
X X X •  Downward	branch	of	the	JSOC	

ê	
Nutrients	pool	

Subantarc9c	Front	



August 

ObservaVon-based	MLD	(Argo	floats)	during	austral	winter 

Subantarc9c	Front	
Color:	Argo-based	MLD	(Holte	and	Talley	2009)	

Li	and	Lee	(2017,	JPO,	in	press)	 Contours:	Smoothed	zonal	velocity	from	SOSE	

Jet-scale	Structure	in	the	Mixed	Layer	Depth	(MLD)	
in	the	Indo-western	Pacific	Southern	Ocean 

Mixed	layer	is	deepest	on	the	equatorward	flank	of	the	jet	



Jet-scale	Structure	in	Chlorophyll	(ocean	color)		
in	the	North	Atlan9c	Ocean	(SeaWiFS;	Hu,	Lee,	and	Franz,	2012) 

Contours:	depth-averaged	zonal	velocity	(above	1	km	;ECCO2) 

Jet-scale	structure	

VerVcal	cross-secVons	of	verBcal	velocity	(color)	
and	zonal	velocity	(contours)	from	ECCO2	

Western	Boundary	Current:	
The	Gulf	Stream	Extension 



•  The	eddy-momentum-flux-driven	JSOC	has	a	potenVal	
impact	on	carbon	hot	spots	in	the	Southern	Ocean.	

•  The	JSOC	also	influences	the	mixed	layer	formaVon	and	
Chlorophyll.	

•  Future	work:	Given	this	evidence,	we	will	further	
invesVgate	the	physical	and	biogeochemical	processes	
associated	with	the	strong	jets. 

Conclusion	



Carbon	Budget: 

VerVcal	Cross-secVon	of	Mean	Annual	DIC 



The	end! 
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Mean	annual	Net	Community	ProducVon	(NCP)	at	200	m	(2008-2012;	BSOSE)	

ACC	Jet 



Topography	in	the	Indo-western	Pacific	Southern	Ocean	

ACC	Jet 



	EffecVve	diffusivity	(Abernathey,	Marshall,	Mazloff,	JPO,	2010)	
													data	source:	SOSE	(Southern	Ocean	State	EsVmate)	

Thompson 1999). The findings reported here, which
make use of a much more realistic eddying model con-
strained to be close to observations, support the idea
that critical-layer enhancement occurs in the region of
the ACC. The numerical studies of Treguier (1999) and
Cerovecki et al. (2009) also provide clear evidence of
intensified mixing in the critical layer of a baroclinically
unstable jet. Treguier (1999) in particular diagnoses
mixing coefficients based on flux–gradient inversions of
both quasigeostrophic potential vorticity in the hori-
zontal and Ertel potential vorticity along isopycnals.
The resulting vertical diffusivity profile (her Fig. 9) is
remarkably similar to our vertical profile of K(i)

eff in the
jet axis, reaching a peak of 1600 m2 s21 at 1500-m depth.

If steering-level effects are responsible for the en-
hanced diffusivity at depth, we might expect to observe
eddies propagating eastward at a speed slower than the
surface mean flow in SOSE. The phase speeds can be
calculated using Radon transforms, as done in SM, but
here we opt for the simpler approach of constructing
Hovmöller diagrams. We examined the SOSE sea sur-
face height anomaly in a sector in the Pacific between
1658 and 1358W. Figure 5 shows two Hovmöller dia-
grams, one at 538S, near the mean zonal flow maximum
in this region, and one at 478S. It is encouraging to see
that c ’ 2 cm s21 in the ACC, since this places the
steering level around 2000 m deep, in agreement with
the structure of Keff in Fig. 4. North of the jet at 478S, the
anomalies propagate westward at approximately 1 cm s21.
These numbers are in agreement with those of SM.

b. Regional cross sections

While the global cross section of effective diffusiv-
ity seems to offer a picture consistent with the global
streamwise-average mean fields, the Southern Ocean
contains large zonal asymmetries in bathymetry, circu-
lation, and eddy activity. To address the zonal variations
in mixing, we split the domain into six sectors and re-
peated the calculation on each sector. Shuckburgh et al.
(2009b) have shown how this procedure, while not for-
mally permitted in Nakamura’s construction, still gives
meaningful values of Keff in the truncated domain. The
cross sections of the isopycnal diffusivity K(i)

eff are shown
in Fig. 6, along with zonally averaged zonal velocity and
isopycnals. Again, we imposed a minimum on Lmin, re-
quiring Lmin . 2200 km in each sector. Where Lmin does
not meet this criterion, no value is plotted in Fig. 6,
leading to the irregular white patches near the surface
and bottom. Outcropping isopycnals or the intersection
of neutral surfaces with bottom topography can lead to
very small values of Lmin, but this effect does not truly
reflect an enhanced effective diffusivity. The cutoff pro-
cedure focuses attention on variations in Keff due to varia-
tion in Leq.

Intensified mixing at depth is clearly present on the
flanks of the jet maxima in most sectors, the location in
latitude varying with the local flow. Other regions of en-
hanced mixing in each sector can also be related to the
local current system. In particular, as noted by Shuckburgh
et al. (2009b), strong mixing is found in regions where

FIG. 4. Effective diffusivity Keff in m2 s21. (top) Horizontal effective diffusivity in the upper
100 m. In this region the diffusivity can be interpreted as a horizontal eddy mixing in the
mixed layer. (bottom) Isopycnal effective diffusivity, which characterizes the mixing of
passive tracers such as PV in the ocean interior. The magenta contour lines show the
streamwise-averaged zonal velocity, indicating the position of the mean jet of the ACC, and
mean isopycnals appear in white. The velocity contour interval is 2 cm s21.
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MulVple	jets	and	potenVal	vorVcity	mixing	
	in	a	two-layer	quasi-geostrophic	model		

source:	Yoo	and	Lee	(2010,	JAS)	

Figure 3: The meridional profiles of the zonal wind (thick, black solid curve) and PV (thick,
black dashed curve), averaged following the center of the left jet for (I) PDJ and (II) IDJ,
respectively. The upper (lower) panel shows the upper-layer (lower-layer) zonal wind and
PV. For both PDJ and IDJ, forty individual realizations of the zonal wind are shown in
thin gray curves. For the PDJ, the mean of the forty realizations is also shown (thin black
curves).

37

PotenVal	vorVcity	
Zonal	winds	

laVtude	

Mixing	is	strongest	in	the	inter-jet	region	



②   . 
Net	 air-sea	 heat	 flux	 reveals	 a	 similar	
wedge-like	 feature,	 but	 this	 feature	 is	
precondiVoned	by	the	JSOC;	

Precondi9oning	role	of	the	JSOC	on	the	mixed	layer	wedge	forma9on 

①  	 
Ekman	 advecBon	 contributes	 to	 the	
formaVon	of	 the	mixed	 layer,	but	 further	
north	 of	 where	 the	 mixed	 layer	 iniVally	
deepens;	

④   . 

This	 destraVficaVon	 can	 be	 agributed	
primarily	 to	 the	 downwelling	 branch	 of	
JSOC,	 which	 occurs	 on	 the	 warmer	
equatorward	flank	of	 the	 SAF,	 promoVng	
destraVficaVon	 during	 the	 warm	 season,	
hence	precondiBoning	for	the	deep	mixed	
layer;	

③   . 
The	formaVon	of	the	winter	narrow	mixed	
layer	 coincides	 with	 destra=fica=on	
underneath	the	summer	mixed	layer;	

⑤   . Eddy	 buoyancy	 flux	 also	 contributes	 to	this	destraVficaVon.	
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FIG. 4. Contours of (a) eddy heat flux and (b) upper-layer eddy
relative vorticity flux versus latitude and phase speed for the control
experiment, Wc 5 10. Contour interval is 0.02. Time-mean zonal-
mean zonal winds in both layers are indicated by heavy lines, and
shading denotes plus and minus one standard deviation of the zonal
winds.

FIG. 5. As in Fig. 4 except for the control experiment Wc 5 11.

to indicate critical latitudes for a given phase velocity,
the time-mean zonal wind speed is superimposed on
these PL diagrams. For example, in Fig. 4b, for a phase
velocity of 0.75 there are two upper-layer critical lati-
tudes, that is, y 5 35 and 75, at which the time-mean
zonal wind velocity is also 0.75. There is a broad region
of eddy heat flux bounded by the upper-layer zonal
winds with its maximum at the latitude of the westerly
jet maximum. Also, the momentum flux convergence
(divergence) maximum exists along the westerly jet
maximum (flanks). According to linear critical layer the-
ory, Rossby waves that propagate away from source
regions are absorbed at their critical layers, manifesting
themselves in a maximum momentum flux divergence
in those regions. However, Fig. 4b shows that the mo-
mentum flux divergence maxima occur next to, rather
than superimposed upon, the critical latitudes. The same
behavior was found in idealized baroclinic life-cycle

calculations in a two-layer model (Feldstein and Held
1989) and observations (Randel and Held 1991).
Figures 5a and 5b, respectively, show PL diagrams

for eddy heat and upper-layer eddy vorticity flux for the
control, Wc 5 11 case, where two persistent jets coexist.
There are two eddy heat flux maxima at y 5 38 and 52,
each associated with a westerly jet maximum. At the
outer wings of the two jets (i.e., y , 38 and y . 52),
the eddy momentum flux divergence maxima occur
close to the critical latitudes. Between the two jet max-
ima (38 , y , 52), the momentum flux divergence
maximum coincides with the time-mean zonal wind re-
markably well. Along these inner flanks of the jets, for
a given phase speed, the momentum flux divergence is
confined in a narrow zone of latitudes centered around
the critical latitude. As will be discussed later, we sus-
pect that these well-defined latitudes of wave absorption
are largely responsible for the abrupt organization of
the two persistent jets.
In Figs. 4 and 5, the shading denotes plus and minus

one standard deviation of the zonal winds. Perhaps, due
to this well-organized region of wave absorption, fluc-

Lee	(1997)	

Upper-layer	U	Lower-layer	U	

2-Layer	QG	Model	
Eddy	Momentum	Flux	Convergence	

Eddy	momentum	flux	can	drive	mul9ple	jets	and	JSOCs 

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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the QG zonal momentum and buoyancy equations take
the form of
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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
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
[u0*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	circula9on:		

JSOC	is	strong	enough	to	show	in	the	transformed	Eulerian	mean	(TEM)	circulaBon 

The	JSOC	dynamics: 


