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The ACC presents a barrier to cross-front exchange

Image from DIMES project, adapted from Speer et al. 2000.

Mixing	across	
density	surfaces

Stirring	by	eddies	along	
density	surfaces	and	across	
meridional	gradients• Deep-reaching	fronts	and	strong	

meridional	gradients	of	water	
properties



Eddy stirring is suppressed in ACC jets

Cross-frontal	transfer	is	smaller	than	predicted	(Taylor	1921)	when	a	
parallel	mean	flow	is	present	(Ferrari	and	Nikurashin 2010)
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𝜅"	– Cross-frontal	diffusivity
𝜅3 – Taylor’s	(1921)	expression	for	diffusivity
𝐾8 = 𝑘8+𝑙8;			 𝑘, 𝑙 - horizontal	wavenumbers
EKE	– eddy	kinetic	energy
𝛾/& – eddy	decorrelation	time	scale
𝑐? – eddy	phase	speed
𝑈(𝑧) – vertically-sheared	mean	flow



Suppression breaks down when flow is not parallel

When	mean	flow	is	not	spatially	symmetric	(parallel	shear	
flow),	eddy	stirring	suppression	breaks	down,	i.e.	jets	
become	“leaky”.

Supporting evidence	comes	from
• hydrography	(Naveira Garabato et	al.	2011)	
• numerical	studies	(Thompson	and	Sallee 2012;	Klocker
and	Abernathey 2014)

• altimetry	(Thompson	and	Sallee 2012	;	Foppert et	al.	
2017)



Suppression breaks down at standing meanders 

Eddy	heat	flux	using	satellite	proxy	(Foppert et	al.	2017	JPO)

Number	of	particles	crossing	ACC	jets	(Thompson	and	Sallee 2012	JPO)
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FIG. 1. Streamfunction contours in the moving reference frame for
the the kinematic model of the meandering jet from Bower (1991).
The bounding streamlines separating the prograde (R 1), recirculation
(R 2), and retrograde (R 3) regions are drawn with thick lines. Two
hyperbolic points, p1 and p2, are indicated.

is fully nonlinear and temporally aperiodic (and there-
fore one step closer to reality). The resulting lobe di-
agrams provide a new way of visualizing meandering
flow fields and can be used to interpret drifter data (Lo-
zier et al. 1997). Second, we suggest the importance for
fluid exchange and mixing within the Gulf Stream and
other meandering jets by calculating the dimensional
transport and showing it to be comparable to transports
caused by Gulf Stream rings. Also, we use the lobe
calculations to identify regions of strong fluid filamen-
tation and, through calculation of changes in potential
vorticity along particle trajectories, we show these re-
gions to be ones of high dissipation. Finally, we dem-
onstrate by example the application of a potentially im-
portant dynamical systems analysis to model data that
is aperiodic and available only over a finite time.

a. Background

A number of earlier studies have suggested the ex-
istence of chaotic fluid exchange in meandering jets.
Many of these studies build on Bower’s kinematicmodel
of Lagrangian behavior in a jet with steadily propagating
meanders (Bower 1991). For such a flow, the motion
may be rendered steady by changing to a frame of ref-
erence translating with the meander phase speed. Figure
1 shows a typical streamfunction pattern caused by a
meander propagating at a speed within the velocity
range of the eastward jet. In the frame of reference
moving with the meander, regions containing three types
of motion appear. Near the meandering centerline or

core of the jet exists a prograde region (labeled R 1)
containing eastward streaming motion. Far away from
the jet lie retrograde regions (labeled R 3) containing
westward streaming motion, and between the retrograde
and prograde regions lie recirculations or ‘‘cat’s eyes’’
(labeled R 2). The recirculations are centered about the
critical lines, defined as values of y at which the phase
speed c equals the velocity u(y) of the background jet.
These recirculations should not be confused with the
broader recirculation gyres known to exist north and
south of the Gulf Stream. The points labeled p1 and p2
are hyperbolic stagnation points. The term ‘‘hyperbolic’’
implies pure straining motion, with fluid moving toward
or away from p1 or p2 along ‘‘stable’’ and ‘‘unstable’’
directions, respectively, as indicated by the arrows in
Fig. 1. In this steady flow, the streamlines are pathlines
and therefore the streamlines connecting the hyperbolic
points to the north of the crests and to the south of the
troughs are regime boundaries separating the prograde
(R 1), recirculation (R 2), and retrograde (R 3) regions.
In Bower’s model, no fluid exchange occurs across the
bounding streamlines (the edges of the cat’s eyes) and
the Lagrangian motion is regular (nonchaotic).
When additional time dependence is added to the

steadily propagating meander, it is no longer possible
to render the flow steady by shifting reference frames.
In the studies of Behringer et al. (1991), Samelson
(1992), Meyers (1994), and Duan and Wiggins (1996)
additional time dependence is included by superimpos-
ing meanders of different frequencies or by modulating
the amplitude of the original meander. In all cases, cha-
otic exchange occurs across the regime boundaries and
the stretching and folding associated with chaotic mo-
tion implies stirring in the vicinity of these boundaries.
[Dutkiewicz et al. (1993) effected a similar result by
adding a diffusive process.] This process is depicted in
Fig. 2 for a time-periodic meandering jet flow (from
Miller et al. 1996). The Lagrangian motion of particles
in the vicinity of the cat’s eye is represented by a Poin-
caré map, which marks the locations of different particle
trajectories at the end of each time period. The points
p1 and p2 of Fig. 2 are generalizations of the hyperbolic
stagnation points of the steady flow. In the time-periodic
case p1 and p2 mark periodic trajectories, that is, tra-
jectories for which the fluid element in question passes
the same location at the end of each time period. Point
p1 is intersected by a solid curve Wu(p1) called an un-
stable manifold of p1. In the absence of time depen-
dence, Wu(p1) relaxes to the boundary separating the
recirculating and prograde regions in the steady case
(Fig. 1). As in the steady case, we can define Wu(p1)
as the collection of trajectories that diverge from p1 (or,
equivalently, approach p1 as t→2`). Any fluid element
that initially lies on Wu(p1) must continue to lie along
this curve after subsequent iterations of the map. Sim-
ilarly, a continuous material segment initially lying
along this curve will map to another material segment
on the curve. The motion of material elements or con-
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FIG. 13. Composite illustrations of the potential vorticity field (contoured in the dotted line
style), lobe structure (shaded), and two meridional transects through the cat’s eye region where
Lagragian particles are initially positioned 0.05 units apart for (a) case I at time t 5 98, and (b)
case III at time t 5 102. A total of 242 [202] particles for (a) [(b)] are tracked for 200 time
units. The initial positions of particles that exhibit rapid potential vorticity transitions, Dq .
0.01 [Dq . 0.015] for (a) [(b)] over any 10-unit time interval, are plotted with an asterisk (see
also Figs. 14 and 15).

Since the lobes undergo filamentation, it is natural to
ask whether the regions occupied by the lobes are ones
of high dissipation. The process of filamentation acts to
increase local property gradients (e.g., potential vortic-
ity gradients) and can thereby facilitate changes in the
property field by locally increasing the dissipation. To
address this question, additional numerical computa-
tions were conducted to study the potential vorticity
evolution of Lagrangian particles in this nonconserva-
tive system. In these experiments, the flows for cases I
and III were seeded with fluid particles along two me-
ridional lines that transect the cat’s eye region (see Fig.
13). The fluid particles were initialized at time t 5 98
for case I and at time t 5 102 for case III, and numer-
ically tracked for 200 nondimensional time units. The
potential vorticity of each fluid particle was computed
as the numerical flow field was advanced in time by
interpolating the potential vorticity field to the particle
location using the same sixth-order Lagrange algorithm
used to estimate the Lagrangian velocity. The resulting
potential vorticity time series for each particle was then
analyzed in a simple fashion in an attempt to quantify
the nonconservation of potential vorticity for the La-
grangian fluid particles. Figures 14 and 15 show the

mean potential vorticity and standard deviation com-
puted for each particle trajectory for cases I and III,
respectively.
Overall, fluid-particle potential vorticity variations

are weak, with standard deviations for case III (with Re
5 103) somewhat higher than for case I (with Re 5
104) as might be expected due to the increased physical
dissipation in the flow (Figs. 14b,c and Figs. 15b,c).
However, for both Reynolds numbers the potential vor-
ticity variations appear to have some spatial depen-
dence. An inspection of the potential vorticity time se-
ries for the particles reveals that while many of the time
series exhibit a general downward trend, some of the
fluid particles exhibit relatively large rapid transitions
in their potential vorticity. For case I (with Re 5 104),
we have subjectively singled out particles that exhibit
potential vorticity changes of Dq . 0.01 over any 10-
unit time interval, and have applied the criterion Dq .
0.015 over a 10-unit time interval for case III (with Re
5 103). These particles are highlighted in Figs. 14b,c
and Figs. 15b,c with a square plot marker. While this
selection process does include the particles with the
largest rms potential vorticity fluctuations, which would
manifest if the potential vorticity jumps were very large,

Fluid exchange in a meandering barotropic jet

Streamfunction contours	in	a	kinematic	
model	of	a	meandering	jet	(Bower,	
1991).	Heavy	contours	separate	
prograde	(R1),	recirculation	(R2)	and	
retrograde	(R3)	regions.	P1,	P2	are	
hyperbolic	points

Particle	distributions	(shading)	after	
advection	through	barotropic,	beta-plane	
model	flow	(dotted	lines	are	PV	contours),	
vertical	lines	and	dots	are	particle	release	
points.	Case	I	from	Rogerson	et	al.	(1991).
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•!  JC029: RRS James Cook, Northern Kerguelen Plateau, 

Southern Ocean, November-December 2008; 

•! SOFINE: How do oceanic processes control rate at which water 
masses are transformed and fluxed across the major meanders 

of the ACC… 
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ACC

SOFINE Experiment – UK, USA, AUS
Kerguelen Plateau, Nov-Dec 2008

Data	collected:

CTD
LADCP
VMP-6000
ISW
Moorings
24	Argo	floats
8	EM-APEX

Bathymetry (m) and EM-APEX trajectories



Webb
Research Corp. 
EM-APEX

This	Southern	Ocean	experiment:
• Profiles	to	1600	dbar 4	times	per	day	– resolving	inertial	frequency
• ~	3	dbar vertical	sampling
• ~	2-10	km	horizontal	spacing
• ~1200	profiles	over	3	months

Developed	at	U.	Washington	by	Tom	Sanford’s	team.	Commercially	available	
from	Teledyne-Webb	Research	Corp.

EM-APEX - Electro-Magnetic Autonomous Profiling Explorer
Sanford	EM	velocity	profiler	
+	
APEX	Argo	float	
=	
Synchronous	profiles	of
ocean	velocity,	temperature	
and	salinity



T-S across the Subantarctic Front

JC029	CTD	(61	profiles) EM-APEX	(1287	profiles)

Dynamic	Height	
500/1500	dbar

SOFINE	Expedition	– Northern	Kerguelen	Plateau
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Anomalies in T-S space
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Interpreting	float	observations

1. Reunion	level,	hr ->	Artifact	of	float	sampling
2. Diapycnal migration	of	filaments ->	Artifact	of	float	sampling
3. Stretching	of	filaments ->	Real	ocean	variability	– shearing	of	T-S	by	ACC







Summary of observational findings

• Data	reveal	widespread	thermohaline	filaments	that	extend	
along	the	ACC	for	100-1000	km	and	at	least	several	months

• We	interpret	this	remarkable	persistence	as	evidence	of	the	
suppression	of	eddy	stirring	in	the	upper	part	of	the	ACC



A kinematic model of temperature anomalies

Solution:

Assume	eddy	stirring	is	suppressed
2-D	advection-diffusion	of	a	passive	tracer: Profiling	

Observer



What is the mechanism for T-S anomaly generation?

Examine	trajectories	of	
particles	released:	
• in	a	time-varying	climatology	
combining	SSH	and	CTD	
obervations (SatGEM,	
Meijers et	al.	2011)

• at	the	time	and	location	of	
EM-APEX	3762	(yellow)



Altimetric view of Θ-S anomaly generation
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Trajectories	of	particles	released	
in	SatGEM (Meijers et	al.	2011)

SatGEM moves	hydrographic	
frontal	structure	to	match	
altimetric obs.	of	SSH	contours

Blue	– 27.25	neutral	density
Red	– 27.05	neutral	density

Particles	on	the	lighter	surface	
are	ejected	from	the	meander	
crest	at	Day	20
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Altimetric view of Θ-S anomaly generation



Altimetric view of Θ-S anomaly generation
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Conclusions
Observations	show	widespread	thermohaline	filaments	that	extend	along	
the	ACC	for	hundreds	of	kilometers	and	several	months
- >	 evidence	of	eddy	stirring	suppression	in	ACC	jets

We	propose	that	filaments	are	generated	and	dissipated	through:
1. straining	of	temperature	gradients	at	the	crests	and	troughs	of	large									

(300	km	wavelength)	ACC	meanders	that	produces	tracer	anomalies
2. stretching	and	tilting	of	anomalies	by	the	ACC	shear	produces	thin	

filaments	with	large	along-stream	coherence	(1000	km)
3. once	thin	enough,	filaments	are	dissipated	by	diapycnal mixing	

associated	with	background	small-scale	turbulence

Phillips,	H.,	A.	Naveira Garabato,	K.	Polzin,	N.	Bindoff and	S.	Waterman,	2018:	Fingerprints	
of	eddy	stirring	suppression	in	Antarctic	Circumpolar	Current	jets.	In	revision	for	JPO.



Vertical	scale	of	T-S	anomalies

Particles	on	surfaces	
denser	than	27.25	
(green-blue)	pass	the	
first	trough	and	crest	but	
are	ejected	at	the	second	
trough.

Vertical	scale	implied	is	
pycnocline thickness	as	
found	in	IES	observations	
by	Watts	et	al.	2016.

Crest

Trough

Trough



Virtual	Float	Evolution
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O(1000	km)	until	diverging	at	the	meander
->	particle	ejection	is	localised at	steep	meander	crests	and	troughs

Blue/green – particles	ejected	from	meander	crest
Circles	– particle	locations	each	40	days
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𝛄n=26.85



Interpreting	float	observations
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1. Reunion	level
2. Stretching	of	

filaments
3. Isopycnal migration	

of	filaments


