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Overview: ’Paradigm’ 3D Ocean Structures?

2D Coherent Structures:
I Classical phase space

pictures:
I Hetero-clinic orbits: Cat’s

Eye
F Meandering Jet
F Eddy-eddy interaction
F Dipoles

I Homoclinic Orbits:
F Eddy-pinchoff
F Eddy-jet interaction

OCTOBER 1999 2649R O G E R S O N E T A L .

FIG. 11. Results of the aperiodic analysis for case III corresponding to (Re, !, k0) " (103, 0.103, 0.74).

TABLE 6. Nondimensional lobe areas for the lobes illustrated in Fig. 11 for case III.

Group A

Lobe Area

Group B

Lobe Area

Group C

Lobe Area

Group D

Lobe Area

1
5
9

1.425146
1.011310
0.497494

2
6
10

2.023283
1.451917
0.854587

3
7
11

0.138258
0.149030
0.2435717

4
8

0.613037
0.464254

periodic with a (constant) period of 60 for example,
then the lobe structure would be exactly replicated every
60 time units. The region occupied by lobes 1, 2, 3 and
4 at time t " 38 would be occupied by lobes 5, 6, 7,
and 8, respectively, at time t " 98, followed by lobes
9, 10, 11, and 12 at time t " 158, and so on. That is,
if the flow were time-periodic there would be a mapping
of the lobes in four groups,

group A: 1 ! 5 ! 9

group B: 2 ! 6 ! 10

group C: 3 ! 7 ! 11

group D: 4 ! 8 ! 12,

such that within a given group the lobes have exactly
the same size and shape. Table 2 lists the lobe areas that
have been calculated for each of the lobes depicted in

Fig. 9.1 Since the flow in this case is not time-periodic,
the lobe structure is not precisely replicated and the lobe
areas within each group are not constant. Over the first
cycle (t " 38–98; lobe 1 ! 5, 2 ! 6, 3 ! 7, 4 ! 8)
there is a 9% contraction of the overall lobe structure,
while over the second cycle (t " 98–156; lobe 5 ! 9,
6 ! 10, 7 ! 11, 8 ! 12) there is a 34% increase of
the total lobe area.
The size of the lobes also indicates how much fluid is

participating in the exchange between different regions
of the flow. Over each cycle, the transport between the
two regions can be computed by simply dividing the area
of the lobes participating in the exchange by the length

1 Lobe areas are computed every two time units using Green’s
theorem. Even though the shape of the lobes deforms considerably
over the available time interval, area conservation of individual lobes
is well-approximated in our analysis, with standard deviations less
than 4 # 10$5 for all lobes in all three cases presented.
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Sturges et al. (1993), who modeled Loop Current ring separation with an idealized
model forced by steady wind, described the pinching process as a long and gradual process
with no clear separation event. The exact time of Loop Current ring pinching and shedding
events are often dif!cult to determine precisely using Eulerian model !elds. Analysis
based on the EIMs, however, clearly de!nes the pinching and separation process.

e. Ring boundaries

The boundaries of the coherent rings formed by the EIMs differ considerably in
structure. For example (see Fig. 9), the manifolds bounding the forming LC ring W2 have

Figure 8. Effective invariant manifolds of X1 and X2 delineate the large warm core ring W1
(yellow) and the cyclonic eddy C1 (green). Blue lobes: Water entraining into the eddy from the
loop current. Red lobes: Water detraining from the eddy/ring system into the loop current.

2002] 417Kuznetsov et al.: The Loop Current & adjacent rings
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Overview: ’Paradigm’ 3D Ocean Structures?

3D Coherent Structures?

I 2D + 1
z-dependent 2D structures
u = (u(x , y , z), v(x , y , z))

I 3D + symmetry
u = (u(r , θ), v(r , θ),w(r , θ))

I Fully 3D? Role of w
component?
F Isopycnal advection.
F Diagnose w in cartesian

coordinates.
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Goal: Tool for quickly visualizing 3D advective pathways in available
model data sets.
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Eulerian Approach to LCS

Trouble: Proxy measures rely on differencing gridded trajectories
w.r.t. initial conditions.
Time dependent 3D structures→ many particles.
Look instead at a differentiable scalar field:

∂φ

∂t
+ (u · ∇)φ = κ∇2φ+ S(x, t)

φ(x,0) = φ0(x)

κ and S prescribed
u(x, t) given (I(uijkl))

‘Judicious’ choice of S and/or φ0(x) ....
Computationally minimal κ ensures differentiable φ.
Backwards in time evolution with u→ −u.
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Advection-Diffusion + HYCOM

∂φ

∂t
+ (u · ∇)φ = κ∇2φ+ S(x, t)

φ(x,0) = φ0(x)

Standard conservative, explicit
2nd order finite-differences.
2-pass MPDATA for advection.

I Upwind + Anti-Diffusive.
I Stable w/no explicit diffusion.

Dufort-Frankel diffusion.
Interpolation:

I cubic in space.
I linear in time.

Fancy CAF Code (F2008)
User-defined grid

∆x < ∆xModel

Split diffusion:

κ∇2
hφ+ α

∂2φ

∂z2
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Advection-Diffusion: HYCOM Results
HYCOM - GOM30.1

HYCOM GOM: 1/25 Degree,
2010 archive.
Daily output, Cartesian grid.
w available.

Case 1: Plane Source
Loop Current Dynamics:
S(x, t) = constant on
x − z plane at inflow
∆x = 0.75∆xHYCOM

Regrid: ∆z = 25m
∼ 5 minutes for 50 days
(300 × 300 × 20layers)

w = 0, α , 0
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Case 2: Isolated Structures
Deep-water, western Gulf.
One (of many) multi-pole pairs.
φ0(x) = constant in
z dependent
cycolone-anticyclone.
Strong vertical component.
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Advection-Diffusion: HYCOM Results

Center of Mass:
Mi(t) =

$
xiφ(x, t)dV
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To Do List:

Compare scalar/LCS proxies
Raw HYCOM output:

I ∆t ∼ 1 hour
I Isopycnal coordinates:

∂hφ
∂t

+ (u · ∇) hφ = ∇ · κh∇φ+ S̃(x, t)

High Res HYCOM North Atlantic.
Extend to other OGCM data bases.
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