3D+1 Transport in a Quadrupole:
Dynamics

e Henry Chang
 Helga S. Huntley

e A.D. Kirwan, Jr




Special thanks to

e Stefan for hosting this meeting

"¢ A_R_T=H=E_

o
/ CONSORTIUM

for ADVANCED RESEARCH on TRANSPORT
of HYDROCARBON in the ENVIRONMENT

e Bruce Lipphardt & Mohamed Sulman



Outline

Review of recent observations - motivation
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Discussion
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composite flow
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Fig. 1. Sea surface height anomaly (55Ha) of the Loop Current in the Gulf of Mexico during a ring formation
event in June 2010, The left panel shows 55Ha on 3 June and the nght panel shows 55Ha five days later on 10

June. The saddle region in the small box is the focus of this study.

Sulman et al., NPG 20, 883-892, 2013



Ocean 3D +1 Mixing Boundaries
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Presentation Notes
So the result of this analysis is that during the 5 day period from 5-10 June 2010 the saddle region translated 25 km and rotated a few degrees but the LCS remained intact with the mixing boundaries dropping like curtains down to at least 200m
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Ocean 3D Mixing Boundaries:
Curtains?
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CUPOM: Loop Current Ring Juggernaut

Branicki and Kirwan (2010)
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ROMS: Benguela Current
Bettencourt et al. (2012)
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Presentation Notes
This vertical structure is consistent with and earlier study by Branicki and myself on a Loop Current ring and by a more recent study of rings in the Benguela Current. The latter study focused on the stable of forward DLE. Notice that in the Juggernaut ring, one can see evidence of lobes or intersections of competing stable and unstable manifolds. 


OTOH
Koopmanism applied to the Gulf Stream
by Fabregat, Poje, and Mezi¢
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Figure: North Atlantic HYCOM numerical simulation snapshot showing

temperature at isopycnal 12 for day 80. The black box shows the region alinity fields for days 70, 75, 80, 85, 90 and 95 at isopycnal 12.
of interest defined by initial extent of the Lagrangian particle patch.
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Presentation Notes
These studies all relied on DLE analyses. On the other hand some recent work by Tomas et al using Koopman transforms on HYCOM data from a Gulf Stream eddy shows more interesting vertical structure of mixing boundaries. So is the contrasting pictures of these boundaries the consequence of different analysis methodologies, different physics, or something else?


Figure: Days 73, 78, 84 and 90.



Figure 1. (top left) A cluster of surface drifters and Sargassum along a front in the northeastern Gulf of Mexico. (Image courtesy Tamay Ozgokmen.) (bottom left) Accumulating oil from
the Deepwater Horizon oil spill in the Gulf of Mexico. (Photo by Daniel Beltra.) (top right) Patch of sargassum off the east coast of U.S., as observed by Envisat. (Image courtesy ESA.) (bot-
tom right) Streaks of sargassum in the western Gulf of Mexico, as observed by MERIS. (Image courtesy ESA.)




Clusters, deformation, and dilation:
Diagnostics for material accumulation

regions- H. S. Huntley et al, in press,
JGR 2015
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Figure 4. (top) Sea surface height anomaly on 20 July 2012 00:00 with (a) the full velocity field and (b) the geostrophic velocity field. (bottom) Positions of particles launched on a 1
grid on 15 July 2012 00:00, after 10 days of integration of (c) the full velocity field and (d) the geostrophic velocity field.
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Figure 7. (a) Dilation rate, (b) stretch rate, and (c) FTLE for the time period 15 July 2012 00:00 to 25 July 2012 00:00, computed on a 1 km grid.
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Motivation

Pretty pictures — but where’s the physics?

Transport feature predictions - dynamical
balances in evolution of pathways?

2D+1 velocities from assimilating models - role
of horizontal divergence/vertical velocities &
superinertial oscillations?

Visualization of 2D+1 transport boundaries in
a 3D+1 ocean



Physics & Dynamical Systems

 ABC flow — Haller — Physica D 2001

e ABC & Kinematic QP — Sulman et al — Physica D
2013

e Steady 3D Ekman flow — Pratt et al = JFM 2014
Here: QP Model

 Time dependent, 3D incompressible, stratified
inear Euler equations on f plane

 Pressure determined by eigenvalue problem
e Periodicinx, y space &t
 Near-inertial oscillations not seen in 2D+1 models




Euler Equations
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Presentation Notes
LAPCOD is supposed to include dynamics, but I haven’t heard that mentioned yes so just in case you forgot what I am talking about here is a quick review.
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Presentation Notes
Note that the red terms comprise the steady state solution
Make analogy with stream function velocity potential decomposition 
This form of solution is identically 3D incompressible 
Solution is periodically continued in x, y plane
Finally note that since problem is linear it is possible to superpose an infinite number of modal solutions. Here I will consider just the first baroclinic mode, or j = 1


Dynamic Constraints

B dB W+
(f? —w)A; = fpg 'pj, —= = (—j> Aj

dz f
(8 4+ B)By(N? — o) = wypg* 2
WipPj = <p0;\72> (k? T ZJQ)BJ
wi = f*- NZ];P
J
il —w; Py, 0% = w; ¥,



p(xay7 Zat) — Po

d2

| dz?

e

V

2_
h

Eigen relations

(%)

d (NN
dZ ghj _p]_

82
(5

f2> (gh;) "' | + BL

B=0

\

pgsinkxsinly + p;V;

/



Perturbation pressure and gradient
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Parameters

* L=L1,=100 km

e Y “standing wave” quadrupole

e (f/N)?2=103

* (H/L) = 102

e Geostrophic velocity scale =1 m/s

e Perturbed horizontal velocity scale = 0.5 m/s

Perturbed vertical velocity scale =5 x 103 m/s
* w;=1.08 f T=58000sec=16 hr
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Presentation Notes
We are still in the KISS phase of the study. So I am going to illustrate some results using the simplest combination of environmental parameters I can think of.
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Typical surface trajectory



Surface Transport Boundaries

5
2 »x10




10%

%104



FTLE from O to T/4
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FTLE from —T/8 to T/8
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This makes for some confusion at depth
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Large vertical excursions but
particles want to follow density surfaces
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Conclusions

Near inertial motion important. Vertical velocities
unobservable but consequent horizontal
divergence fundamental to transport boundary
dynamics.

Perturbation solution has weird transport
boundaries. Eulerian bigots may interpret as
mixing.

FTLE not effective in detecting such boundaries
Core regions centered about vortex centers

Particles tend to stay on density surfaces.
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