. agrangian ocean
analysis

Erik Van-Sebille et al.
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Animation of virtual particles‘around South Africa

Particles are advected with Parcels.in data from the GlobCurrent Project(Z"
See this tutorial (7 for the Parcels code behind this animated gif.
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Source: oceanparcels.org

“Trajectories for virtual particles map out pathlines of the velocity field, often including the
effect of subgrid scale diffusion. Statistics of the trajectories then define particle pathways
and their associated time scales. By following the flow of virtual particles, and possibly
assigning non-zero transports and other properties to them in post-processing, questions
about pathways and flow connectivity can be addressed.”


http://oceanparcels.org

ov

Nasa.

Source


http://nasa.gov

Source: research.noaa.gov
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Amy Bower and a technician with a RAFOS float. Credit:

Tom Kleindinst, © Woods Hole Oceanographic Institution  Fig. 3. All acoustically tracked float trgjectories in the AOML database as of May 2018. Colors are used to visually distinguish different float tracks.

Ramsey et al. 2018



STATUS OF GLOBAL DRIFTER ARRAY
- May 27, 2019 o esme
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Fig. 1. Map of all the Southern Ocean observational Lagrangian surface drifters in the
NOAA GDP Data Set (Lumpkin and Pazos, 2007). Each drifter is geo-located every 6 h and
has a randomly assigned colour. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)



2.5.1 Tracer Equation with subgrid scale transport

C = Concentration
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2.5.1 Tracer Equation with subgrid scale transport

C = Concentration

0
(= 4+voV)C=Vo(JoV() J=K+A
Transport Symmetric  Antisymmetric
a tensor component Component
(5; vioV)C =V o (KoVC)

VT — V _|_ V* Residual mean velocity

*
?Jj — — 8@ AZ] Eddy induced velocity



sk
By definition of A, 1) is divergence free, and we can write the tracer
equation in the flux form

oC
ot

- Vo (vIC)=Vo (KoVC)



Apply chain rule identity to get into Fokker-Planck form

oC
ot

- Vo (vITIC) = 9;(K;0)

Vd?“ift _ UT 1+ VoK
vV o Vd?“ift _ a@ngg

/

Does not generally vanish which implies
tracer stramtubes are not generally
useful



“For volume transport pathways, one needs a non-divergent velocity field. A three-dimensional non-
divergent velocity can be produced by sampling a Boussinesq ocean model, thus offering a means to
compute three-dimensional trajectories. To compute tracer transport trajectories,

we need both a velocity field and a diffusion tensor. The diffusion tensor is a function of the often poorly
known subgrid scale flow, and it is generally a complex function of the flow field. Consequently, the
calculation of tracer transport pathways is somewhat less mature than volume transport pathways”

“As an alternative to velocities generated by OGCMs, we may use observation-based data from floats or drifters,
which generally give a two dimensional surface velocity (e.g., Koszalka et al., 2011). We may

also diagnose a surface geostrophic velocity by differentiating gridded satellite observations of the sea surface
height (e.g., Klocker et al., 2012b). Notably, both surface drifter/float velocities and surface

geostrophic velocities generally have a non-zero horizontal divergence (surface geostrophic velocities are non-
divergent only on an f-plane), and the corresponding surface trajectories do therefore not map volume

transport pathways. Nonetheless, the resulting surface trajectories do map preferred pathways of the surface flow,
thus providing useful diagnostic information.”

What is the best way to validate these Lagrangian estimates?



3.2 Explicit Virtual Particle
Trajectories

Many interpolation schemes and particle tracking
schemes referenced in the paper. Several have
been discussed in the seminar series. This figure
is displayed to encourage discussion on the topic.

——a=|nterpolated velocity field
Analytical solution
Runge-Kutta solution

C
1l
—

-~
- -

Fig. 2. lllustration of time stepping solutions on an Arakawa C-grid with edges of non-
dimensional length =1. Velocities (1, v) across the four edges are given in numbers at the
magenta dots. The blue arrows are the linearly interpolated velocities within the grid.
Assume particles are released on the i — 1 (left) edge. The red lines are pathlines of the
analytical solution for these particles. The cyan piecewise linear lines are the solutions to
RK4 timestepping with dt = 0.1. The two types of integration lead to similar solutions.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)



Stochastic trajectories using the Fokker-
Planck Equation

X () = a;(t, X)dt + oi(t, x)dWi (£), X (t) = X,

Deterministic drift Diffu>)perator
0K,
dX;(t) = (v] A o)t + o (1, X)dWi (1)
J
0K i ]

dX;(t+ At) = X;(t) + (U;r |

JAN .
o VAt + o1 (t, X) AW (1)



3.3.2 Hierarchy of Markov Models: "Ad Hoc
Method”

t+At
X(t+ At) = X(t) 4 (1 + €) / v(x,t)dt

e
bt

t4At
X(t+ At) = X(t) + /t V(X,1) + Vnoise(X, t)|dt

For divergent Vnoise (X) =V X wnoise(x)
free:



Vnoise can be random walk as in Vnoise — R\/QKA?’;

With many other flavors of this parameterization ...



“It is also still open how the Fokker-Plank Equation approach
(Section 3.3.1) and the ad-hoc Markov model approach (Section
3.3.2) can be combined. While the first approach is more
mathematically rigorous, the second provides an insight into the
properties of observed or simulated oceanic turbulence on
different scales and in different regions, and may be useful in
building future parameterizations of eddy induced transport in
terms of Lagrangian stochastic parameterizations.”



Particle Diaghostics

)\ — Eigenvalue of Cauchy Green Strain Tensor
Lagrangian Coherent Structures

1
FTLE(zo.to,7) = =Inv/Amas
T

SST Backward FSLE 2013-01-01 00:00 _— \ Fig. 3. Backward Finite Size Lyapunov Exponents for
January 1 2013  computed as in
d’Ovidio et al. (2004), with initial separation dis-
tance of 0.01° and final separation distance of 1°. The
FSLE have been computed using surface absolute
geostrophic velocities produced by Ssalto/Duacs and
distributed by AVISO, with support from CNES (de-
layed time, all satellite merged product). Ridges of
FSLE ( = 0.3) are overlaid on Multi-scale Ultra-high
Resolution (MUR) Sea Surface Temperature (http://
mur.jplnasa.gov/), showing good correspondence
between the Lagrangian coherent structures and the
distribution of the surface tracer advected by the
Agulhas current, the Agulhas retroflection and their
associated mesoscale activity.
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Transfer operator with hierarchy {n=8)

A. FTLE method

Strengths: Simple and objective algorithm; FTLE ridges capture hyperbolic LCSs under
additional mathematical conditions (cf. Ref. 82); FTLE trenches tend to approximate jet cores

(but see Ref. 27 for exceptions).

Weaknesses: No reliable detection of elliptic LCSs; ridges connect locations of high
stretching with those of high shear, and hence also produce false positives for hyperbolic
LCS.

Hadjighasem et al. 2017
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Fig. 4. Lagrangian modelling approach to determine pathways of particles released in the Agulhas Current at 32°S (blue line extending east from Southeast Africa), based on a set of 5-
year long trajectories initialized in the year 2000 (some examples visualized as black lines): a) Probability with that a 1°x1° bin spanning the whole depth range is occupied by a particle
during the considered time span. The probability for each bin has been obtained by counting the number of particles occupying this bin at each time step, summing up this particle counts
over the whole integration period and then dividing it by the total number of recorded particle counts for all bins. Thus, the sum of the probabilities of all bins yields 100%; b) Probability
that a particle occupies a particular bin at least once during the considered time span. In this case the probability for each bin has been obtained by counting the number of different
particles occupying this bin and dividing by the total number of particles. Thus, the probability for each bin can range between 0 and 100%. The Lagrangian analysis was performed with
the ARIANE tool using the 3D 5day-mean velocity fields from the high-resolution model INALTO01 (Durgadoo et al., 2013). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Origin, dynamics and evolution of ocean

garbage patches from observed surface -
drifters Basic Idea

Erik van Sebille'-’, Matthew H England' and Gary Froyland?

! Climate Change Research Centre and ARC Centre of Excellence for Climate System Science,
University of New South Wales, Sydney, Australia
? School of Mathematics and Statistics, University of New South Wales, Sydney, Australia

* Use floats to predict where particles will go without models. Dynamics are baked
in!

* Evolution of the concentration vector can be described by the naive Markov Matrix

SEVELLECET AL. p(t+7)=H(r)p(t), where H(t)=M* (4)

McAdam and Sebille 2018

Sevellec et al. 2017
Maximenko 2012
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Courtesy of Erik Van Sebille

Surface Drift - Where do Coastal Plastics Go?
(Based on surface drifter measurements)

Traceraccumulation factor 0 years and 00 months afterrelease




a Tracer accumulation factor after 0 years b Tracer accumulation factor after 1 years

¢ Tracer accumulation factor after 10 years

Figure 1. The locations and sources of the six garbage patches. (a) The tracer accumulation factor (TAF) at the moment of release. Coastal
population is used as a proxy for the amount of tracer released. The blue patches denote areas where sea surface height variability is larger
than 15 cm, an indication of high eddy activity. Note that in these figures, as well as in the video in the supplementary material (available at
stacks.iop.org/ERL/7/044040/mmedia), white shading means that the tracer accumulation factor (TAF, see also section 2) is less than 1.

(b) The TAF after 1 yr of integrating the tracer. The tracer is advected into the open ocean by the swift-flowing surface currents. (c) The
TAF after 10 yr of integrating the tracer. Well-defined patches can be seen in each of the five subtropical gyres. The thick lines denote the
spatial extent of the patches. (d) The TAF after 50 yr of integrating the tracer. The Southern Indian patch has become much smaller, while
the Southern Pacific one has grown considerably in comparison to the tracer density after 10 yr. A sixth patch is now visible in the Barents
Sea. (e) The TAF after 100 yr of integrating the tracer. The patch in the South Indian has almost completely disappeared. (f) The TAF after
1000 yr of integrating the tracer. The patches in the Southern Atlantic and Indian have completely disappeared, and the patches in the South
and North Pacific have grown considerably in size.
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Network Design

Variance Ellipses of Transition Matrix

BGCArgo Network -
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Takahashi et al.
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Network Design

Variance Ellipses of Transition Matrix
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Takahashi et al.
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Summary:

e Lagrangian analysis can be a powerful tool for answering questions
regarding pathways and tracer exchange

e Transport tensor can be difficult to define rigorously
e In practice stochastic terms may be added to estimate unresolved model
physics

e Markov matrices (transition matrices) offer naive estimates for particle
PDFs and can be used for optimal network design
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Fig. 6. Quantitative Lagrangian modelling approach to determine Agulhas Leakage: a) Time series of the annual Agulhas Current (AC) transport at 32°S, where particles were released
continuously proportional to the current volume transport, each particle associated with a fraction of this transport; b) Snapshot (18-Apr-2000) of current speed at 450 m depth in the
Agulhas region (colour shading, in cm/s), as well as the horizontal Lagrangian streamfunction (contours, in Sv) for all trajectories initialized in the year 2000 and traced along 3D
streamlines towards the control sections (black and red lines); ¢) Time series of annual Agulhas Leakage (AL) transport, obtained by considering for each release year only the transports of
those trajectories, that cross the approximated GoodHope section (red lines) within 5 years. The Lagrangian analysis was performed with the ARIANE tool using the 3D 5day-mean
velocity fields from the high-resolution model INALT01 (Durgadoo et al., 2013). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7. lllustrating how water particles follow the
water cycle in the Earth System. We emphasize here
the global ocean conveyor circulation in a pole-to-
pole, meridional-vertical plane, coupled to selected
and idealized atmospheric circulation in the same
plane, omitting land for convenience [terrestrial
processes such as evapo-transpiration, storage and
runoff are also part of the full water cycle].
Individual water particles are represented by color-
coded boxes, advected quickly/chaotically through
the atmosphere, and slowly/steadily through the
ocean. Particles are stored on a wide range of time-
scales: in clouds (hours-days); in sea ice (seasons—
years); in the ocean (years—centuries); in ice sheets/
shelves (centuries-millennia). In the ocean, colour
coding identifies selected water masses and advec-
tion thereof: Antarctic Bottom Water (AABW); North
Atlantic Deep Water (NADW); Labrador Sea Water
(LSW); Antarctic Intermediate Water (AAIW); North
Pacific Intermediate Water (NPIW); Subantarctic
Mode Water (SAMW). In the atmosphere, colour-
coding distinguishes vapour and liquid phases.
Highlighted processes involve phase change or
ocean-atmosphere exchange: ocean surface heating/
cooling; evaporation; condensation; precipitation;

sea ice freezing/melting; ice shelf basal melting. Highlighted processes internal to the ocean transform water particle density: deep convection; entrainment; enhanced abyssal mixing;
eddy stirring; weak background mixing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 2. The evolution of the amount of tracer within the six garbage patches. For each of the six garbage patches, the amount of tracer in
the area where the TAF > 2.0 (thick lines, see also figure 1) as a function of time for (a) the first 100 yr after release and (b) the first

1100 yr. The shaded areas depict the sensitivity to the choice of TAF value, here shown as the range 1.0 < TAF < 3.0. Near instantaneous
jumps in the patch size are due to mergers of patches and depend on the exact value of the TAF criterion used. The North Pacific patch
keeps on growing for at least 1100 yr after the release of tracer, while the South Pacific patch slowly decays after reaching a maximum size
at 500 yr. The North Atlantic and Barents Sea patches reach an equilibrium size after approximately 300 yr, while the South Atlantic and
South Indian patches completely disperse within 400 and 100 yr, respectively. The amount of tracer not within any of the six main patches
stabilizes at approximately 22% of total tracer released. Part of this tracer not in patches accumulates in small localized areas such as the
Bay of Biscay (figure 1(d)), but most of it (13% of the total tracer released) resides on the fringes of the patches, where the TAF < 2.0. Note
that in this model, tracer is released only in the first year, and that by construction tracer is conserved, meaning no export onto the coasts or
into the deep ocean.



Change in TAF 2 year later of tracer released in patches
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Figure 3. The spatial pattern of leakiness for the six garbage
patches. For each of the six garbage patches tracer is released only
within the patch at its simulated concentration after 50 yr (the black
contours in figure 1(d)). That tracer is then integrated for another
2 yr, and this figure shows the increase (red) or decrease (blue) in
TAF after this 2 yr period. There are two separate maps shown in
order to disentangle the different patches, in particular the South
Atlantic and South Indian ones. Whereas the tracer that leaves the
two Pacific patches does so rather isotropically, the leakage of the
other four patches clearly has a preferred direction. The grey flow
arrows depict the major ocean currents and pathways, with the
dashed line encompassing the Southern Hemisphere

super-gyre (Speich er al 2007).



“Using Lagrangian particles to temporally resolve for
example the meridional overturning circulation (Blanke
et al., 1999; Thomas et al., 2015b) or inter-basin
connectivity (Blanke and Speich, 2002) can be difficult
with many state of the art climate models. To address
this problem, a commonly employed ad hoc method 1s to
loop the model data in time such that the velocity and
tracer fields are returned to the first time step once the
end has been reached (e.g., Doos et al., 2008; van
Sebille et al., 2012; Thomas et al., 2015b). This
approach thus permits particles to be advected for longer
time scales than available from the raw data. However,
particle looping can only work if the model has no drift
in the velocity or tracer fields, that there are no large
unphysical jumps in the fields between the end and the
beginning of the model run, and that any unphysical
jumps will have a small net effect on the particle
pathways.”

Example Atlantic particle trajeciones

The three dimensional upward spiral of North Atlantic Deep Water through the Southern
Ocean. a Observed warm water (>1.6 °C) on the 28.05 kg m 3 neutral density surface
from hydrographic observations®’, south of 40° S, colored by depth (m). The iscneutral
surface is masked in regions with potential temperature below 1.6 °C. 1/4° ocean
:mlhyr'\euy“J is shown in gray. b Modeled (CM2.6) particle pathways from the Atlantic
Ocean, with particles released in the depth range 1000-3500 m along 30° S. Colored
boxes mark 1° latitude x 1° longitude x 100 m depth grid boxes visited by >3.5% of the
total upwelling particle-transport from release at 30° S to the mixed layer. Boxes are
colored by depth, similar to a. ¢ Two example upwelling particle trajectories from CM2.6,
one originating from the western Atlantic and the other from the eastern Atlantic.
Trajectories are colored by depth as in a and b, blue spheres show the particle release
locations and red spheres show the location where the particles reach the mixed layer.
Three-dimensional maps were produced using Python and Mayavi™*

Full size image »



