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MOTIVATION

State of knowledge: Observations and modelling still raise more
questions than answers about the nature, phenomenology, and
impacts of ocean small-scale dynamics (incl. geostrophic
turbulence).

In situ limits: Classical in situ observations are sparse, low-
resolution, and snapshot-like (campaigns over weeks).

Satellite limits: Satellite observations are largely surface-
restricted.

Model limits: Models remain constrained by resolution,
parameterizations, boundary interactions, forcing, and
uncontrolled numerics (e.g., numerical diffusivity, effective
resolution), with limited validation against real baroclinicity and
dynamics.
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PLAN

Ocean Mesoscale Eddies: Structure
and Evolution from Satellite and In Situ
Observations

« How many eddies are there? Global and
regional estimates

« Surface vs. subsurface signatures: what do
we observe?

« Geostrophy, cyclostrophy... and beyond:
what dynamics govern eddies?

 Are eddies truly coherent structures? What
does "coherent eddy" actually mean?

« Open questions on eddy dissipation and
lifespan

-~ Institut
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Ocean small-scale dynamics: ECCO Ocean State Estimate
[l.e. an ocean model assimilating satellite and in-situ observations)




Satellite Radar Altimetry: \What It Measures and How It \Works

What Satellite Altimeters Measure

Satellite altimeters measure the height of the

sea surface relative to the satellite, enabling
estimates of:

Sea Surface Height (SSH)

* The primary measurement: distance
between the satellite and the sea surface.

* From SSH, we can derive:

» Absolute dynamic topography (sea
surface height relative to the geoid)

» QOcean currents (via geostrophic
balance)

» Mesoscale eddies, fronts, and large-

GPS
satellite

Satellite
orbit 1 \
1
1
1
1
« Radar altimeter 1+  Microwave measurement
ranging 1 of columnar water vapour
1
Doris /" Laser ranging ) Ocean topography
beacon af station

Sea surface

topography

Reference ellipsoid

scale gyres
This diagram shows how the Jason satellite series measure ocean surface height.
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Ocean small-scale dynamics: Satellite Altimetry observations

Ocean Absolute Dynamic Topography Derived Surface Geostrophic Velocity
gridded field 31/12/2025 2013-12-31 gridded field 31/12/2025
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Ocean small-scale dynamics: Mean Dynamic Topography

Derived Mean Surface Geostrophic Velocity gridded
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CryoSat-2 (2010-2018)
Envisat (2002-2010)

What Dynamic Topography really is?

Dynamic topography (or dynamic sea surface height) is the part
of the sea surface height that is caused by ocean dynamics—that
is, by variations in density and pressure within the ocean, and by

GRACE &

™" GRACE-FO
currents. -, A
Formally: % -,_.:
Dynamic Topography = Sea Surface Height—-Geoid Height -
The geoid is the surface the ocean would have if it were at rest, ‘ Steric

without currents, only shaped by gravity.

Thus:

Dynamic topography = how much the real sea surface
deviates from the “resting” ocean.

These deviations are signatures of horizontal pressure
gradients, density structure, and geostrophic currents.

Steric height (or steric sea level) is the portion of sea level change
caused by variations in temperature and salinity of the ocean, rather
than by added water mass (like from melting glaciers).

ﬂ PS L*’ ‘ “ %;fn; Theoretical Challenges for Ocean Dyn




CryoSat-2 (2010-2018)
Envisat (2002-2010)

Dynamic Topography = Steric Height

The term "steric" comes from the Greek word "stereos," meaning

GRACE &
solid or volume.

L GRACE-FO
The density of seawater is affected by: % "-.,:: A
« % Temperature: Warm water is less dense and expands. Lo Ji
. 0 Salinity: Saltier water is denser and contracts. ‘ Steric

When ocean water becomes warmer or less salty, it expands,
leading to increased steric height. Conversely, cooling or
increased salinity reduces steric height.

L ()

» 7),: Steric height
 p(z): Density at depth 2

» po: Reference density
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Dynamic Topography =

CONCEPT

Steric Height

Dynamic Height

Dynamic Topography

Geostrophic Velocity

Stream Function

Steric Height

DESCRIPTION

Sea level change due to temperature and salinity
variations (i.e., water density changes)

Vertical integration of specific volume anomaly
(inverse of density) from reference pressure

Ocean surface height relative to geoid, includes
steric height + mass changes

Current speed/direction resulting from balance
between pressure gradient force and Coriolis force

Scalar function whose gradients give velocity
components (for incompressible 2D flow)

Theoretical Challenges for Ocean Dynamics

ROLE

Affects ocean volume, part of
dynamic height

Proxy for horizontal pressure
gradients

Represents the sea surface
slope driving geostrophic
currents

Derived from spatial
gradients of dynamic
height/topography

In oceanography, dynamic
height acts as this in
geostrophic balance

Speichetal. 10



Dynamic height, Satellite Altimetry observations, $ggggr§g;;';:;gggafg;g .., Dot Suace Geostopic
Stream function and Geostrophic velocity |sais ~
Dynamic Height: P,
D(p)= | 6(p)dp

Do

) (p): specific volume anomaly (function of temperature & salinity)

* Do reference pressure

_:;m/s

0.00 0.60 0.75

« D(p): dynamic height at pressure level p

Dynamic height includes steric effects since it comes from T/S-
dependent density. Dynamic Topography and Absolute Surface Currents

The absolute dynamic topography (ADT) provided by altimetry is:

rophic Velocity from Dynamic Heigh .
Geost opnic e.OC ty O - ynamic rneig t. ADT — SSHmeasured _ Qeoid
In the geostrophic approximation, we relate horizontal pressure

gradients to currents: o _ ,
* Similar to dynamic height but referenced to the actual sea surface,

u. — _QB_D V. — ga_D including both steric and mass-driven height changes.
9 — ) 9 —
f 9y f 0z . . *  Velocities: g d(ADT) g 8(ADT)
* Uy, Uyt ZONAl and meriaional geostrophic velocity components U= , U=
. f oy f 0z

e @:gravity
. f: Coriolis parameter Surface currents are largely geostrophic outside of equatorial zones.

oD . Hence, dynamic height or topography gradients directly provide

* 3g/y" Slope of dynamic height information on surface dynamics for:

Dynamic height acts like a stream function for geostrophic currents! The Gulf Stream, the Kuroshio, the Antarctic Circumpolar Current

Laplace

J;Ls PS L* 3~ f’r?'g?u Theoretical Challenges for Ocean Dynamics Speichetal. 11



Dynamic height, Satellite Altimetry observations,
Stream function and Geostrophic velocity

Ocean Absolute Dynamic Topography Derived Surface Geostrophic Velocity
gridded field 31/12/2025 2013-12-31 gridded field 31/12/2025
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Ocean small-scale dynamics: ECCO Ocean State Estimate
[l.e. an ocean model assimilating satellite and in-situ observations)




|dentifying Ocean Mesoscale eddies from Satellite Altimetry
Automatic Detection Algorythms: The TOEddies Atlas

34°S = 160 . . .
| . * Applied on Absolute Dynamic Height
W 120 (ADT]) field which is the Surface
SN 3 ”_ Geostrophic Stream Function
Eaeos 1 ox = .
3 « 2o Based on defining the farthest closed
st ) contour around an extreme
30°N i e el e Defined by two contours: the outermost
e e e e ae we we we oe . and the azimuthal maximum velocity
00 i -
t [ Asimplestsituation | {4t * One eddy is tracked in time with a
. condition that areas of one eddy at two
30°S 1 r . .
| subsequent [daily]) time steps need to
superimpose at 50%
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oa - 73 Eddyatt i i
605 ESS Eddyattedt field during at least 5 days
B3 Intersection
= ' Ea— 1 ' 1 i | "
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TOEddies, Laxenaire et al., 2018: 2019; 2020
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|dentifying Ocean Mesoscale eddies from Satellite Altimetry

Automatic Detection Algorythms: The TOEddies Atlas

1°x 1° % Time of 1°x 1° % Time of
Presence
g

60°N |
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%Time inside an anticyclone
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TOEddies, Laxenaire et al., 2018: 2019; 2020
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Agulhas Rings: An Eddy NETWORK/LIFE-TREE

raj rder Particular Events
— ordero P— Formation
Tracking eddies including eddy merging and splitting o g g Eddies & Trajectories:

t [ Asmoestswaron | et | [ t [ sseiingmen | tadt || ¢ (\”‘qilﬂdt O Merging A eddy netwopk/“fe-
% R S | \ )/ \ tree as eddies are very
A AN \f LS (Y| & / , | dynamical, they merge
= 9 and split

Similar to Qiu-Yang Li et al. 2016

>

Agulhas Rings 0 Order Trajectories Agulhas Rings 1-6 Order Trajectories
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TOEddies, Laxenaire et al., 2018:
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The TOEddies Global Ocean Atlas

Eddies Atlas & Argo profiles colocalisation

preprint  Article Preserved in Portico  This version is not peer-reviewed

Global Assessment of Mesoscale Eddies with TOEddies; Comparison
between Multi-Datasets and Colocation with In-Situ Measurements
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Ocean Mesoscale Eddies:
WWhat we have understood so far from Satellite Altimetry

¢ Upper-ocean dynamics is highly turbulent, with
pervasive mesoscale jets and eddies.

® Mesoscale eddies are nearly ubiquitous (weaker
occurrence near the equator).

®* Eddies frequently split and merge.

® An eddy does not follow a single trajectory; tracking
requires a network/lineage approach (parent—child
links).

¢ Eddies have long lifespans — from months to years.

i ﬁ‘ifn
-4 tzs!lf)jc(;mb\ e 2004
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Physical properties we know about Mesoscale Eddies

Surface height and vertical structure
of cyclonic and anticyclonic eddies

cyclonic eddy

anticyclonic eddy

" ~fkxu )/

Atmosphere

eyphotic layer

=

2023

Institut
Pierre
Simon
Laplace
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Surface and subsurface anticyclonic eddies

Surface AE Subsurface AE
E e \Narmer 2~ Colder

i ——
), ——— ’.‘e'_ - —

(a) Surface and subsurface AEs

Po

Wang et al., 2019 (b) Two-layer eddy models
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situ observing system
.GOO0S & the Ocean in GCOS

s o, A true global collaboration:
: u\. BE countries, 8,900+ observing platforms,
ol Jylobal networks (+ 3 emergings)

e Ocean and marine meteorological Essential
. Ocean/Climate Variables
ST

»-2120,000 observations delivered per day
...’ fo operatlonal services across climate,

TRk e :i,-.;::» : e TN I¥ MWeather and hazard warnings and ocean health
:{‘-u ‘e £ "-’{.,f' s 3= -"t*”:}xc ‘~-,.
4 . "' . 4t .".,‘ a5 3
st e -;}, 09 “#3:4"Fpday it covers only 65% of the needed
. . % ‘I3
75 T ';," {.)Jaservanons in physics, much less in chemistry &
V] .
;..... i ’,;; ----- I,)'LOIogy
2 \l. E'_ :' .?,P @Sh; based;erolo i:al measurements - SOT/ASAP e
._:J"‘f':.--'.‘“'::‘ (fzz;zaseg meteofo:ogica:measurements-:gzzg: ’ :I-he Wh0|e System |S extremely fraglle
. ¢ 1, L Ip Dase; meteorooguca measurements -
v B e e gl e syt 4 “funded through research project and programs. It
O sl b o + " is not sustained and rest on individual scientists
S‘,‘;i:‘;;":;i?_' e e Mandate from UNFCCC
GOOS : infrastructure that coordinates the Bl Interdisciplinary moorings - OceanSITES
global ocean observing system el

Ship based oceanographic measurements - SOT/SOOP-XBT
Ship based oceanographic measurements - SOT/SOOP-XBT

- - -Repeated transect - GO-SHIP
OceanGlidars www.0Cean-ops.org/reportcard2023
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http://www.ocean-ops.org/reportcard

Measuring the Ocean Subsurface: In Situ Observations

The World Ocean Circulation Experiment
WOCE “during” the field phase (1990-1998)

» Nearly 30 countries contributed ships, instruments, satellites.

» Major goals:
» Develop and test ocean models for climate prediction.
* Quantify large-scale heat and freshwater fluxes, water-
mass formation and ventilation, and variability on months-

decades.

E%  WOCE Hydrographic Programme One-Time Survey
g (Penny Holliday, WOCE IPO)

» Observing system elements:
» Global hydrographic & tracer programme
(~30 000 high-quality CTD/tracer stations on trans-oceanic
sections).
* Moored arrays, drifters, XBTs, satellite altimetry
(TOPEX/Poseidon, ERS-1/2) integrated into design.

Today (WOCE legacy): The GO-SHIP program
Repeat hydrography: decadal repeats of many WOCE lines, extending
the time series for heat and carbon uptake.

IJ:;LS PS |_ * 3 ) Efri’g‘%t Theoretical Challenges for Ocean Dynamics
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Improwng Iarge—seale GDSHIP transport estimates

SAMBA Line, Jan-Feb 2017 « il
51 : 41w 38‘W 30'w26 19'W 14w 8w W 3E 8'E \. 18°E 3 io .° - - % . l° Ale
P = o — S B 00 = L O Observed eddies tracked in time by altimetry
1 (TOEddies) — Lagrangian eddy transport estimate
s | * Mesoscale eddies impact
b FES transport of properties
e » Access to Eulerian and Lagrangian
o _ transport estimates associated to
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Measuring the Ocean Subsurface: In Situ Observations
The Argo Profiling Floats: Since 2000 (2005 for a global coverage)

7
Ascent: " Starting

measuring Essential next
Ocean Variables ‘

Descent to 2 7
drifting depth e.g measure 20
| CTD z Drifting
10 days

e.g measure 1
; (0]
Internal reservoir

Descent to
profiling depth
(2000 - 6000m)

Hydraulic pump

Batteries External bladder

N - Institut
PSL /’ e%‘f’}e Theoretical Challenges for Ocean Dynamics — «
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TOEddies provide a co-location of eddies (core) and Argo profiles
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@ Reconstructing 3D eddy structure using Argo profiles

-Agulhas Rings heat and salt anomaly concentrated at the subsurface in cores of Mode Waters

, Temperature Anomaly Salinity Anomaly
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@ Agulhas Rings rapid subsidence in the ocean interior

60N ./

T T N=Io T SIS
(o) Var” 7 bt
O 7 A TOEddies colocalized with Argo profiles
L ‘A : i ,: J. 4

Aqulhas Rjnqs slubsidlinq inlthe Atlantic Ogeap

N
-~
-~
~
~
-~

| Type of AR :

Laxenaire et al., 2020 e a0°s]l| @ Surface

loannou et al., 2022; 2024 ® Sub-surface

B Unspecified

45°W 30°W

* Agulhas Rings subside in the ocean interior in the Cape Basin (Southern and central Agulhas Rings
routes) or just before [southern routes) because they are denser than the environnant waters due to
the strong cooling before and within the Cape Basin. This is why their upper ocean imprints (SST, S5S,
SSH, gesotrophic velocities) disappear or decrease rapidly
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Ocean Mesoscale Eddies:
\What we have understood so far from
Satellite Altimetry + Argo float profiles and sparse ship hydrography

Anticyclonic eddies can move in the ocean for
months to years, conserving water mass

01-Apr-1999

(b)

properties.

Mesoscale eddies observed/detected from satellite 0.1 4

altimetry can be surface and subsurface intensified. -
£ 03

Eddies can subduct/subside along their =

trajectories. g 5
2

: : . : - @)

Subtropical anticyclonic eddies can precondition 06

Mode Water formation and can contain important 07 S

volume of these waters in the ocean interior (i.e., they 084

ventilate the ocean thermocline) 09 Jaarms

Eddy (multiple) merging can result in different
vertical cores of water masses.
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Ocean Mesoscale Eddies:
They can live for years, conserving thermohaline properties ...
Are ocean mesoscale eddies COHERENT? \What is Coherence, by the way ?

Common Definitions of the Word "Coherence"

« 16th century: Harmonious, logically connected

« 19th century: Mass or matter that adheres or clings firmly to a whole, united by a force of cohesion (Oxford
Dictionary)

Hussain et al. (1983, 1986)
» First physical and phenomenological definition:
« A coherent structure is a mass of inviscid turbulent fluid exhibiting a large-scale vorticity component
that instantaneously dominates the three-dimensional vorticity of the turbulence.
« Statistical tools to separate coherent parts from incoherent parts
o POD: Proper Orthogonal Decomposition

BUT complex mathematical definitions and tools

« For some, coherent = large-scale structures with their own spatial extent

« "Coherent" is what we observe

« Even Hussain wrote: "In principle, it is preferable to leave concepts such as coherent structures implicit."

PS |_ * 3\ Q%‘g@e Theoretical Challenges for Ocean Dynamics Speichetal. 28



BUT, for McWilliams, "coherent” simply means "long-lived"

Ocean Mesoscale Eddies: Are they coherent structures?

1980s: Application to Oceanic Eddies

McWilliams (1984, 1986), Numerical simulations,
Geostrophic Turbulence

Large eddies characterized by:

Their spatial domain where a coherent vortex maintains its
influence and structure

A dominant vorticity component

InViSCid fIUid : COherent in Hussain’s Sense Fieure 9. Log,, (¢l at ¢ = 16.5 with cor:tourseveryo.% between —0.5 and 1.5.

Eddies « persist » and are characterized by their ability to i i

resist straining deformations from neighboring structures K!nematlc Coherence (KC_)'

and to maintain their identity over time, often growing Rotational flow sufficiently persistent
through mergers with weaker vortices and created by turbulence (J.

McWilliams, 1991.
It is an Eulerian criteria

ﬁ PS |_ * 3\ Q%ﬁe Theoretical Challenges for Ocean Dynamics Speichetal. 29



Ocean Mesoscale Eddies: Are they coherent structures?

Mixing and the Lagrangian Theory

Starting from the 2000s, Idea: understand fluid-particle trajectories to quantify mixing
» Development of a Lagrangian framework
» Closed trajectories (rather than streamlines) to detect a vortex

tthYPS}“’Oli‘?CS = Eddies can be considered as elliptical
attracting LCS .
Lagrangian Coherent Structures (LCSs,
closed trajectories)

—=e initial particle position
—> final particle position

hyperbolic
repelling LCS

Material coherence (MC):
A vortex is coherent as long as it has not lost the
water it trapped at the time of its formation.
N\ 1£1](>2( "y (Béron-Vera, 2013; Haller, 2016)
\ Lagrangian criteria

Adapted from Mowlavi et al. (2021)

I«% PS |_* * i Theoretical Challenges for Ocean Dynamics Speich etal. 30
NNNNNNNNNNNNNNN LMD — .



Ocean Mesoscale Eddies: Are they coherent structures?

Kinematic Coherence (KC)

Temporal persistence of the flow

Eulerian criteria for detecting boundaries
» Okubo-Weiss, SSH (TOEddies), V,,, 4

Closed streamlines
Core = Open system
It works on snapshots

Contours fermés d’Absolute

Dynamic Topography (ADT)
(TOEddies, Laxenaire et al. 2018)

Material Coherence

“Trapped” water

Lagrangian criteria for detecting boundaries
» LCSs, LAVD, geodesic, etc.

Closed trajectories
Core = a closed system

geodesic eddy boundary

Beron-Vera et al. 2013

PS L * ‘ : %ﬁe Theoretical Challenges for Ocean Dynamics Speichetal. 31



Ocean Mesoscale Eddies: Are they coherent structures?
Comparaison between Kinematic and Material Coherence

24/11/06

« Béron-Vera et al. 2013 20° : SREEE T
* Sea Level Anomaly (SLA) at 1/4° from Le Traonet .. ! }
al. 1998 : °
- Geostrophic velocity from SLA Wit one s
Eulerian Criteria Lagrangian Criteria
Outermost closed SLA contour Rotation dominates over The outermost closed trajectory that
deformation is closest to being geodesic
Closest SSH eddy Closest OW eddy Geodesic eddy
26°S 1 | 26°S| ' < 26°S |
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1°W 0° 4°E 8°E 4°W 0° 4°E 8°E 4°W 0° 4°E 8°E
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Ocean Mesoscale Eddies: Are they coherent structures?
Comparaison between Kinematic and Material Coherence

Eulerian Criteria

Lagrangian Criteria

Closest SSH eddy

30°8

34°S

— 9

4°W

0° 4°E

34°S

Closest OW eddy
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4°W 0° 4°E 8°E
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Geodesic eddy
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O
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e e
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v |
/

9 § yk, ) I
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Remarks and Issues:

Béron-Vera et al., 2013

Lagrangian approach is better for transport

Boundaries do not coincide

Works well on smoothed 2D surface fields
What about the 3D aspect?

Material coherence can only be tested through
temporal tracking... not validated by static
diagnostics/snapshots of velocity

0 PSL* @ @i
S

UNIVERSITE PARI

s

Laplace

LMD

Challenges / Key Issues:

Gula et al. 2021

Impact of eddies on tracer transport

No consensus on this transport

Uncertainty regarding the influence of eddies on ocean

circulation

Raises fundamental questions about mixing dynamics

Theoretical Challenges for Ocean Dynamics

Speichetal. 33




Ocean Mesoscale Eddies: Are they coherent structures?

» How can we define the 3D boundary of How?
mesoscale eddies?

. . . . . Use in situ observations and numerical
» Is it possible to find an alternative definition of i Ulati | he 3D ¢
coherence to reconcile material coherence simulations to analyze the 3D structure o

(MC) and kinematic coherence (KC), and make mesoscale eddies.
it testable with in situ data? ‘ )

Theory very often tested on idealized cases

—

What we need to determine in practice:
1. Eddy boundaries
2. Eddy core

If an eddy is materially coherent (Béron-Vera & Haller Lagrangian definition)
» Its core is conserved over time (McWilliams, "coherent” simply means "long-lived")
» Core water properties remain nearly unchanged

Key question
» What physical processes maintain this long-term coherence?

. PSL> 45N {ﬂf};@e Theoretical Challenges for Ocean Dynamics Speich et al. 34



Ocean Mesoscale Eddies: Using Ocean Subsurface Observations
About the resolution of ocean observations

Hydrographic Data (T, S, P) Resolution:
’ Horlz : ~1 B 40 km > vertical profile n°1 vertical profile n°j =

 Vert.: ~1m | l
Velocity Data (ADCPs) Resolution: o - IR - :
* Horiz.: ~0,3 km :

e Vert. : ~8-32m

Common Grid:
e Horiz. : 1 km

e Vert.: 1 m

= : Measurements location in the (%, Z) plan Ax : average resolution = mean(Ax;)

StUdy I i m itati ons.: Az : average resolution = mean(Azj)

» Resolution

» Gradients
« Ship transects far from the eddy center
« Sampling when the eddy is moving

F i % PS L* ‘5~ {ﬂc}:@e Theoretical Challenges for Ocean Dynamics Speichetal. 35



EU REC4A-OA Fleld eXperiment Strategy Speich et al., JPI Ocean & Climate 2019

20°N

Use of satellite observations (SMOS, SMAP, P

15°N.~ :\.

ADT, CLS SST, CLS Chl-a) and different observing
10°N &¢

devices to determine the daily observing h K

strategy

Amazon
00 River

Use of the tool Tracking Ocean Eddies
(TOEddies) in Near Real Time (NRT)

Use of various measurement devices

(e}
- SGO°W

16 August 2022

N. Brazil Current Retroflection

37
P CCI+SSS 8 Fev2017
N. Equatorial Current ”“', V".*"‘

- ‘ ‘, :
N. Equatorial C.Current

33

M EURECER /AT QM
/ //

______

10°N

ADT(m)

0.4

v

Merian

| Y /) S <
- v 0.2

0°
65°W
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60°W 55°W 50°! W 45°W

Synoptlcal 5|tuat|on during EUREC4A
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EUREC4A OA/ATOMIC-OA: The field experiment

Latitude

I o B * O

e o . 06 O \ / - -

NTAS

R/V Atalante

R/V Meteor

R/V MS-Merian

R/V RonBrown
SD-1063

SD-1064

SD-1026

SD-1060

SD-1061

Caravela
WaveGlider 245
WaveGlider 247
Underwater Gliders
SWIFTs and Drifters

50°W

0-
100+

400

1200+

Depth (m)

2000 -

-

H - e P3
T 1024 =
OCEAN - ATMOSPHERE
I

|

Jan-Feb 2020 Stevens et al., 2021
Ocean (& Atmosphere) sampling:

Ships: TSG, ADCPs, CTD, uCTD, MVP, VMP/MSS, CO2,
water isotopes, areosols sampling, radiosondes,
Atmospheric mast, lidars, radars, ....

Uncrewed platforms: drones, Saildrones,
wavegliders, BGC Argo floats, drifters, ocean gliders

THE OBSERVATIONS WE COLLECTED
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AXBTs (159) 0 32 .64 _ 128
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1
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Ocean Mesoscale Eddies: Defining their 3D structure

Eddy boundary: A region of loss of coherence

Q = (f+ 0)(3:b) — (3:v)(3xb) + (3:u)(3yb)
o | 1 ' il ] | . 10~9 5—3]
= 340 & 10
-} 8
.§ 320 N 2
3 2
A 300f n 0
& . "
de Marez et al. 2020
CROCO, PE 0,5 km, CE isolé
Boundary :
= | oss of order
» Loss of a dominant vorticity component
Gula et al. 2021 = Loss of Kinematic Coherence
GIGATL 0,5 km, Gulf
Stream
PSL*’ ‘ X %ﬁ%ﬁc: Theoretical Challenges for Ocean Dynamics Speichetal. 38



Ocean Mesoscale Eddies: Defining their 3D structure

Eddy boundary: A region of turbulence
TU)W

X

Vertical turbulent or
double-diffusive flux

Boundary :
Microscale = Lateral intrusions
molecular dissipation * Fine-scale instabilities
K, VT * The trapped water encounters the
surrounding water
= A turbulent region
Lateral intrusions /
create vertical Vertical mixing produces
gradients. (Joyce microscale dissipation. Osborn
1977) and Cox (1972)
Ruddick et al. (2010)
F i % PS L* o %Z;fn; Theoretical Challenges for Ocean Dynamics Speichetal. 39



Ocean Mesoscale Eddies: Defining their 3D structure

Step 1: Defining the Eddy Boundary
Approach based on the Ertel Potential Vorticity (EPV)

tel, H. (1942). Ein neuer hydrodynamischer Wirbelsatz.

. . . . o o E
e Historically, an eddy is a potential vorticity anomal¥eoroiogische zeitschrift. 59, 271281,

* Ertel PV (Ertel, 1942) : EPV = ({ + 2Q7) - Vb 2D Vertical Sections:
« AEPV = EPV, + AEPV, (o) EPV=  EPV, +  EPV,

: db dV, db
* Sign change at the boundary. EPV=———2 + ((+f)—
or 0z 0z
-100 1.00 -100 1.00
0.75 0.75
2 ~200 - -200 4
< 0.50 0.50
1 -300 -300
— o 0.25 0.25
£ T
g—mo\ - £ -400 0.00 —-400 4" 0.00
3 = - s a .
~5001 O% ~ 4 U ) -0.25 . -0.25
X ~500 - -500
-0.50 " -0.50
—6001 ) -600 - £ ~600 - - —kl
. _> LS & - -0.75 _ - - -0.75
— isopycnal - —— isopycnal . —— Isopycnal g
-700 T : , — . -3 - — - - -
50 100 150 200 250 -700 T T T T T -1.00 =700 T T — -1.00
X[km 0 50 100 150 200 250 0 50 100 150 200 250
e > Y x [km] ) x [km]
IJ:;LS PSL* “m‘fa@e T g = - — ~Barabinot et al., 2024 i
LMD



Ocean Mesoscale Eddies: Defining their 3D structure

Step 1: Defining the Eddy Boundary
It constitues A Frontal Region

. . |[EPVy| Baroclinicity
* Qur criterion: = = =
|EPV, | vorticity+stratification+Coriolis
Ratio EPV, | EPV, ratio EPV,/EPV, ratio EPV,/EPV,
1007 - 5005 = = — 0
26.000—= ~ == e
—2501 72N —SO'WIO"S& 2
—200 1 en W;g:z Tt L
—500- —100+ ' - -
L0°N § to°s|

|
w
o
o

~150{ -

-7504 — 70°W50°W30°W 10°W 10°E 30°E
g le—1
£ —400 ~1000 {= —200- 2.0
% 3 .
© F = g
—1250i=== = = =— ~— == — —2501 .~ 15 -
~500 Si-=——= B= = 33 2
NN e = u ' u
B | 15001 Sy = = = N —300 1 1.0 X
= = — 2
- === = = a a
—600q = : : = == w 05 w
—— -1750| e == = 1 -3501 7" :
- . — isopycnal | : i,.:h% == —— isopycnal T a isopycnal
—700— 2 Zie=S — ; 0 2000 —— — 0 -400 ; -5 0.0
0 50 100 150 200 250 0 20 40 60 80 100 100 200 300 400 500
x[km] X [km] x[km]

Vertical recirculation with frontogenesis and symmetric instabilities
(Hoskins & Bretherton, 1972)

Barabinot et al., 2024
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Ocean Mesoscale Eddies: Defining their 3D structure

Step 1: Defining the Eddy Boundary

A Frontal Region defined by an Area = f(a), with a > 0.01

1.0 {=——

0.8

o
o

AalApo1<a=0.05

o
NS

0.2 1

—

0.0 0.2

1% < EPV, < 5% EPV,

ENS uwniversite paris LMD

tttttttt

Pierre
imon
Laplace

- AE sub EUR
- AE surf EUR
= CE surf M160
= CE surf M124
- AE surf M124
= AE surf M124
— AE sub KB

0.0 —glaﬁa_h__

0.4 0.6 0.8 1.0
a

EPV, = 40% EPV,

Theoretical Challenges for Ocean Dynamics

EPV, = EPV,

Sections verticales 2D :

EPV= EPV, +  EPV,
v =- 2 4 g
=~35, T Uty

Barabinot et al., 2024

<10%

Speichetal. 42



Ocean Mesoscale Eddies: Defining their 3D structure

Step 2: Defining what exactly the Eddy Core is

(a) Atalante cross section 5 (b) Atalante cross section 32

* Region where the baroclinic
term EPV, is negligible compared

AEPV,JEPV,

E S0 2
with the anomaly of the vertical £ g
term EPV, X )
AEPV, 8 o
——————————— > el 0 50 1 OX [kr;S]O 200 250
E PVX (c) Volume = 1.63 x 1012 m3 (d) Volume = 5.2 x 1012 m?

« AEPV,(0) = EPV,(0) — EPV,(0)
« B =50

—100

[w] yadap
[ee]
o

[w] yadap

* The volume least prone to symmetric
instabilities oy P50, 50 e
Barabinot et al., 2025a
Elzls PSL{* 3\ Q%en;;fn; Theoretical Challenges for Ocean Dynamics Speich etal. 43



Ocean Mesoscale Eddies: Are they coherent structures?

What we have determined so far : Ocean Observations & EPV equation

2D Vertical Sections:
EPV = EPV, + EPV,

EPV = ob 0%, + (C+ )ab
 Or 0z ¢+ Jo 0z

Barabinot et al., 2024; 2025a

. |EPVy | Baroclinicity
1. E ndari = = > 0.01 R
ddy boundaries a |EPV, | vorticity+stratification+Coriolis 0.01 (Obs O(Ro))
AEPV, _
2. Eddy core EPV, > B with AEPV, (o) = EPV,(0) — EPV,(0)
p =50

If an eddy is materially coherent (Béron-Vera & Haller Lagrangian definition)
> Its core is conserved over time (McWilliams, "coherent” simply means "long-lived")
» Core water properties remain nearly unchanged

Key question
» What physical processes maintain this long-term coherence?

Theoretical Challenges for Ocean Dynamics Speich etal. 44



Ocean Mesoscale Eddies: Are they coherent structures?

If an eddy is materially coherent (Béron-Vera & Haller Lagrangian definition)
> Its core is conserved over time (McWwilliams, "coherent” simply means "long-lived")
» Core water properties remain nearly unchanged

Ny Institut .
PS |_ * Q%ﬁéj{e Theoretical Challenges for Ocean Dynamics Speich etal. 45



Ocean Mesoscale Eddies: Material Coherence

Mediterranean Water eddies (Meddies) are an example of
Materially Coherent (MC) eddles

* Meddies = Mediterranean Water | e

Eddies

* Formation in the Gulf of Cadix, after :
passing the Gibraltar Strait
2 years of measures
° '| @ ®) (@ @ T
Distance / km Distance / km Distance / km Distance / km 23 E AR 3 e
C " = T - — : s pichardson et al. 1993
' Richardson et al. 2000

b) Meddy Trajectories
40N -

38°N

terranean

36°N

34°N 4

Arm/ et al 1989

T T T T
20'W 18°W 16°W 14w 12°w 10°W W 6"W

PSL*’ Eddies orlglnatlng from distant regions have propertles that differ from the surroundlng environment

............ LMD W Laplac
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Ocean Mesoscale Eddies: Material Coherence

« Material Coherence requires
conservation of water properties

« Hence Thermohaline Coherence can
serve as an observable equivalent of
Material Coherences

1) Let us consider two regions A and B of the ocean with constant salinity and temperature.
2) A materially coherent (MC) eddy forms and drifts from A toward B without dissipation.
3) The trapped fluid particles drift with it.
4) In region B, the eddy reaches hydrostatic equilibrium and remains at the surface.
) In region B, for the same density, different (T, S) values can coexist

Thermohaline coherence: An eddy whose core water differs from the surrounding water (a direct
consequence of materlal coherence)

Theoretical Challenges for Ocean Dynamics Speich etal. 47




Ocean Mesoscale Eddies: Material Coherence

An EUREC4A-OA subsurface Anticyclone contained water g7

masses of the Southeast Atlantic (Agulhas Rings waters) v A

» Computing from observations thermohaline Ly eral 2027 |

—— isopycnal

anomalies on density surface = 3 /i )
—_— Barabinot et al., 2025b WSACW el %"
° AT,S(O') = T,S(O') — T,S(O') Shew N 1Ve @y)ﬁ

—— AEPV,/EPV, =30

(b) Salinity anomaly EUREC4A-OA BT S ST T G

(a) Temperature anomaly

—-100 —-100 _
5. " (b) Atalante cross section 32
‘o & 13°N
-200 —200 ‘., en
=77 —100 -
/.
—300+ —300 H 7°N 200 -
E 57°W 53°W
e —400-\ ~400 1 =300 7
% = 0.4
©
— —400 -
~500 ~500 ) 02 3
— =
5 0.0 S —-500
~600- ~600- 5 02 9
—600 -
—— isopycnal —— isopycnal -0.4
-700 - ' i i — —700 - ; ; ' ; —700
0 50 100 150 200 250 0 50 100 150 200 250
x [km] x[km]
i FrOLX ‘qp @i I heoretical Lhallenges for Ucean Lynamics



Ocean Mesoscale Eddies: Material Coherence

What about the other 25 anticyclones we have studied

* Task: Computing the Proportion of TC (hence MC) eddies among the 25
eddies we have studied

Anomalies maximum values

e o 18/25 TC > 72%
. Within the limits of the study (eddy center
7 N | | positions + resolution + climatology)
g 05{ : : - lili S i L . : :
5 | L NN N = Comparaison with Liu et al. (2019):
5 > +% +" i‘ r MITgem > < 50%
. —0.5 1 — —— R e i e :
2 10l i | - But this depends on the integration
~1.51 - | time window...
t
2.0 1 2 3 45 6 7 8 9 10 1'1E33y }]'im1k;4er1'5 16 17 18 19 20 21 22 23 24 25 I AVDtt; (x) = 1|w(x’ §) — 5| ds
to
s Maximum Temperature Anomaly It is difficult to compare ...

Maximum Salinity Anomaly .
Barabinot et al., 2025c

-~ y Institut |
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Ocean Mesoscale Eddies: Material Coherence

What do Numerical Simulation provide as evidence of Material
versus Thermohaline Coherenra ?

6 jour 150 o L0
0 0 days 77 40 days
[0 10 days [0 80 days
0.4 5 — 20 days 5- = 120 days
-0.2 - 30 days 160 days
1 40 days 71 200 days
- 0.2 | | I I I I I I
—_ —0.4 - 0.4 0.4
=
X — 0.0
0.3 0.3
N 06~
e 202+ 202+
[a W} [a W}
—-0.8 -
-0.4 0.1 0.1
-1.0 T T T T
0.0 0.0 ,
0 100 200 = 300 400 500 -0.5 -04  -0.3 -0.2 -0.1 0.0 -0.5 -04  -0.3 —-0.2 -0.1 0.0
X[km] AS [g kg™ AS [g kg™

= Persistence of the anomaly over time
» Despite filaments and BC/BT instabilities, the core remains materially coherent.
» Diffusion alone is not sufficient to cancel the effects of material coherence.

» The lower part of the eddy is more affected. Barabinot et al., 2025c¢
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Ocean Mesoscale Eddies: They are, in majorty, coherent structures

If an eddy is materially coherent (Béron-Vera & Haller Lagrangian definition)
> Its core is conserved over time (McWwilliams, "coherent" simply means "long-lived"):

yes (70%)

» Core water properties remain nearly unchanged:

es
PS |_ * ) Q%ﬂéj{e Theoretical Challenges for Ocean Dynamics Speichetal. 51



Ocean Mesoscale Eddies: \What is the physical processes driving eddy coherence®?

Key question
» What physical processes maintain this long-term coherence?

0 PS L* jN {ﬁf};@e Theoretical Challenges for Ocean Dynamics Speich etal. 52



Ocean Mesoscale Eddies: \What is the physical processes driving eddy coherence®?

Physical Interpretation

* Outside the eddy:
« 0,b=0,0,b = dZE and the velocity is zero

The eddy locally modifies the ocean stratification :
* |0:b] T, |0,b]

From the Thermal Wind, the velocity gradients change:
* |0.Vol T, 1011

Conclusion : |[EPV,| T, |[EPV,| |l at the eddy boundary:

* The slope of the isopycnals governs the eddy boundary.
» The boundary becomes stronger as the slope increases

Iso-o

.

)/
<
)

Régions |EPV,|/|EPV,| coincide with inflection point of isopycnal surfaces:

dZZb _ _ avg dob ‘ ab‘ _
er _ O’ anZUH - arb ’ = 9z or 4 (( + fO) 0z - O,
o« =Ro =——
foR Barabinot et al., 2025c¢
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Ocean Mesoscale Eddies: \What is the physical processes driving eddy coherence®?
What do Numerical Simulation suggest as the physical terms
responsible of robust, impermeable, eddy boundaries ?

e Simulation of a Subsurface Antucyclone (EUREC4A-OA like) pendant EUREC4A

Temperature in situ

Practlcal sallnlty

-100 —100 Temperature reference profile
—— model 37.0
. 13°N
200 ~200 . 25 — data
-0 2 11°N
36.5
/ 9°N
-300 -300 H 7o 20 A
. . 36.0
IS 65°W  6I°W 577w 53w° N T4 E
£ § ]
S —400 < 154 =
3 37.0 9 355 4
2 .
] 20
-500 33 10 A
15 G 3 35.0 A
2 360 &
%)
_ 35.5
600 10 54 34.5 A
35.0 -1000  -800 -600 -400 -200 0 -1000  -800 -600 -400 -200 0
— depth [m] depth [m]

—700

700
50 100 150 200 250 50 100 150 200 250

Idealized CROCO model

* Configuration already published (de Marez et al., 2020) rec S tpsul

* Flat bottom at —2000 m, open boundary conditions, o e e A oo
500x500 km box - 1 = {1 L

* No forcing, vertically uniform levels e B 1

* Resolution: dx=1km,dz=15m,dt=90s N o5k - 1t {1

* Background: climatological T and S profiles 1 F {1 F

* Initialization: in situ T and S anomalies R

| Barabinot et al., 2025c
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Ocean Mesoscale Eddies: \What is the physical processes driving eddy coherence?

What do Numerical Simulation suggest as the physical terms

responsible of robust, impermeable, eddy boundaries ?

* f — plan; integrated over 300 days

plot at -395.713944312822 m depth

-1.0 -0.5

500 T T T T T T T T T T T T 500

400 | - - = —400
g 5
= 3001 - = - 300 5
S 2
3 2
£ 200} - L E <200 —
g 5

100 . - - = —100

0 1 1 | 1 1 1 1 | 1 1 1 1 1 | 1 1 8
0 100 200 300 400 500 0 100 200 300 400 100 200 300 400 500 0 100 200 300 400 50
X-Direction [km] X-Direction [km] X-Direction [km] X-Direction [km]
Axysymmetric Mixed barotrope and baroclinic instabilities Stable tripole
(de Marez et al. 2020)
, © Barabinot et al., 2025c
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Ocean Mesoscale Eddies: \What is the physical processes driving eddy coherence®?

What do Numerical Simulation suggest as the physical terms
racnnncihla r'\'l(:b rnhi et imnarmqable, eddy boundaries ’)

(a) )
0.0 0.0
0.5 == e 0.5
-0.2 L 0.4 BT 0.4
g — - 1.0 1.0-
— —0.4 1' [N | 03 Y —-04- S 03 = 50 0.0 days [F50 40.0 days
E \1‘7 8 J | & g . i [ 10.0 days [0 80.0 days
N [ - SN _ WWyy N © 20.0 days 5 £ 120.0 days
N 64 o | 0.2 & —-0.6 \"—7 4 | 02 & 30.0 days 0-5 160.0 days
E— i 1] [ 40.0 days 1 200.0 days
0.8 b 01 # 01 T I I I I I I I
Dav O
Udy Y 0.0 0.0
-1.0 T T T T
0 100 200 300 400 500
0.5 0.5
[T
[a]
a
0.4 0.4
03 E 0.3 E
5 N
0.2 & 02 &
00 01 02 03 04 05 00 01 02 03 04 05
01 0.8 — 5 01 |EPVA/EPV,| |EPVA/EPV,|
w .| Day200
' 0 1(I)0 2(I)0 3(I)O 4(I)0 500
X [km]
. EPV}, . . , .
* Theratio o= P characterizes the boundary in 3D, with the same order of magnitude as the
z

observations.
* During the BC/BT instability (~day 30), & increases
 Then o decreases and stabilizes once the tripole becomes stable.
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Ocean Mesoscale Eddies:
\What we have understood so far from HR in-situ observations

® Thermohaline coherence is evidence of material
coherence.

® Our results suggest that the majority of ocean
mesoscale eddies are thermohaline coherent

®* Eddy boundaries are frontal regions, the
dynamical barriers where trapped water and
surrounding water meet.

® The slope of the isopycnals and the thermal
wind determine their strength.

®* The boundaries are potentially unstable.
However, small-scale instabilities do not affect
thermohaline coherence for an isolated eddy (<
300 days).

y -~ Institut .
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Conclusions

Mesoscale eddies are ubiquitous features of the turbulent upper ocean.

Their evolution is complex: eddies frequently split, merge, and form network of
trajectories (i.e., they have a complex life-tree).

Lifespans range from months to years, often with long-distance transport of
water-mass properties.

Eddies can be surface- or subsurface-intensified and may subduct water into
the thermocline.

Subtropical anticyclones contribute to Mode Water formation and ventilation.

Most eddies exhibit strong thermohaline (material) coherence despite boundary
instabilities.

Eddy boundaries are intense dynamical fronts set by isopycnal slopes and
thermal-wind balance.
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