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• 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.

MOTIVATION
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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

PLAN
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Ocean small-scale dynamics: ECCO Ocean State Estimate
(i.e. an ocean model assimilating satellite and in-situ observations)
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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:

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

Ø Ocean currents (via geostrophic 
balance)

Ø Mesoscale eddies, fronts, and large-
scale gyres

This diagram shows how the Jason satellite series measure ocean surface height.
Copyright 2015 EUMETSAT
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Ocean small-scale dynamics: Satellite Altimetry observations

Ocean Absolute Dynamic Topography 
gridded field 31/12/2025

Derived Surface Geostrophic Velocity 
gridded field 31/12/2025

© AVISO – CMEMS
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Ocean small-scale dynamics: Mean Dynamic Topography

Mean Ocean Dynamic Topography gridded field Derived Mean Surface Geostrophic Velocity gridded

© AVISO – CMEMS
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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 
currents.

Formally: 
Dynamic Topography = Sea Surface Height−Geoid Height

The geoid is the surface the ocean would have if it were at rest, 
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).
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Dynamic Topography ≈ Steric Height

The term "steric" comes from the Greek word "stereos," meaning
solid or volume.

The density of seawater is affected by:

• 🌡 Temperature: Warm water is less dense and expands.

• 🧂 Salinity: Saltier water is denser and contracts.

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

CONCEPT DESCRIPTION ROLE

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

Affects ocean volume, part of 
dynamic height

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

Proxy for horizontal pressure 
gradients

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

Represents the sea surface 
slope driving geostrophic
currents

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

Derived from spatial 
gradients of dynamic
height/topography

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

In oceanography, dynamic
height acts as this in 
geostrophic balance
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Dynamic Topography and Absolute Surface Currents
The absolute dynamic topography (ADT) provided by altimetry is:

• Similar to dynamic height but referenced to the actual sea surface, 
including both steric and mass-driven height changes.

• Velocities:

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

Ocean Absolute Dynamic 
Topography gridded field 

31/12/2025

Derived Surface Geostrophic 
Velocity gridded field 

31/12/2025

Surface currents are largely geostrophic outside of equatorial zones.
Hence, dynamic height or topography gradients directly provide
information on surface dynamics for: 
The Gulf Stream, the Kuroshio, the Antarctic Circumpolar Current

Dynamic Height:

Dynamic height includes steric effects since it comes from T/S-
dependent density.

Geostrophic Velocity from Dynamic Height
In the geostrophic approxima<on, we relate horizontal pressure 
gradients to currents:

Dynamic height acts like a stream func<on for geostrophic currents!
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Ocean Absolute Dynamic Topography 
gridded field 31/12/2025

Derived Surface Geostrophic Velocity 
gridded field 31/12/2025

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

© AVISO – CMEMS
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Ocean small-scale dynamics: ECCO Ocean State Estimate
(i.e. an ocean model assimilating satellite and in-situ observations)



Speich et al. 14Theoretical Challenges for Ocean Dynamics

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

TOEddies, Laxenaire et al., 2018: 2019; 2020

• Applied on Absolute Dynamic Height 
(ADT) field which is the Surface 
Geostrophic Stream Function

• Based on defining the farthest closed 
contour around an extreme

• Defined by two contours: the outermost 
and the azimuthal maximum velocity

• One eddy is tracked in time with a 
condition that  areas of one eddy at two 
subsequent (daily) time steps need to 
superimpose at 50%

• It needs also to be “detectable” in ADT 
field during at least 5 days
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Identifying Ocean Mesoscale eddies from Satellite Altimetry
Automatic Detection Algorythms: The TOEddies Atlas

TOEddies, Laxenaire et al., 2018: 2019; 2020

1°x 1° % Time of
presence AnBcyclones

1°x 1° % Time of
Presence Cyclones
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Agulhas Rings: An Eddy NETWORK/LIFE-TREE

Agulhas Rings 0 Order Trajectories Agulhas Rings 1-6  Order Trajectories

Tracking eddies including eddy merging and spliKng

% Time presence

Trajectories Trajectories

% Time presence

Similar to  Qiu-Yang Li et al. 2016

Eddies & Trajectories:
A eddy network/life-
tree as eddies are very 
dynamical, they merge 
and split 

TOEddies, Laxenaire et al., 2018:



Speich et al. 17Theoretical Challenges for Ocean Dynamics

Eddies Atlas & Argo profiles colocalisation
The TOEddies Global Ocean Atlas

Ioannou et al., 2024 ESSD

7 of 25

→Rmax↑ = 109.5 (±45) km). We note that in this atlas, eddy radii smaller than ↓ 30 km were not
included to avoid small-scale features that are not accurately captured by altimetry.

Figure 2. Scatter plot representing the distribution of eddy occurrences for a) merging and b) splitting
events based on TOEddies atlas for eddy with lifetimes longer than 4 weeks in each 1↔ ↗ 1↔ region.
Bathymetry shallower than 4,000 m is indicated by gray lines.

To identify areas where these differences are noticeable, we present in Figure 4 the geographical
distribution of the radii of eddies. These maps were calculated by averaging the Rmax for each daily
detected mesoscale eddy that falls within bins of 1↔ ↗ 1↔. For a suitable comparison, zonal averages of
the eddy radius are also computed in Figure 4e. In terms of the spatial radius distribution, smaller
eddies are detected near the poles while larger ones near the equator. This aligns with the first
baroclinic Rossby radius, which varies with latitude [10,63]. However, the absolute values of the
eddy radius vary considerably across the datasets. The mean zonal radii from the GOMEAD dataset
are higher, estimated at approximately ~150 km in the equatorial bandwidth of 10↔S to 10↔N. In
contrast, the TOEddies, META3.2 and TIAN datasets detect lower eddy radii of the order of 100-120
km. At latitudes lower than 40↔S higher than 40↔N, the TIAN dataset identifies larger structures of
approximately 60 km, while the TOEddies and META3.2 estimates indicate smaller structures (~40
km).
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Figure 5. Cyclonic (blue) and anticyclonic (red) eddy trajectories as detected from TOEddies algorithm
having lifetimes of at least (a)→ 52 weeks (b) → 78 weeks and (c) → 104 weeks. The numbers of detected
eddies are labeled at the top of each panel for each polarity.

It is also worth noting that there are differences in the behaviour of long-distance propagating
eddies between the eddy datasets. Figure 7 illustrates the trajectories of eddies from each dataset that
were tracked for over 26 weeks and have propagated over 1,100 km. The distance was calculated for
each eddy trajectory as the centroid distance between their initial and final positions, measured in
kilometers. Long-lived, far-propagating eddies are of considerable interest to many studies due to their
significant role in trapping and transporting water masses, along with heat, carbon, and oxygen. This
process, in turn, influences global climate, marine connectivity, and ecosystem functioning [1,7,45,66].
The reliability of such estimates hinges on the precision with which mesoscale eddy temporal evolution
and their en route interactions can be characterized. For example, the long-propagating Agulhas Rings
leave a visible surface signature in the South Atlantic, which is reflected in all datasets. However, there
are slight differences in the overview of the main eddy pathways depicted in each atlas, with some
cases showing significant discrepancies. Such examples are visible mostly in the Pacific Ocean, where
TOEddies detects more long-propagating eddies in the North Pacific, while only a portion of them is
found in the TIAN dataset and META3.2 dataset (~11% and 46% fewer long-propagating trajectories,
respectively). Large variations can also be observed in the South Pacific and North Atlantic.

To investigate in greater detail the similarities between long-lived eddies, we have focused our
investigation on eddies with lifetimes of at least 26 weeks. We have then specifically targeted only
those eddies that exhibited a consistent spatiotemporal evolution across all datasets. Given that the
TOEddies dataset tracks a greater number of long-lived and long-propagating eddies, it was selected
as the reference atlas. We then assessed the degree of similarity between the trajectories from the
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that merging and splitting events of both eddy types be identified so that the evolution of eddies can
be understood.

The ability of TOEddies to determine the occurrence of eddy merging and splitting events enables
the construction of unique eddy networks associated with specific eddy origins. In accordance with the
methodology detailed in Laxenaire et al. [1,5,45], Figure 8 illustrates three eddy-network reconstructions
as a case study. These are associated with the Agulhas Rings corridor, eddies originating from the
North Pacific upwelling system, and eddies from the Australian western boundary. The trajectories in
black, which originated from the area delineated by the dashed line, serve as the reference trajectories
and are defined as order zero in the network (see [1]). The order number is increased with each
additional interaction required to trace a reference trajectory in either direction. Consequently, these
networks comprise all eddy trajectories that have encountered at least one merging or splitting event
during their lifetime and, depending on their order, have connections to eddies of specific origins. The
reconstruction of eddy networks indicates that long-lived and long-propagating eddies frequently
interact with each other and have the potential to transport water from various regions of generation
further away. To investigate the discrepancies among the different eddy atlases in tracking throughout
the lifespan of eddies, an exhaustive analysis of two distinct long-lived eddies has been conducted. The
TOEddies algorithm incorporates the co-location of the eddies identified from the altimetry gridded
field with available in-situ measurements, thereby providing a valuable resource for in-depth studies
of tracked eddies. To gain deeper insight into the vertical characteristics of these eddies and how they
evolve over time, we have identified individual eddy trajectories that were sufficiently sampled by
Argo floats across the years of observation. In particular, we have selected one anticyclonic eddy (A0)
originating from the Agulhas leakage and one cyclonic eddy (C0) originating from the Australian
western boundary, which were present in all datasets (Figure 9).

Figure 8. Eddy network example of anticyclonic (first column) and cyclonic (second column) trajectories
for the (a-b) California Upwelling System (c-d) western Australian boundary and (e-f) extended South
Benguela System. Each eddy trajectory is colored according to their assigned order.

In Figure 9a,c, we present the specific trajectory network reconstruction of A0, which includes all
eddies that have merged with and split from A0 during the three years of its lifespan. Based on the
TOEddies dataset, it can be concluded that A0 is the result of a splitting event that occurred in the Cape
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• 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.

Ocean Mesoscale Eddies:
What we have understood so far from Satellite Altimetry 
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Physical properties we know about Mesoscale Eddies

Remote Sensing of Ocean Eddies

Figure 2.2: Schematic representation of the 3D structure of Cyclonic
and Anticyclonic eddies. The surface trough and ridge owing to the
(cyclo)geostrophic balance are schematically exaggerated. The corresponding
shallowing and deepening of the mixed layer as well as the up/downwelling
e�ects transferring nutrients from the deep to the euphotic layers are represented.
Figure source: Ioannou, 2019

2.1.3 Subsurface eddy structure

The surface signature of an eddy is only the "tip of the iceberg" of a 3-dimensional
structure, extending temperature, salinity, and density anomalies to tens to
hundreds of meters of depth. This 3-dimensional structure is responsible for
the modulation of the local hydrography (Dong et al., 2014), modulation of the
mixed layer (Gaube et al., 2019), trapping of heat and nutrients (Chelton et al.,
2011b), the movement of pelagic species (Durán Gómez et al., 2020), and the
trapping of microplastics (Brach et al., 2018), among other e�ects. In Figure
2.2, the e�ect of the eddy geostrophic balance (equation 2.1) on the sea surface
anomaly is schematically exaggerated, while the three-dimensional structure
of eddies is also portrayed . For cyclonic (anticyclonic) eddies surface trough
(ridge) corresponds to a shallowing (deepening) of the local Mixed Layer as well
as a deep upwelling (downwelling) activity, resulting in the vertical transport of
nutrients between the euphotic and deep layers of the ocean. The subsurface
structure of an eddy is usually defined by an underwater "core", where the
maximum density, temperature, or salinity anomaly is found, below the mixed
layer (Laxenaire et al., 2019). Eddies can also form a "double core" structure,
with two such local maxima found in di�erent depths.
The three-dimensional structure of an eddy is estimated through vertical profiling,
most often by in-situ measurements using ARGO floats (Wong et al., 2020).
An ARGO instrument is programmed to dive until a certain parking depth

3

Wang et al., 2019Moschos, 2023

Surface height and vertical structure
of cyclonic and anticyclonic eddies

Surface and subsurface anDcyclonic eddies
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GOOS & the Ocean in GCOS

● A true global collaboration:
84 countries, 8,900+ observing platforms, 
13 global networks (+ 3 emergings)

● Ocean and marine meteorological Essential 
Ocean/Climate Variables

● >120,000 observations delivered per day 
to operational services across climate, 
weather and hazard warnings and ocean health

● Today it covers only 65% of the needed 
observations in physics, much less in chemistry & 
biology

● The whole system is extremely fragile 
funded through research project and programs. It 
is not sustained and rest on individual scientists

● Mandate from UNFCCC

www.ocean-ops.org/reportcard2023

The ocean in situ observing system

GOOS : infrastructure that coordinates the 
global ocean observing system

http://www.ocean-ops.org/reportcard
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Measuring the Ocean Subsurface: In Situ Observations

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

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

Ø Nearly 30 countries contributed ships, instruments, satellites.

Ø 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. 

Ø 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. 
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• Mesoscale eddies impact 
transport of properties

• Access to Eulerian and Lagrangian 
transport estimates associated to 
eddies

Improving large-scale GO-SHIP transport estimates 

Manta et al., 2021

SAMBA

SAMBA Line, Jan-Feb 2017
Cruise track, altimetry & eddies

Observed Salinity

Eddy temperature anomalies

Observed eddies tracked in time by altimetry 
(TOEddies) – Lagrangian eddy transport estimate
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Measuring the Ocean Subsurface: In Situ Observations

The Argo Profiling Floats: Since 2000 (2005 for a global coverage)
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Agulhas Rings

% Time presence per 1° X 1° grid cell

Agulhas Rings 0 – 29 order Trajectories

Laxenaire et al., 2018; 2019; 2020TOEddies provide a co-location of eddies (core) and Argo profiles

Heat	Content	 Salt	Content	Heat	Content	 Salt	Content	Outermost Eddy Contour Vmax Eddy Contour       

Southern America

South Africa
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Temperature Anomaly Salinity Anomaly

Density Anomaly Brünt – Väisäla Frequency

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

Laxenaire et al., 2019

Reconstructing 3D eddy structure using Argo profiles

South Atlantic 
Subtropical 
Mode Waters

Sato & Polito 2014

Theoretical Challenges for Ocean Dynamics
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• 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, SSS, 
SSH, gesotrophic velocities) disappear or decrease rapidly

TOEddies colocalized with Argo profiles

Agulhas Rings subsiding in the Atlantic Ocean

Laxenaire et al., 2020
Ioannou et al., 2022; 2024

Agulhas Rings rapid subsidence in the ocean interior
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• Anticyclonic eddies can move in the ocean for 
months to years, conserving water mass 
properties.

• Mesoscale eddies observed/detected from satellite
altimetry can be surface and subsurface intensified.

• Eddies can subduct/subside along their
trajectories.

• Subtropical anticyclonic eddies can precondition
Mode Water formation and can contain important 
volume of these waters in the ocean interior (i.e., they
ventilate the ocean thermocline)

• Eddy (multiple) merging can result in different
vertical cores of water masses.

Ocean Mesoscale Eddies:
What we have understood so far from

Satellite Altimetry + Argo float profiles and sparse ship hydrography 
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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."

Ocean Mesoscale Eddies:
They can live for years, conserving thermohaline properties … 

Are ocean mesoscale eddies COHERENT? What is Coherence, by the way ?
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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 fluid ⇒ Coherent in Hussain’s sense

− Eddies « persist » and are characterized by their ability to 
resist straining deformations from neighboring structures 
and to maintain their identity over time, often growing
through mergers with weaker vortices

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

Kinematic Coherence (KC): 
Rotational flow sufficiently persistent 

and created by turbulence (J. 
McWilliams, 1991.

It is an Eulerian criteria

Ocean Mesoscale Eddies: Are they coherent structures?
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Mixing and the Lagrangian Theory
Starting from the 2000s, Idea: understand fluid-particle trajectories to quantify mixing
ØDevelopment of a Lagrangian framework
ØClosed trajectories (rather than streamlines) to detect a vortex

§ Eddies can be considered as ellipDcal
Lagrangian Coherent Structures (LCSs, 
closed trajectories)

Adapted from Mowlavi et al. (2021)

Material coherence (MC):
A vortex is coherent as long as it has not lost the 

water it trapped at the time of its formation.
(Béron-Vera, 2013; Haller, 2016)

Lagrangian criteria

Ocean Mesoscale Eddies: Are they coherent structures?
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Beron-Vera et al. 2013

Kinematic Coherence (KC)
• Temporal persistence of the flow
• Eulerian criteria for detecting boundaries

Ø Okubo-Weiss, SSH (TOEddies), 𝑉!"#
• Closed streamlines
• Core = Open system
• It works on snapshots

Material Coherence
§ “Trapped” water
§ Lagrangian criteria for detecting boundaries

Ø LCSs, LAVD, geodesic, etc.
§ Closed trajectories
§ Core = a closed system

Contours fermés d’Absolute
Dynamic Topography (ADT) 

(TOEddies, Laxenaire et al. 2018)

Ocean Mesoscale Eddies: Are they coherent structures?
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• Béron-Vera et al. 2013
• Sea Level Anomaly (SLA) at 1/4° from Le Traon et 

al. 1998
• Geostrophic velocity from SLA

Comparaison between Kinematic and Material Coherence

Eulerian Criteria
Outermost closed SLA contour Rotation dominates over 

deformation

Lagrangian Criteria
The outermost closed trajectory that

is closest to being geodesic

Ocean Mesoscale Eddies: Are they coherent structures?
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Remarks and Issues:
• 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

Comparaison between Kinematic and Material Coherence

Gula et al. 2021

Eulerian Criteria Lagrangian Criteria

Ocean Mesoscale Eddies: Are they coherent structures?

Béron-Vera et al., 2013

Challenges / Key Issues:
• 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
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ØHow can we define the 3D boundary of 
mesoscale eddies?

Ø Is it possible to find an alternative definition of 
coherence to reconcile material coherence 
(MC) and kinematic coherence (KC), and make 
it testable with in situ data?

How?
Use in situ observations and numerical 

simulations to analyze the 3D structure of 
mesoscale eddies.

Theory very oMen tested on idealized cases

Ocean Mesoscale Eddies: Are they coherent structures?

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

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

Key question
Ø What physical processes maintain this long-term coherence?
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About the resolution of ocean observations
• Hydrographic Data (T, S, P) Resolution:

• Horiz. : ~1 – 40 km
• Vert. : ~1 m

• Velocity Data (ADCPs) Resolution:
• Horiz. : ~0,3 km
• Vert. : ~8 – 32 m

• Common Grid:
• Horiz. : 1 km
• Vert. : 1 m 

• Study limitations:
• Resolution

Ø Gradients
• Ship transects far from the eddy center
• Sampling when the eddy is moving

Ocean Mesoscale Eddies: Using Ocean Subsurface Observations
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● Use of satellite observaZons  (SMOS, SMAP, 
ADT, CLS SST, CLS Chl-a) and different observing
devices to determine the daily observing
strategy

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

● Use of various measurement devices

SynopGcal situaGon during EUREC4A

EUREC4A-OA Field experiment strategy

Outcome of the experiment:  A dataset of very high-resolution co-localized OA vertical profiles

Speich et al., JPI Ocean & Climate 2019

N. Equatorial C.Current

S. Equatorial Current

N. Brazil Current Retroflection
NBC Rings

Amazon 
River

CCI+SSS 8 Fev2017
N. Equatorial Current

16 August 2022 Speich et al. – FIO-ICTP Summer School EUREC4A-OA/ATOMIC
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Figure 3. Flight time spent at different altitudes by different air-
borne platforms. Uncrewed aerial systems (UASs) shown in inset.

tively little. During planned excursions from its circling flight
pattern, HALO also positioned its track for satellite over-
passes – one by MISR (5 February 2021) and another by
the core GPM satellite (11 February 2020). Measurements
from the MPCK+ (a large CloudKite tethered to the R/V MS-

Merian) emphasized the lower cloud layer, selecting condi-
tions when clouds seemed favorable. The mini-MPCK was
used more for profiling the boundary layer and the cloud-
base region and was deployed when conditions allowed. The
Twin Otter targeted cloud fields, often flying repeated sam-
ples through cloud clusters identified visibly, but also sam-
pled the sub-cloud layer. The P-3 strategy was more mixed;
some flights targeted specific conditions, and others were
more statistically oriented (for example, to fill gaps in the
HALO and ATR sampling strategy). The different sampling
strategies are reflected in Fig. 3, where the measurements of
HALO are concentrated near 10.2 km and those of the ATR
at about 800 m, with relative uniform sampling of the trade
wind moist layer by the Twin Otter. Figure 3 also shows the
strong emphasis on sampling the lower atmosphere, with rel-
atively uniform coverage of the lower 3 km. Except for the
Twin Otter, which was limited to daytime operations, takeoff
and landing times of the aircraft were staggered, with three
night flights by the P-3, to better sample the diurnal cycle.
Data papers for the individual platforms are being prepared
and will describe their activities in greater detail.

2.2 Airborne platforms for measuring the upper ocean
and air–sea interface

Four global-class research vessels – all equipped with sur-
face meteorological measurements and underway tempera-
ture/salinity sampling devices – and scores of autonomous
ocean-observing platforms (AOOPs) were deployed along
Tradewind Alley and the Boulevard des Tourbillons. The
tracks of the surface vessels are shown in Fig. 4. These tracks,
colored by measurements of the near-surface water temper-
ature, show slightly more variability in water temperatures
along the Boulevard des Tourbillons, in contrast with more
steady westward warming of surface temperatures following
the trades along Tradewind Alley. The more dynamic situa-
tion along the Boulevard des Tourbillons, as compared to the
situation on the Tradewind Alley, required a different mea-
surement strategy. For the former, research vessels actively
tracked and surveyed mesoscale features, and for the latter
the sampling was more statistical so as to better support the
airborne measurements and cloud characterization.

Along Tradewind Alley, the R/V Meteor mostly worked
along the line of longitude at 57.25� W between 12.4 and
14.2� N. The R/V Ron Brown, coordinating its measure-
ments with the P-3, was stationed between the NTAS and
the MOVE3 moorings in January and in the region upwind
of the EUREC4A-Circle, near 55� W in February. For both
positions, SWIFT buoys were deployed and recovered in co-
ordination with P-3 airborne expendable bathythermograph
(AXBT) soundings. A Saildrone, two Wave Gliders, an Au-
toNaut (Caravela), four underwater gliders, and extensive
conductivity–temperature–depth (CTD) casts from the two
ships profiled the upper ocean Fig. 5.

Along the Boulevard des Tourbillons the R/V MS-Merian

and the R/V Atalante studied the meso- and submesoscale
dynamics. Both research vessels extensively profiled the
ocean’s upper kilometer using a wide assortment of in-
struments, including underway CTDs, moving vessel pro-
filers, vertical microstructure profilers (VMP and MSS), ex-
pendable bathythermographs (XBTs), and expendable CTDs
(XCTDs). Three ocean gliders (one SeaExplorer and two
Slocum electric gliders) provided dense sampling (more
than 1300 profiles, most to at least 700 m, Fig. 5) of sub-
surface structures associated with mesoscale eddies. Of
the roughly 8000 upper-ocean profiles performed during
EUREC4A, nearly three-fourths were performed in coordi-
nation with the eddy sampling along the Boulevard des Tour-
billons. Four Saildrones, 22 drifters and four deployments
of two air–sea fluxes observing prototypes, OCARINA and
PICCOLO, substantially expanded the observations at the
ocean–atmosphere interface. Five Argo floats equipped with
a dissolved-oxygen sensor were deployed to allow a La-

3Meridional Overturning Variability Experiment mooring lo-
cated 50 nmi (nautical miles) northwest of the NTAS and not shown
in Fig. 1.

Earth Syst. Sci. Data, 13, 4067–4119, 2021 https://doi.org/10.5194/essd-13-4067-2021
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Figure 5. Number of profiles sampling seawater properties at the
indicated depth. Ship-based profiling is from CTD casts, underway
CTDs, XBTs, and moving vessel profilers. AXBTs were dropped
by the P-3.

ferential absorption lidar) systems for profiling water va-
por and aerosol/cloud properties. The Raman systems (at
the BCO, on the R/V MS-Merian, and on the R/V Me-

teor) were upward-staring surface-mounted systems, and the
DIAL aboard HALO operated in a nadir-staring mode (Wirth
et al., 2009). On the ATR a backscatter UV lidar operated
alongside the horizontally staring radar, looking horizontally
to provide an innovative planform view of cloudiness near
cloud base. In total, six wind lidars and three ceilometers
were operated from the BCO and all research vessels except
for the R/V Atalante. As an example of the sensor synergy
arising from the multitude of sensors, Fig. 6 shows water
vapor flux profiles (Behrendt et al., 2020) estimated from
co-located vertically staring Doppler wind lidar and Raman
(water vapor) lidar measurements from the ARTHUS system
(Lange et al., 2019) aboard the R/V MS-Merian. This type
of measurement strategy, employing a dense network of re-
mote sensors to both improve sampling and realize synergies,
is increasingly emphasized for land–atmosphere interaction
studies (e.g., Wulfmeyer et al., 2018), but it is more difficult
to realize, and thus uncommon, over the ocean.

More standard, but still unprecedented by virtue of its
space–time–frequency coverage, was the contribution of air-
borne, surface, and space-based passive remote sensing to
EUREC4A. Three 14-channel microwave radiometers oper-
ated from surface platforms, and a 25 channel nadir-staring
system operated from HALO (Mech et al., 2014; Schnitt
et al., 2017). Handheld sun-photometer measurements were

Figure 6. Vertical latent-heat (vaporization enthalpy) flux as a func-
tion of time and height above the platform as measured from the
combination of water vapor Raman lidar (ARTHUS) and Doppler
wind lidar aboard the R/V MS-Merian. The mean value over the 3 d
period is 100 W m�2 at 200 m, and the fluxes are positive through-
out the sub-cloud layer.

made on all four research vessels, and an automated system
operated from Ragged Point, near the BCO, provided addi-
tional constraints on estimates of aerosol loading (from li-
dars) and column water vapor (from radiometers). Infrared
radiometers for measuring the surface skin temperature were
operated on the ATR, HALO, the R/V Ron Brown, the BO-
REAL, and CU-RAAVEN UASs, as well as on the five Sail-
drones. For estimating fluxes of radiant energy, broadband
longwave and shortwave radiometers were installed on three
of the airborne (zenith and nadir) and surface (zenith) plat-
forms. In addition, HALO and the R/V Meteor hosted high-
spectral-resolution systems measuring shortwave and near-
infrared down- and upwelling radiances (Wendisch et al.,
2001). Near-real-time geostationary GOES-East satellite im-
agery and cloud product retrievals between 19� N–5� S and
49–66� W were collected, with finer temporal resolution ev-
ery minute (between 14 January and 14 February, with a few
data gaps from diversions to support hazardous weather fore-
casting in other domains) archived over most of this domain.
ASTER’s high-resolution (15 m visible and near-infrared,
and 90 m thermal) imager on board TERRA was activated
between 7–17� N and 41–61� W. It recorded 412 images of
60 km ⇥60 km in 25 overpasses between 11 January and
15 February. These images are complemented by Sentinel-2
data with images at 10 m resolution in some visible–near-
infrared bands and 20 m resolution in shortwave-infrared
bands relevant for cloud microphysical retrievals.

The intensity of remote sensing instrumentation in the
vicinity of the EUREC4A-Circle will support efforts to, for
the first time, observationally close the column energy bud-
get over the ocean, as well as efforts to test hypotheses that
link precipitation to processes across very different time and
space scales.

Earth Syst. Sci. Data, 13, 4067–4119, 2021 https://doi.org/10.5194/essd-13-4067-2021
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Figure 4. Map showing surface- and subsurface-platform trajectories, colored by (uncalibrated) near-surface water temperature for platforms
with near-surface measurements.

grangian monitoring of the ocean surface and subsurface dy-
namics during and after the campaign.

To effectively survey features in the active waters of the
Boulevard des Tourbillons, the sampling strategy and cruise
plan were assessed daily, using information from the pre-
vious day’s measurements, updates from satellite products,
weather forecasts, and ocean predictions. Tailored satellite
products and model predictions were provided by a variety
of groups4 to help track and follow surface features in near
real time.

2.3 Instrument clusters

EUREC4A set itself apart from past field studies both through
new types of measurements, as performed by individual plat-
forms, but also through the quantity or clustering of certain
instruments. Instrument clustering means using similar in-
struments across a number of platforms so as to improve the
statistical characterization of air masses and their evolution.
The ability to make such measurements enables estimates
of systematic and random measurement errors, giving rise

4Collecte Localisation Satellites, the Centre Aval de Traite-
ment des Données, Mercator Ocean, and the Center for Ocean-
Atmospheric Prediction Studies.

to a different quality of measurement as compared to those
made previously, especially in marine environments. Exam-
ples are described below and include the use of remote sens-
ing, instruments for measuring stable water isotopologues,
and drones. A platform-by-platform listing of the EUREC4A
instrumentation is provided in Appendix B.

2.3.1 Remote sensing

EUREC4A included eight cloud-sensitive Doppler (W- and
Ka-band) radars. Four zenith-staring instruments were in-
stalled at surface sites (BCO, R/V MS-Merian, R/V Meteor,
and R/V Ron Brown) and three on aircraft (nadir, zenith on
the ATR, HALO, and the P-3). The ATR flew a second, hor-
izontally staring, Doppler system. Two scanning radars (a
C-band system installed on Barbados and a P-3 X-band tail
radar) and three profiling rain radars (one at the BCO, an-
other at the Caribbean Institute for Meteorology and Hydrol-
ogy (CIMH), and a third on the R/V MS-Merian) measured
precipitation. The R/V MS-Merian additionally had an X-
Band radar installed for wave characteristics and surface cur-
rents over a roughly 2 km footprint around the ship. Fourteen
lidars were operated, four of which were advanced (high-
spectral-resolution, multi-wavelength) Raman or DIAL (dif-

https://doi.org/10.5194/essd-13-4067-2021 Earth Syst. Sci. Data, 13, 4067–4119, 2021

SST (all platforms)

Longitude

THE OBSERVATIONS WE COLLECTED

EUREC4A-OA/ATOMIC-OA: The field experiment
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
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Eddy boundary: A region of loss of coherence

Gula et al. 2021
GIGATL 0,5 km, Gulf 

Stream

de Marez et al. 2020
CROCO, PE 0,5 km, CE isolé

Boundary :
§ Loss of order
§ Loss of a dominant vorticity component
⇒ Loss of Kinematic Coherence

Ocean Mesoscale Eddies: Defining their 3D structure
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Boundary :
§ Lateral intrusions
§ Fine-scale instabilities
§ The trapped water encounters the 

surrounding water
⇒ A turbulent region

Ruddick et al. (2010)

Eddy boundary: A region of turbulence

Ocean Mesoscale Eddies: Defining their 3D structure
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Step 1: Defining the Eddy Boundary
Approach based on the Ertel Potential Vorticity (EPV)

• Historically, an eddy is a potential vorticity anomaly.
• Ertel PV (Ertel, 1942) : EPV = 𝜁 + 2Ω! + ∇𝑏
• ΔEPV = EPV" + ΔEPV# 𝜎
• Sign change at the boundary. 

• Approach: Analysis of the different terms

2D Vertical Sections:
EPV = EPV$ + EPV%

EPV = −
𝜕𝑏
𝜕𝑟
𝜕𝑉&
𝜕𝑧 + 𝜁 + 𝑓'

𝜕𝑏
𝜕𝑧

Ertel, H. (1942). Ein neuer hydrodynamischer Wirbelsatz. 
Meteorologische Zeitschrift, 59, 271–281.

Ocean Mesoscale Eddies: Defining their 3D structure

Barabinot et al., 2024
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Step 1: Defining the Eddy Boundary
It constitues A Frontal Region

• Our criterion:              𝜶 = |𝐄𝐏𝐕𝐱|
|𝐄𝐏𝐕𝐳|

= 3456789:979;<
=65;979;<>?;54;9@974;96:>A659689?

From observations: 𝛂 = 𝐎(𝐑𝐨) Vertical recirculation with frontogenesis and symmetric instabilities
(Hoskins & Bretherton, 1972)

Ocean Mesoscale Eddies: Defining their 3D structure

Barabinot et al., 2024
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1% < EPV$ < 5% EPV% EPV$ = 40% EPV% EPV$ = EPV%

< 10%

Sections verticales 2D :
EPV = EPV! + EPV"
EPV = −

𝜕𝑏
𝜕𝑟
𝜕𝑉#
𝜕𝑧

+ 𝜁 + 𝑓$
𝜕𝑏
𝜕𝑧

Step 1: Defining the Eddy Boundary
A Frontal Region defined by an Area = f(α), with α > 0.01

Ocean Mesoscale Eddies: Defining their 3D structure

Barabinot et al., 2024
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• Eddy Core :
• Region where the baroclinic 

term EPVN is negligible compared 
with the anomaly of the vertical 
term EPVO

• ΔEPV# 𝜎 = EPV# 𝜎 − EPV# 𝜎
• 𝛽 = 50

• The volume least prone to symmetric
instabilities

Step 2: Defining what exactly the Eddy Core is

ΔEPVO
EPVN

> 𝛽

Ocean Mesoscale Eddies: Defining their 3D structure

Barabinot et al., 2025a
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Ocean Mesoscale Eddies: Are they coherent structures?

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

1. Eddy boundaries 𝜶 = |𝐄𝐏𝐕𝐱|
|𝐄𝐏𝐕𝐳|

= 3456789:979;<
=65;979;<>?;54;9@974;96:>A659689? > 0.01 (Obs O(Ro))

2. Eddy core with

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

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

2D Vertical Sections:
EPV = EPV$ + EPV%

EPV = −
𝜕𝑏
𝜕𝑟
𝜕𝑉&
𝜕𝑧

+ 𝜁 + 𝑓'
𝜕𝑏
𝜕𝑧

ΔEPV%
EPV$

> 𝛽 ΔEPV% 𝜎 = EPV% 𝜎 − EPV% 𝜎
𝛽 = 50

Barabinot et al., 2024; 2025a
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Ocean Mesoscale Eddies: Are they coherent structures?

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

1. Eddy boundaries 𝜶 = |𝐄𝐏𝐕𝐱|
|𝐄𝐏𝐕𝐳|

= 3456789:979;<
=65;979;<>?;54;9@974;96:>A659689? > 0.01 (Obs O(Ro))

2. Eddy core with

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

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

2D Vertical Sections:
EPV = EPV$ + EPV%

EPV = −
𝜕𝑏
𝜕𝑟
𝜕𝑉&
𝜕𝑧

+ 𝜁 + 𝑓'
𝜕𝑏
𝜕𝑧

ΔEPV%
EPV$

> 𝛽 ΔEPV% 𝜎 = EPV% 𝜎 − EPV% 𝜎 𝑎𝑛𝑑 𝛽 = 50
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Mediterranean Water eddies (Meddies) are an example of 
Materially Coherent (MC) eddies

• Meddies = Mediterranean Water 
Eddies
• Formation in the Gulf of Cadix, after

passing the Gibraltar Strait
• They move westward at 800-1000 m 

depth in the North Atlantic Ocean

46

Richardson et al. 1993

Armi et al. 1989

2 years of measures

Eddies originating from distant regions have properties that differ from the surrounding environment

Richardson et al. 2000

Ocean Mesoscale Eddies: Material Coherence
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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.
5) 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 material coherence)

• Material Coherence requires
conservation of water properties

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

Ocean Mesoscale Eddies: Material Coherence

BA
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An EUREC4A-OA subsurface Anticyclone contained water 
masses of the Southeast Atlantic (Agulhas Rings waters)
• Compu;ng from observa;ons thermohaline 

anomalies on density surface
• Δ𝑇, 𝑆 𝜎 = 𝑇, 𝑆 𝜎 − 𝑇, 𝑆 𝜎
• Δ𝑇, 𝑆 𝜎 > ΣW,Y WOA 2023

Liu et al. 2021

EUREC4A-OA

Ocean Mesoscale Eddies: Material Coherence

Barabinot et al., 2025b
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What about the other 25 anticyclones we have studied
• Task: Compu;ng the Propor6on of TC (hence MC) eddies among the 25 

eddies we have studied
• Δ𝑇 𝑜𝑢 𝑆 𝜎 > ΣW,Y WOA 2023 18/25 TC à 𝟕𝟐%

Within the limits of the study (eddy center 
positions + resolution + climatology)

§ Comparaison with Liu et al. (2019): 
MITgcm à < 50%

But this depends on the integration 
time window…

𝐿𝐴𝑉𝐷!!
!" 𝒙 = c

!!

!"
𝜔 𝒙, 𝑠 − 𝜔 𝒙 𝑑𝑠

It is difficult to compare …Maximum Temperature Anomaly

Maximum Salinity Anomaly

Ocean Mesoscale Eddies: Material Coherence

Barabinot et al., 2025c
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What do Numerical Simulation provide as evidence of Material
versus Thermohaline Coherence ? 

jour 150

§ Persistence of the anomaly over time 
Ø Despite filaments and BC/BT instabilities, the core remains materially coherent.
Ø DiJusion alone is not suJicient to cancel the eJects of material coherence.
Ø The lower part of the eddy is more aJected.

Ocean Mesoscale Eddies: Material Coherence

Barabinot et al., 2025c
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Ocean Mesoscale Eddies: They are, in majorty, coherent structures

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

1. Eddy boundaries 𝜶 = |𝐄𝐏𝐕𝐱|
|𝐄𝐏𝐕𝐳|

= 3456789:979;<
=65;979;<>?;54;9@974;96:>A659689? > 0.01 (Obs O(Ro))

2. Eddy core with

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

yes (70%)

Ø Core water properties remain nearly unchanged:
yes

2D Vertical Sections:
EPV = EPV" + EPV#

EPV = −
𝜕𝑏
𝜕𝑟
𝜕𝑉$
𝜕𝑧

+ 𝜁 + 𝑓%
𝜕𝑏
𝜕𝑧

ΔEPV#
EPV"

> 𝛽 ΔEPV# 𝜎 = EPV# 𝜎 − EPV# 𝜎 𝑎𝑛𝑑 𝛽 = 50
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Ocean Mesoscale Eddies: What is the physical processes driving eddy coherence?

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

1. Eddy boundaries 𝜶 = |𝐄𝐏𝐕𝐱|
|𝐄𝐏𝐕𝐳|

= ()*+,-./.,.01
2+*0.,.01340*)0.5.,)0.+/36+*.+-.4

> 0.01 (Obs O(Ro))

2. Eddy core with

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

yes (75%)
Ø Core water properties remain nearly unchanged:

yes (75%)

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

2D Vertical Sections:
EPV = EPV" + EPV#

EPV = −
𝜕𝑏
𝜕𝑟
𝜕𝑉$
𝜕𝑧

+ 𝜁 + 𝑓%
𝜕𝑏
𝜕𝑧

ΔEPV#
EPV"

> 𝛽 ΔEPV# 𝜎 = EPV# 𝜎 − EPV# 𝜎 𝑎𝑛𝑑 𝛽 = 50
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Physical Interpretation
• Outside the eddy:

• 𝜕7𝑏 = 0, 𝜕8𝑏 = 𝑑8𝑏 and the  velocity is zero

• The eddy locally modifies the ocean stratification :
• |𝜕7𝑏| ↑,  |𝜕8𝑏| ↓

• From the Thermal Wind, the velocity gradients change:
• |𝜕8𝑉9| ↑, |𝜁| ↓

• Conclusion : |EPVN| ↑, |EPVO| ↓ at the eddy boundary:
• The slope of the isopycnals governs the eddy boundary.
• The boundary becomes stronger as the slope increases

• Régions EPV" / EPV# coincide with inflection point of isopycnal surfaces:
𝐝𝟐𝒛𝒃
𝐝𝐫𝟐

= 𝟎,                     𝑓=𝜕8𝑣> = 𝜕7𝑏 ,                     ?@%
?8

?A
?7

− 𝛼 𝜁 + 𝑓=
?A
?8

= 0,

𝜶 = 𝑹𝒐 =
𝑽
𝒇𝟎𝑹
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• Simulation of a Subsurface Antucyclone (EUREC4A-OA like) pendant EUREC4A

What do Numerical Simulation suggest as the physical terms
responsible of robust, impermeable, eddy boundaries ?

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

Barabinot et al., 2025c

Idealized CROCO model
• Configuration already published (de Marez et al., 2020)
• Flat bottom at –2000 m, open boundary conditions, 

500×500 km box
• No forcing, vertically uniform levels
• Resolution: dx = 1 km, dz ≈ 15 m, dt = 90 s
• Background: climatological T and S profiles
• Initialization: in situ T and S anomalies
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• 𝑓 − plan; integrated over 300 days

What do Numerical Simulation suggest as the physical terms
responsible of robust, impermeable, eddy boundaries ?

Mixed barotrope and baroclinic instabilities
(de Marez et al. 2020)

Stable tripoleAxysymmetric

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

Barabinot et al., 2025c
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• The ratio     𝛼 = BCD&
BCD'

characterizes the boundary in 3D, with the same order of magnitude as the 
observations.

• During the BC/BT instability (~day 30), 𝛼 increases
• Then 𝛼 decreases and stabilizes once the tripole becomes stable.  

What do Numerical Simulation suggest as the physical terms
responsible of robust, impermeable, eddy boundaries ?

Day 0 Day 50

Day 100 Day 200

Ocean Mesoscale Eddies: What is the physical processes driving eddy coherence?
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• 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).

Ocean Mesoscale Eddies:
What we have understood so far from HR in-situ observations
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• 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.

Conclusions



Thank you !
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