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“The Gulf Stream explained” by Kurzgesagt (Youtube)



vortices are everywhere in the ocean?

vortices are key for the global transport of water masses?3
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e N vortices impact biological activities* |
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This PhD thesis aims at improve our knowledge on the
dynamics of meso and submesoscale vortices

]

Surface currents in a high resolution simulation of the Earth’s oceans (svs.gsfc.nasa.gov)

IChelton 2011b; °Dong et al. 2014; 3Zhang et al. 2014; *Chelton et al. 2014a; *McWilliams 2019
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Observation of Edgar’s formation in 1950?

IFuglister & Worthington 1951, °Chelton 2011b
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Lifetime (left) and propagation distance (right) of oceanic vortices from SSH observations?,
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Sea Surface Height on 28/08/1996 (top), lifetime (left) and

propagation distance (rt/)ght) Of. ocelan/c vortices from S5H Examples of vortex stability studies?34 that use numerical
observations models to investigate the evolution of vortices when
isolated
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IChelton 2011b; °Carton et al. 1989; 3Stegner et al. 1999; *Menesguen et al. 2018
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Vortices eventually end their journey on western
boundaries because of the B-effect
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Examples of vortex-wall interaction on the 8-plane studies?>4

IChelton 2011b; Shi & Nof 1993; *Nof 1999; “Sutyrin 2003
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propagation distance (right) of oceanic vortices from SSH
observations?

IChelton 2011b,; °NASA Earth Observatory
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Basin-scale circulation of the Arabian Sea?

Instabilities of coastal currents and Rossby waves lead to the formation of
mesoscale eddies in the whole Arabian Sea, throughout the year34>

IArabian Marignal Seas and Gulfs, 1999 Report; °L’Hégaret et al. 2018, 3Scharffenberg et al. 2010; *L’Hégaret et al. 2016; Trott et al. 2018
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Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm
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25°N |
What is the 3D structure of the Arabian
Sea eddies, as revealed by in situ data ?
15°N |
30°E

Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm
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What are the stability characteristics of
Arabian Sea eddies ? Can these latter
explain the occurrence of surface
Submesoscale features ?
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Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm; insert shows true color image (NASA)
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What are the mechanisms involved in
" , the interaction between mesoscale
Vortex/Wall ] : eddies and a western boundary ?

interaction (3)
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Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm
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Dynamics of vortices H
. y . +=-== Conclusion Perspectives
in the Arabian Sea r)

1- What is the 3D structure of the
Arabian Sea eddies, as revealed by in

25°N [© situ data ?*

2- What are the stability characteristics
of Arabian Sea eddies ? Can these latter
explain the occurrence of surface
15°N | Submesoscale features ??

3- What are the mechanisms involved in
the interaction between mesoscale
eddies and a western boundary 734

30°E ‘ il 60°E 700E

Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm

12
1de Marez et al. 2019, °de Marez et al. 2020a, 3de Marez et al. 2020b, *de Marez et al. 2020c
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1- What is the 3D structure of the
Arabian Sea eddies, as revealed by in

15°N [E— situ data ?1

Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm

13
1de Marez et al. 2019
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2- What are the stability characteristics
of Arabian Sea eddies ? Can these latter
explain the occurrence of surface

15°N | N,
: Submesoscale features ?1
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Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm; insert shows true color image (NASA)
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secondary instabilities in
the surface mixed-layer
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Relative vorticity normalized by the Coriolis frequency at t=70, 100, 160, and 300 days
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long-lived SCVs

Relative vorticity normalized by the Coriolis frequency at t=70, 100, 160, and 300 days

symmetric instability

23




Dynamics of vortices -
in the Arabian Sea

?.O.QQOQ
J
|
25°N /
\ ‘)
15°N | \’/‘ 3>
)
°N e
30°E
Surface relative vorticity at t=360 days
Altimetry on 18 February 2015, contours of
cyclonic (red) and anticyclonic (blue) eddies Vortex stability properties show that Arabian Sea eddies
detected from altimetry with a dedicated can remain coherent for several years and spontaneously
algorithm; insert shows true color image (NASA) generate Submesoscale dynamics
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S VortexWall L 7 3- What are the mechanisms involved in
; ’ the interaction between mesoscale

15°N | eddies and a western boundary 217
y g g "J
N Vortex/Wall
30°E 60°E

Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm

25
1de Marez et al. 2020b, °de Marez et al. 2020c
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(a) (b)

Cyclones eventually form a stable
wodon when they encounter the wall
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Density anomaly in the simulation of a
cyclone with R=50 km, V,= 0.5 m s, and a
straight wall 32
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Density anomaly in the simulation of a
cyclone with R=50 km, V,= 0.5 m s, and a
straight wall

(d)

Density anomaly in the simulation of an
anticyclone with R=50 km, V,= 0.5 m s, and
a straight wall

(e)
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Uy=10 kmday™?

()

Cyclones eventually form a stable
wodon when they encounter the wall

Anticyclonic wodons are not stable,
their drift velocity is weaker (or null),
and patches of density anomaly are
seen along the wall
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(a)

Vertical velocity
depth= -143 m

Vertical velocity at t= 64
days

Kelvin waves are generated along the
boundary during the eddy adjustment

34
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(a)

Vertical velocity
depth= -143 m

Vertical velocity at t= 64
days

Kelvin waves are generated along the
boundary during the eddy adjustment

1%/ The eddy drifts toward the wall
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(a)

Vertical velocity
depth= -143 m

Vertical velocity at t= 64
days

Kelvin waves are generated along the
boundary during the eddy adjustment

\

2% Collision between the eddy and the
wall, and deformation of the eddy
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(a)

Vertical velocity
depth= -143 m
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(b)

Vertical velocity at t= 64
days

4~

/
l\-P

/
«\I

Kelvin waves are generated along the
boundary during the eddy adjustment

3% Generation of gravity
waves when the eddy
adjusts

SR
’' N>
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L Kelvin waves are generated along the
fepthe 1431 boundary during the eddy adjustment
o — -
‘}
\\
N 4°/ Conversion of the radiated energy
- AV < into Kelvin waves trapped along the
<] wall and propagating southward
- v
Vertical velocity at t= 64 "

days
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(@) (c)

Vertical velocity Meridional velocity
depth=-143 m |

weakening of the flow
by wave-current interaction

Kelvin waves are arrested by the

o{\”o\/&’)& ; gy 10 10 anticyclonic flow (their phase velocity is
RN i ol B i o comparable with the meridional velocity
(b) ' @ ' 02 of the eddy)

0.0

-0.2

-0.4

—06 The waves act by weakening the mean

-0.8

“10 current (as revealed by the EP flux div)
where nonlinear processes occur

Vertical velocity at t= 64 Meridional velocity and
days Eliassen-Palm flux divergence
(hatched areas)
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(a) (c)

Vertical velocity Meridional velocity
depth=-143 m |

weakening of the flow
by wave-current interaction
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km
'S
o

5
a1
o
]

><

3%}
o

)

1.0
0.8
0.6
0.4

(e)

Relative vorticity

! |

]generation of positive vorticity |

Vertical velocity at t= 64 Meridional velocity and
days Eliassen-Palm flux divergence
(hatched areas)

Relative vorticity and Eliassen-
Palm flux divergence (hatched
areas)

The weakening of the current generates
patches of positive relative vorticity

J
= |
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t= 66 days t= 68 days t= 70 days t= 80 days
depth=-143 m
0.4
’ 0.2
’ |
0.0
-
y
-0.2
E
v
8 -0.4
- X
km

Relative vorticity at 143 m depth (the domain follows the drift of the eddy)

Generation of cyclonic vorticity that
prevents the wodon to drift steadily

by dipolar coupling
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t= 66 days t= 68 days t= 70 days t= 80 days
depth=-143 m

0.4

0.2

UFEN ) ) ) -

100 km

Relative vorticity at 143 m depth (the domain follows the drift of the eddy) The effect is enhanced for

larger anticyclones

t= 76 days t= 78 days t= 80 days t= 90 days
depth=-143 m 04

) Q-
§L. ‘ Y - xy

100 kh

Relative vorticity at 143 m depth in a simulation with a larger anticyclone (R=100 km)
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Q'[.1078s73]
T
(a) -4 -3 -2 -1 0
\\\7”§ii? t= 240 days E;m“mmmm"mm"‘ E———
N p=1024.7kgm™> .S | —
R4 _ .
N . e ——

Depth [m]
b L
(=] o o
o (@] o

—400 /IA\

160 180 200 220 240 260 280 300

\ | y 07—/
/i g -100 A
\\\: : S —200 -
™ /—’/—’/¥
\\ 300 km "~ —300
—400 ¥ ' ' '

240 260 280 300 320 340 360 380
x-direction [km]

PV anomaly on (a) an isopycnal, and on (b) particular vertical sections in
the simulation with a large anticyclone at t= 240 days. This simulation has
larger horizontal and vertical resolutions (Ax =2 km and Az = 5m)

The process is efficient
in generating long-lived
Submesoscale coherent
vortices
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Q'[.1078s73]
(a) B - ADT ]

t= 240 days
p=1024.7kgm™3

120 140 160 180 200 220 240

Depth [m]

260

300 km

300 km

240 260 280 300 320 340 360 380
x-direction [km]

PV anomaly on (a) an isopycnal, and on (b) particular vertical sections in
the simulation with a large anticyclone at t= 240 days. This simulation has
larger horizontal and vertical resolutions (Ax =2 km and Az = 5m)

15°N

10°N[

45°E 50°E 55°E 60°E 65°E 70°E

a >
0.4 0.6 0.8 1.0

............

PHYSINDIEN 2019 measurements
on May 2019

Evidence of this process in
observations ?
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Depth [m]
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300 km

—400 . t t t t f i
240 260 280 300 320 340 360 380

x-direction [km]

PV anomaly on (a) an isopycnal, and on (b) particular vertical sections in
the simulation with a large anticyclone at t= 240 days. This simulation has
larger horizontal and vertical resolutions (Ax =2 km and Az = 5m)

ADT [m]
20°N

a >
0.4 0.6 0.8 1.0

15°N

10°N[

ST SSE e GsE 0
PHYSINDIEN 2019 measurements
on May 2019

-0.4
-s00] e
| [Potential vorticity anomaly [\\ '

—1000
0

20 40 60 80 100
Distance [km]
Vertical section of PV anomaly crossing a
submesoscale coherent cyclonic vortex during

the PHYSINDIEN 2019 experiment
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Conclusion

25°N |

15°N

1- What is the 3D structure of the
Arabian Sea eddies, as revealed by in
situ data ?*

2- What are the stability characteristics
of Arabian Sea eddies ? Can these latter
explain the occurrence of surface
Submesoscale features ??

3- What are the mechanisms involved in
the interaction between mesoscale
eddies and a western boundary 234

30°E 40°E | 50°E T 60°E | 70°E

Altimetry on 18 February 2015; contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm

1de Marez et al. 2019, °de Marez et al. 2020a, 3de Marez et al. 2020b, *de Marez et al. 2020c
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1- What is the 3D structure of the
Arabian Sea eddies, as revealed by in

250N .
situ data ?

15°N |

5°N 7 T X5 ? e i
30°E 40°E 50°E 60°E 70°E

Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm
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600 o Lack of vertical profiles in regions of interest: Gulf of
& Aden, marginal seas, Gulf of Somalia...
N 400 é
200 5 - Upcoming missions will allow to better sample the
0 shape of mesoscale eddies in the Arabian Sea
30°F 40°F 50°F 60°F T0°F 80°F

Distribution of Argo profiles used to determine the 3D
shape of eddies

Using a composite method forgets extreme values
000 ot the cone ﬂl I — and misses the “real” shape of particular eddies
. K|‘ 11na ()-

.

v kg m

Z 25.50F

| =2 If enough profiles were available, better average
251187 m depth . : solely the data in particular eddies??3

-1.0 -0.5 0.0 0.5 1.0
.

Density
[N}
|
T
\
&
-
=
-0
N~
-

Smoothing procedure of the density of the
composite cyclone representing the northern
Arabian Sea
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1Zhang et al. 2016, ?loannou et al. 2017,2020, 3Ayouche 2021
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25°N

15°N |

5°N g T '.'“"’v 7 A/ ) y 7 § T i BT
30°E 40°E 50°E 60°E 70°E

Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm

2- What are the stability characteristics
of Arabian Sea eddies ? Can these latter
explain the occurrence of surface
Submesoscale features ?
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SSH[cm]
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100 4 F .
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10

15

0

100 200 300 400 5000
X-Direction [km]

SSH signature of the eddy at the beginning and at the end of the simulation

100

200 300
X-Direction [km]

400

50

Surface relative vorticity at t=360 days
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SSH[cm]
-l A : T -
-15 -10 -5 0 5 10 15
500 T T T T T T T T T T T T
—
= - = i . o=
'—400 95° N 5 §
ésoo— -+ - F - ! 3
§200— 4 F 4 F i 15°N 2 g
2 S
> I Q
100 -1 - - - — 0 =5
o : | : | | | | | | | | | 30°F 40°F 50°F 60°E T0°F

0 100 200 300 400 5000 100 200 300 400 5000 100 200 300 400 500
X-Direction [k X-Direction [k X-Direction [k . . .
rection k] rection k] rection [km] Formal mapping error! of the altimetric product

used to construct the composite cyclone
SSH signature of the eddy at the beginning and at the end of the simulation P /

The destabilization (at meso and submesoscale) of the eddy cannot be
seen in the SSH field

- To study the destabilization of eddies using data, needs to use other
datasets (SST?3, chlorophyll-A%>...)

51
ILe Traon et al. 1998, ?Assassi et al. 2016, 3loannou et al. 2017, *Lévy et al. 2018, >Ciani et al. 2021
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ssT[*C] ASST[*C]
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Y40 250

100 200 300 400 5000

lerapetra Eddy Sea SST signature from
100 200 300 400 500 . 1
X-Direction [km] X-Direction [km] satellite data
SST signature of the eddy at the end of the simulation

The destabilization (at meso and submesoscale) of the eddy can be
seen in the SST field

—> This might allow to assess the realism of this idealized setup, and
determine the most instable modes of “real-life” oceanic eddies

lloannou et al. 2017
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3- What are the mechanisms involved in
the interaction between mesoscale
eddies and a western boundary ?

30°E 40°E  50°E T 60°E | 70°E

Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm
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45°N

45°5 S =
3* 45°E 90°E  135°E  180°  135°W  90°W  45°W AR e i SR e
— b , ©, — Bathymetry of the Arabian Sea
—_— él;if[ralia
GS —1000
i Presence of shelfs and topographic anomalies near
=== SAmerica E—ZOOO‘ . . . s .
Japan - western boundaries leading to a possible modification
------ Simulations 2, . .
| ~3000 of the vortex-wall interaction
—4000
- Need to consider the generation of topographic
> Rossb d lee eddies near western boundaries
N — ossby waves and lee e
Distance to the coastline [km]

Principal western boundary systems and associated topography
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20°N Y
CYCGEN
\ (0.5 km resolution)

DY L,
Q W2 ADARABIAN
10°N = (1.5 km resolution) k

Presence of other vortices, bottom friction, and
boundary layer near western boundaries

NWINDIAN

I (5 «m resolution) - Study the vortex-wall interaction in realistic

1598 simulations

b

20°S

20°E  30°E  40°E 50°E 60

Setup of a realistic simulation designed to study the

interaction between vortices and the coast of Yemen -
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(b) (©
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10°N . N
/ +F "J‘ \ . &
P {/f at 600 m d
( 1 S0°E 52.5°E

Z/f at 600 m depth
55°E  50°E  52°E  54°F
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* (5 km resolution)

e
(d)
0

-4 -3 -2 -1 0 1 2 3 4 (e) =3 =2 =10 1 2 3

10°S

|
N
o
o

|
N
o
o

20°S

depth [m]
&
o
<

PV anomaly

~1000 — S
10 20 30 40 50 600 10 20 30 40 50 60
dist [km] dist [km]
20°E  30°E  40°E  50°E  60°E  70°E  80°E (b,c) Relative vorticity at 600 m depth, and

(d,e) vertical section of relative vorticity and PV

Setup of a realistic simulation designed to study the along the green line shown in (c).

interaction between vortices and the Somalian coast

20

Distance [km]

The cyclonic SCV observed
during PHYSINDIEN 2019
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4- What are the characteristics of
the interaction between vortices and
other dynamical structures ?%23

15°N |

e

50N g ; A % 4 St
30°E 40°E 50°E 60°E 70°E

Altimetry on 18 February 2015, contours of cyclonic (red) and anticyclonic (blue) eddies
detected from altimetry with a dedicated algorithm
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(B) [f-plane idealized simulation] (€) [B-plane idealized simulation|

COM dataset

~T00 km ~100 km

Example of a detected merging event involving two cyclones (a),
and idealized simulations on the f-plane (b) and the 8-plane (c)

.
___pe = o - &
7=5.6 7=8.8 m m
Example of an idealized simulation of cyclones merging in the presence of a
continental shelf

NG
-

The interaction between vortices leads to the
generation of different regimes depending on
the vortex characteristics and their environment

- Study of vortex merger in the Arabian Sea and
the global ocean context using altimetric data
and idealized simulations
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Sea Surface Temperature [ ° C] Sea Surface Height [cm]

ey
(b) 22 24 26 28 30 32 (C) 5 10 15 20 25 30 35 40 45

Lat[°]

........

e
RS . Ly o v . .

NN Y

8°E 60°E 62°E 64°E 50°E 52°E 54°E 56°E 58°E 60°E 62°E 64°E
Lon[°] Lon[°]

Interaction between the Omani upwelling and the mesoscale eddy
field as observed by satellite on 05/08/2020, SST (left), SSH (right)

NG
-

In the Arabian Sea, the mesoscale eddy field
interacts with the Omani upwelling as vortices

are pushed towards the coast

- Study of the upwelling-vortex interaction in
idealized simulations, and its impact on cross-
shore particle exchange
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-

In the Arabian Sea, the mesoscale eddy field
interacts with the Omani upwelling as vortices
are pushed towards the coast

- Study of the upwelling-vortex interaction in
idealized simulations, and its impact on cross-
shore particle exchange

Example of simulation outputs of upwelling-vortex
interactions in single (top) or multiple (bottom) eddy cases

61



Dynamics of vortices

. . Perspectives
in the Arabian Sea

vortices are part of a turbulent flow?
Interaction of scales and processes between scales?

s ; e A y
gl LA e e
. 5 i

Can we understand something new with upcoming satellite missions?34

o el 7

/

Surface currents in a high resolution simulation of the Earth’s oceans (svs.gsfc.nasa.gov)
62

IMcWilliams 1984, °Danilov 2000, 3Fu & Ferrari 2008, Callies 2019a
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