
A u d e  J o ë l
J u n e  1 2 ,  2 0 2 4

T u t o r s :  
A n d r e a  D o g l i o l i ( M I O ) ,  
M a r i s t e l l a B e r t a  ( C N R - I S M A R )
L o u i s e  R o u s s e l l e t ( L O C E A N )

A i x - M a r s e i l l e  U n i v e r s i t y
M a s t e r  2 ,  O P B
2 0 2 3  - 2 0 2 4



1  1 .  O c e a n i c  c i r c u l a t i o n  &  f i n e - s c a l e  d y n a m i c s  

L a rg e - s c a l e

s o u r c e s :  F r a n k l i n ,  1 7 6 9

1 0 0 0  - 1 0 0 0 0  k m
1  t o  >  1 0 0 0  y e a r s  
T h e r m o - h a l i n e c i r c u .
D e c a d a l  o s c i l l a t i o n

F i n e - s c a l e

N A S A

1  - 1 0 0  k m
1  d a y  u p  t o  a  y e a r  
E d d i e s  &  m e a n d e r  f e a t u r e s  ( m e s o s c a l e )
F r o n t  &  f i l a m e n t s  f e a t u r e s  ( s u b - m e s o s c a l e )
à I m p a c t  o n  b i o g e o c h e m i c a l  p r o c e s s e s  d u e  t o  3 - D  

c i r c u l a t i o n

M c W i l l i a m s ,  2 0 1 6

●
●
●
●



2  1 .  T h e  n e w  S W OT- s a t e l l i t e

S o u r c e :  N A S A

●
●
●
●

S WOT
S u r f a c e  W a t e r  a n d  O c e a n  To p o g r a p h y
4 - m o n t h s  C a l V a l p h a s e  – S W O T- A d A C
( d ’ O v i d i o e t  a l . ,  2 0 1 9 )



2  1 .  T h e  n e w  S W OT- s a t e l l i t e

S o u r c e :  N A S A

(m/s)

4°E 5°E 6°E

40°N

41°N

42°N

43°N

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

May 8, 2023
velocities
DUACS

●
●
●
●

S WOT
S u r f a c e  W a t e r  a n d  O c e a n  To p o g r a p h y
4 - m o n t h s  C a l V a l p h a s e  – S W O T- A d A C
( d ’ O v i d i o e t  a l . ,  2 0 1 9 )



2  1 .  T h e  n e w  S W OT- s a t e l l i t e

S o u r c e :  N A S A

S WOT
S u r f a c e  W a t e r  a n d  O c e a n  To p o g r a p h y
4 - m o n t h s  C a l V a l p h a s e  – S W O T- A d A C
( d ’ O v i d i o e t  a l . ,  2 0 1 9 )

(m/s)

4°E 5°E 6°E

velocities
DUACS

40°N

41°N

42°N

43°N
May 8, 2023
velocities
DUACS
+ SWOT

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

●
●
●
●



31 .  T h e  B i o S W OT- M e d  c a m p a i g n   https://doi.org/10.17600/18002392

6

• A r e a :  N o r t h  B a l e a r i c  F r o n t  ( N B F )

• S t u d y  o f  f i n e - s c a l e  d y n a m i c s  &  
i n t e r a c t i o n s  w i t h  
b i o g e o c h e m i c a l p r o c e s s e s

• A d a p t a t i v e  ( t o  t a r g e t  o c e a n i c  
f e a t u r e s )  a n d L a g r a n g i a n ( t o  
f o l l o w  t h e m ) s a m p l i n g  s t r a t e g y
( D o g l i o l i e t  a l ,  2 0 2 4  c r u i s e  r e p o r t )

• I n  p a r t i c u l a r,  L a g r a n g i a n
i n s t r u m e n t s :  d r i f t e r s  a n d  f l o a t s

NBF

NORTHERN 
CURRENT

41°N

42°N

43°N

44°N

40°N

39°N

April 21 – May 15, 2023 May 13

May 8

May 3

Apr. 28

Apr. 23

3°E 4°E 5°E 6°E

●
●
●
●



41 .  S c i e n t i f i c  o b j e c t i v e s

• C h a ra c te r i ze  l o c a l  s u r fa c e  o c e a n  d y n a m i c s  t h a n k s  t o  
L a g ra n g i a n i n s t r u m e n t s  a n d  S WOT  d a t a

• C o n t r i b u te  t o  t h e  u n d e rs ta n d i n g  o f  f i n e - s c a l e  
s t r u c t u re s  i n  m o d e ra t e - e n e rg e t i c  m a r i n e  e nv i ro n m e n t s  

●
●
●
●



52 .  D a t a  c o l l e c t i o n

●
●
●



52 .  D a t a  c o l l e c t i o n

C A R T H E  
C O D E  
( x 1 8 )

1 m

1 5 m

S V P
( x 1 7 )

1 5 m i n
●
●
●

4 0 0 m

A R G O  
f l o a t s

( x 2 )

6 h



52 .  D a t a  c o l l e c t i o n

C A R T H E  
C O D E  
( x 1 8 )

1 m

1 5 m

S V P
( x 1 7 )

1 5 m i n

S W O T
s s h - u - v

C O P E R N I C U S
w i n d - s s h - u - v
c h l o r o p h y l l - a

●
●
●

4 0 0 m

A R G O  
f l o a t s

( x 2 )

6 h



52 .  D a t a  c o l l e c t i o n

C A R T H E  
C O D E  
( x 1 8 )

1 m

1 5 m

4 0 0 m

S V P
( x 1 7 )

A R G O  
f l o a t s

( x 2 )

L A M TA  
N u m .  s i m u l a t i o n

a d v e c t i o n  

1 5 m i n 6 h

S W O T
s s h - u - v

C O P E R N I C U S
w i n d - s s h - u - v
c h l o r o p h y l l - a

●
●
●



6

●
●
●

2 .  F i n e - s c a l e  fe a t u r e s  t a r g e t e d :  M a y  5  &  6

41°N

S W O T  “A D T ”  ( c m )
N R T- i m a g e
M a y  3



6

●
●
●

2 .  F i n e - s c a l e  fe a t u r e s  t a r g e t e d :  M a y  5  &  6

S W O T  “A D T ”  ( c m )
N R T- i m a g e
M a y  3

M a y  5  
D e p l o y.  a n t i c y c l o n e

M a y  6  
D e p l o y.  f r o n t

S W O T  s s h ( m )
P r e - v a l i d a t e d
M a y  5

5°E

41°N

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.0°



72 .  D r i f t e r  d e p l o y m e n t  s t ra t e g y  &  K P

●
●
●

A R E A  R AT E  O F  C H A N G E  
M E T H O D  
( M o l i n a r i  &  K i r w a n ,  1 9 7 5 ) :



72 .  D r i f t e r  d e p l o y m e n t  s t ra t e g y  &  K P

●
●
●

A R E A  R AT E  O F  C H A N G E  
M E T H O D  
( M o l i n a r i  &  K i r w a n ,  1 9 7 5 ) :

• s i z e :  D I V E R G E N C E

• o r i e n t a t i o n :  V O R T I C I T Y

• s h a p e :  S T R A I N

• m a s s  c o n s e r v a t i o n :  
V E R T I C A L  V E L O C I T I E S  w



83 .  D r i f t e r ’s  t ra j e c t o r i e s  – M a y  5  t o  1 2

41°N

40°N

May 12

May 11

May 10

May 09

May 08

May 07

May 06

5°E 6°E 7°E

●
●
●

1 - m  D R I F T E R S  

M a y  
5

M a y  
6



83 .  D r i f t e r ’s  t ra j e c t o r i e s  – M a y  5  t o  1 2

41°N

40°N

May 12

May 11

May 10

May 09

May 08

May 07

May 06

5°E 6°E 7°E

●
●
●

1 - m  D R I F T E R S  

M a y  
5

M a y  
6



83 .  D r i f t e r ’s  t ra j e c t o r i e s  – M a y  5  t o  1 2

1 - m  D R I F T E R S  

1 5 - m  D R I F T E R S  

41°N

40°N

41°N

May 12

May 11

May 10

May 09

May 08

May 07

May 06

5°E 6°E 7°E

●
●
●

M a y  
5

M a y  
6



83 .  D r i f t e r ’s  t ra j e c t o r i e s  – M a y  5  t o  1 2

A R G O  f l o a t s  
u p  t o  4 0 0 m  

41°N

40°N

41°N

41°N

May 12

May 11

May 10

May 09

May 08

May 07

May 06

5°E 6°E 7°E

5°E 6°E 7°E

●
●
●

1 - m  D R I F T E R S  

1 5 - m  D R I F T E R S  M a y  
5

M a y  
6



93 .  L a g ra n g i a n d i a g n o s t i c s

5°E 5.5°E 6°E 6.5°E 7°E 5°E 5.5°E 6°E 6.5°E 7°E

5°E 5.5°E 6°E 6.5°E 7°E 5°E 5.5°E 6°E 6.5°E 7°E

40.5°N

41°N

40.5°N

41°N

5°E 5.5°E 6°E 6.5°E 7°E

5°E 5.5°E 6°E 6.5°E 7°E

●
●
●1 - m  D R I F T E R S  

1 5 - m  D R I F T E R S  

D i v e r g e n c e / f Vo r t i c i t y / f S t r a i n / f



1 0  3 .  Ve r t i c a l  v e l o c i t i e s  w

●
●
●

4.8°E 5°E 5.2°E 5.4°E

40.8°N

41.0°N

40.2°N

80

40

0

-40

-80

• a l t e r n a t i n g  p a t t e r n  o f  p o s i t i v e  
a n d  n e g a t i v e  w

• + / - 8 0  m / d  
( l e s s  t h a n  1 m m / s )

• C o n s i s t e n t  w i t h  l i t e r a t u r e  
( T a r r y  e t  a l ,  2 0 2 1 ,  2 0 2 2 ,  

E s p o s i t o  e t  a l .  2 0 2 3 )

M a y  5 - 1 2  - w v e l o c i t i e s  ( m / d )



1 1  4 .  I n f l u e n c e  o f  t h e  w i n d :  f r i c t i o n

●
●
●
●

M a y  7 :  

• m o d e r a t e  w i n d :  2 - 6  m / s

M a y  8  a f t e r n o o n :  

• M i s t r a l  e v e n t :  >  1 4 m / s

M a y  8  - W i n d  v e l o c i t i e s  ( m / s )
1 - m  d r i f t e r s  t r a j e c t o r i e s  

12

10

8

2

0

4

14

6



1 1  4 .  I n f l u e n c e  o f  t h e  w i n d :  f r i c t i o n

M a y  7 :  

• m o d e r a t e  w i n d :  2 - 6  m / s

M a y  8  a f t e r n o o n :  

• M i s t r a l  e v e n t :  >  1 4 m / s

• 1 - m  d r i f t e r s :

• i n  e d d y :  e j e c t e d  t o w a r d  
S E  ( a s  w i n d )

M a y  8  - W i n d  v e l o c i t i e s  ( m / s )
1 - m  d r i f t e r s  t r a j e c t o r i e s  

12

10

8

2

0

4

14

6 ●
●
●
●



1 1  4 .  I n f l u e n c e  o f  t h e  w i n d :  f r i c t i o n

M a y  7 :  

• m o d e r a t e  w i n d :  2 - 6  m / s

M a y  8  a f t e r n o o n :  

• M i s t r a l  e v e n t :  >  1 4 m / s

• 1 - m  d r i f t e r s :

• i n  e d d y :  e j e c t e d  t o w a r d  
S E  ( a s  w i n d )

• i n  f r o n t :  d r i f t e r s  t o w a r d  
N E .  W h y ? ? ?

M a y  8  - W i n d  v e l o c i t i e s  ( m / s )
1 - m  d r i f t e r s  t r a j e c t o r i e s  

12

10

8

2

0

4

14

6 ●
●
●
●



1 2  4 .  I n f l u e n c e  o f  t h e  w i n d :  v o r t i c i t y

0.00012

0.00008

0.00004

0

-0.00004

-0.00008

-0.00012

B e f o r e  M a y  8 :  

• N e g a t i v e  v o r t i c i t y  i n  
d r i f t e r ’s  a r e a

M a y  8 :  

• S h i f t  f r o m  n e g a t i v e  t o  
p o s i t i v e  v o r t i c i t y  c o i n c i d i n g  
w i t h  s h i f t  i n  1 - m  d r i f t e r s  
t r a j e c t o r i e s  a n d  v o r t i c i t y

M a y  8  - W i n d  c u r l  ( m - 1 )
1 - m  d r i f t e r s  t r a j e c t o r i e s  

●
●
●
●



1 3  4 .  N I O s  f i l t e r i n g  a n d  n e w  L a g ra n g i a n d i a g .

5.0° 5.4° 5.8° 6.2° 6.4°

41.0°

40.6°

40.2°

39.8°

41.2°

41.0°

40.8°

0.4

0.2

0.0

-0.2

-0.4

30

20

10

0

(m
/d

)

5.0° 5.4° 5.8° 6.2° 6.4° 5.0° 5.4°4.8° 5.6°

• S e c o n d a r y  v e r t i c a l  a g e o s t r o p h i c  c i r c u l a t i o n  ( T a r r y  e t  a l .  2 0 2 1 ,  2 0 2 2 ,  E s p o s i t o  e t  a l .  2 0 2 3 )
• I n t e r a c t i o n  b e t w e e n  t h e  e d d y  a n d  t h e  f r o n t ?

V e r t i c a l  
V e l o c i t i e s  ( m / d )

L o w - p a s s  B u t t e r w o r t h  f i l t e r  ( o r d e r  =  4 ,  p e r i o d  =  2 4 h )
F I LT E R E D T R A J E C T O R I E S :

D i v / f
1 - m  d r i f t e r s

D i v / f
1 5 - m  d r i f t e r s

●
●
●
●



1 4  4 .  I n t e ra c t i o n s  e d d y  /  f r o n t :  L A M TA  s i m u l a t i o n s

4.8°E 5.0°E 5.2°E 5.4°E 5.6°E

41.4°N

41.2°N

41.0°N

40.8°N

40.6°N

40.4°N

N u m .  p a r t i c l e s  s p e e d  
( m / s )

0.10

0.08

0.06

0.04

0.02

• 3 - d a y s  s i m u l a t i o n :  M a y  6  t o  8

• 6 0  p a r t i c l e s  i n i t i a l i z e d  o n  a n  
a r r a y  o n  t h e  d r i f t e r  d e p l o y m e n t ’s  
l o c a t i o n s  i n  t h e  e d d y  t o  t h e  f r o n t

• D a y  1 :  s t r o n g  c o n t r a s t e d  
v e l o c i t i e s  b e t w e e n  t h e  f r o n t      
( >  0 . 1  m / s )  a n d  t h e  a n t i c y c l o n e  
( 0 . 0 2 - 0 . 0 3 m / s )

• D a y s  2 - 3 :  h o m o g e n e o u s  
v e l o c i t i e s ( 0 . 0 7 - 0 . 0 8  m / s )

• I n t e r a c t i o n s  b e t w e e n  t h e  t w o  
f i n e - s c a l e  f e a t u r e s

●
●
●
●



1 5  5 .  C o u p l i n g  p h y s i c s  - b i o g e o c h e m i s t r y

●
●
●

M a y  5 ,  2 0 2 3
C h l o r o p h y l l - a ( S E N T I N E L 3 )

( l o g  m g / m 3 )



1 6  5 .  C o u p l i n g  p h y s i c s  – b i o l o g y  

●
●
●

Te m p e r a t u r e  
( ° C )

S a l i n i t y  
( P S U )

D e n s i t y  
a n o m a l y  

R e d N a n o
(% b i o m a s s e mmolC/m3)

H f N a n o
(% b i o m a s s e mmolC/m3)

R e d P i c o
(% b i o m a s s e mmolC/m3)

( T S G  - c y t o m e t r y  d a t a :  c o u r t e s y  o f  L .  O m s  a n d  G .  G r é g o r i )



1 7  5 .  C o n c l u s i o n  a n d  p e rs p e c t i v e s  

●
●
●

• F i n e - s c a l e  f e a t u r e s  a n d  c i r c u l a t i o n  &  L a g r a n g i a n d i a g n o s t i c s  
t o o l s :  i n - s i t u & r e m o t e  s e n s i n g  d a t a  +  n u m e r i c a l  t o o l ;

• E s t i m a t i o n  o f  L a g r a n g i a n p r o p e r t i e s  ( d i v e r g e n c e ,  w )  f o r  
B i o S W O T- M e d  i n  c o n f o r m i t y  w i t h  l i t e r a t u r e ;

• O r i g i n a l  r e s u l t s  o n  i n t e r a c t i o n s  b e t w e e n  t w o  f i n e - s c a l e  f e a t u r e s ;

• P e r s p e c t i v e s :  3 - D  e x p l o r a t i o n  o f  t h e  i m p a c t  o f  p h y s i c a l  
c h a r a c t e r i s t i c s  o v e r  b i o g e o c h e m i c a l  p r o c e s s e s ;

+  C o n t r i b u t i o n  t o  E G U  2 0 2 4  a b s t r a c t  a n d  p o s t e r  ( M a r t e l u c c i e t  a l . )  a n d
p u b l i c a t i o n  ( D e m o l e t  a l . ,  i n  p r e p )  o n  d r i f t e r  d a t a s e t s .





H I S TO R Y  O F  D R I F T E R S

• 18th cent. Franklin / 
Lagrange

• 1980s: Coastal Oceanic 
drifter experience 
(CODE, Davis et al., 
1985)

• 1990s: Surface 
Velocity Program (SVP)

• 1992: Friendly 
Floatees



A R E A  R AT E  O F  C H A N G E  M o l i n a r i  e t  K i r w a n .  ( 1 9 7 5 )

D  >  0  à d i v e r g e n c e
D  <  0  à c o n v e r g e n c eA0

A1l10
l20

l30

●

● ●

x10, y10
●

●●

l11
l21

l31
x20, y20 x30, y30

x11, y11

x21, y21
x31, y31

H e r o n ’ s  f o r m u l a  f o r  A 0 /  A 1 :  √ ( c . ( c - l 1 ) . ( c - l 2 ) ( c - L 3 ) )
w i t h  c  =  h a l f - p e r i m e t e r  



A R E A  R AT E  O F  C H A N G E M o l i n a r i  e t  K i r w a n .  ( 1 9 7 5 )

D  >  0  à d i v e r g e n c e
D  <  0  à c o n v e r g e n c eA0

A1l10
l20

l30

●

● ●

x10, y10
●

●●

𝛇 >  0  à c y c l o n i q u e
𝛇 <  0  à a n t i c y c l o n i q u e

-u

v v’

u

90°

●

● ●

●

●

●

l11
l21

l31
x20, y20 x30, y30

x11, y11

x21, y21
x31, y31

delta_y1, -delta_x1

delta_y3, -delta_x3

delta_y2, -delta_x2

x10, y10

x20, y20 X30, y30

x11’, y11’

x21’, y21’

x31’, y31’

x 1 1 ’ ,  y 1 1 ’  =  x 1 0 ,  y 1 0 ,  d e l t a _ y 1 ,  - d e l t a _ x 1

l11’

l21’

l31’

A1’

H e r o n ’ s  f o r m u l a  f o r  A 0 /  A 1 :  √ ( c . ( c - l 1 ) . ( c - l 2 ) ( c - L 3 ) )
w i t h  c  =  h a l f - p e r i m e t e r  



A R E A  R AT E  O F  C H A N G E M o l i n a r i  e t  K i r w a n .  ( 1 9 7 5 )



36

S o u r c e :  S W O T - A d A c

S W OT v s  D UA C S



0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

(m)
0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

(m/s)

4°E 5°E 6°E4°E 5°E 6°E

40°N

41°N

42°N

43°N
ssh
DUACS

velocities
DUACS

40°N

41°N

42°N

43°N
ssh
DUACS
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O C E A N I C  VA R I A B I L I T Y  S E E N  BY  D UA C S  /  S W OT
M a y  5 M a y  6 M a y  7 M a y  8 M a y  9

D U A C S

S W O T



D R I F T E R ’ S  T R A J E C TO R I E S

M a y  6 M a y  7 M a y  8 M a y  9 M a y  1 0

1
m

1 5
m



V E R T I C A L  V E LO C I T Y  w  ( 1 / 2 )

= 0



V E R T I C A L  V E LO C I T Y  w  ( 2 / 2 )

1 m

1 5 m

G r i d  r e s o l u t i o n :  1  k m  x  1 k m ,  p e r  d a y
I n  e a c h  b i n :

à w :  s m a l l e r  v a l u e  a t  1 5 m
m o s t  c o n s e r v a t i v e  m e t h o d  o f  e s t i m a t i o n



G E O S T R O P H I C  V E LO C I T Y  ( 1 / 2 )

x x

x N e g l e c t e d :  s t a t i o n a r y  f l u i d ,  n o  f r i c t i o n

G e o s t r o p h i c  a p p r o x i m a t i o n  ( p r e s s u r e ,  g r a v i t a t i o n a l  &  C o r i o l i s  f o r c e s



G E O S T R O P H I C  V E LO C I T Y  ( 2 / 2 )

η =  s s h m e a s u r e d  b y  s a t e l l i t e



S AT E L L I T E  A LT I M E T R Y
• Géoïde = surface équipotentielle du 

champ de gravité terrestre
• Ellipsoïde de référence = 

approximation du géoïde
• H = distance satellite – ellipsoïde
• R = distance satellite – surface de 

l’eau
• SSH (Sea Surface High) = H – R. 
La SSH a deux composantes :
• MSSH = Mean SSH (SSH moyenne sur 

un temps long)
• SLA (Sea Level anomaly, due à la 

circulation océanique) = SSH – MSSH
• ADT (Absolute dynamique 

topographie,  circulation océanique 
variable en fonction du géoïde) =          
SLA + MDT

• MDT = MSSH – geoïde
THESE Clément Ubelmann. Etude de scénarios d’altimétrie satellitaire pour le contrôle de la circulation océanique dans 
l’océan Atlantique tropical par assimilation de données. Océan, attmosphère. Université Joseph-Fourier - Grenoble I, 
2009. Français. ffNNT : ff. fftel-00408763f
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W I N D  F I E L D S :  M a y  0 6  t o  1 0

May 6 May 7 May 8 May 9 May 10
Wind vel.

Wind curl
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L A M TA  – M E T H O D E  N U M .  R U N G E - K U T TA  O R D R E  4

S o l v i n g  O r d i n a r y  D i f f e r e n t i a l  E q u a t i o n s  ( O D E ) :

M 1  O P B 2 0 3 ,  M e l i k a B a k l o u t i .
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S E C O N D A R Y  V E R T I C A L  A G E O S T R O P H I C  C I R C U L AT I O N

M c W i l l i a m s ,  2 0 1 6



R A N K I N E  M O D E L

S o l i d - b o d y  r o t a t i o n
• A n g u l a r  v e l o c i t y :  c o n s t a n t
• Ta n g e n t i a l  v e l o c i t y :  i n c r e a s e  w i t h  

d i s t a n c e  t o  c e n t e r  

A b o e l k a s s e m e t  a l .  ( 2 0 0 5 )
D O I  1 0 . 1 0 0 7 / s 1 0 4 0 9 - 0 0 5 - 0 0 7 3 - 3

I r r o t a t i o n a l  e d d y
• A n g u l a r  v e l o c i t y :  i n c r e a s e  w i t h  

p r o x i m i t y  t o  t h e  c e n t e r )  c o n s t a n t



F I N I T E - T I M E  LYA P U N O V  E X P O N E N T  ( F T L E )
i n  s - 1

δ ( 0 )  i n i t i a l  d i s t a n c e  b e t w e e n 2  p a r t i c l e s
δ ( t )  f i n a l  d i s t a n c e  a f t e r  t i m e  t

40°N

6.0°E4.0°E

F T L E  (d-1)
M a y  8

1.00

0.08

0.06

0.04

0.02

0.00



M a y  5
C h l o r o p h y l l - a ( S E N T I N E L 3 )

( l o g  m g / m 3 )

C H L - a S E N T I N E L 3 – M a y 5


