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Support the oceanic foodweb

o Impact on the upper t rophic leve ls

2

Context:  Why do we care about phytoplankton ?



Key role in the global  carbon cycle
o Sequest rat ion of 2/3 of antropogenic Carbon

(b io log ica l carbon pump; Takahash i et a l . , 2009)

o Product ion ½ of O2 on earth

Support the oceanic foodweb

o Impact on the upper t rophic leve ls

3

Context:  Why do we care about phytoplankton ?
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C o ntex t :  h o w  c a n w e s t u d y p hy t o p l a n k t o n ?  

Satellite observations In situ observations 
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C o ntex t :  h o w  c a n w e s t u d y p hy t o p l a n k t o n ?  

Satellite observations In situ observations 

Numerical modelling
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C o ntex t :  l i m i ta t i o n s  t o  a s s e s s C h l  l o w f re q u e n c y va r i a b i l i t y a n d  t re n d s  1 )  s ate l l i te  o b s

Radiometric satellite era
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C o ntex t :  l i m i ta t i o n s  t o  a s s e s s C h l  l o w f re q u e n c y va r i a b i l i t y a n d  t re n d s  1 )  s ate l l i te  o b s

Radiometric satellite era
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Lack of synoptic observations

?

scientific lock 1: • Too short  sate l l i te  obs .  t ime-ser ies
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C o ntex t :  l i m i ta t i o n s  t o  a s s e s s C h l  l o w f re q u e n c y va r i a b i l i t y a n d  t re n d s  1 )  s ate l l i te  o b s

Radiometric satellite era

1997 now
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Lack of synoptic observations

?

• Ident i fy the  natura l osc i l l at ions  vs .  anthropic t rend

• Understand the under ly ing BGC-phys ica l processes
Aim 1: 

scientific lock 1: • Too short  sate l l i te  obs .  t ime-ser ies

Proof of concept with machine learning Martinez et al., 2020a; 2022; Roussillon et al. (2023) 
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C o ntex t :  l i m i ta t i o n s  t o  a s s e s s C h l  l o w f re q u e n c y va r i a b i l i t y a n d  t re n d s  2 )  i n  s i t u  o b s

Continuous Plankton Recorder (CPR) since 1960

Henson et al. (2009)

scientific lock 2: • Di ff i cu l ty in  parameter i z ing b io logy in  BGC models
( i .e . ,  mul t i -decada l and reg ime shi f t s )
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C o ntex t :  l i m i ta t i o n s  t o  a s s e s s C h l  l o w f re q u e n c y va r i a b i l i t y a n d  t re n d s  2 )  i n  s i t u  o b s

• Better understand biot ic and ab iot i c interact ions  on  
the  phyto- & zoo p lankton biomass and communi t ies

Aim 2: 

Continuous Plankton Recorder (CPR) since 1960

Henson et al. (2009)

scientific lock 2: • Di ff i cu l ty in  parameter i z ing b io logy in  BGC models
( i .e . ,  mul t i -decada l and reg ime shi f t s )
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C o ntex t :  l i m i ta t i o n s  t o  a s s e s s C h l  l o w f re q u e n c y va r i a b i l i t y a n d  t re n d s  3 )  C M I P  p ro j e c t i o n

E a r t h S y s t e m  M o d e l  ( E S M )

Ocean/atmos. 
models

BGC 
models

Global mean projections of depth-integrated net primary production (%)
(from Kwiatkowski et al., 2020)

scientific lock 3: • Wide cone of  uncerta inty on c l imate project ions
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C o ntex t :  l i m i ta t i o n s  t o  a s s e s s C h l  l o w f re q u e n c y va r i a b i l i t y a n d  t re n d s  3 )  C M I P  p ro j e c t i o n

Aim 3: 
• Quant i f i cat ion  of  ESM’s  uncer ta inty  re lated to  phys ica l  
forc ing  & to  b iogeochemica l  model  formulat ion  

• Ident i f i cat ion  of  phys ica l  processes  

E a r t h S y s t e m  M o d e l  ( E S M )

Ocean/atmos. 
models

BGC 
models

Global mean projections of depth-integrated net primary production (%)
(from Kwiatkowski et al., 2020)

scientific lock 3: • Wide cone of  uncerta inty on c l imate project ions
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D e e p l e a R n i n g a p p ro a c h e s t o  E l u c i d a te p hy t o p l A n k t o n i c c l i M a te i n d u c e d va r i a b i l i t y
( A N R  P R C  D R E A M ,  2 0 2 3 - 2 7 )

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

• U n d e r s t a n d t h e  u n d e r l y i n g p h y s i c a l a n d  B G C  p r o c e s s e s
Aim: 

• D a t a - d r i v e n :  Y =  f ( X )

• O r d i n a r y a n d  P a r t i a l  D i f f e r e n t i a l E q u a t i o n s :  
! " # = % ! " & , ! " # = % ( ! " & , ! " # )….

W P 1  I m p r o v e t h e  d e e p l e a r n i n g
a r c h i t e c t u r e s  t h r o u g h v a r i o u s e m u l a t o r s
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D e e p l e a R n i n g a p p ro a c h e s t o  E l u c i d a te p hy t o p l A n k t o n i c c l i M a te i n d u c e d va r i a b i l i t y
( A N R  P R C  D R E A M ,  2 0 2 3 - 2 7 )

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

• U n d e r s t a n d t h e  u n d e r l y i n g p h y s i c a l a n d  B G C  p r o c e s s e s
Aim: 

1997 now1978 1985

W P 2 a :  r e c o n s t r u c t p a s t m u l t i - d e c a d a l
r e c o n s t r u c t i o n  a t  g l o b a l  s c a l e

W P 3 :  q u a n t i f y p h y s i c a l &  b g c
u n c e r t a i n t i e s i n  c l i m a t e m o d e l s

• D a t a - d r i v e n :  Y =  f ( X )

• O r d i n a r y a n d  P a r t i a l  D i f f e r e n t i a l E q u a t i o n s :  
! " # = % ! " & , ! " # = % ( ! " & , ! " # )….

W P 1  I m p r o v e t h e  d e e p l e a r n i n g
a r c h i t e c t u r e s  t h r o u g h v a r i o u s e m u l a t o r s

W P 2 b :  b e t t e r u n d e r s t a n d t h e  l i n k b e t w e e n
p h y t o  a n d  z o o p l a n k t o n b i o m a s s a n d  c o m m u n i t i e s
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D e e p l e a R n i n g a p p ro a c h e s t o  E l u c i d a te p hy t o p l A n k t o n i c c l i M a te i n d u c e d va r i a b i l i t y
( A N R  P R C  D R E A M ,  2 0 2 3 - 2 7 )

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

• U n d e r s t a n d t h e  u n d e r l y i n g p h y s i c a l a n d  B G C  p r o c e s s e s
Aim: 

1997 now1978 1985

W P 2 a :  r e c o n s t r u c t p a s t m u l t i - d e c a d a l
r e c o n s t r u c t i o n  a t  g l o b a l  s c a l e

W P 3 :  q u a n t i f y p h y s i c a l &  b g c
u n c e r t a i n t i e s i n  c l i m a t e m o d e l s

• D a t a - d r i v e n :  Y =  f ( X )

• O r d i n a r y a n d  P a r t i a l  D i f f e r e n t i a l E q u a t i o n s :  
! " # = % ! " & , ! " # = % ( ! " & , ! " # )….

W P 1  I m p r o v e t h e  d e e p l e a r n i n g
a r c h i t e c t u r e s  t h r o u g h v a r i o u s e m u l a t o r s

W P 2 b :  b e t t e r u n d e r s t a n d t h e  l i n k b e t w e e n
p h y t o  a n d  z o o p l a n k t o n b i o m a s s a n d  c o m m u n i t i e s



phytoplanktonnutr ients

l ight

phys ica l  process
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Hypothes i s :  phys ica l l y dr iven at  g loba l  sca le

W P 1  &  2 . a :  Re c o n s t r u c t l o n g  t i m e - s e r i e s o f  C h l  a t  g l o b a l  s c a l e f ro m D L
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Phys ica l  predictors :  
Sea  sur face  temperature
Sea  leve l  anomaly  
Sur face  currents  
L ight  
….  

2 0 0 3

Target :
Sate l l i te  Ch l

2 0 2 2

W P 1  &  2 . a :  Re c o n s t r u c t l o n g  t i m e - s e r i e s o f  C h l  a t  g l o b a l  s c a l e f ro m D L
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Phys ica l  predictors :  
Sea  sur face  temperature
Sea  leve l  anomaly  
Sur face  currents  
L ight  
….  

Numer ica l  Schemes

2 0 0 3

1 Tra in ,
va l idate

Target :
Sate l l i te  Ch l

2 0 1 0 2 0 2 2

W P 1  &  2 . a :  Re c o n s t r u c t l o n g  t i m e - s e r i e s o f  C h l  a t  g l o b a l  s c a l e f ro m D L
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2

A p p l y
Re c o n s t r u c t  C h l
Te s t  

Phys ica l  predictors :  
Sea  sur face  temperature
Sea  leve l  anomaly  
Sur face  currents  
L ight  
….  

Numer ica l  Schemes

2 0 0 3

1 Tra in ,
va l idate

Target :
Sate l l i te  Ch l

2 0 1 0 2 0 2 22 0 1 1

Te s t

W P 1  &  2 . a :  Re c o n s t r u c t l o n g  t i m e - s e r i e s o f  C h l  a t  g l o b a l  s c a l e f ro m D L
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1950’s

2

A p p l y
Re c o n s t r u c t  C h l
Te s t  

Phys ica l  predictors :  
Sea  sur face  temperature
Sea  leve l  anomaly  
Sur face  currents  
L ight  
….  

Numer ica l  Schemes

2 0 0 3

1 Tra in ,
va l idate

Target :
Sate l l i te  Ch l

à ChlRecons truc ted
Data analysis

2 0 1 0

3- Apply
- Reconst ruct  Ch l
- Study

2 0 2 22 0 1 1

Te s t

W P 1  &  2 . a :  Re c o n s t r u c t l o n g  t i m e - s e r i e s o f  C h l  a t  g l o b a l  s c a l e f ro m D L



22Pauthenet et al., GRL 2024

W P 1  &  2 . a :  Re c o n s t r u c t l o n g  t i m e - s e r i e s o f  C h l  a t  g l o b a l  s c a l e f ro m D L

Satellite Chl trends over 2002-2020 



23Pauthenet et al., GRL 2024

W P 1  &  2 . a :  Re c o n s t r u c t l o n g  t i m e - s e r i e s o f  C h l  a t  g l o b a l  s c a l e f ro m D L

Satellite Chl trends over 2002-2020 CNN
Train/valid



24Pauthenet et al., GRL 2024

Still a biais: Underestimation Chl  in reconstructed trend

W P 1  &  2 . a :  Re c o n s t r u c t l o n g  t i m e - s e r i e s o f  C h l  a t  g l o b a l  s c a l e f ro m D L

Satellite Chl trends over 2002-2020 CNN
Train/valid
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Satellite vs. reconstructed Chl over the test period [2012-2017]

• Data driven (static) : Y= f(X) (CNN, ConvLSTM, FourCastNet, Unet)

W P 1  &  2 . a :  Re c o n s t r u c t l o n g  t i m e - s e r i e s o f  C h l  a t  g l o b a l  s c a l e f ro m D L

CNN
Correlation
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Satellite vs. reconstructed Chl over the test period [2012-2017]

• Data driven (static) : Y= f(X) (CNN, ConvLSTM, FourCastNet, Unet)

W P 1  &  2 . a :  Re c o n s t r u c t l o n g  t i m e - s e r i e s o f  C h l  a t  g l o b a l  s c a l e f ro m D L

CNN
Correlation

U-Net
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Satellite vs. reconstructed Chl over the test period [2012-2017]

CNN
Correlation

• Data driven (static) : Y= f(X) (CNN, ConvLSTM, FourCastNet, Unet)

• Sequence to sequence (forecasting): !"# = % !"& , !"# = %(!"&, !"#)….   (1 to 6 months)

Lakra et al., IEESS to be submitted

U-Net

W P 1  &  2 . a :  Re c o n s t r u c t l o n g  t i m e - s e r i e s o f  C h l  a t  g l o b a l  s c a l e f ro m D L



28Mahadevan et al., GRL in prep

Satellite vs. reconstructed Chl (U-Net) over the test period [2012-2017]

W P 2 . a :  i nve s t i ga te p ro c e s s

• Re c o n s t r u c t i o n  O K

Several predictors +SST (proxy MLD)

satellite Chl

Re
co
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29Mahadevan et al., GRL in prep

Satellite vs. reconstructed Chl (U-Net) over the test period [2012-2017]

W P 2 . a :  i nve s t i ga te p ro c e s s

• Re c o n s t r u c t i o n  O K

• U s e  fo rc i n g  ra t h e r t h a n p rox y  O K  à b e tte r u n d e rs ta n d i n g o f  p ro c e s s

Several predictors + heat flux &wind (MLD forcing)

satellite Chl

Re
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te

d
Ch
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Several predictors +SST (proxy MLD)

satellite Chl
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30Mahadevan et al., GRL in prep

Test period [2012-2017]:

W P 2 . a :  i nve s t i ga te p ro c e s s

Satellite Chl
Seasonal signal

Interannual signal



31Mahadevan et al., GRL in prep

Test period [2012-2017]:

W P 2 . a :  i nve s t i ga te p ro c e s s

Satellite Chl
Seasonal signal

Interannual signal

Unet reconstructed Chl

Seasonal signal

Interannual signal



32Mahadevan et al., GRL in prep

Test period [2012-2017]:

W P 2 . a :  i nve s t i ga te p ro c e s s

Unet reconstructed Chl

Seasonal signal

Interannual signal

Satellite Chl

• I nve s t i ga te p hys i c a l p ro c e s s
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D e e p l e a R n i n g a p p ro a c h e s t o  E l u c i d a te p hy t o p l A n k t o n i c c l i M a te i n d u c e d va r i a b i l i t y
( A N R  P R C  D R E A M ,  2 0 2 3 - 2 7 )

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

• U n d e r s t a n d t h e  u n d e r l y i n g p h y s i c a l a n d  B G C  p r o c e s s e s
Aim: 

1997 now1978 1985

W P 2 a :  r e c o n s t r u c t p a s t m u l t i - d e c a d a l
r e c o n s t r u c t i o n  a t  g l o b a l  s c a l e

W P 3 :  q u a n t i f y p h y s i c a l &  b g c
u n c e r t a i n t i e s i n  c l i m a t e m o d e l s

• D a t a - d r i v e n :  Y =  f ( X )

• O r d i n a r y a n d  P a r t i a l  D i f f e r e n t i a l E q u a t i o n s :  
! " # = % ! " & , ! " # = % ( ! " & , ! " # )….

W P 1  I m p r o v e t h e  d e e p l e a r n i n g
a r c h i t e c t u r e s  t h r o u g h v a r i o u s e m u l a t o r s

W P 2 b :  b e t t e r u n d e r s t a n d t h e  l i n k b e t w e e n
p h y t o  a n d  z o o p l a n k t o n b i o m a s s a n d  c o m m u n i t i e s



Martinez et al., in prep

W P 3 :  f ro m D L

1  S u c c e e d t o  re c o n s t r u c t t re n d s  i n  t i m e  &  s p a c e 1 5  Ea r t h  Sys te m  M o d e l s ( E S M )



Martinez et al., in prep

W P 3 :  f ro m D L

1  S u c c e e d t o  re c o n s t r u c t t re n d s  i n  t i m e  &  s p a c e 1 5  Ea r t h  Sys te m  M o d e l s ( E S M )



Martinez et al., in prep

W P 3 :  f ro m D L

1  S u c c e e d t o  re c o n s t r u c t t re n d s  i n  t i m e  &  s p a c e

2 .  A l l o w e d u s  t o  d e c o nvo l u a te t h e  p hys i c a l f ro m B G C  s i g n a l

1 5  Ea r t h  Sys te m  M o d e l s ( E S M )
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D e e p l e a R n i n g a p p ro a c h e s t o  E l u c i d a te p hy t o p l A n k t o n i c c l i M a te i n d u c e d va r i a b i l i t y
( A N R  P R C  D R E A M ,  2 0 2 3 - 2 7 )

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

• U n d e r s t a n d t h e  u n d e r l y i n g p h y s i c a l a n d  B G C  p r o c e s s e s
Aim: 

1997 now1978 1985

W P 2 a :  r e c o n s t r u c t p a s t m u l t i - d e c a d a l
r e c o n s t r u c t i o n  a t  g l o b a l  s c a l e

W P 3 :  q u a n t i f y p h y s i c a l &  b g c
u n c e r t a i n t i e s i n  c l i m a t e m o d e l s

• D a t a - d r i v e n :  Y =  f ( X )

• O r d i n a r y a n d  P a r t i a l  D i f f e r e n t i a l E q u a t i o n s :  
! " # = % ! " & , ! " # = % ( ! " & , ! " # )….

W P 1  I m p r o v e t h e  d e e p l e a r n i n g
a r c h i t e c t u r e s  t h r o u g h v a r i o u s e m u l a t o r s

W P 2 b :  b e t t e r u n d e r s t a n d t h e  l i n k b e t w e e n
p h y t o  a n d  z o o p l a n k t o n b i o m a s s a n d  c o m m u n i t i e s
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In  s i tu  obs .  in  
contrasted BGC env i ronment :

• Ol igotrophic area  (Hawai i )
• Coasta l upwel l ing  (Ca l i forn ia )
• High  lat i tudes  (North At lant ic )

Phytoplankton
communities

Zooplankton
communities

P hys i c a l  p ro c e s s e s
n u t r i e n t s

Apprentissage

I n  s i t u  o b s . ( M e r  d u  N o r d )
Cont i nuous Pl ankton Recorder  (CPR)

W P 2 . b :  E l u c i d a t i n g a b i o t i c a n d  p h y t o - z o o p l a n k t o n r e l a t i o n s h i p s f r o m i n  s i t u  o b s
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In  s i tu  obs .  in  
contrasted BGC env i ronment :

• Ol igotrophic area  (Hawai i )
• Coasta l upwel l ing  (Ca l i forn ia )
• High  lat i tudes  (North At lant ic )

Phytoplankton
communities

Zooplankton
communities

P hys i c a l  p ro c e s s e s
n u t r i e n t s

Reconstruction

Apprentissage

I n  s i t u  o b s . ( M e r  d u  N o r d )
Cont i nuous Pl ankton Recorder  (CPR)

W P 2 . b :  E l u c i d a t i n g a b i o t i c a n d  p h y t o - z o o p l a n k t o n r e l a t i o n s h i p s f r o m i n  s i t u  o b s

Reconstruction

Apprentissage



W P 2 . b :  E l u c i d a t i n g a b i o t i c a n d  p h y t o - z o o p l a n k t o n r e l a t i o n s h i p s f r o m i n  s i t u  o b s

C o nt i n u o u s P l a n k t o n Re c o rd e r  
( C P R )  d a ta s e t ( 1 9 6 0 - n o w )



Roux et al., Global Change Biology in prep

W P 2 . b :  E l u c i d a t i n g a b i o t i c a n d  p h y t o - z o o p l a n k t o n r e l a t i o n s h i p s f r o m i n  s i t u  o b s

+  c h a n g e s  i n  p h y t o  &  z o o p l a n k t o n c o m m u n i t i e s

+  p h y s i c a l p r o c e s s &  c l i m a t e m o d e s  a t  s t a k e



Roux et al., Global Change Biology in prep

W P 2 . b :  E l u c i d a t i n g a b i o t i c a n d  p h y t o - z o o p l a n k t o n r e l a t i o n s h i p s f r o m i n  s i t u  o b s

+  c h a n g e s  i n  p h y t o  &  z o o p l a n k t o n c o m m u n i t i e s

+  p h y s i c a l p r o c e s s &  c l i m a t e m o d e s  a t  s t a k e



I l  re s te  1 , 5  a n s  ( 2 ? ) .   Q u e  re s te  t ‘ i l  à  fa i re  ?  

• Diffusion model 
(analogue)

W P 2 a :  r e c o n s t r u c t p a s t m u l t i - d e c a d a l
r e c o n s t r u c t i o n  a t  g l o b a l  s c a l e

W P 2 b :  b e t t e r u n d e r s t a n d t h e  l i n k b e t w e e n
p h y t o  a n d  z o o p l a n k t o n b i o m a s s a n d  c o m m u n i t i e s

W P 3 :  q u a n t i f y p h y s i c a l &  b g c
u n c e r t a i n t i e s i n  c l i m a t e m o d e l s

W P 1  I m p r o v e t h e  d e e p l e a r n i n g
a r c h i t e c t u r e s  t h r o u g h v a r i o u s e m u l a t o r s

• Reconstruct decadal scale
• Investigate process

(integrated gradient)

• IA in the different area of the North Atlantic
• In the californian upwelling
• Oligotrophic area (Hawaii)

• Investigate process
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