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           Motivation: Plankton    
 

 dynamics near a free surface 
 
 

 

              Phytoplankton is the photosynthetic part of plankton 
 

•  primary production: organic compounds from CO2 

•  important part of the global carbon cycle 
•  provides 50% of the earth's oxygen 
•  sustains the aquatic food web 



           Motivation: Plankton    
 

 dynamics near a free surface 
 
 

 

              Role of surface turbulence still unclear! 

NASA 

   plankton patchiness occurs at different scales                  no unique explanation 

107 m 

103 m 

10-5 m 

Bridge the gap: 

Ø  swimming 

Ø  collective population dynamics 

Ø  turbulent transport 
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PART 1: Passive particles at a free-surface 

PART 2: Active particles at a free-surface  

1A. Clustering at the free-surface 
turbulence subject to wind stress 
 

1B. Clustering at the free-surface 
turbulence subject to stratification 
 
 
 

Phytoplankton cells passively 
transported by the flow 

Self-propelled phytoplankton cells 
 

2A. Influence of wind stress on plankton 
surfacing 
 

2A. Influence of wind stress on plankton 
surfacing 
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PART 1: 
 
 

Passive particles at a free-surface 



           Physical problem and    
 

                             Modelling approach 
 
 

 

•  3D time-dependent 

 turbulent water flow 

•  Shear Reynolds number: 

 Reτ= 171, 510 
•  Channel size: 

 Lx x Ly x Lz = 4πh x 2πh x 2h 
•  Pseudo-spectral DNS 

•  Time intergration: 

 Adams-Bashforth (convective terms) 

 Crank-Nicolson (viscous terms) 

 
 

 
 



           Physical problem and    
 

                             Modelling approach 
 
 

 
•  One-way coupling 
•  Fully-elastic particle-wall 
     collision 
•  Time integration: 4th order 
     runge-kutta 
•  Fluid velocity Interpolation: 
     6th order Lagrange polynomials 

Particle Stokes number, St = τp/ τf 

Particle Timescale – τp = dp
2 ρp/18 µ	



Flow Timescale - τf = L/U  = ν/uτ
2 	



S=particle-to-fluid 
      density ratio 
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                          Free-surface turbulence  
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           Topology of   
 

                          Free-surface turbulence  
 
 

 

MOVIES 



           Topology of particle    
 

                        clusters at the free surface 
 
 

 

	
  
	
  

	
  
	
  

Particles distributed: 

l  uniformly over a surface 
 

l  uniformly along a line 
	
  
	
  

	
  
	
  

l  in general 
ν is the clusters’ 
fractal dimension 
(correlation dim.) 



           Topology of particle    
 

                        clusters at the free surface 
 
 

 

time 

Results from Lovecchio et al., phys. rev. e (2013) 



           Topology of particle    
 

                        clusters at the free surface 
 
 

 

Results from Lovecchio et al., phys. rev. e (2013) 
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Clusters are 
long-lived 
Structures! 



           Fil rouge 

 

 

PART 1A: 
 
 

Clustering at a wind-sheared free surface 



          Effect of wind on particles    
 

                       at the free-surface 
 
 

 

wind opposite to the flow direction 

Mean streamwise  
velocity 

MOVIE 



          Effect of wind on particles    
 

                       at the free-surface 
 
 

 
Mean streamwise  
velocity 

Wind along the flow direction 

MOVIE 



          Effect of wind on passive    
 

                        particles at the free-surface 
 
 

 

Different topology of filaments at the surface 
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PART 1B: 
 
 

Clustering at a free surface 
in thermally-stratified turbulence 
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•  Physical problem and modelling approach 
 

•  Characterization of flow and temperature fields 
 

•  Stratification effects 
 

•  Structures at surface 
 

•  Particle surfacing and segregation 

 

•  Surface divergence 
 

•  Voronoi analysis 
 

•  Time scales 

 

•  Conclusions 



Physical problem and 
Modelling approach 

 

 

Sketch of the 
channel flow 
configuration: 
 
 
 
 
Boussinesq 
equations: 



165 500 

Sketch of the 
channel flow 
configuration: 
 
 
 
 
Simulation 
parameters 
for the fluid: 

Physical problem and 
Modelling approach 

 

 



•  One-way coupling 
•  Fully-elastic particle-wall 
     collision 
•  Time integration: 4th order 
     runge-kutta 
•  Fluid velocity Interpolation: 
     6th order Lagrange polynomials 

Particle Stokes number, St = τp/ τf 

Particle Timescale – τp = dp
2 ρp/18 µ	



Flow Timescale - τf = L/U  = ν/uτ
2 	



particle-to-fluid 
density ratio 

Physical problem and 
Modelling approach 

 

 

Simulation parameters 
for the buoyant floaters 



Temperature Field 

 

 

Thermocline 
(density barrier): 
 

Upwellings are blocked by the 
thermocline and cannot reach  
the free surface! 

Riτ=0 Riτ=165 

Riτ=500 



Mean temperature and 
velocity statistics 

 

 



Flow field dynamics 
 

at the free surface 

 

 

Riτ=0 

Riτ=500 

Surface divergence Surface temperature 

high correlation 

low correlation 



Floater surfacing 

 

 

Surface divergence 

Surface temperature 

Riτ=0 



Floater surfacing 

 

 

Riτ=500 Surface divergence 

Surface temperature 



Floater clustering 
 

at the free surface 

 

 

Surface divergence 

In stratified flows,  
floaters do not follow  
faithfully the flow field 
 
No intense upwelling 
events occur at the 
free surface (due to the 
presence of the submarine 
thermocline) 
 

Riτ 



Floater clustering: 
 

A Voronoi analysis 

 

 
The segments in a 
Voronoi Tessellation 
correspond to all 
points equidistant to 
the two nearest 
floaters.  



Floater clustering: 
 

A Voronoi analysis 

 

 

Riτ 
Stratification 

Stratification 

Stratification reduces (resp. increases) the probability of finding Voronoi 
cells with small (resp. large) area. This means that stratification reduces 
preferential concentration into dense clusters 
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PART 2: 
 
 

Active particles (swimmers) at a free-surface 



           Modelling micro-swimmers    
 

                             lesson learned from plankton 
 
 

 

Reorentation term due to  
gravitational torque Vorticity term 

gyrotaxis: any directed  
locomotion resulting from 
combination of gravitational 
and viscous torques in a flow 
 

Assumptions : 
•  dilute suspension of neutrally-

buoyant micro-organisms 
•  Sub-kolmogorov size 
•  Negligible inertia 
•  Swimming at constant speed vs          

in the direction p 

Swimming provides a way 
 for micro-organisms to 
escape fluid pathlines 
(kesslr j.o., nature, 1985) 



Two controlling parameters: 

Chlamydomonas augustae 

           Modelling micro-swimmers    
 

                             lesson learned from plankton 
 
 

 

Values considered in our study: 

Dimensionless swimming speed 

Low gyrotaxis (slow re-orient.) 

high gyrotaxis (fast re-orient.) 

intermediate gyrotaxis 
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PART 2A: 
 
 

Plankton dynamics in 
wind-sheared free-surface turbulence 



           effect of wind-sheared surface    
 

                             turbulence on swimmer dynamics 
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           effect of wind-sheared surface    
 

                             turbulence on swimmer dynamics 
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wind determines different cluster topologies! 

ΨH	
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           effect of wind-sheared surface    
 

                             turbulence on swimmer dynamics 
 
 

 

No wind 

Wind along the mean flow 

Wind opposite to mean flow 

Orientation and vertical distribution (Ψi, intermediate Gyrotaxis case) 
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           effect of wind-sheared surface    
 

                             turbulence on swimmer dynamics 
 
 

 Orientation and vertical distribution (Ψi, intermediate Gyrotaxis case) 

Wind along the mean flow 

Wind along the mean flow 

g	
  

pz=1	
  

No wind 

Wind along the mean flow 

Wind opposite to mean flow 



           effect of wind-sheared surface    
 

                             turbulence on swimmer dynamics 
 
 

 

In agreement with Durham et al., 
science (2009): Shear can induce 
gyrotactic trapping! 



           effect of wind-sheared surface    
 

                             turbulence on swimmer dynamics 
 
 

 
Conclusions: 
 

1. Wind-sheared turbulence reduces accumulation of   
     motile micro-swimmers at the free surface 
 

2. Swimmers start tumbling and get trapped just below the 
    free surface 
 

3. Blocking mechanism: shear-induced destabilization 
 
 
 
Future development: 
 

1. Add the effect of 
     change/reversal 
     in the direction 
     of wind 

!

!

No	
  wind	
  

OscillaGng	
  wind	
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PART 2B: 
 
 

Plankton dynamics in 
stratified free-surface turbulence 



           effect of stratified   
 

                             turbulence on swimmer dynamics 
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           effect of stratified   
 

                             turbulence on swimmer dynamics 
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Preferential orientation of the swimmers 
 

Mean orientation in the vertical direction (pz) 

 



           effect of stratified   
 

                             turbulence on swimmer dynamics 
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Preferential orientation of the swimmers 
 

Mean orientation in the horizontal direction (px) 

 



           effect of stratified   
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Preferential concentration of the swimmers: 

Mean number density in the vertical direction 

 



           effect of stratified   
 

                             turbulence on swimmer dynamics 
 
 

 

Stratification-induced shear 
can keep the swimmers below 
the thermocline 
 
Again, this is in qualitative 
agreement with the gyrotactic 
trapping mechanisms proposed 
by Durham et al., Science (2009) 



           effect of stratified   
 

                             turbulence on swimmer dynamics 
 
 

 
Conclusions: 
 

1. Thermal Stratification may decrease (even prevent) 
    surfacing of motile micro-swimmers 
 

2. Swimmers may tumble and get trapped below the   
     thermocline 
 

3. Trapping mechanism: shear-induced destabilization 
 
 
Future development: 
 

1. Add the effect of morphology (shape)    
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