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Copepods size and shape
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Copepods locomotion

Main feature: Swimming by jumps
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Copepods locomotion

Jump response to light and mechanical signals
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Copepods reaction to disturbances

Copepods react to deformation rate

Kigrboe & Visser (1999)

Siphon flow Oscillating chamber Couette device Rotating cylinder
» longitudinal deformation * acceleration * shear deformation + acceleration
* acceleration » acceleration * vorticity

* VOrucity

Acartia tonsa estimated threshold ~ 0.4 s1

Threshold is copepod size dependent

Sensitivity to strain rate ~ 0.025 s! Woodson et al. (2005,2007)



Copepods reaction to disturbances

Copepods comfort region
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Copepods reaction to disturbances

Direction of Escape
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Escapes often begin with rapid reorientation away from the source of the
disturbance, with maximum turning rates of about 30° ms!



Simple experiment

Copepods cultures at LOG Lab in Wimereux (France)
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Simple experiment

Copepods cultures at LOG Lab in Wimereux (France)
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Jump Data Analysis (1)

Velocity track
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Jump Data Analysis (2)

Zooming in...
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Jump Data Analysis (2)

Zooming in...
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Jump Data Analysis (3)
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Jump Data Analysis (4)

Standard Deviation
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uy ™™ uy=0.0939 m/s, T, = 8.87 ms —

10'1 Uy S noise, noise = 0.005 m/s —

Velocity VI (m/s)

0 20 40 60 30 100 120

Time (ms) )



Jump Data Analysis (4)
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Hydrodynamical forces on a particle in a flow

Point-like model

YV pp X =Fp +Fam +Fp +Fu +Fp +Fp + Frx

pressure added F
: axen
gradient  mass - -

Fp = Vﬁfg—;{
Fam = Vp;Cuy (%2-5()
Fp = 6amp (U-— X)
Fu = 6 a2 \/E/ \/T (UdTX)dT

FL = ) /)fCL(U - X) x €

FB = V(pp—ry) g e:

e (22,0) 5 (2 00) 14



Hydrodynamical forces on a particle in a flow (2)

Point-like model

YV pp X =Fp +Fam +Fp +Fu +Fp +Fp + Frx

pressure added P
: axen
gradlent mass - -

15



Hydrodynamical forces on a particle in a flow (2)

Major approximations

pressure added
gradient  mass
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Hydrodynamical forces on a particle in a flow (2)

Major approximations

pressure added
gradient  mass

. 1 .
X = —(U - X)
Tp
formal solution

. T ot/ Tp
X(T)=e_T/TP/ =
0
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Hydrodynamical forces on a particle in a flow (2)

Major approximations

i NG
S 4 3

.3

pressure added
gradient  mass
2
. 1 . 2 pp a
9
Tp Pr Vv

formal solution
T et/T,,

X(T) = e_T/TP/

U(t)dt + X (0) e T/
o Tp

Initial condition X(O) =U(0)+ Uy
Slowly varying  U(?)
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Hydrodynamical forces on a particle in a flow (2)

Major approximations

pressure added
gradient  mass - - Faxen
2
° 1 v 2 pp CL
9
T D P f 1

formal solution
T et/T,,

X(T) = e_T/TP/

0 Tp

Initial condition X(O) =U(0)+ Uy
Slowly varying  U(?)

U(t)dt + X (0) e T/

Our guess
Tp ~~ T] 15



A minimal model

X(t) — U(X(t), t) + J(t, Ui le, ".)/, p) Modified Chlamydomonas

Model
fluid Jump
velocity velocity term
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A minimal model

X(t) — ll(X(t), t) + J(t, ti,Tle, ’.)’, p) Modified Chlamydomonas

Model
fluid Jump
velocity velocity term

t

b —t

J(tv tiv tev ﬁ/v p) — Hh/(t’&) o ,YT] H[te o t]UJ e "J p(tz)
shear-rate inhibition exponential orientation
trigger time decay

jump initial time
ti=1t if (¥(t) > A7) N (¢t > te)
jump end time

te =1; +CT5 = 1; —I—log(102) T

’.)/T upper shear-rate Ay = \/25 - S

threshold value




A minimal model (orientation)

Sphere
p(t) = - p(t) Q;; = 1/2(0;u;—0;u;)

antisymmetric gradient tensor

Ellipsoid: Jeffery equation

(2+ %52 (S-PT(1)-S-p()) - P(t)

p()

Si; = 1/2(0ju; + Oju;)  symmetric gradient tensor

a=1/d Aspectratio

17



A minimal model (summary)

Model assumptions:

Rigid particle (spherical or ellipsoidal)

neutral, homogeneous density
Hydrodynamical forces: only Stokes Drag

passive orientation
Fixed response to external flow disturbances
React to high shear-rate intensity (i.e. scalar single threshold)

no-memory of previous jumps

Model parameters: uj Tj, \.(T , (te-ti)



Lagrangian Copepods (LC) in a turbulent flow

In turbulent ocean flows:

Parameter| Unit Range
v m?s~! ~ 107°
€ m?s~3| 108 10~4
n m [3x1073|3 x 1074
Tn S 10 0.1
Uny ms~ [3x107%|3 x 107°
Re;‘ - 0(102)




Lagrangian Copepods (LC) in a turbulent flow

In turbulent ocean flows:

Parameter| Unit
v m2s—1
€ m2s—3
n m

Tn S
Uy ms~!
Re by -




Lagrangian Copepods (LC) in a turbulent flow

In turbulent ocean flows:

Parameter| Unit
v m2s—1
€ m2s—3
n m

Tn S
Uy ms~!
Re by -




Lagrangian Copepods (LC) in a turbulent flow

In turbulent ocean flows:

Parameter| Unit Range
% m?s—1 ~ 106
¢ m?s~3| 1078
n m |3x1073
Tn S 10
uy | ms~1 |3 x 104 Model Parameter Space
ke — O(10%) ot peak ]ump , high mobility
) high reactivity
velocity
wy /Uy ~ 0(102) W /Uy
~ -2 low mobility
TJ / 7-77 O (1 O ) low reactivity
. jump decay > .
™mYT ~ 0(1) time ,// YT

, shear-rate
Ty /Ty » threshold



Numerical Experiment

Lagrangian — Eulerian

L.C model Homogeneous Isotropic Turbulence
X(t) — u(x(t)a t) + '](t’ tiste, s p) 8tu +u-Vu= _vp/p + vAu + f
Tracking of ~10° LC v.u=0
families with different pseudo-spectral algorithm
Uj Rej) ~ 80
Y1 N=1283

Tj~1072 1y, 3-periodic cube

20



Numerical Experiment

Lagrangian — Eulerian

L.C model Homogeneous Isotropic Turbulence
X(t) — u(x(t)a t) + J(t’ tiste, s p) atu +u-Vu= _vp/p + vAu + f
Tracking of ~10° LC v-u=_(
families with different pseudo-spectral algorithm
Uj Re) ~ 80
s | N = 1283
Tj~1072 1y, Wlll we 3-periodic cube

see clusters?
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Numerical Experiment

Lagrangian — Eulerian

L.C model Homogeneous Isotropic Turbulence
X(t) = u(x(t),t) + J(t, ti, te, ¥, p) du+u-Vu=—-Vp/p+vAu+ f
Tracking of ~10° LC v.u=0
families with different pseudo-spectral algorithm
Uj Rej) ~ 80
Y1 N=1283

Tj~1072 1y, 3-periodic cube

20



Spatial distribution

2D slice of thickness n , Jump intensity ws/u, = 250 ,17=10"1;

Jump shear-rate

threshold 4.5
| 4
1) Low, many =% 35
jumps, few o
dense islands 3
25 ¢
(3
2
1.5
|
0.5

21




Spatial distribution

2D slice of thickness n , Jump intensity ws/u, = 250 ,17=10"1;

Jump shear-rate
threshold

1) Low, many
jumps, few
dense islands

2) Intermediate, - B
efficient escape, ¢
sheet-like clusters
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Spatial distribution

2D slice of thickness 1 , Jump intensity u.s/u, = 250 ,7=10"714

Jump shear-rate
threshold

1) Low, many
jumps, few
dense islands

2) Intermediate,
efficient escape,
sheet-like clusters

3) High, efficient .
avoiding of
extreme events,

fading clusters
21
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Correlation Dimension
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Correlation Dimension
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uy/u,,
Saturation for huge values
of peak jump intensity
UJ > Urms ~ 30 U‘q 24



Correlation Dimension

D shear rate
2 VS.  threshold
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Clustering mechanism (1)

25



Clustering mechanism (1)

1) Probability of a successful jump

- ) . volume of
Y<YT RERouise: regions
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Clustering mechanism (1)
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Clustering mechanism (1)

1) Probability of a successful jump

- ) . volume of
Y<YT RERouise: regions

2) Rate of jumps

. . volume of
~ Vy>yT alert regions

3) Clustering

~ Viyciyr + Visar

= Visar - Viot — Visar)
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Clustering mechanism (1)

1) Probability of a successful jump

- ) . volume of
Y<YT RERouise: regions

2) Rate of jumps

. . volume of
~ Vy>yT alert regions

3) Clustering

~ Viyciyr + Visar

= Visar © Viot — Visar)
Maximum for

Vﬁ’>’.7T — Vtot/z 25



Clustering mechanism (2)

Fraction of time Time spent in alert regions 7 > 7
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<Ty> Yr> [ Tt
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PDF of Velocity
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PDF of Velocity
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PDF of Velocity
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PDF of Velocity
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Summary

* LC model exhibits clustering in turbulence D;~ 2.3
* Necessary conditions for Clustering:
1) high jump speed u;> Urms

2) sharp sensitivity to shear rate O(t,?!)

* Clustering comes from inhomogeneity rather than anisotropy of the model
(Excluded volume mechanism)
* Different mechanism from the one identified for motile algae (gyrotaxis

induced).

LLC Model v1.0
Many possible extensions...

28



Effect of Aspect ratio
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Effect of jump time latency

What if one varies te - tj = Twait ?

wait
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time
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Effect of jump time latency

What if one varies te - tj = Twait ?

wait

velocity

time

Which effect on clustering?
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Effect of jump time latency (2)
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Jump intensity vs latency

in experimental data

Correlation: time gap with peak velocity gap

Threshold on 3.75%<v>
Threghold on 7.5*<:v> . '

e —————— -— e T

Au = | Upeak(n+1) - Upeak(n) |
Jump intensity difference (m/s)
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Time between jumps (ms)

At = tjump(n+1) - tjump(n) N



Jump intensity vs latency

in experimental data

Correlation: time gap with peak velocity gap

Threshold on 3.75%<v>
Threghold on 7.5*<:v> .

e —————— -— —————————— " - - -

Au = | Upeak(n+1) - Upeak(n) |
Jump intensity difference (m/s)

1 10 100 1000 10000 100000
Time between jumps (ms)

At = tjump(n+1) - tjump(n) N



Conclusions & Perspectives

* Necessary conditions for Clustering:

1) high jump speed u;> urms

2) sharp sensitivity to shear rate O(t,™)

3) high jump frequency << T,

If reaction is quick, particle orientation is not a crucial aspect

* Eulerian modelling should be possible in these conditions

Effective Diffusivity(local share-rate)

. arXiv:1601.01438

A Lagrangian model of Copepod dynamics: clustering by escape jumps in turbulence
Hamidreza Ardeshiri, Ibtissem Benkeddad, Francgois G. Schmitt, Sami Souissi, Federico Toschi, Enrico Calzavarini
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Conclusions & Perspectives

* Necessary conditions for Clustering:
1) high jump speed u;> urms
2) sharp sensitivity to shear rate O(t,™)
3) high jump frequency << T,
* Ifreaction is quick, particle orientation is not a crucial aspect

* Eulerian modelling should be possible in these conditions

Effective Diffusivity(local share-rate)

Model refinements
 Memory effect (explore delay - amplitude relation)

* Considering finite-size of domain of perception

Test the model against real measurements in turbulence

33

(Needs new experimental data)
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Back to data analysis

jump time-gap statistics

PAf(At)
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Back to data analysis

jump time-gap statistics
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