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ABSTRACT

We examine the effect of wind-induced shear on the orientation and distribution of motile micro-
swimmers in free-surface turbulence. Winds blowing above the air-water interface can influence the dis-
tribution and productivity of motile organisms via the shear generated just below the surface. Swimmer
dynamics depend not only on the advection of the fluid but also on external stimuli like nutrient concen-
tration, light, gravity, which are in turn coupled to and influenced by the distribution of the swimmers.
Here we focus on gyrotaxis, resulting from the gravitational torque generated by an asymmetric mass dis-
tribution within the organism. The combination of such torque with the viscous torque due to shear can
reorient swimmers, reducing their vertical migration and causing entrapment in horizontal fluid layers.
Through DNS-based Euler-Lagrangian simulations we investigate the effect of wind-induced shear on the
motion of gyrotactic swimmers in turbulent open channel flow. We consider different wind forcing and
swimmers with different reorientation time (reflecting the ability to react to turbulent fluctuations). We
show that only stable (high-gyrotaxis) swimmers may reach the surface and form densely concentrated
filaments, the topology of which depends on the wind direction. Otherwise swimmers exhibit weaker

vertical fluxes and loose segregation at the surface.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Wind-induced shear has a profound effect on the transport
and mixing processes in the upper layers of large water bodies.
In oceans, wind shear affects the vertical distribution and res-
idence time of phytoplankton species rising and sinking across
the near-surface region (Enriquez and Taylor, 2015; Moreno-Ostos
et al., 2009). In lakes, where water movement is mainly driven
by wind, field measurements have shown that strong hetero-
geneities can be induced in the horizontal concentration distri-
bution (patchiness) of phytoplankton cells (McGillicuddy, 2007;
Verhagen, 1994). In the case of shallow productive lakes, wind-
induced currents can also influence phytoplankton biomass and
composition (Carrick et al., 1993). Motivated by this practical im-
portance, wind-forced physical-biological models that provide sta-
tistical estimates of the seasonal phytoplankton cycles in marine
ecosystems have been developed (Macias et al.,, 2012) and simu-
lations aimed at understanding the effect of wind on the physi-
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cal and/or biological triggers of spring phytoplankton blooms have
been performed (Enriquez and Taylor, 2015; McGillicuddy , 2007).
One important source of complexity associated with modeling and
simulation of plankton interaction with wind-forced fluid turbu-
lence is plankton motility. Many phytoplankton species are self-
propelled (Durham et al., 2009; Durham and Stocker, 2012; Guasto
et al., 1992) and, even if their swimming speeds are typically
smaller than ambient flow speeds, there is well-documented evi-
dence that the interplay between motility and turbulence can re-
sult in complex and ecologically important phenomena (Durham
et al,, 2011; Guasto et al., 1992). In particular, motility can lead to
a striking focusing effect known as gyrotaxis when coupled with
shear in the form of vertical gradients in horizontal fluid veloc-
ity (Guasto et al,, 1992; Hoecker-Martinez and Smyth, 2012). Gy-
rotaxis is the directed motility of cells arising from the combi-
nation of gravitaxis (which stabilizes cell orientation in the ver-
tical direction, typically through bottom heaviness) and destabi-
lization by the ambient fluid shear (Durham et al., 2011; 2009;
Durham and Stocker, 2012; Kessler, 1986; Pedley and Kessler, 1990;
1992). This results in a balance between the gravitational torque
due to the uneven density distribution within the cell, which tends
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to keep the center of mass below the center of buoyancy, and
the hydrodynamic torque exerted by the fluid that surrounds the
cell. Gyrotaxis was first observed by showing that phytoplankton
cells tend to collect along the centerline of a laminar Poiseuille
flow (Kessler, 1986). Subsequent experiments and simulations have
demonstrated that gyrotactic plankton can be trapped in horizon-
tal layers in laminar vertical shear (Durham et al., 2009; Ghorai,
2016; Santamaria et al., 2014). Only recently it was discovered that
plankton accumulation due to gyrotaxis can occur also in synthetic
or homogeneous isotropic turbulence (Croze et al., 2013; De Lillo
et al,, 2013; 2014; Durham et al., 2013; Santamaria et al., 2014;
Thorn and Bearon, 2016; Zhan et al., 2014). In this situation, the
resulting spatial distribution is far from uniform and small-scale
densely-concentrated clusters with fractal properties are observed
(De Lillo et al.,, 2014; Durham et al., 2013; Fouxon and Leshan-
sky, 2015; Zhan et al., 2014): Gradients in plankton concentration
typically span a huge range of length scales, from regions cover-
ing thousands of kilometres to patchiness occuring at the scale of
centimetres (Dekshenieks et al., 2001; Durham et al., 2009; Stein-
buck et al., 2009). Experiments have shown that gyrotactic trap-
ping (Durham et al., 2009; Durham and Stocker, 2012) occurs when
vertically-migrating cells reach localized areas of the flow where
the vertical gradient of horizontal velocity exceeds a critical shear
threshold. This causes cells to tumble end over end, disrupting col-
lective upward motions and preventing any equilibrium orientation
from being reached.

To the best of our knowledge, the interplay between wind-
induced shear and gyrotaxis in a three-dimensional turbulent flow
has never been examined in detail. Therefore, the physical mecha-
nisms that govern the dynamics of motile aquatic micro-organisms
(referred to as swimmers hereinafter) in wind-sheared turbulence
are not fully understood, and the possibility of observing trap-
ping phenomena in the presence of strong wind-induced shear
not yet assessed. Among the few available numerical studies,
Enriquez and Taylor (2015) have examined the competition be-
tween wind-driven mixing and thermal stratification due to sur-
face heating in triggering spring phytoplankton blooms. To this
aim, an Eulerian transport equation with a prescribed depth-
dependent growth rate model was used to determine the evolution
of plankton concentration. Other processes such as plankton motil-
ity and buoyancy were assumed to be too weak to counteract tur-
bulent mixing and, therefore, were not accounted for. Other stud-
ies (see De Lillo et al.,, 2014; Hoecker-Martinez and Smyth, 2012;
Manela and Frankel, 2003; Thorn and Bearon, 2016; Zhan et al.,
2014 among others) have considered gyrotaxis, yet only in ideal-
ized or simplified flow configurations and in the absence of strat-
ification. For instance, Hoecker-Martinez and Smyth (2012) con-
sidered a two-dimensional dynamically unstable stratified shear
layer (which mimics the surface mixed layer of large water bod-
ies), and found that the resulting pre-turbulent Kelvin-Helmoltz in-
stability is sufficient to enhance the ability of the shear layer to
retain gyrotactic organisms. Gyrotactic trapping was also observed
by Manela and Frankel (2003) in steady homogeneous shear flow
and by Thorn and Bearon (2016) in synthetic turbulence. More re-
cently, Zhan et al. (2014) and De Lillo et al. (2014) investigated the
same phenomena considering three-dimensional time-dependent
homogeneous isotropic turbulence. Compared to laminar and lin-
ear shear flows, clustering and patchiness are significantly reduced
but still occur in the downwelling regions of the flow (Zhan et al.,
2014). When fluid acceleration is of the same order as gravitational
acceleration, however, accumulation phenomena can be enhanced:
this condition is unlikely in most marine environments, yet possi-
ble under non-homogeneous flow conditions as those encountered
in the bottom boundary layer (De Lillo et al., 2014).

In an effort to advance current understanding of how gyrotactic
swimmers propel themselves through a wind-sheared fluid, in this

paper we investigate their dynamics for the reference case of tur-
bulent open channel flow. In particular, we want to quantify the
effect of wind on the vertical migration of swimmers at varying
gyrotaxis (covering a wide range of re-orientation times) and at
self-propelling speeds that are typical of the most common phy-
toplankton species. To this aim we use Direct Numerical Simula-
tion (DNS) and Lagrangian Particle Tracking (LPT), modeling swim-
mers as inertialess pointwise spheres advected by the local fluid
velocity while moving with constant self-propelling speed in the
direction of their orientation vector. The same methodology has
been recently applied to study the surfacing of floaters and the ris-
ing of aquatic micro-organisms in free-surface turbulence with and
without thermal stratification (Lovecchio et al., 2013; 2017; 2014).
In particular, Lovecchio et al. (2013) showed that clusters at the
free surface outlive the Eulerian turbulent structures that produced
them. This finding was later confirmed by Pratt et al. (2017), and
indicates that the instantaneous divergence field alone is not suf-
ficient to capture the formation of the cluster fractal structure and
that a Lagrangian approach is needed to capture this long-term
clustering. We analyze the effect of different wind directions on
surfacing and clustering of the swimmers. We perform this analy-
sis considering swimmers with different bottom-heaviness because
this is known to drive different spatial cell distributions, and possi-
bly determine the success of different species in processes like the
competition for nutrients and sexual reproduction (Arrieta et al.,
2015; Durham et al., 2011). In particular, we take into account the
competition between the capability of the swimmers to re-orient
themselves against gravity (which favors preferential alignment in
the vertical direction and, in turn, surfacing) and the action of the
small-scale turbulent fluctuations around the swimmer (which fa-
vors tumbling and may hinder surfacing). In the present flow con-
figuration, the effect of wind is reproduced imposing a constant
shear stress at the free surface. The paper is organized as follows:
The problem statement, the governing equations and the numerical
methodology used for the simulations are presented in Section 2;
Section 3 is devoted to the analysis and discussion of concen-
tration and orientation statistics, which are used to examine the
occurrence of temporary confinement regions for both short and
long re-orientation times. Finally, concluding remarks are made in
Section 4.

2. Physical problem and methodology

The physical problem considered in this study is the dispersion
of gyrotactic swimmers in a wind-sheared turbulent flow in an
open channel with a flat undeformable surface (free-surface tur-
bulence). The choice of imposing a flat free surface is based on the
findings of several previous studies (Gutiérrez and Aumaitre, 2016;
Lovecchio et al., 2013; 2014; 2015), which have shown that light
particles moving at the deformed free surface of a turbulent flow
are subject to clustering mechanisms that come from the horizon-
tal divergence in the surface: These mechanisms induce a com-
pressible effect similar to the one observed for flat surface. In addi-
tion, transfer mechanisms across a gas-liquid interface like the one
considered in this study are controlled mainly by coherent struc-
tures on the liquid side for wind-driven turbulence under the con-
dition of low wind velocity (and no wave breaking) (Takagaki et al.,
2016). The reference geometry consists of two horizontal (infinite)
flat parallel walls, with the x-, y- and z-axis of the coordinate sys-
tem pointing in the streamwise, spanwise and wall-normal direc-
tions. Indicating with h the channel height, the size of the channel
is 2mh xwh x h in x, y and z, respectively.

Conservation of mass and momentum of the fluid is described
by the following set of three-dimensional time-dependent equa-
tions, written in dimensionless vector form:

V.u=0, (1)
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%—ltl+u-Vu=—Vp+Rl7rV2u+6p (2)
where u = (ux, uy, uz) is the fluid velocity, Vp is the gradient of
the fluctuating pressure p, 8, is the imposed pressure gradient that
drives the flow in the streamwise direction, and Re; = u;h/v is
the shear Reynolds number based on the shear velocity u;, and
on the kinematic fluid viscosity v = u/p with p the fluid kine-
matic viscosity and p the fluid density. The shear velocity is de-
fined as u; = /Tw/p, with 7, the mean shear stress at the bot-
tom wall in the reference case of no wind forcing acting on the
free surface. Based on this definition, 8, = 27 pu? in dimensional
units. For the fluid velocity, periodic boundary conditions are ap-
plied in x and y, whereas no-slip boundary conditions are enforced
at the bottom wall (ux = uy = u, =0). At the free surface, a zero
vertical velocity (no penetration) boundary condition is imposed
in combination with a constant-stress boundary condition, applied
to model the wind-induced forcing. In particular, the condition
Txy(z = h) = Typq . is imposed to simulate the case of wind blow-
ing in the streamwise direction (referred to as co-current wind
hereinafter), whereas the condition txy(z = h) = 7,4 _ is imposed
to simulate the case of wind blowing against the streamwise direc-
tion (referred to as counter-current wind hereinafter).

Egs. (1) and (2) are discretized using a pseudo-spectral method
based on transforming the field variables into the wavenumber
space, through a Fourier representation for the periodic (homoge-
neous) directions x and y, and a Chebychev representation for the
wall-normal (non- homogeneous) direction z. A two-level explicit
Adams-Bashfort scheme for the non-linear terms and an implicit
Crank-Nicolson method for the viscous terms are employed for the
time advancement. As commonly done in pseudospectral methods,
the convective non-linear terms are first computed in the physical
space and then transformed in the wavenumber space using a de-
aliasing procedure based on the 2/3-rule; derivatives are evaluated
directly in the wavenumber space to maintain spectral accuracy.
Further details can be found in Lovecchio et al. (2013).

Individual swimmers are modeled as spherical particles whose
position X, evolves in time according to the following equation:

Xp(t) = uep(Xp, t) + Usp, (3)

where vs is the (constant) swimming speed, ug,(Xp, t) the velocity
of fluid in the position of swimmer and p defines the spatial ori-
entation of the swimmer. The orientation vector p evolves in time
according to the response of the swimmer to the biasing torques
acting upon it: The viscous torque on the swimmer body, caused
by the local shear, and the gyrotactic torque, arising from bottom
heaviness (Pedley and Kessler, 1992) (see Fig. 1). For spherical in-
ertialess swimmers, the orientation rate is computed from the fol-
lowing equation (Voth and Soldati, 2017):

dp 1 1
a - ﬁ[k—(k'P)P]*‘iw@p/\P (4)
where k =[0,0, 1] is a unit vector pointing upward in the verti-

cal direction, wg,, is the fluid vorticity at the swimmer’s position
and B is the characteristic time a perturbed gyrotactic swimmer
takes to return to the vertical orientation when wep = 0. Such re-
orientation time can be computed as B = pa, /(2Hpg), where o
is the dimensionless resistance coefficient for rotation about an
axis perpendicular to p and A is the center-of-mass offset relative
to the center of buoyancy (located at point B in Fig. 1).

The first term on the right hand side of Eq. (4) represents
the tendency of a swimmer to remain aligned with the vertical
direction due to bottom-heaviness, while the second term rep-
resents the tendency of fluid vorticity to overturn the swimmer
through a viscous torque. The time evolution of swimmer’s posi-
tion and orientation were computed upon time integration of the

g
grav Tvisc
z
k
u(z)
o)

Fig. 1. Gyrotactic micro-organisms swim with velocity v in the direction given by
the orientation vector p, set by a balance of torques: the torque due cell asymmetry
(bottom heaviness: Tgqy ), which tends to align the cell to its preferential orientation
along the vertical direction k, and the torque due to flow (T,;), which tends to
rotate the cell according to the local velocity gradients.

non-dimensional form of Eqs. (3) and (4), which read as:

dxg, +

T = U, (K, ) + DP, (5)
dp

@ =Ulk- (k- p)p]+ w@pAp (6)

where superscript + represents dimensionless variables in wall
units, obtained using u; and v. The key parameters in Eqs. (5) and
(6) are the swimming number ® = vs/u; and the stability number
V= 213 Vz, which parameterises the importance of vortical over-
turning Wlth respect to directional swimming. Time integration
exploits a fourth-order Adams-Bashforth scheme, starting from a
two-dimensional random distribution (in both space and orien-
tation) of 10° Lagrangian swimmers at the centerplane of the
channel. Swimmers are tracked using a point-particle approach,
justified by the sub-Kolmogorov size typical of aquatic micro-
organisms, and are injected into the flow at a concentration low
enough to consider dilute conditions: the effect of the swimmers
on turbulence is neglected (one-way coupling) as well as collisions
between swimmers. Periodic boundary conditions are imposed on
swimmers moving outside the computational domain in the hori-
zontal (homogeneous) directions. In the wall-normal direction, the
swimmers rebound elastically at both boundaries. The assump-
tion of fully elastic rebound to describe particle interaction with
a free surface might not be obvious. Indeed the proper numeri-
cal modeling of particle rebound at a free surface is an issue that
has been little explored in the literature: As far as point-particle
Euler-Lagrange simulations in open channel flow are concerned,
we are only aware of the study by Chidambaran et al. (2003),
where the free surface was treated as a perfectly absorbing bound-
ary. In the present study, we have decided to impose an elastic
rebound because, differently from inelastic rebound or absorbing
wall, it does not enhance “artificially” particle trapping at the free
surface: Hence, this boundary condition is the most conservative
as far as surfacing is concerned. In addition, it appears reason-
able in view of the fact that swimmers see the free surface as a
non-deformable boundary. We also remark that any other choice
of boundary condition would have imposed a constraint on par-
ticle dynamics. A perfectly absorbing free-surface would have re-
quired re-initialization of the absorbed particle to keep the total
number of particles constant in time: This way, however, the veloc-
ities of the reintroduced particles would have been affected by the
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Table 1

Summary of the simulation parameters.
Simulation 7 Re; [ T;ind.i
S0.1 0.0113
S0.2 0.113 171 0048 0
S0.3 113
S1.1 0.0113
S1.2 0.113 171 0.048 +0.7
S1.3 113
S2.1 0.0113
S2.2 0.113 171 0048 -035
S2.3 113

imposed initial condition for a certain amount of time. An inelastic
rebound would have required to select the value of the restitution
coefficient, which accounts for the amount of energy dissipated
during the contact: To the best of our knowledge, this problem has
never been investigated and, therefore, the only option one is left
with is to pick an arbitrary value.

The fluid velocity and vorticity at the instantaneous location of
the swimmer is obtained through interpolation based on 6th-order
Lagrange polynomials.

A campaign of direct numerical simulations, summarized in
Table 1, was performed to investigate the role of wind-induced
shear on the motion of the swimmers. All simulations were run at
reference Reynolds number Re; = 171, with spatial grid resolution
of 128 x 128 x 129 points. Grid points are uniformly distributed in
the horizontal directions x and y, and the corresponding grid spac-
ings are Ax* ~ 8.4 and Ay* ~4.2. In the wall-normal direction, a
non-uniform distribution of nodes based on Chebychev polynomi-
als has been used, and the grid spacing varies from Az™ = 0.025
near the vertical boundaries to Az™ ~2.12 in the domain center.
Considering that the Kolmogorov length scale in the flow ranges
from 7 ~1.6 at the bottom wall to 1} ~3.6 at the free sur-
face, this resolution appears sufficient to solve for all flow scales.
As shown by Nagaosa (1999), Nagaosa and Hadler (2003) and
Calmet and Magnaudet (2003), the structure of the turbulent flow
that characterizes the free-surface at Reynolds numbers compara-
ble to the one considered in the present study is strongly con-
nected to the bursting phenomena that occur near the bottom
wall. The imposed wind stress was set equal to T4, = 0.006 Pa
(0.7 in wall units) for the counter-current wind simulations, in-
dicated as S1.# in Table 1, and to Ty,q - = —0.003 Pa (—0.35 in
wall units) for the co-current wind simulations, indicated as S2.#
in Table 1. These values correspond to a mild wind speed of about
1.5 m/s at a reference altitude of 10 m (Yelland and Taylor, 1996).
Based on the experimental findings of Walker and Peirson (2008),
such wind speed does not generate any wave motion at an air—
water interface. Present results thus apply to gas-liquid interfaces
that are free of impurities or surfactants, and to situations in
which surface tension and gravity are sufficiently strong (namely
the Froude and Weber numbers are sufficiently small) to damp
the vertical liquid motions at the surface. We also remark that the
restriction to a non-deformable free surface and a uniform wind
stress excludes processes such as wave breaking and Langmuir
circulations (Kramer et al., 2010). To relate the two forces driv-
ing the flow, i.e. the pressure gradient and the free-surface stress,
the ratio R¢ = Tyjng +/Twan between the applied surface stress and
the maximum stress observed at the bottom, t,,,;, can be used.
In the present simulations, wind forcing yields R ~ 0.3. Clearly,
R: =0 with no forcing. To simulate the motion of the micro-
organisms, we considered a fixed value of the swimming num-
ber (® = 0.048), corresponding to a dimensional swimming veloc-
ity vs = 100 wm/s typical of Chlamydomonas augustae cells (Croze

et al, 2013; Durham et al,, 2013), but three different values of
the stability number (W = 1.13, ¥; = 0.113, ¥ = 0.0113), corre-
sponding to B =0.054,0.54 and 5.4 s, respectively: These values
fall within the typical range of motile phytoplankton species (0.1
s <B<10 s). We remark here that, in the present flow configu-
ration, the Kolmogorov timescale varies from rKf min = 2 at the wall
to r,{_max ~ 13 at the free-surface (Lovecchio et al., 2013). Therefore,
the selected values of the stability number correspond to three dif-
ferent physical instances with respect to TIZmax' At one extreme,
NI ler,max ~ 0(10~1) represents the case in which the timescale
of gravitaxis is large compared to the timescale of the dissipa-
tive surface eddies and so the directional motion of the swim-
mers is dominated by the destabilizing effect of small-scale tur-
bulence throughout the channel. At the opposite extreme, W -
r,{max ~ 0(10) represents the case in which the timescale of grav-
itaxis is small compared to the timescale of the dissipative surface
eddies and so the directional motion of the swimmers is domi-
nated by the stabilizing effect of bottom heaviness. The interme-
diate case ;- TKfmax ~ O(1) represents the situation in which the
two timescales are comparable and so the motion of the swim-
mers results from the competition between small-scale turbulence
around each cell and bottom heaviness.

3. Results and discussion

In this section, we discuss first the statistical features of the ve-
locity field in the presence of wind forcing at the surface. Then, we
examine the effects of such turbulent flow on plankton surfacing,
in terms of preferential segregation (patchiness), vertical concen-
tration and orientation distribution.

3.1. Statistical characterization of the flow field

We start our analysis by considering how the wind-induced
shear influences the mean flow field in the open channel. In
Fig. 2(a) the mean streamwise velocity profile (u;) (in wall units)
is shown for the different wind directions as a function of the
wall-normal distance from the free surface, Zt =zt — Re;. Brack-
ets indicate time and space average. The averaging procedure is the
same adopted in Lovecchio et al. (2014) and is based on snapshots
of the velocity field separated in time exceeding the correlation
time and in space exceeding the integral scale. A boundary layer is
present at the no-slip bottom, where the fluid velocity is reduced
to zero with different slope depending on the type of wind forcing
applied. In the free-surface layer, the velocity adapts to the value
at the surface, which is (uf ), r ~ 24.8 in the co-current wind case
and (uy )grf ~ 18.4 in the counter-current wind case (compared to
a value (u)q,r~14.1 in the free-surface case). In Fig. 2(b) we
show the corresponding mean shear, (du;/dz*), which reaches its
maximum value at the bottom wall. Note that the value of this
maximum changes among the different simulations. Due to wind
forcing, the wall shear stress in the co-current case increases with
respect to the free-slip simulation, whereas the wall shear stress
in the counter-current case decreases. Changes of the wall shear
stress correspond to changes of the shear velocity and, in turn,
of the shear Reynolds number because the overall force balance
on the channel is affected. Elaborating, in the co-current (resp.
counter-current) case the effect of wind on the fluid at Re; = 171
is to generate the same fluid statistics that would be obtained in
a simulation without wind forcing at suitably higher (resp. lower)
shear Reynolds number. Flow field statistics in the different wind
configurations must thus be examined taking this effect into ac-
count.

Another important feature of (duj/dz*) is that a local peak
of shear is reached at the free-surface when wind forcing is ap-
plied. A similar situation is observed in the case of stably-stratified
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Fig. 2. Mean streamwise fluid velocity (a) and mean vertical fluid shear and (b) in
wind-sheared free-surface turbulence. The free surface is located at Z* = 0. Lines
correspond to different wind conditions at the free-surface: Free-slip surface (solid
line); co-current wind (dashed line); counter-current wind (dotted line).

turbulent flow, where strong shear is generated below the free
surface, in regions of large temperature gradients and low mix-
ing (thermoclines) (Lovecchio et al., 2017). Our aim is precisely
to quantify the effect of such shear on the vertical migration and
surfacing of the swimmers in a situation of competition between
gravitaxis (which tends to preferentially orient the swimmers in
the vertical direction) and the ambient fluid shear (which tends to
randomize cell orientation).

To observe the influence of wind on mixing and turbulence
characteristics, in Fig. 3 we examine the root mean square (rms)
of the fluid velocity fluctuations in each direction. When no wind
forcing is applied (solid lines), the velocity fluctuations near the
bottom wall (where turbulence production is maximum) are simi-
lar to those observed in standard closed channel simulations, indi-
cating that the near-wall turbulence is not influenced by the pres-
ence of a free-slip top boundary (Lovecchio et al., 2014). The most
evident difference associated to the presence of the free surface
is that (rms(uy)) and (rms(uy)) are not zero at the surface it-
self, where (rms(uj)) is bound to vanish thus making turbulence
nearly two-dimensional in a tiny sub-surface layer. When wind
forcing is applied along the mean flow direction (dashed lines),
all rms components increase significantly throughout the channel,
with the exception of the very-near wall region (confined within a
distance z+ ~ 10 from the bottom), where the typical dynamics of
the wall turbulence is maintained. This behavior is related to the
increase of wall shear stress and shear velocity observed in the
co-current case. The increase of velocity fluctuations in the hori-
zontal directions persists up to the free surface, where (rms(u}))
is less influenced owing to the strong constraint on u, imposed
by the assumption of undeformable free surface. When wind forc-
ing is applied against the mean flow direction (dotted lines), a
general decrease of velocity fluctuations is found, with a slightly
weaker effect observed for (rms(u;)). This behavior is related to
the decrease of wall shear stress and shear velocity observed in
the counter-current case. Therefore, counter-current wind forcing
reduces agitation due to turbulence and has a stabilizing effect on
the flow field. Because the characteristic timescale of turbulent ad-
vection along the vertical direction is much shorter (one order of
magnitude at least) than the timescale of self-propelling advection,
the observed changes of velocity fluctuations have a non negligible
impact on the vertical motion of gyrotactic swimmers and on their
capability to reach the surface.

3.2. Characterization of plankton clustering through surface
divergence

Planktonic swimmers are initially positioned midway between
the bottom wall and the free surface (z/h = 0.5), with random ori-
entation. Due to gravitaxis, swimmers tend to rise towards the
free surface. Once there, helped by the reduction of wall-normal
velocity fluctuations, gravitaxis further acts to keep the cells at
the surface. In this region of the flow, swimmer dynamics is
closely related to the local structure of the velocity field (Lovecchio
et al., 2013; 2014). For the flow Reynolds number considered in
this study, turbulence at the free surface is nearly two dimen-
sional, with surface structures generated and sustained by burst-
ing phenomena that are continuously produced by wall-shear tur-
bulence inside the buffer layer (Calmet and Magnaudet, 2003;
Nagaosa, 1999; Nagaosa and Hadler, 2003). The correlation be-
tween free-surface structures and bursting phenomena is known to
weaken as the flow Reynolds number increases (Calmet and Mag-
naudet, 2003). Two-dimensional turbulence can be characterized
by the divergence of the velocity field:

du dv _ dw
ax Tay - 9z
In the present flow configuration, V,p does not vanish at the
free surface (Cressman et al, 2004). Therefore plankton cells
probe a compressible two-dimensional system (Lovecchio et al.,
2013), where velocity sources are regions of local flow expansion
(Vyp >0) generated by sub-surface upwellings and velocity sinks
are regions of local compression (V,p<0) due to downwellings
(Cressman et al., 2004). In Fig. 4 we provide a qualitative character-
ization of plankton clustering on the free surface by correlating the
instantaneous particle patterns with the colormap of V,p: strong
velocity sources are visualised in red, strong velocity sinks are vi-
sualised in blue. All flow configurations and all gyrotaxis levels
are considered in this figure. As shown by Lovecchio et al. (2013);
2017); 2014), a general behavior, common to all cases we exam-
ined, is that plankton cells reach the surface mainly through ve-
locity sources and subsequently collect into velocity sinks. Once
trapped in these regions, swimmers organize themselves in clus-
ters that are stretched by the fluid forming filamentary struc-
tures. Eventually sharp patches of plankton density distribution
are produced, which correlate very well with the rapidly chang-
ing patches of V,p, as shown by Fig. 4. Similar behavior (the for-
mation of clusters with fractal mass distribution) has been ob-
served for the case of floaters in surface flow turbulence, both with
Lovecchio et al. (2014) and without mean shear (Lovecchio et al.,
2013).

Fig. 4 demonstrates clearly that the topology of the velocity
sources/sinks and the fractal dimension of the plankton clusters
are both dependent on the wind forcing and on gyrotaxis. In the
reference case of free-surface flow with no wind forcing (top pan-
els in Fig. 4), we observe a clear and rather sharp alternation of
sources and sinks, flanked by densely-populated clusters forming
only for high enough gyrotaxis (corresponding to stability numbers
equal to or larger than W, in our simulations). If gyrotaxis is low,
as in panel 4(a), then only very few cells can reach the surface and
no evident cluster is formed. In the co-current wind case (middle-
row panels in Fig. 4), we observe a sharper alternation of veloc-
ity sources and sinks, which appear to be characterized by smaller
spatial extent. This is in agreement with the increase of velocity
fluctuations in the horizontal directions discussed previously. Clus-
ters form only in the case of very high gyrotaxis (Fig. 4f), indicating
that plankton cells need strong vertical stability to overcome the
wind-induced shear barrier and reach the surface. Compared to the
no-wind case with W = Wy (Fig. 4c), clustered filaments appear to
be more concentrated and aligned with the mean flow direction.

VZD = (7)
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In the counter-current wind case (bottom-row panels in Fig. 4), we
observe a strikingly different flow topology: Surface flow structures
more rarely appear in the form of strong sources/sinks, in agree-
ment with the observed decrease of velocity fluctuations on the
surface plane. Clusters start forming already at intermediate gyro-
taxis (¥ = \,, Fig. 4h), yet become evident only in the high gy-
rotaxis case (W = Wy, Fig. 4i). Indeed, compared to the co-current
case, the counter-current wind generates lower shear in the near-
surface layers, which can thus be reached also by cells with inter-
mediate vertical stability. Compared to the Wy case with no wind
forcing (Fig. 4c), clustered filaments appear again more aligned
with the mean flow direction.

3.3. Characterization of plankton surfacing

The different clustering dynamics discussed in Fig. 4 provide
qualitative evidence of significant wind effects on the capability
of motile organisms to migrate vertically and reach the surface.
To quantify this effect, we examine next the instantaneous swim-
mer concentration, C(z), along the vertical direction. The concen-
tration C(z) represents a volumetric number density and has been
obtained by coarse-graining the instantaneous vertical position of
the swimmers on horizontal fluid slabs. This observable is shown
in Fig. 5, at the end of the simulation (namely at time t* ~ 2000
after injection of the plankton cells into the turbulent flow) and
for all cases simulated in the (R, V) parameter space. Each pro-
file in Fig. 5 corresponds to a specific level of gyrotaxis. The inset
in each panel provides a close-up view of the different concentra-
tion profiles below the free surface: For ease of reading, symbols
have been added to lines.

In the free-slip case (Fig. 5a), concentration builds up within
a thin layer just below the surface. The maximum value of con-
centration is reached right at the surface, and increases monotoni-
cally with gyrotaxis. In the bulk of the flow, the distribution of the
swimmers remains uniform whereas the bottom wall is depleted
of cells, indicating a continuous steady migration towards the free-
surface. In the co-current case (Fig. 5b), it can be observed that
wind-induced shear prevents the formation of the concentration
peak unless the vertical stability of the swimmers is high (as in-
dicated by the black squares in the inset of Fig. 5b). Accumulation
is prohibited when swimmers react slowly to external fluid veloc-
ity fluctuations and gradients. Similar considerations can be made

for the counter-current case (Fig. 5c), noting that wind-induced
shear is lower compared to the co-current case and, therefore,
a detectable concentration peak can develop also at W,. A gen-
eral conclusion that can be drawn from Fig. 5 is that, differently
from the case of steady shear flows or homogeneous isotropic tur-
bulent flows (De Lillo et al., 2014; Durham et al., 2009; Fouxon
and Leshansky, 2015; Ghorai, 2016; Hoecker-Martinez and Smyth,
2012; Manela and Frankel, 2003; Santamaria et al., 2014; Thorn
and Bearon, 2016; Zhan et al., 2014), no gyrotactic trapping occurs
and local peaks of concentration do not develop below the high-
shear layers below the surface. This happens because the charac-
teristic timescale of turbulent advection along the vertical direc-
tion is much shorter (one order of magnitude at least) than the
timescale of self-propelling advection. Therefore, the concentration
profiles in the turbulence-dominated region are always smoothed
out by turbulent advection mechanisms.

To conclude our analysis of wind effects on swimmer dynamics,
we present orientation statistics. In particular, in Fig. 6 we show
the behavior of (px) and (p,) along the wall-normal direction, for
all simulated cases. To correlate swimmer orientation with vertical
migration and surfacing, we focus our attention on the upper por-
tion of the flow domain, where the swimmers interact with wind-
induced shear.

In the free-slip case (panels (a) and (d) in Fig. 6), (px) is al-
ways small while (p;) increases with W: It is clear that, even
without wind forcing, turbulence can disrupt directional swim-
ming for low gyrotaxis. A similar finding has been reported for
floaters (Lovecchio et al., 2013; 2014). As gyrotaxis increases, bot-
tom heaviness becomes predominant and allows swimmers to
reach an equilibrium orientation in the direction opposite to grav-
ity. In the co-current case (panels (b) and (e) in Fig. 6), weak (resp.
strong) vertical swimming is observed for low (resp. high) gyro-
taxis: For the W, case, this result indicates that local turbulent
fluctuations are still strong enough to destabilize the directional
motion of the swimmers, being W, - ler,max ~©(1071), and wind-
induced shear seems to bring minor quantitative changes to the
statistics; for the Wy case, it indicates that cell motility is mainly
determined by gravitaxis since gravitational acceleration is larger
than fluid acceleration and Wy - rKfmax ~ ©0(10): In this limit, we
always find (p;) ~ 1. A less trivial behavior is observed for the ¥,
case: Compared to the free-slip flow, significantly higher values of
(px) associated to lower values of (p,) are now observed within
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the wind-induced high-shear surface layer. This is a mean-shear
effect, which explains the non-monotonic behavior of (px) with
WU and becomes more evident when \ll,~rlzfmax ~ 0(1), namely
when the re-orientation time of the swimmers is of the same or-
der of the characteristic timescale of the small-scale (dissipative)
turbulent eddies near the surface. Note that, once swimmers are
able to trespass the high-shear region and reach the surface, they
tend to align in the horizontal flow direction because wall-normal
turbulent fluctuations decay to zero and swimmers are brought
about only by the residual streamwise and spanwise fluid veloci-
ties (Lovecchio et al., 2014). In the counter-current case (panels (c)
and (f) of Fig. 6, similar considerations can be made yet observing
that the direction of wind produces a negative value of (px) near
the surface, this value being maximum ({px) ~ —0.7) for ¥ = Y:
In such situation, swimmers can move against the mean flow aided
by wind forcing. We remark here that the non-monotonic behavior
of (px) for ¥ = \; is never observed near the wall, where both ori-
entation components depend monotonically on the stability num-
ber. Such difference may be explained considering that, in this re-
gion of the flow, the Kolmogorov timescale is about one order of
magnitude smaller than at the free surface: Therefore, the prod-
uct W -t is always order one (for ¥ = ;) or higher (for ¥ > W)

and gravitaxis tends to be more important than the ambient fluid
turbulence.

The main conclusion that can be drawn from the concentra-
tion and orientation statistics examined in this section is that
wind may have a significant damping effect on the surfacing of
motile micro-organisms, which exhibit a narrower vertical spread-
ing within the flow. Only organisms with high-enough gyrotaxis
(namely strong-enough bottom-heaviness) can maintain their abil-
ity to swim upwards. A similar behavior was observed in the pres-
ence of temperature-induced stable stratification (Lovecchio et al.,
2017), which appears to hinder surfacing and damp vertical mixing
when temperature gradients are large enough to generate thermo-
clines and internal gravity waves. This effect may have important
consequences for environmental processes such as spring phyto-
plankton bloom and growth, which are known to occur when tur-
bulent mixing is sufficiently weak (Enriquez and Taylor, 2015).

4. Conclusions

In this study, we used direct numerical simulation and La-
grangian tracking to investigate the role of wind-induced shear on
the vertical migration of gyrotactic swimmers in stably-stratified



336 M. Mashayekhpour et al./Advances in Water Resources 129 (2019) 328-337

free-surface turbulent channel flow. An extensive campaign of
simulations was performed for different wind forcing and different
re-orientation times of the swimmers, representative of common
motile phytoplankton species and corresponding to different quick-
ness in responding to external fluctuations. In the present phys-
ical configuration, the flow is driven by a constant pressure gra-
dient. Simulations were run at shear Reynolds number Re; = 171,
and stability number ¥ = 0.0113, 0.113 and 1.3. In such flow, the
flow structure near the free surface is strongly correlated with the
active turbulent bursting phenomena that occur near the bottom
wall (Calmet and Magnaudet, 2003; Nagaosa, 1999; Nagaosa and
Hadler, 2003). Flow field modifications due to wind-induced shear
are found to influence the ability of swimmers to reach the surface.
In particular, we find that wind-induced shear modifies the vertical
spread of the swimmers and their orientation with respect to the
direction of gravity. For all gyrotactic re-orientation times consid-
ered in this study (spanning two orders of magnitude of the sta-
bility number), we observe a reduction of the cell rising speed and
temporary confinement under the high-shear sub-surface layers:
If re-orientation is fast, cells make it through the wind-induced
shear region within the simulated time span and accumulate at
the surface where high concentration levels may be reached; if re-
orientation is slow, confinement lasts much longer because cells
tend to align in the streamwise direction and lose their ability to
swim upwards. We believe that these findings provide useful indi-
cations to parameterize the influence of wind forcing on the mi-
gration of motile algae (phytoplankton cells, in particular), and to
develop models for predicting their dispersion inside large water
bodies.

A future development of this study is the relative influence of
wind-driven mixing and thermal stratification due to surface heat-
ing. This problem has been examined recently by Enriquez and
Taylor (2015) with the aim of understanding how these physical
drivers may trigger phytoplankton blooms. It would be interest-
ing to examine the role of these drivers on phytoplankton verti-
cal migration and surfacing. Thermal stratification in water bodies
influences the exchange of heat, momentum and chemical species
across the air-water interface by modifying the sub-surface turbu-
lence characteristics. In particular, for strong enough surface heat-
ing, internal gravity waves (Ferrari and Wunsch, 2009; Hingsamer
et al, 2014; Zonta et al, 2012) may arise due to the instabil-
ity generated by lumps of denser (cold) fluid being lifted up-
wards into regions of lighter (warm) fluid by turbulence and sub-
sequently driven downwards by buoyancy. These waves form near
the free surface, correlate well with regions of the flow charac-
terized by large temperature gradients and low mixing (thermo-
clines) (Taylor et al., 2005), and can act as thermal barrier for or-
ganic and inorganic matter (Lovecchio et al., 2017), with possible
consequences on biogeochemical cycles, climate patterns and ma-
rine ecosystems, which are strongly sensitive to changes in marine
biomass concentration (Acevedo-Trejos et al., 2015). Another inter-
esting situation to investigate would be the motion of gryotactic
swimmers in a wind-sheared flow subjected to an oscillating pres-
sure gradient, which mimics a water layer in a shallow tidal chan-
nel or estuary (Kramer et al., 2010).
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