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Abstract. Clustering of plankton plays a vital role in several biological activities, including feeding, predation,
and mating. Gyrotaxis is one of the mechanisms that induces clustering. A recent study (Candelier et al., 2022)
reported a fluid inertial torque acting on a spherical microswimmer, which has the same effect as a gyrotactic
torque. In this study, we model plankton cells as microswimmers that are subject to gravitational sedimentation
as well as a fluid inertial torque. We use direct numerical simulations to obtain the trajectories of swimmers in
homogeneous isotropic turbulence. We also investigate swimmers’ clustering using Voronoi analysis. Our find-
ings indicate that fluid inertial torque leads to notable clustering, with its intensity depending on the swimming
and settling speeds of swimmers. Using Voronoi analysis, we demonstrate that swimmers preferentially sample

downwelling regions where clustering is more prevalent.

1 Introduction

Plankton are known to form small-scale clusters in a turbu-
lent environment (Rothschild and Osborn, 1988). These clus-
ters can be down to the centimeter scale and significantly im-
pact the basic life processes of plankton, such as feeding,
predation, and mating. Gyrotaxis is one of the mechanisms
that causes plankton to form clusters. Many plankton species
experience a gravitational stabilizing torque that causes them
to swim against gravity (Kessler, 1986). When plankton en-
counter flow shear, the gyrotactic torque opposes the fluid
viscous torque and tends to stabilize the swimming direction
of the plankton (Qiu et al., 2022b).

Gyrotactic plankton can form different kinds of clusters
depending on the flow characteristics. For instance, plank-
ton accumulate in the center or the wall regions in downward
or upward pipe flow, respectively (Kessler, 1985). Plankton
that are vertically migrating also form clusters when they en-
counter a shear layer that interrupts the migration (Durham
et al., 2009). Plankton in turbulence form small-scale clus-
ters that can be characterized by the swimming speed and the
intensity of the gyrotactic torque. Durham et al. (2013) mod-

eled plankton as spherical gyrotactic microswimmers and
numerically studied their fractal clustering in homogeneous
isotropic turbulence. They demonstrated that the intensity of
clustering depends on the swimming speed and the intensity
of gyrotaxis. Clustering is also shown to be correlated to the
preferential sampling of downwelling regions (Durham et al.,
2013). Later, Zhan et al. (2014) numerically investigated the
effect of plankton shape on clustering. Elongated swimmers
are more sensitive to fluid shear than spherical ones, weak-
ening the clustering of strongly gyrotactic swimmers. How-
ever, elongation causes preferential alignment in local fluid
structures, strengthening the clustering of weakly gyrotactic
swimmers. To further clarify the complex relationship be-
tween clustering and the swimming speed, gyrotaxis, and
shape of the swimmers, Gustavsson et al. (2016) and Fouxon
and Leshansky (2015) established theories to describe clus-
tering using stochastic models. These theories were later ver-
ified by direct numerical simulations of swimmers in homo-
geneous isotropic turbulence (Borgnino et al., 2018).
Previous studies have suggested that gyrotaxis originates
from asymmetric body structures, such as nonuniform mass
distribution (bottom-heaviness) (Kessler, 1985, 1986; Ped-
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ley and Kessler, 1987). However, a recent study by Cande-
lier et al. (2022) modeled planktonic microorganisms as set-
tling spherical squirmers and found that a fluid inertial torque
drives the squirmer to swim against gravity. The squirmer
model was proposed by Lighthill (1952) and improved by
Blake (1971) to describe the slip velocity on the surface of
microorganisms generated by the movement of cilia. The
squirmer model can describe the typical propulsion modes,
such as the puller mode for algae and the pusher mode for
Escherichia coli, by changing model parameters. Both theory
and simulations have indicated that fluid inertial torque on a
settling squirmer is analogous to a gyrotactic torque, with
a magnitude that is proportional to the settling and swim-
ming speeds (Candelier et al., 2022). Planktonic organisms
are usually slightly negatively buoyant and, thus, subject to
a gravitational settling effect. For instance, dinoflagellates
have a typical swimming speed of 300ums~' and a set-
tling speed of 30 ums~! (Smayda, 2010). Larger organisms,
such as copepod nauplii, have swimming speeds of up to
1000 ums~! and settling speeds of 200 ums~! (Titelman and
Kigrboe, 2003). As pointed out by Candelier et al. (2022), an
organism with high swimming and settling speeds obtains a
fluid inertial torque that is comparable to typical gyrotactic
torque. However, earlier studies usually neglected the grav-
ity sedimentation and the fluid inertial torque, highlighting
the need to consider their effects on the motion of swimming
and settling plankton.

In this study, we aim to analyze the clustering of plank-
tonic swimmers under the influence of fluid inertial torque.
We model plankton as point-like spherical microswimmers
undergoing gravity sedimentation. We use direct numerical
simulations of swimmers in homogeneous isotropic turbu-
lence to analyze their clustering characteristic. In Sect. 2.1,
we describe the model and the numerical approaches. In
Sect. 3, we investigate the clustering using Voronoi analy-
sis and show the relation between clustering and preferential
sampling of downwelling regions. In Sect. 4, we draw the
conclusions of the present study.

2 Methods

2.1 Model of spherical swimmers

In the present study, we consider a spherical swimmer under-
going gravitational sedimentation, as shown in Fig. 1. The
motion of plankton in fluid flows is usually described by a
microswimmer model (Durham et al., 2009, 2013; Gustavs-
son et al., 2016; Lovecchio et al., 2019; Zhan et al., 2014),
which assumes plankton to be a point-like microswimmer
carried by a fluid flow. This assumption is justified when
the Reynolds number, Re = a|v —u|/y, is much smaller than
unity. Here, the Reynolds number is defined based on the
radius of a swimmer (a), the differences between the ve-
locities of a swimmer (v) and the local undisturbed flow
(u), and the kinematic viscosity of the fluid (y). For typi-
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Figure 1. A sketch of a settling swimmer.

cal plankton species, this assumption is justified because of
their tiny size and limited motility, as summarized in our re-
cent publication (Qiu et al., 2022a). For instance, the typical
size and swimming speed of zooplankton are a = 0.1 mm
and |v —u| = 1.0 mm, respectively. Accordingly, we obtain
Re = 0.1 using the viscosity of water y = 10~® mm?2s~!.

The dynamics of the swimmer is governed by the follow-
ing expressions:

P
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Here, mp and p, are the mass and the density of the swim-
mer, respectively. Equation (1) governs the translational mo-
tion of the swimmer, where the first term on the right-hand
side denotes the Stokes drag. Here, pr is the density of fluid.
The second term represents the gravity and buoyancy on the
swimmers due to gravity acceleration (g). The third term rep-
resents a swimming force (F;) in the direction of the head
of the swimmer, denoted as n. Meanwhile, Eq. (2) governs
the rotation of the swimmer, where I, = 2a?/5 denotes the
moment of inertia per unit mass and wj, represents the angu-
lar velocity of the swimmer. The first term on the right-hand
side of Eq. (2) represents the Jeffery torque (Jeffery, 1922),
where C = 4a?/3, and w is the vorticity of the fluid flow. The
second term represents the fluid inertial torque experienced
by a squirmer (Candelier et al., 2022), where vy represents
the swimming speed of the squirmer in a quiescent fluid.
The model of fluid inertial torque is derived in the limit of
Re — 0, but it has been shown to be justified when Re < 0.3
(Candelier et al., 2022), within the typical range of plankton
physical properties (Qiu et al., 2022a).

Using the characteristic scales for velocity and time of the
flow, ur and 7y, respectively, we make Eqgs. (1) and (2) dimen-
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where the quantities with primes are dimensionless. In the
above equations, the Stokes number St = (2a2pp)/ 9y pgtr)
reflects the inertia of the swimmer relative to the fluid of the
same mass. &5 = vs/ur and @z = 2(pop/pf — l)a2 g/(Oyug)
are the dimensionless swimming and settling speeds, respec-
tively. Typically, the St values of planktonic microswimmers
are usually negligibly small, as summarized in Qiu et al.
(2022a). For instance, using a = 0.1mm, p,/pf = 1.05, and
a typical range for the turbulence Kolmogorov timescale
7t =31.6 to 1.0s calculated from a typical dissipation rate
(Kigrboe and Enric, 1995), one obtains St = 1.0 x 107% to
2.3 x 1073, In such a limit, the left-hand sides of the Egs. (3)
and (4) can be neglected, and the dynamics simplifies to
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Here, ¥; = 8y/(3rfu%<bs<1>g). The last term of Eq. (8) indi-
cates that fluid inertial torque drives a squirmer swimmer to
swim against gravity. Here, we use a dimensionless timescale
W; to quantify the effect of fluid inertial torque. W; can be
understood as the dimensionless time in which a swimmer
in still fluid restores upward orientation from an inclined ori-
entation under a reorientation torque. This is identical to the
gyrotactic effect induced by bottom-heaviness, which is typi-
cally expressed as (2\11)_1(3g x n) (Kessler, 1986). However,
we note that they are two different mechanisms. The gyro-
tactic torque on a bottom-heavy cell depends on the distance
of the offset between the center of gravity and the hydrody-
namic forces on a cell, which is usually determined by mor-
phology. On the contrary, the fluid inertial torque is due to
the fluid motion disturbed by the swimming and settling be-
havior of the cell and, thus, determined by motility.

In turbulence, we can take the respective turbulence Kol-
mogorov velocity and timescales u;, and 7, as the character-
istic scales of the flow. Using the relation y = u%r,,, W, can
be simplified as follows:

8
3PP,

vy = ®

The typical value of ®; and &4 of plankton can be esti-
mated with their swimming and settling speeds as well as the
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Kolmogorov velocity scale of ocean turbulence. As summa-
rized in Qiu et al. (2022a), the swimming speeds of differ-
ent species vary from 200 to 1500 ums~', while the settling
speeds vary from 10 to 200 ums~!. The Kolmogorov veloc-
ity scale of ocean turbulence can be estimated from the typ-
ical dissipation rate € = 10~ to 107®m?s~3 (Kigrboe and
Enric, 1995), yielding u, = (y€)!/* =178 to 1000 ums~!
with y = 10~°m2s~1. Based on these estimations, we con-
sider a typical parameter space of 0 < ®; < 10and 0 < &, <
1. Large ®; and &g are reached by swimmers with strong
motility in weak turbulence where u,, is small. In such a case,
the assumptions of our model are still justified. First, Re can
still be small for plankton that swim fast, as long as their
size is sufficiently small. Second, St is independent of plank-
ton motility, which has been shown to be negligibly small for
typical turbulence conditions in the ocean (Qiu et al., 2022a).

2.1.1 Direct numerical simulations of swimmers in
turbulence

The motion of swimmers in homogeneous isotropic turbu-
lence is simulated by Eulerian-Lagrangian direct simula-
tions. The flow field is resolved in the Eulerian frame, while
the motions of individual swimmers are solved along the La-
grangian trajectories using local flow information at swim-
mers’ positions. The incompressible turbulent flow is directly
simulated by solving the Navier—Stokes equations:

d \Y
—u+u-Vu=—£+yV2u+f, (10)
ot ot
V.u=0, (11)

where pys is the pressure of fluid. An external force f is
applied to sustain turbulence and balance the rate of vis-
cous dissipation at the Kolmogorov-scale 7. The force is ap-
plied to the large-scale motion using the scheme proposed
by Machiels (1997). Periodic boundary conditions are ap-
plied on all boundaries of the cubic domain with a size of
(27)3. We use a pseudo-spectral method to solve the Navier—
Stokes equations, and we adopt the “3/2 rule” for reducing
the aliasing error on the nonlinear term. The separation be-
tween turbulent motion of large and small scales is quantified
by the Taylor Reynolds number Re), = umsLy /Y, where ums
is the root-mean-square velocity and L; = uyms+y/15y€~ 1. In
the present study, we consider a turbulence of Re; = 60. To
resolve the turbulent flow down to the Kolmogorov scale, we
use 967 grid points, which allows the maximum wave num-
ber resolved to be 1.78 times greater than the Kolmogorov
wave number to ensure the accuracy of resolution even at
Kolmogorov scales (Pope, 2000). The initial flow field is set
as a random flow with an exponential energy spectrum, and
an explicit second-order Adams—Bashforth scheme is used
for time integration of Egs. (10) and (11) with a time step
smaller than 0.017, (Rogallo, 1981).

Nonlin. Processes Geophys., 31, 229-236, 2024
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Swimmers are initialized with random positions and ori-
entations after turbulence is fully developed. When solving
the trajectories of swimmer, fluid velocity and its gradients
at Eulerian grid points are interpolated by a second-order La-
grangian method at the positions of swimmers. Equations (5)
and (6) are integrated using the same second-order Adams—
Bashforth scheme as the fluid phase. For each parameter con-
figuration, 10° swimmers are simulated, and the statistics are
obtained by making an ensemble average over more than 80
uncorrelated time samples after the dynamics has reached a
steady state.

3 Results

The instantaneous location and orientation of swimmers are
depicted in Fig. 2. When swimmers are not settling (Fig. 2a),
they are distributed randomly with a random orientation.
Spherical swimmers are known to exhibit a random orien-
tation due to the random fluid vorticity of turbulence. As
a result, their motions in turbulence remain random and no
cluster is formed. However, when swimmers are settling un-
der the influence of the gravity (Fig. 2b), they tend to swim
upwards and form clusters due to the contribution of fluid in-
ertial torque. As discussed earlier, the fluid inertial torque
on a settling swimmer induces an effect equivalent to the
gyrotaxis mechanism. Gyrotactic swimmers are known to
form spatial clusters and preferentially sample regions with
downwelling or upwelling fluid velocity. Previous studies
have documented that these phenomena depend on the swim-
ming speed, reorientation time, and the shape of swimmers
(Durham et al., 2013; Zhan et al., 2014; Gustavsson et al.,
2016; Borgnino et al., 2018). However, in these studies, the
reorientation time is determined by bottom-heaviness, which
is independent of either swimming or settling speeds. Here, a
reorientation effect is induced by fluid inertial torque with a
timescale Wy, which depends on the swimming and settling
speeds of swimmers. W; cannot be treated as an indepen-
dent parameter as earlier studies did (Durham et al., 2013;
Zhan et al., 2014; Gustavsson et al., 2016; Borgnino et al.,
2018). Hence, the picture of clustering may differ from pre-
vious studies, and it is worth further investigation.

3.1 Clustering

The clustering of swimmers is quantified by a three-
dimensional Voronoi tessellation (Nilsen et al., 2013; Mon-
chaux et al., 2010). The whole domain is divided into many
Voronoi polyhedrons based on the positions of swimmers,
with each polyhedron containing one swimmer. Any point
in a polyhedron is closest to the corresponding swimmer
among all swimmers. The volume of a Voronoi polyhedron is
smaller when the corresponding swimmer is surrounded by
more other swimmers, and vice versa. Therefore, the distri-
bution of Voronoi polyhedron volumes quantifies the clusters
of swimmers.
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We use the MATLAB toolbox ‘““voronoi.m” and ‘“con-
vhull.m” functions to compute the vertices of Voronoi poly-
hedrons and calculate their volumes. Figure 3a shows the
probability distribution function (PDF) of Voronoi volumes
for swimmers with different settling speeds. The PDF of
Voronoi volumes of non-settling swimmers remains the same
as the one generated from random positions, indicating the
absence of clustering. When the settling speed increases, the
PDFs become skewed and a peak at small V /(V) appears.
This indicates the occurrence of clustering, because swim-
mers in clusters remain close to each other and their Voronoi
volumes are thus small. Settling swimmers form clusters due
to the effect of fluid inertial torque. As shown in Eq. (8), the
fluid inertial torque drives settling swimmer to orient upward
with a finite reorientation timescale W;. This is the same as
the effect of bottom-heaviness (Kessler, 1986) which also
drives swimmers to orient upward with a timescale W de-
pendent on the offset of the center of gravity with the cen-
ter of hydrodynamic forces. For inertial torque, however, the
timescale Wy is inversely proportional to both the settling and
swimming speeds of the swimmer.

To show how clustering depends on the settling and swim-
ming speeds, we depict the variance of Voronoi volumes for
different ®; and ®; in Fig. 3b. The corresponding magni-
tude of log;oW¥; is also shown by white contour lines. We
calculate the Voronoi volume of each swimmer and obtain
the variance of the volume distribution normalized by the
mean volume of each swimmer, 02 = E(V/(V) — 1)%. The
variance of Voronoi volumes quantifies the intensity of clus-
tering because a stronger clustering results in a less uniform
distribution of Voronoi volumes with larger variance. Fig-
ure 3b shows that clustering becomes stronger with increas-
ing &5 and &g, reaching a peak at ®, ~ 0.5 and o~ 10.
Further increasing ®, leads to a drop in the clustering in-
tensity. This trend can be explained using the dimensionless
reorientation timescale Wy, which is inversely proportional to
& and @, (Eq. 9). When W, is zero, gyrotaxis is infinitely
strong, causing swimmers to swim straight up against grav-
ity, yielding n = —e,. As the fluid is incompressible, accord-
ing to Eq. (7), the velocity field of swimmers has zero di-
vergence, V-v =V -u =0, indicating that no clustering is
formed. When W; is infinitely large, the fluid inertial torque
is negligible and the swimming direction is entirely deter-
mined by turbulent shear and becomes random, resulting in
no clustering. Therefore, maximal clustering is expected to
occur at a finite W;. Durham et al. (2013) observed that the
intensity of the clustering of gyrotactic swimmers reaches
its maximal when W is of the order of unity (Durham et al.,
2013). As Wy is analogous to W, the maximal clustering in
the present case is also observed at a certain @ and @ that
yields W; ~ 1.
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Figure 2. Instantaneous spatial distribution of swimmers in homogeneous isotropic turbulence. Black dots and tiny arrows represent the
position and swimming direction of each swimmer, respectively. Background contour represents the vertical fluid velocity uy. Panel (a)
shows non-settling swimmers (®g = 0, s = 10), whereas panel (b) shows settling swimmers (®g = 1, s = 10).
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Figure 3. (a) Probability distribution function (PDF) of the vol-
umes of Voronoi cells, normalized by the mean volume (V). &5 =
10. (b) Variance of Voronoi volumes aé =EWV/V)— 1)? normal-
ized by the value of randomly distributed particles. The white con-
tour lines represent the value of log;W; in the parameter space.
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Figure 4. Mean vertical fluid velocity at swimmers’ positions, (uy),
normalized by uy as a function of ®g and ®g. The black contour
lines represent the value of log; W in the parameter space.

3.2 Preferential sampling of downwelling regions

The clustering of spherical gyrotactic swimmers in turbu-
lence has been shown to be associated with the preferential
sampling of downwelling regions (Durham et al., 2013). Fig-
ure 4 shows the mean vertical fluid velocity at the position of
swimmers. Swimmers always sample downwelling regions,
and the maximal sampling occurs at large ¢ but moder-
ate ®,, which yields W; ~ 1. This observation clearly agrees
with Durham et al. (2013), in which the maximal preferential
sampling is also reached when W = 1.

Comparing Figs. 4 and 3b, we observed a very simi-
lar trend between the sampling of downwelling regions and
the intensity of clustering. The magnitude of both quan-
tities increases with ®g, and maximal values are reached
at a large ®5 and a moderate ®,. This supports the the-
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ory that clustering occurs in downwelling regions (Durham
et al., 2013; Fouxon and Leshansky, 2015; Gustavsson et al.,
2016). Durham et al. (2013) showed that the divergence of
the swimmer velocity field is V - v « —Vzuy. As the Vzuy
is negatively correlated to u, in incompressible, homoge-
neous isotropic turbulence, the sinks of the swimmer velocity
field tend to be located in downwelling regions with u, < 0.
Here, we provide more direct evidence of clustering in down-
welling regions.

Voronoi analysis allows us to track the Voronoi volume
of each swimmer. Based on the values of volumes, we
can distinguish whether each swimmer is inside a cluster
(with a small Voronoi volume) or located away from other
swimmers (with a large Voronoi volume). Figure 5 shows
the joint probability distribution function (joint PDF) of u,,
and log(V/(V)) for swimmers with different settling speeds.
When &, =0 (Fig. 5a), fluid inertial torque vanishes and
swimmers do not preferentially sample downwelling regions,
resulting in a symmetric joint PDF with respect to uy = 0.
Moreover, because non-settling swimmers do not form clus-
ters and their Voronoi volumes tend to be uniform, the joint
PDF along log(V /(V)) is concentrated at the peak. However,
when @, > 0, the joint PDF becomes asymmetric with re-
spect to uy (Fig. 5b). The peak shifts towards u, < 0 because
swimmers preferentially sample downwelling regions. More-
over, log(V/{V)) tends to be smaller when u, < 0, indicat-
ing that swimmers in downwelling regions are more likely to
form clusters. When the settling speed increases to ®; = 0.5
(Fig. 5¢), the joint PDF becomes flattened along log(V /(V
because the intensity of clustering reaches its maximal (see
Fig. 3b), making it more probable for swimmers to have both
smaller and larger Voronoi volumes. Furthermore, the joint
PDF becomes less asymmetric with respect to uy, indicat-
ing that strong clustering no longer occurs only in down-
welling regions. When @, further increases to &, =1, the
distribution becomes slightly concentrated again because the
intensity of clustering is weakened compared with the case
of ®; = 0.5. In general, the joint PDFs reveal that swimmers
are more likely to form cluster in downwelling regions, but
when clustering is intense, the bias is weak.

4 Conclusions

A settling spherical squirmer experiences a fluid inertial
torque that causes it to swim against gravity, acting as an ef-
fective gyrotactic torque (Candelier et al., 2022). While pre-
vious studies have focused on gyrotactic torque originating
from bottom-heaviness, the role of fluid inertial torque has
been neglected (Durham et al., 2013; Zhan et al., 2014; Gus-
tavsson et al., 2016; Borgnino et al., 2018). In the present
study, we modeled an inertia-less microswimmer under the
influence of fluid inertial torque. The magnitude of the torque
is quantified using a dimensionless reorientation timescale
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Figure 5. Joint probability distribution function (PDF) of the verti-
cal fluid velocity uy and the Voronoi volumes log(V /(V)). @5 = 10
for all panels. White dashed lines correspond to uy = 0. (a) g = 0.
(b) @g =0.2. (¢) g =0.5. (d) &g =1.0.

W; which is proportional to the inverse of the dimensionless
swimming speed (®;) and settling speed (Pg).

Using direct numerical simulation, we investigated the
clustering of swimmers under fluid inertial torque. We quan-
tified the clustering using Voronoi analysis. When swimmers
are not settling, the fluid inertial torque vanishes and the
swimmers are randomly distributed, resulting from a random
swimming direction, with no clustering observed. Settling
swimmers experience a fluid inertial torque and behave sim-
ilarly to gyrotactic swimmers. We observed that swimmers
form more intense clustering when ®; and ®, become larger,
with maximal clustering intensity occurring at the largest &g
and a modest @, corresponding to Wy ~ 1.

We also examined how the clustering of spherical swim-
mers is related to their preferential sampling of downwelling
regions. We found that when swimmers are not settling, their
dynamics remains isotropic and no preferential sampling is
observed in the gravity direction. However, the fluid iner-
tial torque and the settling speed break this symmetry and
drive settling swimmers to sample downwelling regions. The
sampling is more pronounced with larger ® and ®,, reach-
ing the maximum when Wy &~ 1. The trend of preferential
sampling shows a similar pattern to that of clustering in-
tensity, indicating a correlation between the two phenomena.
We used the joint PDF of Voronoi volumes and local verti-
cal fluid velocity to demonstrate that swimmers tend to form
clusters in downwelling regions.

The fluid inertial torque on settling swimmers can cause
the formation of small-scale clusters, highlighting the impor-
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tance of fluid inertial effects on the dynamics of plankton.
However, most earlier studies did not consider gravitational
sedimentation, leading to the neglect of fluid inertial torque.
This results in an underestimate of the intensity of gyrotaxis,
as the total gyrotactic torque is contributed by both fluid in-
ertial torque and bottom-heaviness. In addition, the fluid in-
ertial torque is proportional to the swimming and settling
speeds, making the reorientation time a dependent param-
eter. Therefore, planktonic swimmers have the potential to
tune their reorientation behavior and, thus, control clustering
intensity by adjusting their swimming speed, which further
impacts their mating, predation, and feeding.

Finally, it is necessary to clarify the assumptions of our
model. First, we considered only spherical swimmers. Non-
spherical plankton, such as elongated ones, probably experi-
ence a fluid inertial torque stemming from both their non-
spherical shape (Dabade et al., 2015; Sheikh et al., 2020;
Gustavsson et al., 2019; Qiu et al., 2022a) and propulsion
mechanism (Candelier et al., 2022). While the analytical so-
lution for the fluid inertial torque on a nonspherical swimmer
remains unclear, fully resolved numerical simulation could
be used to reveal the dynamics of nonspherical settling swim-
mers. The resulting findings could be potentially applied to
the model of point-like swimmer. The second assumption is
that we neglected the inertia of the microorganisms by as-
suming St — 0. Under this assumption, the dynamics (3) and
(4) are simplified into a kinematic model (Eqgs. 5-8). This is
usually adequate for small microorganisms. For instance, St
for some typical marine plankton species ranges from 10~
to 1073 (Qiu et al., 2022a). However, the St of large organ-
isms in a relatively quiescent flow can be potentially too large
to ignore the inertia of microorganisms. In such case, the full
dynamics (3) and (4) must be considered, and the effect of
the inertia of microorganisms needs further investigation in
future studies.

Code and data availability. Raw data from the simulation are
available upon request from the corresponding author.

Author contributions. JQ, EC, and LZ designed the project; JQ
and LZ performed the research; JQ and ZC developed the numerical
tools; JQ analyzed data; and JQ, EC, and LZ wrote the paper.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

https://doi.org/10.5194/npg-31-229-2024

Special issue statement. This article is part of the special issue
“Turbulence and plankton”. It is a result of the EGU General As-
sembly 2022, Vienna, Austria, 23-27 May 2022.

Financial support. This research has been supported by the Na-
tional Natural Science Foundation of China (grant nos. 92252104,
12388101, and 92252204) and the China Postdoctoral Science
Foundation (grant no. 2022M721849).

Review statement. This paper was edited by Francois G. Schmitt
and reviewed by four anonymous referees.

References

Blake, J. R.: A spherical envelope approach to ciliary propulsion, J.
Fluid Mech., 46, 199-208, 1971.

Borgnino, M., Boffetta, G., De Lillo, F., and Cencini, M.:
Gyrotactic swimmers in turbulence: shape effects and
role of the large-scale flow, J. Fluid Mech., 856, RI,
https://doi.org/10.1017/jfm.2018.767, 2018.

Candelier, F., Qiu, J., Zhao, L., Voth, G., and Mehlig, B.:
Inertial Torque on a Squirmer, J. Fluid Mech., 953, RI1,
https://doi.org/10.1017/jfm.2022.947, 2022.

Dabade, V., Marath, N. K., and Subramanian, G.: Effects of inertia
and viscoelasticity on sedimenting anisotropic particles, J. Fluid
Mech., 778, 133-188, https://doi.org/10.1017/jfm.2015.360,
2015.

Durham, W. M., Kessler, J. O., and Stocker, R.: Disruption of ver-
tical motility by shear triggers formation of thin phytoplankton
layers, Science, 323, 1067-1070, 2009.

Durham, W. M., Climent, E., Barry, M., De Lillo, E., Boffetta,
G., Cencini, M., and Stocker, R.: Turbulence drives microscale
patches of motile phytoplankton, Nat. Commun., 4, 1-7, 2013.

Fouxon, 1. and Leshansky, A.: Phytoplankton’s mo-
tion in turbulent ocean, Phys. Rev. E, 92, 013017,
https://doi.org/10.1103/PhysRevE.92.013017, 2015.

Gustavsson, K., Berglund, F., Jonsson, P. R., and Mehlig, B.:
Preferential sampling and small-scale clustering of gyrotactic
microswimmers in turbulence, Phys. Rev. Lett., 116, 108104,
https://doi.org/10.1103/PhysRevLett.116.108104, 2016.

Gustavsson, K., Sheikh, M. Z., Lopez, D., Naso, A., Pumir, A., and
Mehlig, B.: Effect of fluid inertia on the orientation of a small
prolate spheroid settling in turbulence, New J. Phys., 21, 083008,
https://doi.org/10.1088/1367-2630/ab3062, 2019.

Jeffery, G. B.: The motion of ellipsoidal particles immersed
in a viscous fluid, P. Roy. Soc. Lond. A, 102, 161,
https://doi.org/10.1098/rspa.1922.0078, 1922.

Kessler, J. O.: Hydrodynamic focusing of motile algal cells, Nature,
313, 218-220, 1985.

Kessler, J. O.: Individual and collective fluid dynamics of swim-
ming cells, J. Fluid Mech., 173, 191-205, 1986.

Kigrboe, T. and Enric, S.: Planktivorous feeding in calm and turbu-
lent environments, with emphasis on copepods, Mar. Ecol. Prog.
Ser., 122, 135-145, 1995.

Nonlin. Processes Geophys., 31, 229-236, 2024


https://doi.org/10.1017/jfm.2018.767
https://doi.org/10.1017/jfm.2022.947
https://doi.org/10.1017/jfm.2015.360
https://doi.org/10.1103/PhysRevE.92.013017
https://doi.org/10.1103/PhysRevLett.116.108104
https://doi.org/10.1088/1367-2630/ab3062
https://doi.org/10.1098/rspa.1922.0078

236 J. Qiu et al.: Clustering of settling microswimmers in turbulence

Lighthill, M. J.: On the squirming motion of nearly spherical de-
formable bodies through liquids at very small Reynolds numbers,
Commun. Pur. Appl. Math., 5, 109-118, 1952.

Lovecchio, S., Climent, E., Stocker, R., and Durham, W. M.:
Chain formation can enhance the vertical migration of phyto-
plankton through turbulence, Science Advances, 5, eaaw7879,
https://doi.org/10.1126/sciadv.aaw7879, 2019.

Machiels, L.: Predictability of small-scale motion in
isotropic fluid turbulence, Phys. Rev. Lett, 79, 3411,
https://doi.org/10.1103/PhysRevLett.79.3411, 1997.

Monchaux, R., Bourgoin, M., and Cartellier, A.: Preferential con-
centration of heavy particles: A Voronoi analysis, Phys. Fluids,
22, 103304, https://doi.org/10.1063/1.3489987, 2010.

Nilsen, C., Andersson, H. 1., and Zhao, L.: A Voronoi analysis of
preferential concentration in a vertical channel flow, Phys. Flu-
ids, 25, 115108, https://doi.org/10.1063/1.4830435, 2013.

Pedley, T. J. and Kessler, J.: The orientation of spheroidal microor-
ganisms swimming in a flow field, P. Roy. Soc. Lond. B Bio.,
231, 47-70, 1987.

Pope, S. B.: Turbulent Flows, Cambridge University Press, Cam-
bridge, UK, https://doi.org/10.1017/CB0O9780511840531, 2000.

Qiu, J., Cui, Z., Climent, E., and Zhao, L.: Gyrotactic mech-
anism induced by fluid inertial torque for settling elon-
gated microswimmers, Physical Review Research, 4, 023094,
https://doi.org/10.1103/PhysRevResearch.4.023094, 2022a.

Nonlin. Processes Geophys., 31, 229-236, 2024

Qiu, J., Marchioli, C., and Zhao, L.: A review on gyrotactic
swimmers in turbulent flows, Acta Mech. Sinica, 38, 722323,
https://doi.org/10.1007/s10409-022-22323-x, 2022b.

Rogallo, R. S.: Numerical experiments in homogeneous turbu-
lence, vol. 81315, NASA Technical Memorandum, Document ID
19810022965 https://ntrs.nasa.gov/citations/19810022965 (last
access: 28 April 2024), 1981.

Rothschild, B. and Osborn, T.: Small-scale turbulence and plankton
contact rates, J. Plankton Res., 10, 465-474, 1988.

Sheikh, M. Z., Gustavsson, K., Lopez, D., Lévéque, E., Mehlig, B.,
Pumir, A., and Naso, A.: Importance of fluid inertia for the ori-
entation of spheroids settling in turbulent flow, J. Fluid Mech.,
886, A9, https://doi.org/10.1017/jfm.2019.1041, 2020.

Smayda, T. J.: Adaptations and selection of harmful and other di-
noflagellate species in upwelling systems. 2. Motility and migra-
tory behaviour, Prog. Oceanogr., 85, 71-91, 2010.

Titelman, J. and Kigrboe, T.: Motility of copepod nauplii and impli-
cations for food encounter, Mar. Ecol. Prog. Ser., 247, 123-135,
2003.

Zhan, C., Sardina, G., Lushi, E., and Brandt, L.: Accumulation of
motile elongated micro-organisms in turbulence, J. Fluid Mech.,
739, 22-36, 2014.

https://doi.org/10.5194/npg-31-229-2024


https://doi.org/10.1126/sciadv.aaw7879
https://doi.org/10.1103/PhysRevLett.79.3411
https://doi.org/10.1063/1.3489987
https://doi.org/10.1063/1.4830435
https://doi.org/10.1017/CBO9780511840531
https://doi.org/10.1103/PhysRevResearch.4.023094
https://doi.org/10.1007/s10409-022-22323-x
https://ntrs.nasa.gov/citations/19810022965
https://doi.org/10.1017/jfm.2019.1041

	Abstract
	Introduction
	Methods
	Model of spherical swimmers
	Direct numerical simulations of swimmers in turbulence


	Results
	Clustering
	Preferential sampling of downwelling regions

	Conclusions
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Financial support
	Review statement
	References

