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Comparison of oceanic turbulence and copepod swimming
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ABSTRACT: There is a large number of phenomena which
determine zooplankton motion in the upper ocean. This note
compares the swimming speeds of a representative sample of
zooplankton (Euchaeta rimana, Oithona davisae, and Metri-
dia pacifica) with turbulent velocity fluctuations in the upper
ocean. It is shown that nominal swimming speeds of these
zooplankton are larger than velocity fluctuations in the sea-
sonal thermocline. Consequently, organism motion can be
independent of the local turbulent flow field in this region.
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Copepods are the most dominant crustaceans and
comprise at least 70 % of mesozooplankton fauna (Lalli
& Parsons 1993). The common perception of zooplank-
ton transport in the ocean is that they drift with the
ambient fluid motion, hence these organisms are
coined 'plankton’. The general impression is thus that
zooplankton drift with the ambient flow. Indeed, in
oceanic currents such as the Gulf Stream and the
Kuroshio Current, bulk transport is entirely due to
these currents and zooplankters do not directly sense
transport on such large scales. At the individual level,
however, the local turbulent flow field is quite relevant
to daily life. Flows at scales less than about 1 m are of
considerable interest for a typical zooplankton having
a size of the order 1 mm. At these scales of motion one
of the main factors shaping their environment is plank-
ton swimming ability. Plankton with swimming speeds
substantially higher than turbulent velocity fluctua-
tions can be expected to exhibit motion independent of
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the surrounding flow, while the motion of plankton
having lower swimming speeds than turbulence
should be dictated almost entirely by the local flow.

During calm weather conditions the ambient fluid
motion for an individual plankter may be laminar. On
the other hand, stormy conditions can produce ex-
tremely high turbulence near the surface. Regardless
of the strength of turbulence at the sea surface, the
intensity diminishes significantly with depth (Oakey
1985, Yamazaki & Osborn 1988). For example, during
windy conditions the intensity of turbulence beneath
the sea surface has been reported in the range 107° to
1074 W kg~! (as measured by the kinetic energy dissi-
pation rate) and decreases to roughly 10°® W kg™!
within 10 m depth (Yamazaki & Kamykowski 1991,
Osborn et al. 1992). Although this is a considerable
reduction in the dissipation rate compared with sur-
face values, it is still highly turbulent in comparison
with the minimum reported values of 107! W kg,
which is considered to be a background nonturbulent
value (Moum & Lueck 1985). Hence, a single plankter
may experience changes in the dissipation rate vary-
ing over 6 orders of magnitude.

To compare velocity fluctuations at scales relevant to
plankton motion with the swimming ability of an
organism, an objective method for computing the tur-
bulent velocity fluctuation from a continuous spectrum
is required. We adopt an empirical definition based on
the Ozmidov scale which has been widely accepted by
the physical oceanography community (e.g. see Gar-
gett et al. 1984, Yamazaki 1990, Seim & Greg 1994).
The Ozmidov scale, L,, is a measure of the length at
which turbulence inertial forces are balanced by the
buoyancy force arising from a background stratifica-
tion and 1s defined in terms of the dissipation rate € and
buoyancy frequency N, ie. L, = (/N2 Since the
minimum eddy size in turbulence is proportional to the
Kolomogorov scale, L, = (v¥/£)"*, where v is the kine-
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Fig. 1. (A) Kolmogorov velocity scale (+) and the rms turbulent velocity scale against observed dissipation rates (g). (O) Samples

from a seasonal thermocline (Yamazaki 1990); (a) those from turbulence observed in a fjord (Gargett et al. 1984). (B) Average

swimming speed of various organisms against body size. Shown are 2 phytoplankton (A, Gyrodinium dorsum; o, diatom}, 3 zoo-

plankton (O, Euchaeta rimana; +, Oithona davisae; %, Metridia pacifica) and %, a shark. Empirical relationship between the

body size and the nominal swimming speed suggested by Okubo (1987) shown by solid line. (R} Escaping swimming speed for
E. rimana (Yen 1988)

matic viscosity, we integrated measured turbulent
velocity spectra between L, and 2L, in order to esti-
mate the rms turbulent velocity. For a typical turbulent
patch in a seasonal thermocline, with ¢ = 1078 W kg!
and N = 0.01 s7’, the Ozmidov length 2L, is 20 cm and
the Kolmogorov lengthscale L, is 0.32 cm. Fig. 1A
shows observed rms turbulence velocities and the
associated dissipation rates. Also shown is the Kolmo-
gorov velocity, vy, which is a measure of the minimum
velocity scale of turbulence and is defined as v, =
(ve)ls

One measure of the extent to which plankton motion
is independent of the local flow is the swimming ability
of the organism relative to local turbulent velocity fluc-
tuations. Organisms with swimming speeds higher
than turbulent velocities can be expected to move
independently of the local flow. Fig. 1B shows the
nominal swimming speeds of a representative sample
of phytoplankton and zooplankton. The swimming
speed of sharks has also been shown for comparison
(Okubo 1987). Three different species of zooplankton,
Euchaeta rimana, Oithona davisae, and Metridia paci-
fica, are presented in Fig. 1B. A 50 pm diatom, which is
a representative size for living diatoms, sinks at 5m d™!
(Lalli & Parsons 1993) Another phytoplankton de-
picted in this figure is Gyrodinuim dorsum, which can
swim upward at about 30 m d°! (Kamykowski et al.
1992). 1t is clear from Fig. 1A that turbulent velocities
in the wind-induced mixing layer and seasonal ther-
mocline are substantially higher than phytoplankton
swimming speeds and therefore it is not possible for

dinoflagellates to move independently of the local
flow.

Comparison of Figs. 1A & B shows that zooplankton
motion can in fact be independent of the ambient tur-
bulent flow. According to Yen (1988), Euchaeta rimana
can accelerate up to 8.9 cm s~} for burst swimming and
has a nominal swimming speed of roughly 7 mm s~}
Oithona davisae is smaller than E. rimana, and is a
rather weak swimmer with nominal swimming speed
about 0.8 mm s™! (Uchima & Hirano 1988). Metridia
pacifica is classified as a large-size copepod, about
4 mm in length, and its nominal swimming speed is
roughly 4 mm s~! (Wong 1988). In the seasonal thermo-
cline, the dissipation rate in the water column is in the
range 1071% to 108 W kg~! and rms turbulent velocity
fluctuations are no more than 1 mm s™! (cf. Fig. 1A).
Therefore, even a weak swimmer such as O. davisae
has a swimming speed comparable to the turbulent
velocities in this region. Thus, while zooplankton
motion in highly energetic flows, e.g. tidal flows and
upper ocean mixing layers, is dictated by the external
flow field, copepod swimming speeds in the seasonal
thermocline are higher than turbulent fluctuations and
therefore organism motion can be independent of the
local flow field in this region.

Although the focus of this note has been on the 1ms
turbulent velocity scale relative to the swimming abil-
ity of plankton, it is also important to mention that in
addition to the variable translational velocity added by
turbulence, there will also be a rotational torque due to
the local shear around the plankter {e.g. Kessler 1986,
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Bowen et al. 1993). The interaction between turbulent
shear and rotation of a plankter is an effect which
complicates independent organism motion. Turbulent
shear may interfere with various behavioral responses
as well as mechanoperception of prey by predators, for
example. Furthermore, stretch receptors monitoring
the deformation of a body denser than the ambient
fluid have been hypothesized to give a plankter infor-
mation about the direction of gravity (Machemer &
Brdaucker 1992). The local shear around a copepod may
affect stretch receptors in such a way as to interfere
with their perceived gravitaxis, as well as directed
swimming. The study of local velocity strain effects on
plankton behaviour is an important area of future
research.

Finally, it is also important to note that 2 effects on
plankton ecology not considered here are the intermit-
tency of the dissipation rate and the coherent nature of
the small scales of turbulence (see e.g. Yamazaki &
Lueck 1990, Yamazaki 1993 for further discussion).
These features also comprise areas of important future
research.
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