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ABSTRACT: Many aquatic organisms, from bacteria to crustaceans, use chemical plumes released by
sinking particulate organic material either directly as a food source or as a signal to find potential
food items (marine snow aggregates, fecal pellets). This work examines how the relevant metrics of
the plume (length, volume and cross sectional area) relate to encounter rates and how they vary with
turbulence. Total plume length appears to be invariant to turbulent shear rate, although plume vol-
ume and cross section do decrease strongly with increased turbulence. Turbulence can also break a
plume into multiple segments. The length of the segment connected to the particle (the first unbro-
ken segment) tends to be about 50 % of the total plume length, as well as containing about half of the
total plume volume and cross sectional area. Despite the complexity of the processes involved, these
relationships can be described by relatively simple functions that are revealed both empirically
through modelling and through theoretical analysis. The critical parameter is yT,*, the product of the
average turbulent shear rate and the diffusive time scale —the length of time a plume would last in
calm water. The results highlight the ecological differences associated with different turbulence
intensities as a function of depth in the water column.
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INTRODUCTION

Although seemingly uniform, the aquatic environ-
ment in which plankton live is filled with ephemeral
chemical and physical cues that have scales of meters
and smaller. Chemical plumes trail behind falling par-
ticles and swimming animals; small velocity perturba-
tions follow swimming or feeding copepods. The abil-
ity of an organism to survive depends on its use of
these signals to find food and mates, and to avoid pre-
dation; understanding of the planktonic ecosystem
depends on our ability to understand and describe the
heterogeneity of this world. Previous work to fill in the
details of this world has focussed on velocity and pres-
sure perturbations induced by swimming and feeding
zooplankton (Yen & Strickler 1996, Kiorboe & Visser
1999, Visser 2001, Jiang et al. 2002), and the chemical
plumes associated with leaking phytoplankton (e.g.
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Jackson 1989, Bowen et al. 1993) and falling marine
snow particles (Kigrboe et al. 2001, Kierboe & Thyge-
sen 2001) in the absence of background water motions.
To understand natural aquatic systems, we need to be
able to describe how these signals are modified by
turbulent water movement.

The physics relevant to particulate organic matter
includes the control of particle settling and associated
water movement, and the subsequent diffusive spread
of released molecules. Organic matter released by
falling particles can provide localized food resources
for microbes in the surrounding water column and pro-
vide chemical cues for animals and microbes to locate
the particles. Copepods, for instance, respond to dis-
solved organic material in the water and can follow a
chemical trail to a sinking aggregate or to other ani-
mals (Poulet & Ouellet 1982, Kierboe 2001). The detec-
tion of a specific particle depends on the rate at which
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the particle releases material, its sinking rate, the
chemical nature and the molecular diffusivity of the
chemical substrate, and the minimum concentration
(threshold) detectable by an organism. The detection
threshold allows us to define boundaries for the chem-
ical plume that can be species-specific. By using a
threshold concentration for detections, we can place
boundaries on the chemical plumes and determine
their geometric properties for different conditions.
Plumes offer significantly different resources for os-
motrophs and for hunters. For understanding bacteria
or phytoplankton located in the enriched environment
behind a leaky detrital particle or zooplankter, the
plume volume defines the favourable region. Used in
conjunction with information on particle or animal dis-
tributions, it can be used to describe the heterogeneity
of the chemical environment (Jackson & Kigrboe 2004).
For understanding zooplankton search behaviour,
plume length and cross-sectional area have been used
to describe the rate of finding particulate targets (Jack-
son & Kigrboe 2004). For example, the detectable
plume behind a large falling particle in still water
could be as long as 1 m (Kierboe & Thygesen 2001).
This estimate of plume length does not account for the
effects of turbulence in lengthening or in disrupting
the plume. While relevant plume properties can be es-
timated using analytic solutions in still water (Jackson
& Kigrboe 2004), the techniques provide no insight into
the effect of natural turbulence on plume structure.
Turbulence is an inherent property of fluid flows that
is important to planktonic organisms because of effects
ranging from increasing the rate of nutrient uptake by
phytoplankton (Munk & Riley 1952, Gavis 1976, Lazier
& Mann 1989, Karp-Boss et al. 1996) to increasing the
rate of encounter between zooplankton predators and
their prey (Rothschild & Osborn 1988). Turbulence also
accelerates the coagulation processes, which form
large marine snow particles and the disaggregation
processes that shrink them (e.g. Jackson & Burd 1998).
Turbulence can change the structure of the chemical
plume strung out behind a falling particle. The strain-
ing of water containing a plume stretches it out,
increasing its length, at the same time increasing diffu-
sion gradients, causing enhanced diffusive transport
and decreased plume lifetime. Thus, turbulence could
enhance the plume length or decrease the plume vol-
ume. Because the rate of stretching is not uniform
along the length of the plume, it could also disrupt the
plume by forming one or more breaks along its length
where local concentrations fall below the detection
ability of searching organisms. For chemosensory ani-
mals searching for a particle or a mate, important
plume properties include the length and cross-section
of the unbroken plume segment, the sizes of gaps
along the plume and whether the animals can span

these gaps in a successful search for the particle; for
free living bacteria or phytoplankton feeding on the
enriched chemical environment, important properties
include the plume volume, its patchiness and the time
scale over which patches exist. Since many of the
important particle properties depend on size, the parti-
cle size distribution is an important property for relat-
ing interactions between particles and organisms to
their ecological impact.

The ecological role of turbulence is enhanced by its
spatial and temporal variability. Because turbulence is
a means of dissipating hydrodynamic energy as heat,
the highest turbulence rates are associated with ener-
getic regions, such as near the wind-blown ocean sur-
face. Sub-thermocline depths have fewer energy
sources and much weaker turbulent motions. As a
result, the effect of turbulence on the heterogeneity of
dissolved organic matter distributions as well as the
detection, colonization and grazing of particulate mat-
ter should vary between the surface mixed layer, the
thermocline and the mesopelagic realm.

In this article, we develop a simplified model de-
scribing the effect of turbulence on the chemical plume
trailing behind any moving particle or animal,
although we focus on falling particles. We use the
model to explore where and how extensively turbu-
lence affects the ability of zooplankton to detect falling
particles. We also explore how turbulence conditions
affect the micro-patchiness of the marine environment
by comparing plume properties for different particle
types under different energy dissipation rates. In
Table 1, we provide a list of parameters, notation and
typical values used in this work.

THE MODEL
The non-turbulent case

Particle size-dependence. The settling rates of
marine snow (Alldredge & Gotschalk 1988, Alldredge
& Gotschalk 1989) and fecal pellets (Small et al. 1979)
have been described using a power law dependence
on particle size. Similar power law relationships exist
for the organic content of particulate matter (Alldredge
1998), and for the rate at which amino acids and other
dissolved organic compounds are released (Kiogrboe &
Thygesen 2001). While there is considerable variability
in observations, these relationships provide an initial
means of characterizing the importance of particle
size. In this, we follow the formulations suggested by
Jackson & Kigrboe (2004) for modelling the settling
rate w and leakage rate L for particles of size r.

Detection threshold. The concentration at which an
organism can detect the plume, C*, is crucial for deter-
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Table 1. Notation and typical parameter values

Symbol Description Value Units

a, b, Fourier coefficients. Direction chosen randomly in 3D cm st

C Concentration at centre of radial solute distribution mol cm™3

C* Minimum detectable solute concentration 1072 t0 10710 mol cm™®

D Molecular diffusivity 107° cm? 57!

I Integral length scale 50 to 1000 cm

ij As subscripts on A, @, £, C etc implies evaluation for segment j at time 6

k, Wave number of n Fourier mode; k, = Ik, cm™!

k, Wave vector of n Fourier mode. Direction chosen randomly in 3D cm!

L Leakage rate 10710 to 10716 mol s7?

J4 Length of a plume segment cm

r Particle radius 0.002 to 0.5 cm

s Straining ratio over a small time step

T* Diffusive time scale: time for which segment remains detectable; S
Ty* for no turbulence

u Turbulent velocity field (3D) cm s!

U RMS turbulent velocity cm s

\%d Volume of plume above concentration threshold; Vy* for no turbulence, cm?®
Vy* for 1%t unbroken segment

w Particle settling speed 0.01to1 cms™!

x° Trajectory of sinking particle (3D) cm

x* Trajectory of a plume tracer (3D) cm

x* Straight line (Euclidean) distance of first gap in plume cm

X* Straight line (Euclidean) length of first plume segment cm

zZ* Length of plume above concentration threshold; Zy* for no turbulence, cm

Z,* for 1% unbroken segment.

1) A small time step st

€ Energy dissipation rate 1to 10710 cm? 573

® Solute concentration mol cm™3

y Turbulent rate of strain (material line): y = (g/6v)"/? 104 to 10 st

n Kolmogorov length scale: n =(v3/g)'/* 0.03 to 10 cm

A Radial length scale of solute distribution cm

Mg Batchelor scale: Ay = (vD?*/g)'4

A Taylor microscale: At = (15vU?/g)"? 1 to 100 cm

v Molecular viscosity 1072 cm? 57!

Vr Turbulent viscosity cm?s!

p Radial coordinate in cylindrical coordinates cm

p* Width of plume; py* for no turbulence cm

o* Cross sectional area of plume above concentration threshold; oy* for no turbulence, cm?
0,* for 15! unbroken segment

W, Frequency of n' mode st

g Length of a material line cm

mining the extent of a plume. Its value is clearly spe-
cific to organism and compound. Using observed back-
ground concentrations (e.g. Poulet et al. 1991, Suttle et
al. 1991), and observed responses by copepod (Yen et
al. 1998) and bacteria (Carlucci et al. 1986, Atema
1988, Suttle et al. 1991), Kigrboe & Thygesen 2001)
estimated a value of 4 x 107*! mol cm™3 (40 nM), while
Jackson & Kierboe 2004) used a value of 3 x 107!! mol
cm™3 (30 nM).

Plume properties. Kiorboe et al. (2001) presented a
numerical solution for the concentration field around a
falling sphere for Reynolds number <10, which incor-
porated molecular diffusion of the substrate and lami-
nar flow around the particle. Jackson & Kigrboe (2004)

showed that analytical solutions describing the con-
centrations of substrate leaked from a moving point
source and then diffused away provide the same esti-
mates for the plume length and width as the numerical
solutions at low Re, and could provide the same
answers with suitable corrections for higher Re. Their
uncorrected plume length is:

* L

== 1
" 4nDcC* @

where C* is the threshold detection concentration, D is
the molecular diffusivity and L the leakage rate of
material from the particle as it sinks with velocity w.
Similarly, the plume width is:
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where z is the distance from the sinking particle along
the plume. The plume cross-section (i.e. the plume's
projection onto a vertical plane) is given by:

0.24 ( L )1'5
Dw% \nC*

oy =

)

and the plume volume is:

D __«2
Vet = WT[ZO (4)
An additional measure of the plume for non-turbulent
situations is:
Tg = i; L

= 5
w AMDw C* )

which is the time after release it takes for the concen-
tration in a small section of the plume to fall below the
detection threshold.

Effect of turbulence

Describing turbulence. Turbulent intensity in the
marine environment varies greatly in time and space.
The most common description of turbulence is the
energy dissipation rate €; with measured values rang-
ing from 107° to 1 cm? s~3. Higher values are typically
found in the surface mixed layer under strong wind
conditions and in strong flows over tidally-dominated
shallow shelf seas; lower values are found in the pycn-
ocline and in the deeper mesopelagic region (e.g. Gar-
gett 1997, Visser et al. 2001, Yamazaki et al. 2002). In
Kolmogorov's theory of fully developed 3D isotropic
turbulence, the inertial sub-range of the turbulent
energy spectrum is fully specified by 3 parameters: g,
the kinematic viscosity v and the integral length scale
I. The latter is a measure of the size of the energy-con-
taining eddies and has values ranging from several
meters in the surface mixed layer to several centime-
tres in the pycnocline (e.g. Yamazaki et al. 2002, Maar
et al. 2003). These 3 parameters can be related to oth-
ers also used to describe turbulent systems, including
the root mean square turbulent velocity U = (eI )3, tur-
bulent eddy viscosity vy = (I*€)"/3, the Taylor micro-
scale At = (15vU?/€)"/? (the characteristic length scale
of turbulent velocity gradients) and the microstructure
rate of strain yr = (€/2v)*2,

Kinematic simulations. Turbulence-like flow fields
can be simulated by superimposing a number of random
Fourier velocity modes chosen to conform to given phys-
ical constraints (Kraichnan 1970, Fung et al. 1992). While
such flow fields are not fully consistent with fully devel-
oped isotropic turbulence (Yamazaki et al. 2004, see

‘Discussion), they share many relevant characteristics
(Malik & Vassilicos 1999). The simulated field is con-
structed such that its kinetic energy spectrum reflects the
turbulent energy spectrum (e.q. the classic k=3 energy
cascade of Kolmogorov) and that its flow field is non-
divergent. Simulations are specified through the 3 para-
meters mentioned earlier: €, v and I. Fluid elements or
parcels can be tracked by integrating the velocity field.
To date, such models have been used primarily to inves-
tigate physical phenomena (Fung 1993, Fung 1998).
More recently, biological aspects have been incorpo-
rated into this method, for instance, in re-examining the
Rothschild-Osborn turbulent encounter process (Lewis &
Pedley 2000, Lewis & Pedley 2001).

The Fourier method. The energy spectrum E(k)
describes distribution of kinetic energy in terms of
wave number k. In the Fourier approach, the spectrum
is divided into N bands, where the width and repre-
sentative wave number of the n band are 8k, and k,.
The turbulent velocity vector field u(x,f) at any location
x and time tis described as the sum of Fourier compo-
nents (e.g. Lewis & Pedley 2000):

N
uxt) =y [(aﬂ x l:ln)cos(k"& + u)nt)]
n=1 (6)

+ i[(bu x K,,)sin (K, X + w,1)]

where I:IH = k,/k, is the unit vector defining the direc-
tion of the n® wave vector k,, k, = |k,|, w, is its angular
frequency, a, and b, are the associated amplitude vec-
tors, and the cross term ensures that the flow field is
non-divergent. The amplitudes of l:in, a, and b, are
calculated as given below, but their directions are
chosen to be random in 3 dimensions.
We use a simple Kolmogorov energy spectrum:

E(k) = Egk™3 7

although other spectral shapes can also be used (Fung
& Vassilicos 1998, Malik & Vassilicos 1999, Lewis &
Pedley 2001). N discrete wave numbers are chosen to
lie between k; = I"! and ky = n~! where n = (v¥/g) is
the Kolmogorov length scale, and is a measure of the
scale (2mn) at which viscous dissipation of energy
becomes important (Gargett 1997). The energy spec-
trum has cut-offs at k; and kx: E(k) = 0 for k < k; and
k > ky. To avoid harmonic effects, discrete wave num-
bers are distributed in a geometric series from k; to kn:
n-1
_ 1{n\n-1
*a = n(I) ®)
The values of 0k, = (kp,1 — k,_1)/2forn=2, ..., N-1, 8k,
= (ky — k1)/2 and Okn = (kx— kn_1)/2. The frequency of
the n mode is:

W, = 04Vk,? E(k,) 9)
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where the factor 0.4 (the unsteadiness parameter) is set
in accordance with Malik & Vassilicos (1999). The coef-
ficient E, = 1.5?3[1 — (n/I)*®]"!, so that the appropriate
condition relating € and E(k) are met (Tennekes & Lum-
ley 1972). The amplitudes of a, and b, are given by:

la,l? = Ib,|? = 2E(k,) 8k, (10)

Plume construction. We calculate the trajectory of a
particle x°(t) by integrating the velocity along its path:
& u(x’, t)+wz,

for ¢ O[0,T 11
o 7y

for a given initial position x%, using the turbulent flow
field u given in the previous section and sinking veloc-
ity wz (cf. Fig. 1).

We release neutrally buoyant parcels into the flow
field at discrete time intervals along the particle's tra-
jectory. If the aggregate is at x; = x°(t;) at time ¢;, then
the path of the i parcel is:

*

=u(x;,t), for t O[t;,T] and x;(t=t;) = x'(t;) (12)

1
dt

The time series x*;(t) for t 0 [£; T] is the path of an
idealized tracer marking out a location in the centre of
the plume. In comparison, at any given time ¢;, the
series of points x*(t;) for j = 1...1, defines the material
line along the centre of the plume. The separation
between 2 successive points along the material line is:

fi,j = |X*j(t1') - X*j+1(t1‘)| (13)

providing a measure of the stretching (or squashing) of
the plume centreline by turbulent straining.

Diffusion and concentration. We treat each plume
section as a small cylinder of solute having length
{;; that is spread both perpendicular to the axis by
diffusion and along the axis by turbulence. In order to
make this problem tractable, we assume that the diffu-
sion and stretching can be treated separately within a
short time step 8. We assume an initial Gaussian dis-
tribution of solute around the central axis of each
cylinder:

®; = Cj,jeip2/)\i'j2 (14)

where Cj;is the concentration along the central axis, p
is the dlstance from the central axis, A;; is a measure of
the radial distribution of solute for the ]th line element
at time since release of t = 8. The combined action of
both turbulent straining and diffusion over the short
time step 0 gives the resultant solute distribution:

CI])\IJ e g p 0
4D3+ A, 2 _PH aps+r, 25, B

2

Qivy,j =
(15)

O
= Cm]eng)\ =

1+1]

where s;; = (;;/{;,, j measures stretching of the line seg-
ment by straining and D is the molecular diffusivity
(see Appendix 1 for details). Both straining and diffu-
sion transform one Gaussian distribution into another,
suggesting that the time evolution of the solute distrib-
ution is fully prescribed for both processes by the
recursion formulae:

0. .
Ajsy 2 = 4D3+), 2 (16)

i+1,j

Cphy = C,,—2 1 17
S 7 )‘1'+1,j2 €j+1,j ( )

which are closed with the initial conditions:

A% = 4Dd (18)
L
C,. =
Y ATDw (19

These relationships are developed in Appendix 1. If
the threshold concentration for detection is C*, then
the detection distance from the central axis of the
cylinder p;* is

P =N (20)

@n Ci : DjZ
ij

from which the cross section and volume of the plume
can be calculated. The width of the plume reduces to 0
if Cj;is less than the threshold concentration, but the
position of the plume centreline given by x;* is valid for
all times and concentrations.

77 x; (1)
<
/ - “'ace\' ’/’;’

L_’

P
X'(1)=x (1)

Fig. 1. The plume construct: x'(t), the trajectory of a sinking

particle released from an initial location x%, under the influ-

ence of uniform sinking rate and turbulence. x*;(f), the trajec-

tory of a neutrally buoyant particle released from x°(t;), a point

along the particle path. The locus of points x*(t;) [ i, defines
the plume position at time ¢
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Table 2. The detection time scale T* and detection length scale Z,* under still conditions computed for the marine snow and fecal
pellet size dependent (r, equivalent particle radius) relationships to sinking speed w and leakage rate L and for specific
detection thresholds C*

C* mol cm™®
2 x 10712 1x10M 5x10°1!
r w L Ty* Zo* Ty* Zo* To* Zo*
(cm) (cms™) (mol s7) (s) (cm) (s) (cm) (s) (cm)
Marine snow  0.02 0.047 2.8x 1071 240 11 48 2.3 10 0.45
0.1 0.071 32x10 1800 130 350 25 280 5.0
0.5 0.11 3.5x10°13 13000 1400 1300 280 520 56
Fecal pellet 0.002 0.011 9.7 x 1077 36 0.38 7.2 0.077 1.4 0.015
0.008 0.17 6.2x 1071 145 25 29 4.9 58 1.0
0.02 1.1 9.7 x 1071 360 380 72 77 14 15

Calculations. The model was run for 4 different
levels of turbulence ranging from 107° to 1 cm? s73, for
3 different particle sizes, and for marine snow and
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Fig. 2. Example of spatial structure of a particle trajectory and
its plume. (a) Black line: trajectory of a sinking marine snow
particle (r=0.1 cm, w=0.07 cms™}, L =3 x 10"* mol s!) under
turbulent conditions (€ = 10™* cm? s, I= 100 cm); dotted line:
the central location of the plume trailing behind it at time t =
950 s. Points exceeding a detection threshold (C* = 10! mol
cm %) are marked with plotting symbols. (b) The concentra-
tion of exudates released by the particle along the central
(material line) of the plume. For this case, the non-turbulent
length and time scales are Zy* = 25 cm and Ty* = 350 s,
respectively

fecal pellet parameterisations of sinking and leakage
rates (Table 2). For each particle size-type-turbulence
combination, there were 4 replicate runs. The integral
length scale was set to 100 cm in most cases, a value
representative of the surface and thermocline condi-
tions (Yamazaki et al. 2002). The turbulence velocity
field was simulated using N = 41 Fourier modes. Time
steps 0 varied between simulations to ensure that the
distance between particles remained less than the Kol-
mogorov scale for the times up to the non-turbulent
time scale (Eq. 5); 0 varied from 0.001 s for fast sinking
particles in high turbulence to 10 s for slow sinking
particles in low turbulence.

Each of these simulations was analysed using 3 dif-
ferent detection threshold concentrations (Table 2),
corresponding to a possible range for both bacteria and
copepods. For each detection threshold, the detectable
length (Z), cross sectional area (0) and volume (V) of
the plume were calculated for slightly different defini-
tions of plume length: the total detectable plume (Z*,
o*, V*) and the unbroken plume next to the sinking
particle (Z*, a*, Vi*).

In order to highlight how the various plume metrics
vary with turbulence, we express the variation of tur-
bulence in terms of the parameter yTy*, the product of
the non-turbulent plume diffusive time scale and the
average turbulent rate of strain associated with mater-
ial line deformation, y = (g/6v)Y/2.

Calculations were performed using code written in
MATLAB, with a 4® order Runge-Kutta solution
scheme used to integrate particle trajectories.

RESULTS

A typical simulation result shows a clear primary
plume (~12 cm), as well as numerous patches with
detectable concentrations scattered along the plume's
length out to a considerable distance, as in a patch
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about 3 cm long that is 90 cm down the plume (Fig.
2a,b). The concentration distribution along plume
reflects the processes responsible (Fig. 2b). The low
concentrations between 60 and 80 cm are associated
with a large degree of stretching experienced by that
section of the plume, as can be deduced from the rela-
tively wide spacing between points in the region. In
comparison, the high concentrations at 90 cm are asso-
ciated with low stretching (a high density of points).
Thus, the along-plume variation of solute concentra-
tion is associated with the variation in cumulative
along-plume stretching.

At the start of a simulation, the unbroken and total
plume lengths are the same (Fig. 3). This is the period
of plume development. Measures of the total and
unbroken plume diverge thereafter, although both sets
vary. To avoid initialisation artefacts, we analysed only
those data for the periods after the time of the first
break or the time scale for a non-turbulent plume Ty*,
whichever comes first.

Total plume metrics

Simulation results. The normalized total volume of
the plume V*/Vy* shows a consistent trend for both
marine snow (Fig. 4a) and fecal pellets (Fig. 4b), with
V*/Vy* = 1 for yTo* << 1 and V*/Vy* = 0 for yTo* > 1.
Similar trends are exhibited by the normalized total
cross section of the plume o0*/0y* (Fig. 4c,d). The vol-
ume and cross section can be reasonably well model-
led by empirical functions of the form:

fo*

=
1+ayT,

(21)
(Table 3). In all cases, the fit is highly significant (p <
0.0001).

In contrast, there is no similar trend in the nor-
malised total plume length (Fig. 4d,e). The total plume
length Z* is approximately equal to Zy* for all levels of
turbulence, although the variance does increase for
yTp* > 1.

Theoretical justification. A simplistic theoretical argu-
ment explains these results. Under uniform straining y,
the distance along a material line laid out by a sinking
particleis &(t) = (e'!- 1)w/y (Eq. A2-4; Appendix 2). Under
the same conditions, the concentration at the central axis
is C(t) = L/(4TD&(t))w/y (Eq. A1-15). Thus, the time at
which a plume segment becomes undetectable is given
by:

T* = %]n(yTO* +1) (22)
and the length of the plume by:
R Ry (23)
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Fig. 3. (a) Plume volume, (b) plume cross section and (c)
plume length for a marine snow particle (r=0.1 cm, w = 0.07
cms !, L=3x10""mols!, C* = 10! mol cm~®) under turbu-
lent conditions (¢ = 10~* cm? s™3, I = 100 cm) as a function of
time. Total plume metrics are shown in black, whereas plume
metrics associated with the 1% connected plume segment are
shown in grey. Dashed lines represent the non-turbulent
values of Zy* (a), 0g* (b) and V)* (c)

which is equivalent to the plume length for no turbu-
lent straining. Use of Eq. (A1-15) yields the radial
distance at which the plume can be detected as:

2 _ _ADE . 0Z" [
2= 24
The volume of the plume is thus given by:
Z()
EI
V= [ (p (DY dE = 4Vy [——In(E)dE’ (25)
‘[ ’ ‘([VTO +& (

where § = &/Zy*. The integral does not yield an ana-
lytic solution, although it can be numerically solved. In
a similar manner, the cross sectional area can be com-
puted as:

1/2

In(&' )D dg'  (26)

z
27
o*=2(p*(§)d¢ =
Jo'p po\/ IIZTVT E 0

Numerical evaluations of the theoretical predictions
from Eqs. (25) & (26) show that they are essentially the
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~ Fig. 4. Normalized total plume
S metrics as a function of the
0.4 1 scaled mean turbulent rate
of strain yTy*. Metrics are
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same as those calculated by fitting Eq. (21) (Table 3) to
the result of the simulations for values of a representa-
tive of marine snow and fecal pellets (Fig. 5).

First segment metrics

Simulation results. For the first segment, that closest
to the particle, the volume V;* and the cross-sectional
area 0,* depend on turbulent intensity in ways similar
to those for the corresponding values for the total
plume (Fig. 6a-d). V;* and 0;* can also be fit to equa-
tions of the form of Eq. (21) (Table 3).

There are 2 different measures of the first segment
length, the straight-line distance between particle and
plume end X;*, and the along-plume distance between
the two Z;* (Fig. 7), that show different relationships to
turbulent intensity. X;* is similar to V;* and o0*
(Fig. 6e,f) and can be fit to Eq. (21) (Table 3). This rela-
tionship is expected because X;* = wT*, which from
Eq. (22) gives:

XF ln(vTo*+1) 1
zy VT 1+0.5yTo

The coefficient 0.5 suggested by this analysis is very
close to the values found by fitting the simulation

(27)
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Table 3. Best fit parameters for the normalized plume metrics
to the reciprocal function f = 1/(1 + ayTy*). For Z;*, the form
of the function is h= (1 + byTy*)/(1 + ayTy*)

I (cm) Fit SE R?
parameter(s)
Total plume
V*  Marine snow 100 a 0.22 0.02 0.95
Fecal pellet 100 a 0.19 0.01 0.96
Marine snow 1000 a 0.28 0.02 0.94
o* Marine snow 100 a 0.10 0.01 0.94
Fecal pellet 100 a 0.09 0.01 0.96
Marine snow 1000 a 0.11 0.01 0.92

Connected plume

Vi*  Marine snow 100 a 0.30 0.02 0.95
Fecal pellet 100 a 0.29 0.02 0.97
Marine snow 1000 a 0.40 0.02 0.95

0,;* Marine snow 100 a 0.20 0.01 0.96
Fecal pellet 100 a 0.21 0.01 0.97
Marine snow 1000 a 0.26 0.03 0.95

X* Marine snow 100 a 0.29 0.01 0.97
Fecal pellet 100 a 0.37 0.02 0.96

Z:*  Marine snow 100 a 0.21 0.05 0.63

100 b 0.43 0.09
Fecal pellet 100 a 031 0.06 0.72
100 b 0.59 0.11

results to particles typical of marine snow and of fecal
pellets (Table 3).

The value of Z;* has a somewhat different depen-
dence on turbulence (Fig. 6g,h). For short times before
the plume fully develops (YTo* << 1), Z\* = Zy* = Z*.
However, once the plume is fully established (yTy* >
1), Z;* = %Zy*, albeit with considerable variability.
Since Zy* = Z*, the first segment tends to be about half
the total length of the plume in high turbulence. In this
case, a more appropriate empirical fit is (Fig. 6g,h &
Table 3):

* _ ox1+ bVTO*

Zr'=Z (28)
1 0 1+ay,1_.0*

Theoretical justification. The material line plume
length Z;* and the Euclidean plume length X;* have
quite distinct properties as turbulence increases: X;*
becomes much less than Z,*, whereas Z;* remains
finite and tends to 14 Zy*. Physically, this means that the
plume becomes more and more contorted with
increasing turbulence (Fig. 7). In addition, the rate of
strain is variable (Appendix 3), implying that some-
where along the plume length, some segments will
experience a strain rate greater than the mean y. The
concentration of such a segment drops below the
threshold (breaks the plume) sooner than segments
with lower average strain rates. The time scale for this
segment to become undetectable is (Eq. 22):

T* = Ciyln(cyro*u) (29)

where cy is the average strain rate for the 'breaking’
segment. The length of the plume to the first break is
given by Z; = §(T,,), which from Eq. (A2-4) gives:

*

* Z * 1/c
zZr = yl%* gcyTO +1) —15 (30)
That is, when yT* «< 1, Z;* = Zy* and the along-plume
length decreases as turbulence increases.

As turbulence increases further, however, the plume
becomes more contorted and fills a smaller region of
space. When its Euclidean length scale becomes
smaller than the Taylor microscale Ar, the entire plume
experiences essentially the same rate of strain at a
given time (Fig. 7). Thus, there is a lower size limit (i.e.
upper turbulence limit) where Eq. (30) holds, beyond
which the plume length varies less with increasing
turbulence.

Disconnected signal. While the cross section area
0,* and volume V;* of the first plume segment have
the same functional response to turbulence as the total
plume, they decrease somewhat faster with increasing
turbulence. This is not surprising, since the first plume
segment should always have a smaller cross section
and volume than the total plume. The ratios 0,*/0* and
V,*/V* have the same form as Eq. (28), and approach a
ratio of about 0.5 for large values of yTy*. This can be
seen from the best fit parameters in Table 3. That is, as
turbulence increases, only half of the plume, as mea-
sured by its length, volume or cross-sectional area, is
connected to the sinking particle itself. While a break
should not affect bacteria consuming dissolved mater-
ial, it could interfere with animals searching for the
particle if a significant proportion of detected signal is
spurious with no promised meal at the end.

How spurious detected signals are depends on how
many breaks there are along the length of the plume,
the Euclidean (straight line) distances of the inter-

1.0 § 1.0 g
0.8 0.8
~o 0.6 *bo 0.6
- g
> 04 "o 04
0.2 0.2
0.0 0.0
10* 102 10° 102 10* 108 104 102 10° 102 10* 10°
vT, vT,

Fig. 5. Normalized (a) total plume volume and (b) cross-sec-

tion area as a function of turbulent rate of strain. Solid line:

values estimated using theoretical Egs. (25) & (26); dashed

line: values estimated from simulation results (Eq. 21,

Table 3). Value of a = 0.25 for volume (a) and a = 0.25 for cross
sectional area (b)
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(@) (b) (©

Fig. 7. Schematic representation of plume length metrics as a
function of yTy*. (a) For low yTy* diffusion dominates and Zy* =
Z,* = Xi*. (b) At intermediate levels both diffusion and strain-
ing are important and Zy* > Z;* > X;*. (c) At high levels the
plume becomes contorted and Z* = %LZ* > X;* = Ar

spersed gaps and the behavioural response of animals.
The length of the first gap x;* tends to be largest for
midrange turbulence levels, 0.1 < yTy* < 10 (Fig. 8).
Below this turbulence range, diffusion dominates and
few gaps exist. Beyond this range, the

DISCUSSION

One of the surprising results of this analysis is the
simplicity of the descriptions of plume properties in
terms of non-turbulent properties and correction fac-
tors that are simple functions of yTy* (Fig. 9). The
results for the 2 different types of particle we tested,
representative of marine snow and of fecal pellets, are
essentially the same (Table 3). One way to describe the
conditions at which a turbulence correction factor
becomes important is the turbulent intensity at which
the factor equals 0.5. For the correction factors having
the form of Eq. (21), this occurs for yT,* = a L. For the
values of a in Table 3, this half-value is in the range
yTy* =2.5-11. As a result, the turbulence correction for
plume properties is small for yTy* < 2.

More systematically, the effect of turbulence can be
examined for a range of particle sizes. Jackson & Kier-
boe (2004) examined the plume length as a function of
particle radius for particles typical of marine snow and
of fecal pellets. The absolute values of the plume met-
rics calculated using the results in Table 3 show that the
effect of turbulence is strongly dependent on particle
size (Fig. 10). For instance, at low turbulence levels V[
r*%and VO r* approximately for marine snow and fecal

plume becomes contorted and fills a marine snow fecal pellet
smaller space. Any gaps that do appear 25 —_ —_ 25
are confined to this space. There is, (@) A (b)
however, a great deal of variability in 20 20
these results, part of which may be a A
explained by dependencies on particle 15 s A 15
size and threshold concentration. i ° :
Closer examination of the source of this 10 4 : B 10
variability is beyond the scope of this m mA 4 5, 8 o
present work. 5 E . I A N ‘;.' = 5
B a
0 ——%@M&M,— Mo&gﬂnmggﬁ.—.— 0
Effect of integral length scale 4 e — —_— 14
. . (c) o (d)

The integral length scale I is an 1.2 8 1.2
important property of turbulent fields. 10 ° 10
It represents the scale of the largest tur- & 4
bulent motions. Despite this import- — 0.8 A ° ° 08 N
ance, it has relatively little impact on o6 o °o 4
the primary plumes because their 0.4 A o o 04
lengths tend to be smaller than I ° B E
Changing the integral length scale 0.2 %‘h 9 %ﬁl 2 § 02
from 100 to 1000 cm has a relatively 0.0 ! ] L 0.0

small effect on the plume metrics
(Table 3). The value of the parameter a
changes from 0.22 + 0.02 to 0.28 + 0.02
for V* and from 0.30 + 0.02 0.40 + 0.02
for Vi*. The relative differences are
smaller for o* and o,*.
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Fig. 8. (a,b) Length x;* in cm and (c,d) normalized length x;*/ Zy* of the 1% gap
of the plume as a function of yTy* for (a,c) marine snow and (b,d) fecal pellets.
Symbols and shading indicate detection threshold and particle size as given

in Fig. 4
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Fig. 9. Summary sketch of the various plume metrics and how
they vary with turbulence

pellets, respectively. This power depen-
dence decreases with increasing turbu-

are favoured at different depths. Near the surface, the
eddy dissipation rates are typically 1072 to 1 cm? s73,
large enough to greatly diminish plume properties
(Fig. 10). By a depth of 50 m, € is typically in the range
107%to 107* cm? s73, a range where the effect on plume
properties is relatively small (Fig. 10).

The differences in plume detectability, even over
such relatively small vertical distances as 50 m, and the
relative advantages of different means of detecting par-
ticles suggests that these environments favour different
modes of feeding. The issue is made more complex by
the temporal variability in surface wind forcing associ-
ated with the increased values of € near the surface. In
the absence of such forcing, however, the value of € is
not that different from values deeper in the water col-
umn. Thus, the relative advantage of different particle
detection modes is not constant even at a single depth.

marine snow

fecal pellet

lence. Plumes associated with larger parti-
cles are relatively more susceptible to the
effects of turbulence than those associated 107

10°

with smaller particles. For a marine snow "’g 102 m’g
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crease by about 3 orders of magnitude > ~
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effects of turbulence is less dramatic for 106 ] - 1872

fecal pellets where plume characteristics —1
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vertical gradients in energy dissipation
rates (e.g. Yamazaki et al. 2002) suggest
that different modes of particle finding

Fig. 10. Effect of particle size on various metrics for different turbulence in-
tensities. Particle sizes are typical for (a,c,e) marine snow and (b,d,f) fecal

pellets. Values of € = 107%, 1074, 1072, 1 cm? 573
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Examples

Excretion from a swimming copepod. Several years
ago, there was discussion of the importance of non-
uniform regeneration of nutrients, such as that result-
ing from excretion by a swimming copepod (e.g. Gold-
man et al. 1979, Jackson 1980, Lehman & Scavia 1982,
Jackson 1987). Any plume left by such a copepod
would be subject to the same processes as the plume
behind a falling particle. For the numbers in Jackson
(1980), w=1200m d! = 1.4 cm s7!, and a filtration rate
of 168 cm® d7!, and assuming that the animals convert
0.1 pM = 10719 mol cm™3, then the copepods release at
a rate equivalent to L = 1.94 x 10713 mol s™!. Assuming
that a background concentration of 107! mol cm®is an
appropriate value for C*, then Z;* = 154 cm and Ty* =
135 s. The plume will be decreased if yTy* =2 ore = 1070
cm? 573, Because the surface mixed layer has greater
turbulence, there will be a dramatic decrease in plume
extent and lifetime near the surface.

Discarded appendicularian houses and their en-
counter by copepods. Appendicularians, also known as
larvaceans, are common members of many marine
pelagic ecosystems and can reach abundances of C, =
300 m~3 over the upper 10 m (Vargas et al. 2002). They
construct a mucus housing through which they filter
seawater. The filters become clogged with time, forcing
animals to abandon the old and build new houses, typi-
cally every T;, =4 to 6 h (Hansen et al. 1996). The aban-
doned houses can form a significant fraction of the par-
ticulate mass settling out of the surface layer, either by
themselves or as part of mixed aggregates. Typical ap-
pendicularian houses (e.g. Oikopleuria dioica, Fritil-
laria borealis) are 0.2 cm in radius, which corresponds
to a sinking speed of w=0.08 cms™! (=74 m d"!) and a
leakage rate of L =9 x 107 mol s! (Eq. 8 in Kierboe &
Thygesen 2001). At a threshold detection concentration
of C* = 107" mol cm™3, this gives a plume length of Zy* =
70 cm (Eq. 1) and a detection time scale Ty* = 830 s in
still water (Eq. 5). In still water, the plume volume
(Fig. 11a) is 1.8 cm?® and is of the same magnitude,
1.1 cm? at low turbulence levels (€ = 107 cm? s73). How-
ever, at moderately high turbulence levels (€ = 1072 cm?
s7%), the volume is reduced to 0.02 cm?®, nearly 2 orders
of magnitude. A similar reduction range is seen in other
plume metrics (Fig. 11b,c) and is bound to a have signif-
icant impact on the encounter rate between discarded
house aggregates and colonizing organisms.

Fecal pellets. Solute plumes associated with typical
fecal pellets are much shorter and have a smaller diffu-
sion time scale associated with them than typical
marine snow aggregates. Even for relatively large
fecal pellets such as for Calanus finmarchicus (equiva-
lent spherical radius r = 0.008 cm), the plume length is
Zy* =5 cm and the effects of turbulence come into play
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Fig. 11. Plume metrics as a function of turbulent dissipation

rate for a marine snow aggregate of size r = 2 mm and detec-

tion threshold C* = 10'! mol cm~3. The dashed line indicates

the metric value for calm water, (a) plume volume (® total, o 15

segment), (b) plume length (e 1 segment along plume, o 1%

segment Euclidean) and (c) plume cross section (e total,
o 1% segment)

3 a moderately high turbulence level.

ate>10*cm?s

Diffusive time scales T* range from 10 s at 107% cm? 573
to 0.5 s at 1 cm? s73 suggesting that solute rapidly dif-
fuse below detection levels. For smaller pellets (e.g.
Acartia tonsa, r = 0.004 cm), Zy* = 1 cm and turbulence
effects appear at € > 10~ cm? s~3. The relative impor-
tance of plume detection versus hydromechanical sig-
nals has been considered by Jackson & Kiagrboe (2004)
who showed that for fecal pellets in still water, the
encounter rate mediated by the 2 detection mecha-
nisms were of similar magnitude. This finding may be
qualitatively invariant under turbulence given that tur-
bulence effects only appear at relatively high levels
and that at these levels hydromechanical signal detec-

tion would also be compromised (e.g. Visser 2001).

Unresolved issues

In presenting these results, we have focused on
those aspects that have relatively robust statistics. In
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doing so we have glossed over many aspects leading to
variability in the various measures of plumes and their
contribution to the spatial homogeneity of the pelagic
environment. For example, turbulence makes the
plume cross-section compact and overlapping rather
than elongate. The fact that the straight line distance to
a particle is significantly shorter than the along plume
length could have implications for zooplankton behav-
iour in turbulent environments.

The signal. The sensing ability of animals is an
important but largely unknown aspect of the total
problem of finding particles by the use of plumes. For
instance, the nature of the chemical being sensed (Carr
1988, Zimmer & Butman 2004), the sensitivity of ani-
mals and signal strength above background levels
(e.g. Hamner & Hamner 1977, Poulet & Ouellet 1982,
Atema 1988) are all important issues with regards
plume detection.

Behaviour. Likewise, behavioural aspects of how
animals follow chemical trails (e.g. Hamner & Hamner
1977, Yen et al. 1998, Tsuda & Miller 1998) are impor-
tant in utilizing information. Because the concentration
gradient along a plume is very small, there are no sim-
ple chemical cues telling an animal which direction to
choose when it finds the trail. Observations show that
animals have a significant probability of choosing the
wrong direction when tracking a plume (e.g. Kierboe
2001), but they reverse directions when they discover
their error. The behavioural response of animals to
plume breaks (Hamner & Hamner 1977) and the effi-
ciency their subsequent search strategy will impact
finding particles, particularly when turbulent intensity
is high. Finally, there is the spatial complexity of a
plume and how animals react to it (e.g. Yen et al. 1998,
Tsuda & Miller 1998, Yen et al. 1998). The interpreta-
tion of the plume size implicitly assumes that the
plume is laid out in a way that does not have it folding
over itself. However, the compact nature of the plume,
as shown by the difference between along-plume
length of a plume and the straight line distance sug-
gests that there can be a significant decrease in actual
cross-sectional area.

Multiple particles. The actual environment that a
zooplankter or bacterium experiences is the result of
many particles of different sizes and sinking speeds
falling around it. One way to incorporate this particle
diversity is to use multiple particles consistent with an
observed particle size spectrum, as was done in Jack-
son & Kigrboe (2004). To what extent do plumes from
small particles mask signals from larger ones creating
spurious signatures?

Turbulence. Finally, certain issues regarding the
kinematic simulations and turbulence as seen in the
marine environment remain unresolved. Firstly, the
simulations proceed on the assumption that marine tur-

bulence is isotropic: often it is not. Because of stratifica-
tion, vertical turbulent motions are damped out more
rapidly than horizontal components and isotropic con-
ditions are met for only smaller scales of the turbulent
motion (e.g. Gargett et al. 1984). In addition, the kine-
matic simulations used here share only some of the
characteristics of fully developed isotropic 3D turbu-
lence (e.g. Fung et al. 1992, Yamazaki et al. 2004). The
important nonlinear processes that establish the phase
relationship between scales are not captured. As a re-
sult, coherent structures are absent in the kinematic
simulations. Also, the mean principal rates of strain, i.e.
the mean eigenvalues of the rate of strain tensor, have
the ratio (1:0:-1) (-ve indicating compression, +ve
extension) in the kinematic simulations, whereas in
turbulence, they appear as (%:Y%:-1) both in observa-
tions (Smyth 1999) and direct numerical simulations
(Yamazaki et al. 2004). Since straining plays a central
role in the development of the plume, this difference
may have some impact on the results reported here.

Conclusion

The characteristics of a chemical plume exuded from
a moving source in a turbulent water column is a
generic problem in the pelagic environment. Such con-
siderations are important in the encounter rate of
chemosensory organisms with sinking marine snow
particles and fecal pellets, a process central in the re-
mineralization of organic carbon produced in the
euphotic zone. Similar considerations hold in deter-
mining the encounter rate of male copepods with
pheromone trails released by swimming females.
Depending on the details of the encounter process, the
relevant plume metrics are the detectable plume vol-
ume, plume cross sectional area and plume length.
Despite the complexity of the parameter space in-
volved, particle size-dependent sinking and leakage
rates, species-dependent detection thresholds as well
as highly variable turbulence levels, the form of these
plume metrics appear to conform to simple functional
relationships. Armed with these functional relation-
ships, it is possible to translate observed particle size
spectra into spectra of dissolved organic matter
patches in pelagic environments.
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Appendix 1. Length and detection of a plume under turbulent straining

The concentration field associated with diffusion from a line
source is given by:

- _9 _-p*/abDp)

AN = e

(Carslaw & Jaeger 1959) where pis the radial distance to the
line source, q is the source strength in units of mass per unit
length and D is the molecular diffusivity. This result is
equivalent to the solution for the concentration behind a
point source moving at a velocity w at a distance z (=wt)
behind the source:

(Al1-1)

_ L
wpz) =

e—pzw/[4Dz) (A1-2)
where L (=wq) is the leakage rate in units of mass per time
(Okubo 1980, Jackson & Kigrboe 2003). After a short time
step §, the concentration field is given by:

@pd =

L e—pz/(4D5]
4TDwW O

consistent with the initial conditions set on C;;and A;;in Eqs.
(17) & (18).

Consider a cylinder of infinitesimal length §;, radius p; and
volume Tt&;p?2. Because the length is &;,; =&;e ™Y after stretch-
ing over a short time step 8 with mean uniform rate of strain
y,conservation of mass implies that p;,;?= p;?e™¥®. As a result,
for a chemical tracer initially distributed as a Gaussian
cylindrical distribution (Eq. 14), both straining of the fluid
along the central axis and diffusion perpendicular to it
transform one Gaussian distribution to another. In particu-
lar, if the initial distribution at a particular time is:

@ = Ciexpg-%zg

then stretching over time d means the positions of the result-
ing concentrations are described by:

@y = C}exp@»)\lzpi:wa

A comparison of Eq. (Al-4) with that for pure diffusion,
Eq. (A1-1), shows that the two are equivalent if A2 = 4Dt;and
C;= q/TA\%. For t = t;+ 8, Eq. (A1-1) implies:

_ MG p*
W = Dsan em§4D6+A3§

To incorporate both processes, we incorporate the expres-
sion for A;, ;% from Eq. (A1-5) into Eq. (A1-6) for a short time
step o

(A1-3)

(Al1-4)

(A1-5)

(A1-6)

ACevd E_ p?

p2
W = C. L
#1 = Da+ a2e v “PH 1D+ }\jze’yég e - Aot g
(A1-7)
from which we deduce the recursion formulae:

A2 = 4D +)\2e7V0
2 (A1-8)

Ciy = Ai]zciefy&

)\i+1

These rules allow for the evaluation of A%(t) and C(t) in the
following manner:

A =4Dd
A3 =4D3 +A}e¥d =4D3(1 +e™Vy
A2 =4D3 +2\}e¥3 = 4D5+4DJ1+e e V3 =4D1 +e” Y3+e? §)

n-1 1- e—ny5

AL =4D8%y (e7V9) = 4D6m (A1-9)
i=0

Noting that t = nd, and foryd<« 1, 1-e V0= yd in the limit
5 -» 0 we get:

In the limit as y — 0, A(f) = 2(D#)"/?, which is the same as for
the non-turbulent case. Note also that for ¢t > 1/y, the across
plume length scale becomes time invariant A = 2(D/y)"?,
which is 3 times the Batchelor scale, Az = (D?v/g)V4, the
smallest scale of variations for a diffusing material in a tur-
bulent flow (Batchelor 1959).

For C;, the recursion leads to:
Cp Co GGy _ Ca

Cn—l Cn—z C2 Cl C1

2 2 2 2 2
- )\n—l )\H—Z )\2 )\1 ef(nfi]yé = )\1 ef[nfl)yé
)\ 2 2

A

n-1 n

That is: A2
C, = C,2L_e(n-ys
n AHQ

(A1-11)

The initial concentration along the axis of the plume is set
by C; = L/(4nDw?9). Thus, in the limit - 0:

ci) = LW/ eVt

4TDwW 1-e V! (A1-12)

The time evolution of a chemical tracer emitted from a sink-
ing particle under the combined action of diffusion and a
turbulent rate of strain y is given by:

Ly e P’y
t) = A1-13
“pi) 4an1-e‘erng_4D(1—e‘Vf)§ ( )

This can be written in terms of (t)using Eq. (A1-4):

L P*w
= A1-14
WY = DEWETDEE ( )
Note that in the limit asy - 0:
L p?
= Xp - —— A1-15
®(A1) 4T[Dw1‘e §4Dta ( )

as in Eq. (2) of Jackson & Kierboe (2004).

By way of verification, it can be shown that the function
o(p,t) in Eq. (A1-13) is a solution to the advection-diffusion
equation: 20 v

— = D2 L~ A1-16
ot ¢ 00 ( )
This is in keeping with the physical prescription of the prob-
lem, an advection diffusion process (written in cylindrical
coordinates) with radial advection dp/dt = -%4yp.
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Appendix 3. Variance of turbulent rate of strain

In 3D isotropic turbulence, the average distance between
2 parcels in the fluid changes at a rate that is scale-depen-
dent. In the inertial sub-range (scales larger than the Kol-
mogorov length scale n and smaller than the integral
length scale I), this is given by Richardson's law:

% < aen” (A2-1)

ot
where a is a constant of order 1, € is the turbulent dissipa-
tion rate and ¢ describes the mean separation between any
2 points in the fluid. However, the distance between these
2 points following a material line could be considerably
longer and is governed by the micro-structure rate of
strain yr = [€/(2V)]"? associated with the turbulent flow
(e.g. Batchelor 1952, Cocke 1969, Monin & Yaglom 1975,
Tsinober 2001). At sub-Kolmogorov length scales, the rel-
ative distance between 2 fluid elements is given by:

0(d§)
ot

where v is the fluid viscosity, d€ is the length of an infini-
tesimally small material line segment and y is the turbu-
lent rate of strain associated with material line deforma-
tion (Monin & Yaglom 1975). Assuming that y is isotropic
(an assumption that will be more closely examined later),
the length of a material line segment is thus given by:

172
= y(d&) where y= (i) (A2-2)
6v

dE(t) = et (A2-3)

provided that d&(f) < n for all ¢; a condition that can be met
by making the initial segment length d&, small enough.
For a material line being traced out by a point source sink-
ing at a speed w;, the initial segment length is given by d&,
= wdt, where dtis a small time step. The total length of the
material line traced out by the falling particle is given by
integrating over the path through time:

&) = (e -1) (A2-4)

This gives the length of a material line traced out by a
point moving in a uniform direction at speed w under
isotropic turbulent straining.

Editorial responsibility: Otto Kinne (Editor),
Oldendorf/Luhe, Germany

The rate of strain associated with the turbulent field y(x, t)
is not constant but fluctuates in time and space about a
mean value Y with standard deviation o that is of the order
of y (cf. Girimaji & Pope 1990). The length scale of these
fluctuations is the Taylor micro-scale At and the time scale
is Tr = A/U = 4/y (e.g. Tennekes & Lumley 1972). For a
small line segment drifting freely in the fluid, its relative
rate of change is given by y(f) which gives:

dE(t) = de el

(A3-1)
analogous to Eq. (A2-3) for uniform straining. For ¢ > Tr,
the exponential factor tends to e' for all initial conditions.
However, for ¢ < T, the exponential factor can range from
1 (no net straining) to e*'! (maximum net straining)
depending on the time scale and initial conditions.

For a material line laid out by a sinking particle, the spa-
tial coordinate z can be transformed to time by z = wt.
Thus, for t> At/w, there are significant spatial variations of
stretching along the length of the material line.
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