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PHYTOPLANKTON DISTRIBUTION IN THE MIXED LAYER: IMPLICATION TO KRILL
ABUNDANCE"
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Abstract

A one dimensional Lagrangian model of random walk is presented to
study the distribution of phytoplankton in the Antarctic ocean. Since
little is known about mixed layer dynamics in the Antarctic Ocean, we
estimate the depth of the mixed layer and its turbulence intensity
from an Ekman layer model. Available CTD data suggest that the
mixing in the upper layer is less than what we expected. However,
the effect on the dynamics is vital, affecting the distribution of
particles in the upper ocean.

Résumé

Un modéle uni-dimensionnel de trajet aléatoire de Lagrange est
présenté pour permetire I'étude de la distribution du phytoplancton
dans l'océan Antarctique. Vu que 'on posséde une connaissance réduite
de la dynamique des couches mixtes dans l'océan Antarctique, la
profondeur de la couche mixte et I'intensité de sa turbulence ont été
estimées d'aprés un modele de couche d'Ekman. Des données
disponibles de conductivité, température, profondeur, suggérent que
le mélange dans la couche supérieure est moindre que l'on ne s'y
attendait. Cependant, la répercussion sur la dynamique est vitale, car
elle modifie la distribution des particules dans la couche supérieure
de l'océan. ’

PezwoMe

As1 U3yueHusl pacrnpocTpaHeHHs1 ¢(UTONJIAHKTOHAa B BoJax
AHTapKTHUKU NpeACTaRJeHa OJHOMepHasi MoJeJb JlarpeHIxa
(Lagrange) cayuatinoro 6ayxaHusi. IIOCKOJIbKY MaJio U3BECTHO
O AHMHAaMUKe CMEMAaHHOI'O CJIOSI B BOJAaX AHTApPKTUKH, Iy 6UHA
CMEMAaHHOIro CJIOSI U UHTEHCUBHOCTb TYpO6YJIEHTHOCTU B HEM
6b1/1 OlleHeHbl C NOMOIbID MoJAeJu cjos IkMaHa (Ekman layer
model). o uMewmMUMCS JAaHHBIM 1O IPOROAUMOCTH,
TeMInepaTtype U ray6uHe (CTD) MOXHO MNpPEANOJIOXUTb, UTO
cMelleHHe B BepXHeM CJioe MeHblle npeAnoJaraeMoro. TeM He
MeHee, ero BO3AeUCTBUE Ha AMHAMHKY BEJIUKO, B CBSI3U C TEM,
UTO OHO OKasblBaeT BJIUSIHUE Ha pacnpejesieHUue UYacTUll B
BEPXHUX CAOSIX OKEaHa.

Resumen

Se presenta un modelo unidimensional de Lagrange de trayecto
aleatorio para estudiar la distribucion del fitoplancton en el Océano

i (Revised)
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Antartico. Ya que se sabe poco sobre la dindmica de las capas mixtas
del Océano Antartico, estimamos la profundidad de la capa mixta y su
intensidad de turbulencia a partir de un modelo de la capa Ekman. Los
datos CTD disponibles, sugieren que la mezcla en la capa superior es
menor de lo esperado. Sin embargo, el efecto en la dindmica es vital,
afectando a la distribucién de particulas en la parte superior del
océano.




1. INTRODUCTION

There has been an increasing interest in the variability of biological marine
resources, but little progress toward accurate predictions of productivity has been made.
The major difficulty arises in variations among the density-dependent populations whose
controlling factors are not only the prey-predator interaction and the physiological
conditions but also the in situ physical environment. The problem, as it now stands, is
highly complex with many degrees of freedom.

The basic concept underlying our approach is to use a Lagrangian kinematic model to
trace individual organisms in space and time. Historically, Eulerian models have been
adapted to study the distribution of plankton. For example, Wroblewski (1982) models
copepoda abundance during upwelling off the Oregon coast. The model results agree favorably
with observations. Since the Eulerian models inherently deal with averaged spatial
distributions, the results may differ considerably from the reality because
physical-biological interactions are highly non-linear. Woods and Onken (1982) state that
“averaging non-linear equations before integration does not give the same answer as
averaging them after integration.” An individual life history can only be evaluated by a
Lagrangian type model. They also note that “..the power of the Lagrangian ensemble method
lies in its potential for testing the consequences of different hypotheses concerning the
physiology and behavior of plankion, in a systematic and internally consistent way”. They
are referring to phytoplankton but the same principal holds for zooplankton. Platt and
Gallegos (1980) state that “we need more knowledge about how complex trajectories affect
photosynthetic performance by phytoplanktion; we need to incorporate these complex
trajectories into our experimental designs; and we need to cooperate with physical
oceanographer to study how the temporal responses to the phytoplankton are coupled to the
temporal scales of mixing found in" nature”. Lagrangian models require an extensive
computational effort compared to Eulerian models, but the models have advantages; namely
the coding does not require a sophisticated algorithm; the model can be fairly flexible to
variety of environmental conditions; and prey-predator interaction can be “directly”
evaluated by the model. Recent advancements of computer technology make the operation
time less significant. ‘

Although experiments suggest that krill are omnivorous, the animals extensively feed
on phytoplankion. Boyd et al. (1984) estimate that they spend up to 30% of their total
respiratory energy collecting food. Morris et al. (1984) suggest that the turnover rate of
chlorophyll in a krill's stomach is of the order of minutes. These reports imply that krill
are continuously grazing, and that females must continuously consume food to meet the
minimum requirement for the production of eggs. To meet the minimum nutrient level they
must find high concentrations of food. Another important process is the efficiency of the food
capturing and handling. Ross and Quetin (1986) suggest that schooling and swimming
behavior of krill may be related to foraging. A strategy to minimize energy requirement for
feeding would be expected. A correlation between krill swarms and phytoplankton abundance
was discussed by Weber and El-Sayed (1985). Hence, we think that studying the
distribution of the food (phytoplankton) is the key to understanding the distribution of krill.
The animals are excellent swimmers and velocities of 40 cm s! are possible. Therefore,
small scale turbulence is irrelevant to their swimming ability, but the turbulence can
significantly affect the distribution of their food source and their foraging. The goal of our
study is to develop a Lagrangian prey-predator model for krill and phytoplankton.
Phytoplankton grow in the upper ocean where enhanced mixing due to turbulence can be
found. Unfortunately, however, very little is known about mixed layers in the Antarctic
ocean. ‘

We deduce the dynamics of the mixed layer in the Antarctic ocean from existing STD

data in the next section. Implementation of one-dimensional Lagrangian model is discussed in
section 3. The last section summarizes our preliminary resuits.
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2. THE MIXED LAYER IN THE ANTARCTIC
2.1 STD Data

STD data from a hydrographic survey made from R/V Professor Seidlecki in January,
1987 near the Antarctic Peninsula were used to investigate the level of turbulence in the
mixed layer. A section along 57° W (Figure 1) shows the transition from Pacific water to
Bransfield Strait water separated by a frontal zone at near the latitude 61.3 degrees south
(Gordon, 1988). In general, the stratification in the Antarctic Ocean, south of the front, is
very weak compared to that of the low latitude ocean. The depths of the mixed layer in the
Pacific water, north of the front, ranges between 30 and 50 meters. A sharp pycnocline
near 40 m in STD237 shows a high buoyancy frequency, N, as is often found at the base of
mixed layers at mid-latitude. Stratification in the continental front and Bransfield strait
water is weak, and mixed layers are not apparent. Since wind speeds were typically 10 to
15 m s' (Chapman, personal communication), the buoyancy flux provided by melt water
must be suppressing the surface mixing. The Weddell Sea is covered by the sea ice in
January.

2.2  Mixed Layer Depth

The depth of mixing is controlled by the surface buoyancy production (cooling
promotes convection) and by the surface wind stress, but quantitative relationships between
the depth of mixing and surface forcing are still controversial. Since very little is known
about surface forcing in the Antarctic ocean, we will use the Ekman depth

he = xu.lf (1)

as the upper limit to the depth of mixing, where u. = (t./p)12, t, is the surface wind stress,
f the Coriolis parameter and p the density of water. Turbulence observations at
mid-latitudes for wind speeds of 10 m s-1 show mixing to approximately 65% of the Ekman
depth (Lueck, 1989). Because of the strong surface buoyancy flux provided by melt water,
convective mixing is not expected during the southern summer. For current models, the
Ekman depth is a sufficient indicator of the depth of mixing.

2.3  Turbulence

Under purely wind-stress forcing, the rate of dissipation of kinetic energy should
follow
£ = US/kz (2)

(Gregg, 1987). Figure 2 shows the dissipation profile for Uyg = 1, 5, 10 and 20 m sec! at
61°S and the profiles are terminated at the depth of Ekman layer. The dissipation rate
decreases inversely from 5x106 W kg-! at 1 meter to 107 W kg-! for Uyo=10 m sec!. The
average dissipation rate <e> over the depth range gives 5x107 W kg-'. In order to exam the
scale of turbulent mixing we introduce a universal spectrum for the isotropic turbulence.
The energy spectrum E(k) is expressed as follows

E(k) = ae?3k-5Bexp[-1.5a{nBo-12(kl)-43+(kn)4/3}] (3)
where o and B are canonical constants and k is the radian wave number. The spectrum shape
has a sharp cut-off at both the energy containing eddy scale ! and the Kolmogorov length scale

n=(v3/e)14. For a scale smaller than 2rn the flow is dominated by the viscosity and is
laminar. The integration of E(k) gives the turbulence kinetic energy ¢2=3u2/2,
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(=
gz = Jl E(k) dk (4)

o

where u is the rms turbulent velocity scale.
The dissipation rate spectrum D(k) can be expressed in terms of E(k) as follows
D(k) = 2vk2E(k) (5)
The integration of D(k) gives the kinetic dissipation rate.

(‘m
g = JID(k)dk (6)

o

The dissipation rate can be set from the Ekman layer model. The dissipation rate is also
related to the energy containing eddy scale.

e =Audl ! (7)

where A is a constant of an order one. For the sake of simplicity we have used A=1.
Therefore by knowing e, for our case <e> from the Ekman layer model, u can be evaluated
with 1.

The energy containing eddy scale, /, is bounded by the depth of mixed layer and may be
proportional the Ozmidov scale L,=(eN-3)'2 which is a scale of the largest eddy size in a
stratified fluid. Stratification limits the vertical scale of turbulent fluctuations although not
necessarily the vertical extent of the patches. Detailed measurements of the three turbulent
velocity components (Gargett et al. 1984) from the Pisces submersible show the
suppression of vertical velocities at scale larger than L,. The turbulence velocity scale u
may be estimated by assuming I =L,,.

U= (<e>L)13 = (<e>N-1)1/2, (8)

where <e> is the previously defined average dissipation rate between 1 meter and hg. Figure
3 shows the shape of turbulent energy spectrum (solid line) and the dissipation spectrum
(dotted line) for N=0.001 rad s! and Uso=1, 5, 10 and 20 m sec? at 61°S. Since N can be
an order of magnitude larger than 0.001 Figure 4 is prepared for N=0.01 rad s'! with the
same condition. The turbulent eddy sizes vary between the energy containing eddy scale and
the Kolmogorov dissipation scale.

Another length scale may be used to describe the turbulence field is the Taylor
microscale Iy= us™!, where s2 is a turbulent strain component 2e15-1v-1, . The turbulent
field may be considered as an equivalent vortex tube with the size of It and the velocity scale
u. Although the length scale is not a characteristic length of the strain-rate field and does
not represent any group of eddy sizes in which dissipative effects are strong (Tennekes and
Lumley, 1972, p 68), the scale has a direct implication to the Lagrangian auto-correlation
function and thus makes useful to link the universal spectral theory and the diffusion
processes.

It is instructive to show an inter-comparison among four length scales. The
Ekman depth hgis shown in Figure 5 (solid line) with the depth averaged dissipation rate,
<eg>. The Ozmidov scale L, (dotted lines), the Taylor microscale It (single- and
double-chain-dot lines), and the Kolmogorov scale n (dashed line) are also depicted against
<e>. We used three different buoyancy frequency N=0.001, 0.005, 0.01 rad s for L,.
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Since the energy containing eddy size can be set by either hg or L,, the Taylor microscales
based on both scales are shown in the same figure. For the wind speed higher than 5 m s!
these scales hold the inequality hg>L,>I;>n. The Taylor microscale is insensitive to changes in
<e>, in fact Iy base on L, is independent from <e>. The range of [, is approximately an order of
magnitude around 10-' m. Turbulence eddies within the inertia sub-range are unaffected by
the size of the energy containing eddy and the viscous dissipation scale. The Ozmidov scale
can be considerably different depending on the stratification but the size of largest eddy is
limited by the depth of mixed layer he.

2.4  Diffusivity
Particle tracking must be done in a Lagrangian fashion, thus the above discussion is
not useful unless we relate the universal spectrum to the Lagrangian statistics. A particle

displacement can be investigated with the Lagrangian auto-correlation function p,(t). The
empirical function is in a simple form,

pu(t) = exp(-tr) (9)

where A is the integral time scale. For this simple form of the auto-correlation function the
integral scale is related with the Taylor microscale, namely A=Iyu! provided the Lagrangian
velocity scale is identical to the Eulerian velocity scale. A mean square value of a particle
displacement, <X(#)>2, can be expressed in terms of A.

<X()>2 = 2u2\t (10)

Note that the above expression is valid as an asymptotic result. The diffusion coefficient Kp
can be defined as follows (Taylor, 1921),

Kp = (1/2) d<X(f)>2/dt = u2\ = uly. (11)
If we employ Eulerian quantities for the above expression we can rewrite Kp as

Kp = (15/2)172 (g]4y3)1/6 (12)
If we take I = L,,

Kp = (15/2)12(gv-2)12 = 7.5ysN-1, (13)
Since we used the Ozmidov scale for I the formula is only applicable for the vertical diffusion
in the stably stratified environment. The equation (13) is considerably different from the
empirically suggested form K,=aeN-2 where a is an empirical constant. Osborn (1980)
suggests the upper bound for a is 0.2, hence

K, = 0.2eN=2. (14)

Since the diffusion coefficient must have the same dimension with the turbulence velocity
scale u times a length scale L, a dimensional argument yields K, must be a constant times uL.
Hence the K, model can be obtained by setting L=L,. The discrepancy between (13) and (14)
is rooted in the original formulation.

Figure 6 shows values of K and K, against ¢ for three different N (0.001, 0.005 and

0.01 rad s'). The kinematic viscosity was evaluated at 2°C. The average dissipation rate in
the mixed layer is roughly between 107 and 10 W Kg-'. Diffusion coefficient from the K,
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model varies three decades between 104 and 10! m2 s''. On the other hand the Kp model
varies 104 and 103 m2 s-1. We think realistic values for the diffusion coefficient may be
close to the Kp model.

3 ONE DIMENSIONAL LAGRANGIAN MODEL
3.1 Model

The random walk model is extensively used in simulating particle diffusion and
animal aggregation. Skellam (1951) uses the random walk model and the law of diffusion
for the study of spatial expansion and distribution of animal population. Our initial step to
model the motion of particles follows the conventional random walk. A single particle moves
from a position X(f) to an adjacent position X(t+At) with an instantaneous velocity V(X.1).
The cause of movement involves physical, physiological, and social factors. We trace the
trajectory of particle every time interval At.

('I+At
X(t+AD = X(f) + J| V(X,s) ds (15)

t
where tis a continuous time. The discrete form of the above equation may be written as
X(n+An) = X(n) + Z(n) (16)

where n is an equally spaced discrete time and Z(n) is an appropriate step size over an fixed
time interval An. If Z(n) is white noise, the process is the pure random walk. It is
convenient to separate Z(n) into biologically induced velocity Zg(n), e.g. swimming or
sinking, and physically induced velocity Zp(n), e.g. mean current or turbulence, namely

Z(n) = Zg(n) + Zp(n). (17)

We apply a simple random walk diffusion for Zp(n) if the particle is in the mixed layer,
otherwise there is no physical forcing. The step size Zp(,) follows a normal distribution
with mean zero and standard deviation (2KpAn)1/2. We used Kp=104 m2 s'! and An=1 800
sec (30 minutes). These diffusion coefficients are approximately for cases U;g=10 m s
with N=0.01 (see Figure 6) The biological component, Zg(n), is a constant-speed. The
organisms do not interact with each other so that each particle can be traced independently.
The depth of mixed layer is set by the Ekman layer model and the turbulent diffusion only
happens in the mixed layer with uniform intensity.

3.2 Simulations

At the beginning of the simulation 1 000 particles are located at the surface.
Presumably phytoplankton continuously produce new generations. Thus, 1000 particles are
added at every 24 hours over 10 day simulation time. At the end of the simulation 11 000
particles were traced. Table 1 summarizes simulation cases.

Figure 7 shows a series of particle distribution profiles at every 12 hours.
Particles diffuse like a continuous medium within the mixed layer. No significant change in
the density of particle was observed below the mixed layer, 38m, for this case. A slight
increase in the descending speed of particle cause drastic difference in the distribution
(Figure 8). Because particles sink faster than diffusive effect of turbulence, particles are
grouped in a single cluster for each generation. For descending particles under weak wind
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condition, U;o=5 m s', a deposit of particles can be found at the base of mixed layer,
however, once a particle leaves the turbulent region it never get back to the mixed layer
(Figure 9). These results indicate that fast sinking particles distribute rather uniformly
inside and below the mixed layer. On the other hand, if the turbulent intensity is not strong
enough in the mixed layer for fast sinking particles a non-uniform distribution of particles
is created.

Finally, some species of phytoplankton can swim upward and the slight motile may
cause a significant difference in the life stage. Due to the active swimming a particle can be
entrained back to the mixed layer even if it has been left from the mixed layer. An example
of particle trajectory is shown in Figure 10. Although a deposit of particles at the base of
mixed layer is growing with time, members of the cluster can be changed over the time.
Physiologically this mechanism may act to reduce photo-inhibition. Woods and Onken
(1982) showed a particle re-entry mechanism into the mixed layer by introducing diurnal
convective mixing. As we have discussed in section 2.2 the diurnal changes in the depth
mixed layer is seeming unlikely in the Antarctic ocean.

4. SUMMARY

Our simulation is still in an early stage. No suggestions can be made relating to the
distribution of krill. However, we demonstrated the distribution of phytoplankion can be
significantly changed depending on the depth mixed layer, the level of turbulence and the
sinking/swimming speed of particle. The upper layer in the Antarctic ocean is not as well
mixed as we originally thought. Presumably the weak mixing condition allows the
phytoplankton to grow sufficiently with almost unlimited nutrition level. Interrelation
between physical processes and the primary productivity in the upper ocean must have
unique characteristics in the Antarctic ocean.
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Table 1:

Physical and biological condition for simulations.

speed, Wp, was kept throughout the simulation for each case.

Swimming (or sinking)
The diffusion

coefficient Kp was fixed for all simulations. The value is close to a case when
wind speed Uy is roughly 10 m s-'. Depth of mixing layer was determined

from Ekman layer mode.

Case A B C D
Wpg(m s1) 10-4 3.x10-4 10-5 -10-5
Kp (m2s1) 10-4 10-4 10-4 10-4
Uqo(m s1) 10 10 5 5
he(m) 38 38 19 19
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Figure 1: STD profiles along 57°W taken by R/V Professor Seidlecki in January 1987.
a) Salinity (S) profiles. b) Temperature (T) profiles. ¢) Buoyancy
frequency (N) profiles. d) Location of STD stations. STD station number is
shown beneath buoyancy frequency profile.
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Figure 2: Dissipation profiles between 1 m and the base of the Ekman layer at 61°S.
Four wind conditions are used; U = 1, 5, 10 and 20 m/sec (from the left to
the right of profiles).
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Turbulence velocity spectra (solid lines) and dissipation spectra (dotted
lines). The dissipation rates are set by the average dissipation rate from
Ekman layer model. Four different wind speeds are used U;0=20, 10, 5, and 1
m s (from the top to the bottom). The energy contained eddy size is set by
the Ozmidov scale L,=(eN-3)'2 where N=0.001 rad s is used.
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Length scales against dissipation rate. The Ekman layer depth is shown by a
solid line and the dissipation rate associated with the length scale is the depth
average value. The Ozmidov scale is calculated with three different N=0.001,
0.05 and 0.01 rad s*! and three cases are shown by dotted lines (from the top
to the bottom). The Taylor microscale depends on the energy containing eddy
size. Two cases are shown the figure. The microscale based on the Ekman
depth is shown by single chain dot and the Taylor microscale calculated from
the Ozmidov scale appears as three lines of chains with double dots for
N=0.001, 0.05 and 0.01 from the top line to the bottom line respectively.
The Kolmogorov scale is depicted with a dashed line.
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Two diffusion coefficient estimates Kp and K, against dissipation rates. Solid
lines show K, and dotted lines are Kp. Three different N are used. The top of
each line is N=0.001. The middle is N=0.05. The bottom is N=0.01.
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Particle distribution profiles at every 12 hours. Number of particles, N, in one-meter bin is shown in logarithmic scale
base 10. Each profile offsets by one decade. Simulation Case A.
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Same as Figure 7 for simulation Case B.
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Same as Figure 7 for simulation Case D. Solid circles show trajectory of a particle over the whole simulation. The particle
leaves the mixed layer roughly after 5 days and is trapped in the base of the mixed layer for a day and half. The particle,
then, successfully re-enters in the mixed layer and stays in the mixed layer for the rest of the simulation period.
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Figure 1

Figure 2.

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8.

Légende du tableau

Conditions physique et biologique pour les simulations. La vitesse de nage
(ou d'enfoncement) Wp, était constante pour toute la simulation dans chaque
cas. Le coefficient de diffusion Kp était fixe dans toutes les simulations. La
valeur est proche de celle d'un cas ou la vitesse du vent U;, serait

d'environ 10 m/s. La profondeur de la couche de mélange a été déterminée
d'aprés le modele de couche d'Ekman.

Légendes des figures

Courbes de salinité / température / profondeur le long de 57°0 relevées
par le navire de recherche Professor Siedlecki au mois de janvier 1987.
a) Courbes de salinité (S). b) Courbes de température (T). c) Courbes de
fréquence de flottabilité (N). d) Emplacement des stations de salinité /
température / profondeur Le numéro de la station de salinité /
température / profondeur est indiqué sous la courbe de fréquence de
flottabilité.

Courbes de dispersion entre 1 m et la base de la couche Ekman & 61°S.
Quatre conditions de vents différents ont été utilisées; Ujq = 1, 5, 10 et
20 m/sec (de la gauche a la droite des courbes).

Spectres de la vitesse de la turbulence (lignes continues) et spectres de
dissipation (lignes en pointillé). Les taux de dissipation sont fixés au taux
moyen de dissipation du modéle des couches d'Ekman. Quatre vitesses de
vent différentes ont été utilisées; U,y =1, 5, 10 et 20 m/sec!. L'énergie a
été calculée en tenant compte de la taille du remous, et est fixé par
I'échelle Ozmidov L, = (eN /3)12 0l N = 0.001 rayon/sec est utilisé.

Identique & la figure 3 avec N = 0.01 rayon sec.

Echelles de longueur en fonction du taux de dissipation. La profondeur de la
couche Ekman est indiqué par une ligne continue et le taux de dissipation
associé avec I'échelle de longueur est la valeur moyenne de profondeur.
L'échelle Ozmidov est calculée avec trois différents N = 0.001, 0.05 et
0.01 rayon/sec et trois cas sont indiqués par des lignes pointiliées. La
micro-échelle Taylor dépend de I'énergie calculée en tenant compte de la
taille du remous. Deux cas sont illustrés sur la figure. La base de la
micro-échelle sur la profondeur Ekman est indiqué par un pointillé simple
et les échelles avec les échelles Ozmidov apparaissent en pointillé double.
L'échelle Kolmogorov est representée par une ligne tiretée.

Deux estimations du coefficient de diffusion K, et K, en fonction de taux de
dissipation. Les lignes continues indiquent K, et les lignes pointillées, K.

Trois N différents sont utilisés. Le haut de chaque ligne est N = 0.001. Le
centre est N = 0.05. Le bas est N=0.01.

Courbes de distribution des particules toutes les 12 heures. Le nombre de
particules, N, dans un réceptacle d'un métre est indiqué sur une échelle
logarithmique de base 10. Chaque courbe représente la situation de 10
jours en 10 jours. Cas de simulation A.

Identique & la figure 7 pour le cas de simulation B.
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Figure 9.

Figure 10.
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Identique a la figure 7 pour le cas de simulation C.

Identique a la figure 7 pour le cas de simulation D. Les cercles pleins
montrent la trajectoire d'une particule sur toute la simulation. La
particule quitte la couche mixte aprés environ 5 jours et est bloquée a la
base de la couche mixte pour un jour et demi. Ensuite, la particule réussit
a rentrer dans la couche mixte et y reste pendant le reste de la période de
simulation. :

3aroJIoBKU K TabBJIMIIaM

dusrueckre U 6UoJIOrHueckre ycJoBUsI MoAe/IMpoBaHusi, CKOPpOCTh
nJaBaHusl (MU norpyxenusi), Wg 6blj1a NOCTOSIHHON /AJIsI CJAyUaeB
MoiesiupoBaHusi. KoagpduueHT paccenBaHuss Kp 6blJ TOCTOSIHHBIM
AJisI BCeX NMPOroHoB MoAeJd. Ero sHaueHre 6/IM3KO K CJiyyalo, Korja
ckopocTh BeTpa Ujg paBHsIIach NpUGusuTeabHo 10 M/cek. I'mybuHa
CMENHBAIOIIEro CJI0s1 6blJia oNnpeAeJsieHa MO MOAE I CJ0s1 IKMaHa.

[loan1cH K pUCYHKaM
Mpotuau STD BAosb 57°3.4., B3ssTele HUC "TIpodeccop Ceanenkmit” B
siHBape 1987 r. a) lIpoduiu coseHocTH (S). b) HIpoduin teMmneparypbl
(7). ¢) IIpoduan YacCTOTH BCTPEUAEMOCTU CJIOsI C HEUTpaJIbHOMN
niaapydectblo (N), d) MecTtoHaxoxZeHue craHuuil STD. Howmepa
cTaHuMi STD nokazaHbl NOJ NpoduieM UACTOTHl BCTPEUAEMOCTU
CJI0S1 C HEUTPAJIbHOM MJAaByUYEeCThIo,

Mpoduinn paccerBaHusI MeXZy 1 M 1 OCHOBaHHEM CJIOA IKMaHa Ha
61°10.1.YICTIOIL3YIOTCS YETHIPE YCJIOBHUA BETPA; Uig=1,5,10u 20

M/Ce€K (CJI€Ba HAINIPAaBO IO HaIlpaBJIEHMIO ITpopueit).

CnekTp CKOpocCcTed TYpOYJIEHTHOCTHU (HENPEPLIBHbIE JIMHHUH) U
CIIEKTPHl pacceuMBaHMsA (TOoUeuyHble JMHUHN).Ko3phHUumeHTh
paccerBaHns YyCPEAHEHH! [0 MOJEJH CJIos IKMaHa. hcrosb3yeTcs
yeThlpe CKOpoCcTH BeTpa; Uig=1, 5, 10 n 20 M/cex. OTHomeHUe

MEXAY SHEPrueil ¥ pasMepoOM BOAOBOPOTA COCTAaBJIEHO MO LIKaJje
OammzoBa L, = (€/N3)12  rge N=0,001 paa/cex.

To xe, uTO N300pakeHO Ha PUCYHKeE 3, HO B JaHHOM cJyyae N=0,01
paa/cex.

llkanpl AJHAHBEL MO OTHOWEHUIO K KO3IQPUUMEHTY paccerBaHUA.
HenpephlBHAS JIMHUST YKa3blBaeT TIJYOHMHY CJOS JKMaHa, U
Ko3pdpuumeHT paccerBaHMrs, CBS3aHHBIA CO WMKaJoil AJIMHBEL,
SIBJISIETCSA CpelTHUM 3HaueHuneM riayOuHbl. llkasa O3amuaoBa
paccuMTaHa MO TPEM pa3HbIM 3HauyeHusimM: N = 0,001, 0,05, u 0,01
paa/cex. Tpm ciayuyasi T1oOKa3aHbl TOUEUHBIMU JHHHSAMH.

‘MukpomacutaG Teitsiopa 3aBHCHT OT pa3Mepa cojepxxameics B

BOJIOBOPOTE 3HEpruv. Ha pHCYHKe NpeJCTaBJIEHb] [{Ba IPHUMEpPA.
MrukpoMacuiTab, OCHOBaHHBIM Ha rJiy0HMHE cjosi JKMaHa, OTMEUEH
HTPUX-TTYHKTUPHOM JIMHMEN U MaciuTabbl, OCHOBaHHbLIE Ha IIKaJe
03MH0Ba, M300paXalTCSI ABOMHOMN MTPUX-TIYHKTUPHOM JIMHHUEN,
Illxasia KosMoropoBa u3o6paxaeTcsi IyHKTUPHOI JINHNEH.
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Tabla 1

Figura 1a

Figura 2

Figura 3

Figura 4

JIBe olleHKH kos3pduumeHTa pacnpocTtpaHeHuss Kpu Kzymno
OTHOUIEHHIO K KO3DPUUMEHTY pPacCenBaHNs. 3alITPUXOBAHHbIE TOUYKH
YKa3blBaloT K; M TOUEYHbIE JIMHUM - Kp MCNoIb3yI0TCA TPH Pa3Hbix N.
BepxHelt TOUKO Kaxaoi nHun sisisieTcsi N=0,001. CpeaHei TOUKOH
- N =0,05. HuxHeit Toukoit - N =0,01.

popuiau pacnpenesieHUss 4YacTULl uepe3 Kaxasle 12 4acos.
KoJanuecTBO YaCTUL, Nc B O,ZlHOMeTPOBOf/'I dgyee IIOKa3aHO Ha

aorapupmuueckoit mkase (Ig). Paccrosinue Mexzay HpodUIsIMU
paBHo 10 aHsiM. CJrydait MogenupoBaHusi $6

To Xe, UTO Ha pUCyHKe 7 AJis cJiyduasi MOAEJIMPOBaHUA B.
To e, uTo Ha pUcyHKe 7 AJs cJlydyasi MOAEJNPOBaHHsI C.

To Xe, uTo Ha puUCyHKe 7 aAJas1 cjayuasa MojgeanpoBaHuss D.
3aIHTpHXOBaHHble TOUKU IMOKA3bIBAKT TPAEKTOPUID UYACTHULBI B
TeueHHe Bcero MoJieJupoBaHusl YacTHULa MOKUZAAET CMEUMBAIOUIMIL
cJioM IIpI/lﬁ.Hl/IBI/ITeJIbHO yepes 5 AHell U 3a€pPXKUBaETCsd B OCHOBaAHUU
CMEeUIMBaImero cJosd Ha NoJTopa AHsS. 3aTeM UYacTuiia ycnemHo
CHOBa BXOAUT B CMCIHI/IB&!OHJI/IIZ CJIOUM U OCTAaeTCd TaM O OKOHUAHUMA
nepuoga MoAEJIMPOBaHUA,

Encabezamiento de la Tabla

Condiciones fisicas y bioldgicas para simulaciones. La velocidad de natacién
(o hundimiento), Wpg, se mantuvo durante la simulacién de cada caso. Se
fijo el coeficiente de difusién Kp para todas las simulaciones. El valor esta
préximo a un caso cuando la velocidad del viento Usp es aproximadamente

10 m s1. La profundidad de la capa mixta fue determinada a partir de la
moda de la capa Ekman.

Leyendas de las Figuras

Perfiles STD (salinidad, temperatura, profundidad) a lo largo de los 57°O
tomados por el B/I Professor Siedlecki en enero de 1987. a) Salinidad (S)
perfiles. b) Temperatura (T) perfiles. ¢) Frecuencia de flotabilidad (N)
perfiles. d) Localizacién de las estaciones STD. El nimero de estaciéon STD
se muestra debajo del perfil de frecuencia de flotabilidad.

Perfiles de disipaciéon entre 1 m y la base de la capa Ekman a los 61°S. Se
usan cuatro condiciones de viento; Ujp = 1,5,10, y 20 m sec™ (de izquierda
a derecha de los perfiles).

Espectro de velocidad de turbulencia (lineas soélidas) y espectro de
disipacion (lineas de puntos). Los indices de disipacién se establecen por el
indice de disipacién promedio del modelo de la capa Ekman. Se utilizan
cuatro velocidades de viento diferentes Uip = 1,5,10 y 20 m sec -!. La
energia contenida en un remolino de un tamafio dado se establece por la
escala Ozmidov L, = (N-3)12 donde N = 0.001 rad sec! es utilizado.

lgual que en la Figura 3 con N = 0.01 rad sec.
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Figura 5

Figura 6

Figura 7

Figura 8

Figura 9

Figura 10
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Escala de longitud como funcién del indice de disipacién. La profundidad de
la capa Ekman esta indicada con una linea sélida y el indice de disipacion
asociado con la escala de longitud es el valor promedio de profundidad. La
escala Ozmidov se calcula con tres N = 0.001, 0.05 y 0.01 rad sec!
diferentes y tres casos estan indicados mediante lineas de puntos. La micro
escala Taylor depende de la energia que contiene remolinos de un tamafio
dado. Se muestran dos casos en la Figura. La base de la micro escala en la
profundidad Ekman esta indicada por una cadena de puntos sencilla y las
escalas Ozmidov aparecen con una cadena de puntos doble. La escala
Kolmogorov esta representada con una linea quebrada.

Dos estimaciones del coeficiente de difusion Kp y Kz en relacién a los indices
de disipacién. Las lineas sélidas representan Kzy las lineas de puntos Kp.
Se utilizan tres N diferentes. La parte superior de cada linea es N = 0.001.
La parte central es N = 0.05. La parte inferior es N= 0.01.

Perfiles de la distribucion de particulars cada 12 horas. Caso de
simulacién A.

Perfiles de la distribucién de particulas cada 12 horas. Caso de simulacion
B.

Perfiles de la distribucién de particulas cada 12 horas. Caso de simulacion
C.

Perfiles de la distribucién de particulas cada 12 horas. Caso de simulacion
D.




