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Introduction

Dispersion of passive tracers in an oceanic
mesoscale eddy field”

Keiko YOKOYAMA ™" *** and Kenzo TAKANO**

Abstract: Numerical experiments are carried out for estimating the effect of the mesoscale
eddies on the dispersion of dynamically passive tracers in a model ocean. Tracers are dis-
persed by advection and diffusion. The velocity field is supplied as a function of time from
a prognostic, four-level, eddy resolving ocean circulation model. The model ocean extend-
ing from 25.0°N to 50.5°N in latitude and over 24.8° in longitude may be considered as a
portion of the northwestern Pacific Ocean of simplified geometry. Its depth is 4000m except
at a ridge 1900m high. The grid size is 0.375° in latitude and 0.43° in longitude. The sub-
stance concentration is calculated at depths of 80, 400, 1600 and 2600m by integrating in time
a three-dimensional advection-diffusion equation.

The large scale dispersion over the whole ocean basin is shown in two cases; one is the
dispersion from an instantaneous plane source distributed over the whole ocean surface,
and the other is the dispersion from an instantaneous point source on the bottom. The co-
efficient of horizontal diffusion is 10°m*/s. The coefficient of vertical diffusion is 10 *'m?/s.
The complete dispersion defined by the uniform distribution of tracers over the whole ocean
basin is achieved in about 30 years in both cases. If the time-average velocity field is used
instead of the eddy field, it is achieved in about 50 years. The dispersion is significantly en-
hanced by mesoscale eddies. Since the time required for the complete dispersion depends
on the volume of the ocean basin, and the volume of the model ocean is 1.77X10'km® com-
pared with 72.4X10km’° of the Pacific Ocean and 137X10'km”® of the world ocean, a simu-
lated period of 30 years should be equivalent to 1250 years in the Pacific Ocean and 2310
years in the world ocean. Both figures surprisingly agree with the turnover time estimated
from “C and others.

oceanographic consequences in a wide range of

The ocean interior is filled with velocity fluc-
tuations having horizontal scales of some hun-
dreds of kilometers, vertical scales approxi-
mately equal to the water depth and time scales
of several weeks, which are commonly referred
to as mesoscale eddies. Their typical phase ve-
locity is about 10cm/s. The typical particle ve-
locity is also about 10cm/s. Since the time-
average is about lem/s or less, the eddy kinetic
energy is predominant in the mid-ocean kinetic
energy.

The eddy-induced dispersion has important
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fields. It is linked to the general circulation
through the transport of momentum, heat and
salt and to the ocean-atmosphere system
through the transport of heat, water (salt) and
carbon dioxide, to biological productivity
through the transport of nutrients, phyto-
plankton and fish larvae, and to the distribution
of geochemical tracers such as tritium, oxygen,
chlorofluorocarbons and *C.

In addition, it is closely linked to the disposal
of industrial wastes and the dispersion of vari-
ous pollutants, which is the motivation of the
present study.

In these regards, not a few works, either ob-
servational or theoretical, have been done for
understanding to what extent the eddy-induced
dispersion affects physical, chemical and bio-
logical processes in the mid-ocean (for instance,
HAIDVOGEL et al., 1983).
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Fig. 1. Geometry of the ocean basin, wind stress (W) and reference atmospheric tem-
perature (T). A ridge with a gap is shaded. A point source is located at P. Stick
diagrams will be shown at Points A and B, and power spectra at Q and R.

However, our understanding still remains
poor. The present study is concerned with dis-
persion of dynamically passive tracers, as a part
of a preoperational survey of an area at 30°N,
147°E for ocean bottom disposal of radioactive
wastes planned by Science and Technology
Agency of Japan. A finite difference advection-
diffusion equation for the tracers, initially dis-
tributed to the whole ocean surface and to a
limited area on the ocean floor, is solved in a
model ocean. The velocity field is supplied from
a prognostic, four-level, eddy resolving ocean
circulation model.

2. Eddy resolving circulation model

Quality of the numerical experiments on the
tracer dispersion depends on the quality of the
mesoscale eddy field to be used, which in turn
depends on the eddy resolving ocean circulation
model. Therefore, the ocean circulation model is

briefly described first. The model ocean extends
over 24.8° in longitude and from 25°N to 50.5°
N in latitude as shown in Fig.1. The grid size is
0.43° in longitude and 0.375° in latitude. Four
levels are set up in the vertical; the horizontal
components of velocity, temperature and pres-
sure are defined at depths of 80, 400, 1600 and
2600m, and the vertical component of velocity is
defined at depths of 240, 1000 and 2100m. The
bottom is 4000m deep except at a ridge the top
of which is 2100m deep. A narrow gap
1.5° wide in latitude divides the ridge into a
northern and southern branch. The ocean ge-
ometry is somewhat similar to a portion of the
western North Pacific Ocean.

The conventional Laplacian form is used for
the subgrid scale diffusion of momentum and
heat. The salinity is made constant (35%,) eve-
rywhere. The density is calculated by a formula
of FRIEDRICH and LeviTus (1972).
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The circulation is driven by a prescribed wind
stress and a prescribed reference atmospheric
temperature shown in Fig.1. The wind stress
has no meridional component. The surface heat
flux is made proportional to the difference be-
tween the predicted surface temperature and the
reference atmospheric temperature. The cons-
tant of proportionality is assumed to be 21W/
m’K (=50cal/cm? s K). There is no friction
along the lower and lateral boundary. The verti-
cal component of velocity vanishes at the sur-
face (rigid-lid approximation). There is no heat
flux across the lateral and lower boundary.

The finite differencing scheme is the same as
that described in previous papers (TAKANO,
1974; Atomic Energy Management Center,
1986).

LONGITUDE

Fig.2. A snapshot of the transport in terms of stream lines (units: Sv).

The coefficient of subgrid scale diffusion is
10’m?*/s for momentum and 10°m?/s for heat.
The coefficient of vertical diffusion is 107*m?/s
for momentum and heat. The time step is
30min.

In the initial state, the temperature is a func-
tion of depth and latitude only, the planetary
vorticity advection for the barotropic compo-
nent of velocity is balanced with the specified
wind stress curl, and the shear current
(baroclinic component of velocity) is deter-
mined from the given temperature distribution.
Time integration is forwarded for about 230
years. For the last 80 years, the three compo-
nents of velocity and temperature are saved
every 2.5 days for analysis. The average tem-
perature change rate is —2.1 X107 C/year if the
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Fig. 3. Distribution of logarithms to the base ten of eddy kinetic energy (erg/cm®)

at a depth of 80m.

surface heat flux is calculated from the refer-
ence atmospheric temperature and surface tem-
perature averaged over these 80 years, and then
divided by the total water mass.

As a measure of the performance of the ocean
model used here, Fig.2 shows a snapshot of the
volume transport (vertical integral of the hori-
zontal velocity from the bottom to the surface)
in terms of the stream function. Mesoscale ed-
dies are pronounced in and near the western
boundary current flowing northeastward, while
they are weaker in regions far apart from the
western boundry current and on the ridge. There
are, on the time-average (not shown), a sub-
tropical gyre which transports 101Sv and a
subarctic gyre which transports 41 Sv, but both
gyres are veiled in strong mesoscale eddies in the
snapshot.

Eddy activity distribution is described in
Figs. 3 and 4 showing logarithms to the base ten
of the eddy kinetic energy (erg/cm®) at depths of
80 m and 2600 m. The maximum energy is found
around 32.5°N, 3°E at both depths. It is four
times greater at 80m than at 2600 m depth.

The mean kinetic energy is of almost the same
order of magnitude as the eddy kinetic energy at
a depth of 80m, but more than five orders of
magnitude less in the greater part of the ocean
basin at a depth of 2600 m except at the western
boundary region where it is slightly less than the
eddy kinetic energy.

Figure 5 gives examples of the velocity fluc-
tuations in stick diagrams of the barotropic and
baroclinic components of velocity at points A
and B in Fig.1 for a period of 2580 days arbitrar-
ily chosen. The deviations from the time-
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Fig. 4. Same as Fig. 3 except for a depth of 2600m.

average are shown. The average eastward and
norhward barotropic components are — 3.7
cm/s, —1.1 cm/s at A, and 0.073 cm/s, —1.4
cm/s at B, which are much smaller than the de-
viations. At A, the average eastward and north-
ward baroclinic components of velocity are
-0.96 cm/s, 3.6 cm/s at 80 m depth, —1.0
cm/s, 1.7 ecm/s at 400 m depth, —0.17cm/s,
~0.29 cm/s at 1600 m depth, 0.62 cm/s, —0.95
cm/s at 2600 m depth; at B, 3.8 cm/s, 1.3 cm/s
at 80 m depth, 0.10 cm/s, 0.40 cm/s at 400 m
depth, —0.90 cm/s, —0.55 cm/s at 1600 m depth,
which are also much smaller than the devia-
tions. Fluctuations of periods of about 100 days
are apparent. The deviations of the barotropic
com-ponent are much larger than those of the
baroclinic components at most grid points
throughout this period and any other period, but

the formers are comparable with the latters at
400m depth at B.

The baroclinic components are well correlated
between 80m and 400m depths. It is also the case
between 1600m and 2600m, but the correlation is
poor between 400m and 1600m depths. The
barotropic components is correlated with the
baroclinic components at 80m and 400m depths
rather than at 1600m and 2600m depths.

Figure 6 shows stream lines for the meridio-
nal circulation calculated from the meridional
and vertical component of velocity integrated
over the parallel of latitude. If the velocity
components are integrated, there appears no
deep downwelling reaching to the bottom in high
latitudes. Moreover, reflecting the limited size
of the ocean basin, the meridional circulation is
rather weak: the downward transport at high
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Fig.5. Stick diagrams at Points A (upper panel) and B (lower panel). The top diagram
of each panel is the deviation of the barotropic component from its time-average. The
lower diagrams are the deviations of the baroclinic components from their time-
averages. One increment in abscissa is 50 days. The scale in ordinate (cm/s) is vari-

able.

latitudes is only 5 Sv. As to the velocity itself,
the deviation from the time-average is much
stronger than the time-average in most grid
points, but the average meridional circulation
calculated from the deviation is weak compared
with that calculated from the time-average, be-
cause the effect of mesoscale eddies is almost
canceled each other if integrated over the paral-
lel of latitude.

Power spectra of the eastward and northward
components of velocity are shown in Figs.7 and
8 at two points Q and R (Fig.1) arbitrarily cho-
sen. Clearly appear mesoscale fluctuations of
periods of some hundreds of days. For compari-
son, power spectra are calculated (not shown
here) from observed 7-year current velocity data

at a depth of 5000m at 30°N, 147°E (IMAWAKI
and TAKANO, 1982), which was done also in the
framework of the preoperational survey for
ocean bottom disposal of radioactive wastes.
Although the numerical simulation is successful
in generating mesoscale fluctuations, energy
decay in high frequencies is much sharper than
that with the observed data. This sharp decay
in the simulation could be attributed to neglect
of the tidal currents and to a grid size of about
40 km which is too coarse to resolve small scale
motions in high frequencies. Because the short-
est resolvable wavelength is two times the grid
size, the model cannot resolve fluctuations of
wavelengths shorter than 80km, so that the ki-
netic energy in higher frequencies is more or less
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Fig. 6. Steam lines for the time-average of the meridional circulation (units: Sv)

cut off. Inertia oscillations are not resolved, ei-
ther; their scales are too small. In short, the
simulated velocity field is simpler than the ob-
served one.

3. Numerical experiments on large scale dis-
persion

An advection-diffusion equation for concen-
tration C of any dynamically passive tracer is
solved as an initial-boundary value problem.
The conventional Laplacian form is used for the
subgrid scale diffusion. The coefficient of hori-
zontal diffusion is 10°m?/s. The coefficient of
vertical diffusion is 10™*m?®/s. A much more
scale selective biharmoic formulation is useful
for suppressing computational noise arising
from advection and diffusion terms (Yo-
KOoYAMA and TAKANO, 1986), but is put aside on
account of complicated finite difference analog
of the lateral boundary condition.

Although the centered differncing (leap-frog)
scheme is used basically for time integration,
the Euler-Matsuno backward differencing sche-
me is used every ten time steps for suppressing
computational noise and separation of the solu-
tions. The centered differencing scheme is also
used for space differencing except for both hori-
zontal and vertical advection, which are calcu-
lated by the upcurrent scheme.

The velocity field is supplied from the ocean

circulation model described above. Since the ve-
locity data are available at intervals of 2.5
days, the velocity field at a given time necessary
to time integration is calculated by linear inter-
polation of the two nearest data.

An additional term — @ C appears in the equa-
tion if a radioactive substance with decay con-
stant a is dealt with. However, the solution
with @ =0 also holds good for a radioactive
substance provided that it is multiplied by a fac-
tor of exp (— at) (t: time), so that @ is put as
0 in the present study.

Two cases are studied; dispersion from the
surface (Case 1), and dispersion from the bot-
tom (Case 2). In Case 1, a concentration of 50 in
arbitrary units is uniformly given, as an initial
condition, to each of all the grid points at the
surface layer 240m thick. In Case 2, a concentra-
tion of 5000 in arbitrary units is given to Point
Pin Fig.1 at the bottom layer 1900m thick as an
initial condition. The location of point P in
Fig.1 might correspond with the location of a
proposed area for the ocean bottom disposal of
low-level radioactive wastes at 30°N, 147°E,
about 400km east of the Izu-Ogasawara Ridge
and about 500km south of the Kuroshio Exten-
sion. In both cases, there is no flux of C across
the lateral, upper and lower boundaries.

Since the primary objective is to understand
the effet of the mesoscale eddies, two runs are
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Fig. 7 Power spectra of the eastward (full
line) and northward (broken line) compo-
nents of velocity at 2600m depth at Point Q.

achieved in each case; one is by using the veloc-
ity field comprising mesoscale eddies and the
other by using the velocity field averaged over
80 years. Hereafter, the former is referred to
as Case le and Case 2e, and the latter as Case la
and Case 2a.

Time integration is forwarded by a time step
of 1.5 hours in Cases le and 2e, and a time step
of 2 hours in Cases 1a and 2a until a steady state
is reached where the initially given substance is
completely dispersed and its concentration
becomes constant in space and time. Theoreti-
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Fig. 8. Same as Fig.7 except for Point R.

cally, this constant is 3.06 in Case 1 and 0.936
in Case 2, because the total amount of C, 5.43
X107 units in Case 1 and 1.66 X107 units in Case
2, 1s initially given into a total water volume of
1.77 X 10"km®. However, the value finally
reached by time integration is 3.02 in Case le,
2.98 in Case la, 0.923 in Case 2e and 0.918 in
Case 2a. The small discrepancies between these
values and theoretical values (3.06 or 0.936) re-
sult from loss of C due to round-off and trunca-
tion in the course of time integration, which
usually happens to such calculations on the
computer.
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Fig. 9. Isopleths at depths of 400m and 2600m
at day 360 in Case le.

4. Dispersion from the surface
4.1 Case le

Figure 9 shows isopleths of C at depths of
400m and 2600m at day 360 after setting in dis-
persion. Due to a strong sinking of surface

water near the northern boundary, the concen-
tration in lower layers increases first in the
northern part of the basin and then disperses
southward. At the surface, there are a conver-
gence region near the western boundary around
42°N and another broad convergence region near
the eastern boundary around 41°N, which are
also sources of C for the lower layers, though
not so strong as near the northern boundary.
Isopleths at 400m depth do not suggest the pres-
ence of the ridge.

The averages over the parallel of latitude at
days 360, 720 and 1440 are shown in Fig. 10.
Near the northern boundary, there is a down-
ward dispersion associated with a strong sink-
ing. In the other surface regions there is no such
a strong downward dispersion, which leads to a
sharp vertical gradient of C between the surface
layer and the underlying layer, in particular, in
the southern region at the early stages (days 360
and 720). These features qualitatively agree
with an observed distribution of anthropogenic
tritium penetrating into deep waters (OSTLUND
and BRESCHER, 1982). The sharp vertical gradi-
ent almost vanishes at day 1440, though the
southward dispersion from the northern region
is still persistent. Small spikes and a dome ris-
ing from the bottom in the isopleths at day 1440
are fictitious due to peculiarities of the com-
puter plotting program.

The gap 1.5° wide in latitute of the ridge is
not an effective pathway from the east to the
west of the ridge in the bottom layer; the tracer
sinking to lower layers from the northern
boundary region and the surface convergence
areas at the eastern boundary region at about
41°N and at the western boundary region does
not come to the west of the ridge through the
gap. In the bottom layer west of the ridge, C in-
creases due to sinking from the upper layers
where C is transported from the central and
eastern regions by the subtropical gyre. Then, C
at a depth of 2600m is higher on the western side
than on the eastern side of the ridge.

Mesoscale fluctuations of isopleths due to the
mesoscale eddies are seen throughout time inte-
gration until a steady state is reached.
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in Case le.
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Fig. 11. Isopleths at depths of 400m and

2600m at day 360 in Case la.

4.2 casela

In this case, the advection is calculated with
the time-average velocity field. Figure 11 shows
isopleths at depths of 400m and 2600m at day
360. The isopleths become smoother without

mesoscale eddies. Although the principal fea-
tures of dispersion at 400m are similar to those
in Case le, the concentration is higher, particu-
larly near the northeastern corner and most of
the eastern boundary areas, except in most areas
between about 35°N and 45°N. At a depth of
2600m, the concentraion is everywhere lower
than in Case le.

At a depth of 80m, the concentration near the
northern boundary is about 34 in Case le and
about 40 in Case la. Near the southern bound-
ary, it is about 27 in Case le and about 37 in
Case 1a, which indicates slower downward dis-
persion from the surface in Case la because of
absence of mesoscale eddies. In the northern
boundary region at a depth of 400m, the amount
of C coming from the surface is smaller in Case
la than in Case le, but the downward and south-
ward dispersion from there are not strong, so
that C stagnates to be higher than in Case le.
This point will be again discussed later.

Figure 12 shows the average over the parallel
of latitude at days 360, 720 and 1439. There is
qualitatively no significant difference between
Cases 1a and le (Fig.10), but the concentration
at the surface layer is higher in Case 1a because
of slower downward despersion.

5. Dispersion from the bottom

A concentration of 5000 in arbitrary units is
initially given to the bottom layer at P, i. e., to
a vertical pillar 1900m high of which the trape-
zoidal horizontal section is 41.7km in meridional
side length and 41.9km in mean zonal side
length.

5.1 Case 2¢

At day 360 no dispersed substance practically
reaches to the surface layer. The maximum sur-
face concentration appears off the western coast
from 33°N to 37°N, but is less than 0.01. Due to
westward currents in the subtropical gyre at the
upper two layers, the westward dispersion is
more prominent than the northward dispersion
at depths of 400m and 1600m (not shown here).

At day 720 the maximum surface concentra-
tion reaches to 0.19 at a coastal point (34° N,
1.92°E) and the maximum concentration at the
bottom layer decreases to 5.5 which is located
near Point P. The maximum concentration is
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Fig. 13. Isopleths at depths of 400m and

1600m at day 1440 in Case 2e.

3.05 at a depth of 1600m. It is located at 26°N,
20°E, southeast of P. At a depth of 400m, it ap-
pears far east, at the southeastern corner. The
pattern of isopleths at each layer is not very dif-
ferent from that at day 1440 shown in Fig.13.

The distribution at day 1440 shows that the
ridge almost blocks the westward dispersion in
the bottom layer. Because there is no strong
sinking along the western side of the ridge, dis-
persion into the deep layer west of the ridge
takes place only through a gap between the
northern and southern branches of the ridge, but
the gap is not an effective pathway.

The maximum concentration is not seen at the
location of P anymore at a depth of 2600m, but
it is at the southeastern corner at depths of
400m, 1600m and 2600m, and near the western
coast at a depth of 80m as at day 720.

Figure 14 shows the longitudinal average at
days 360, 720 and 1440. Upwellling in low lati-
tudes gives rise to the upward dispersion from
the bottom source. Then, northward flows in
upper layers, particularly in the western bound-
ary region, give rise to the northward disper-
sion. In addition to this pathway, a direct
northward pathway is effective in the bottom
layer.

5.2 Case 2a

At day 720, the maximum concentration is 9.0
at a depth of 2600m and 1.15 at a depth of
1600m, '0.18 at a depth of 400m and 0.05 at a
depth of 80m to be compared with 5.5, 3.05, 0.84
and 0.18, respectively, in Case 2e. Because the
upward dispersion is slower in Case 2a, the con-
centration remains higher in the source region,

and lower in the upper layers.

Figure 15 shows isopleths at day 1440. Al-
though the isopleths are smooth, free from
mesoscale fluctuations compared with Case 2e,
the general pattern of them are similar to each
other except at the source region at the bottom
layer. Isopleths are mostly closed curves in Case
2a, but not so in Case 2e. The maximum concen-
tration is 4.8 at 2600m, 1.5 at 1600m, 0.45 at
400m and 0.16 at 80m to be compared with 3.2,
2.7, 1.2 and 0.46, respectively, in Case 2e. This
confirms slower upward dispersion than in Case
2e.. Figure 16 shows the average over the paral-
lel of latitude at days 360, 720 and 1440. Com-
parison with Case 2¢ (Fig.14) shows that the
mesoscale. eddies enhance the vertical dispersion
rather than the horizontal dispersion. Slow up-
ward dispersion in Case 2a brings about a
sharper vertical gradient of concentration
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between the bottom and upper layers than in
Case 2e.

6. Layer-average downward and upward dis-
persion

The downward dispersion in Cases le and la is
shown in Figs.17 and 18 in terms of the average
and total amount of C in each layer. Layer 1,
the uppermost layer, is 240m thick, layer 2 is
760m thick, layer 3 is 1100m thick and layér 4 is
1900m thick. In both cases, the average and the
total amout in the surface layer monotonically
decrease with time and those in the bottom layer
monotonically increase with time, whereas
those in layers 2 and 3 first increase and then de-
crease with time. This implies that C becomes
excessive in a sense in thin layers 2 and 3 in a
transition stage before the dispersion into the
thick bottom layer is fully developed.

Apparently the final steady state is reached in
shorter time in Case le than in Case 1a. Table 1
tabulates the time required for the average con-
centration in each layer to reach 95 or 105% of
the final uniform value (3.02 in Case le and 2.98
in Case 1a), and the ratio of the time in Case la
to that in Case le. The mean ratio 2.11 confirms
the striking effect of the mesoscale eddies.

Figures 19 and 20 show the upward dispersion
in Cases 2¢ and 2a in the same way. In both
cases, both average and total amount in each of
the three upper layers monotonically increase
with time. Contrary to Cases le and 1a, there is
no stagnation in layers 2 and 3, because the
thickness of the layer decreases upward, the
advection is stronger in the upper layers and the
source is located in the bottom layer.

Table 2 gives the time required for the average
of C to reach to 95 or 105% of the final value
(0.923 in Case 2e and 0.918 in Case 2a), and the
ratio of the time in Case 2a to that in Case 2e.
The mean ratio is 1.85. In these cases, too, the
time for the complete dispersion is reduced by
about half by the effect of mesoscale eddies.

It takes about 15 years in Cases le and 2e, and
about 30 years in Cases 1a and 2a to reach the al-
most complete dispersion where the concentra-
tion ranges between 95 and 105% of the final
value. The complete dispersion requires, how-
ever, about 30 years in the former cases and
about 50 years in the latter cases as shown in
Figs.17 to 20.
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dispersion in the bottom layer is obstructed by
the ridge, while the isopleths of tracer concen-
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Fig. 17. Average and total amount of C in
each layer as a function of time in Case le.
Solid curve for the total amount, and broken
curve for the average. Numerals alongside
the curves refer to the layer numbers; 1 to the
uppermost layer and 4 to the lowermost
layer.

7. Concluding remarks

The above results are summarized as follows.
(1) Tracers initially given to the whole surface
of the model ocean are transported by the gen-
eral circulation first northward in surface wa-
ters and then downward at high latitudes, which
is in qualitative agreement with observations.
(2) Tracers initially given to a bottom area east
of the meridional ridge are dispersed in both
horizontal and vertical direction. Its westward

tration in upper layers west, above and east of
the ridge do not seem to reflect the presence of
the ridge. The mesoscale eddies enhance the ver-
tical dispersion rather than the horizontal dis-

persion in the bottom layer.

Although the

discussion on the mesoscale eddies themselves is
out of the scope of the present study, it might be

remarked that,

approaching the ridge,

the

mesoscale eddies do not shrink vertically to get

over it.

(3) To reach the complete dispersion in both
cases (downward dispersion from the surface
source, and upward dispersion from the bottom
source), it takes about 30 years in the mesoscale
eddy field and about 50 years in the time-
The mesoscale eddies signifi-
cantly enhance the dispersion over the whole

average field.

ocean basin.

It might be parenthetically noted that, as to
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Table 1. Time (in years) required for the average concentration in each layer to reach to 95
or 105% of the final value in Case le (E) and 1la (A), and the ratio A/E.

Layer 1 2 3 4 mean
E (Case le) 16.4 15.9 11.0 13.4
A (Case la) 34.7 33.5 25.0 26.0
A/E 2.12 2.11 2.27 1.94 2.11

Table 2. Same as Table 1 except for Case 2¢ and Case 2a.

Layer 1 2 3 4 mean
E (Case 2e) 15.5 15.5 11.0 14.6
A (Case 2a) 29.9 28.4 19.7 26.9

A/E 1.93 1.83 1.79 1.84 1.85
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dynamically active tracers, both horizontal and
vertical heat transport are, if averaged over the
vertical or horizontal cross-ocean section, little
affected by mesoscale eddy activity (HaN, 1975;
TAkANO, 1982).

A shortcoming of the present study is that the
model ocean basin is very small; its volume is
1.77X10"km?, only 1.3% of the volume of the
world ocean and 2.4% of the volume of the Pa-
cific Ocean (72.4 X10'km®). The time required
for the complete dispersion in the model ocean is
about 30 years (Figs.17 and 19), while the turn-
over time inferred from “C and others in the real
ocean is a thousand of years or longer. The time
scale of three-dimensional dispersion might be
nearly proportional to the volume of the ocean
basin, so that a period of 30 years in the model
ocean should be equivalent to 2308 (=30/0.013)
years for the world ocean and to 1250 (=30/
0.024) years for the Pacific Ocean. These val-
ues, about 2300 and 1250 years, are reasonable
compared with observations. This is somewhat
surprising because the short longitudinal extent
of the model ocean may increase the relative im-
portance of the western boundary region where
the eddy activity is high, which should turn out
to exaggerate the eddy activity and eddy-
induced dispersion in the small model ocean
compared with the actual large ocean basin. As
far as the eddy activity at point P in the simula-
tion is compard with that by observed data, the
eddy kinetic energy is at least one order of mag-
nitude stronger than the observed one.

The poor vertical resolution is not capable of
simulating the thermocline as sharply as ob-
served, so that the vertical dispersion through
the thermocline may not be correctly simulated.
Therefore, the dispersion might be unrealisti-
cally strong in the numerical model. In addi-
tion, the bottom topography cannot be realisti-
cally set up, either.

A limited zonal extent of the model ocean
might more or less distort high frequency, long
Rossby waves, which affects the simulated
mesoscale eddy properties.

In these regards, eddy resolving circulation
models and dispersion models in larger ocean ba-
sins with finer vertical resolution are expected
to run in the near future.

Other numerical experiments are carried out

by using current velocities obtained with the
non-slip condition instead of free-slip condition
along the lateral boundary. The mesoscale eddy
properties and tracer dispersion do almost not
change.

The coefficients of subgrid scale diffusion are
taken as small as possible, if large enough to
suppress the computational noise and insta-
billity. The coefficients of eddy diffusion calcu-
lated from the simulated velocity and tempera-
ture are useful for evaluating whether 10°m?*/s
are small enough or not. The coefficient of eddy
diffusion defined in terms of the gradient of
time-averages and the correlation between the
deviations from the time-averages of velocity
components and temperature are calculated at
each grid point for the four depths. They are
negative at about half of the grid points. Their
magnitudes, whether positive or negative, are
much larger than 10’m?/s for momentum and
10°m?/s for heat, which suggests that the diffu-
sion by the mesoscale eddies explicitly dealt
with in the present study is much stronger than
the eddy diffusion formulated in conventional
Laplacian form with coefficients of 10’m?%/s and
10°m?/s. This is also the case of the coefficient
of vertical diffusion.

Another paper (YoxavyaMa and TAKANO,
1993) will present results of tracking of parti-
cles continuously or instantaneously released
from a point source into the mesoscale eddies,
which is another way to understand the effect of
mesoscale eddies.
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