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Particle tracking in a mesoscale eddy
field in an ocean”
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Abstract: Particles released instantaneously or continuously from a point source are
tracked in a velocity field simulated with a prognostic, four-level, eddy resolving ocean cir-
culation model. The model ocean extending from 25.0°N to 50.5°N in latitude and over
24.8° in longitude may be considered as a portion of the western North Pacific. Its depth is
4000m except at a ridge 1900m high. The grid size is 0.375° in latitude and 0.43° in longitude.
Results with the velocity field comprising mesoscale eddies are compared with those with
the time-average velocity field. For tracking over the whole ocean basin, particle trajecto-
ries are, in some cases, quite different from those governed by the time-average velocity
field. For local tracking, the effect of simulated mesoscale eddies is compared with that
obtained with velocity data by arrayed current meters in terms of the time required for a
particle to cover a certain distance from a point source. Agreement is good.

1. Introduction

In a previous paper (YoKOYAMA and TAKANO,
1993, hereafter referred to as YT), numerical ex-
periments were carried out on the effect of
mesoscale eddies on the passive tracer dispersion
in a model ocean by solving an advection-
diffusion equation. The velocity data necessary
to calculate the advection were supplied from a
four-level, eddy resolving general circulation
model driven by a surface wind stress and a sur-
face heat flux.

The model ocean extends from 25.0°N to
50.0°N in latitude and over 24.8° in longitude,
and is 4000m deep except at a ridge 1900m high.
Its geometry is a rough copy of a portion of the
western North Pacific. The grid size is 0.43° in
longitude and 0.375° in latitude. The horizontal
components of velocity are defined at depths of
80, 400, 1600 and 2600m. The vertical compo-
nent of velocity is defined at depths of 240, 1000
and 2100m. The simulated velocity data are
available for about 80 years.

The present paper describes tracking of parti-
cles over the whole ocean basin and a local area
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of limited extent. As YT, this is done in the
framework of a preoperational survey for the
ocean bottom disposal of low-level radioactive
wastes, together with a long term current meas-
urement from 1978 to 1985.

2. Numerical experiments

Three experiments are carried out; one is for
the basin-wide tracking, and the others for local
tracking over a limited area. Particles released
instantaneously or continuously are assumed to
move with surrounding water and tracked in the
given velocity field.

The particle location x(¢+ At) and y(¢t+ A¢f)
is determined from the location x(t), y(¢) at
time ¢ by an upcurrent scheme as

x(t+ At) =x(t) +ulx(), v(£)) At,
y(t+ A =y(t) +vlx(e), y(£)) At,

where At is the time step, u and v are the hori-
zontal (x-, y-) components of velocity at time ¢.
Diffusion is neglected.

2.1 Basin-wide tracking

A similar experiment was done in a smaller
ocean in a previous paper (TAKANO and Ma-
TSUYAMA, 1979).

The particle trajectory is shown by its three
projections on the horizontal, vertical-meri-
dional and vertical-zonal plane.



80 La mer 31, 1993

O Gl A0 SR, SN S NN RS NOUN ISSN OUUN ND NUN SV SO SN NN NN N SO S N S N A
s
T DAY 10920
— — |-
(a8
W8]
a [aN
\—— o .
4000, .
S50 A -
45 - i
] A . B
‘;DJ 40 A -
oD T -
— ~ -
— T i
< h -
— 35 A -
] i
30 4 =
- A -
25 Ol T rTrrrrrTT T T T rr T TrTa I§ T 71 0

LONGITUDE

4000
DEPTH (M)

Fig.1l. An example of basin-wide tracking of a particle released from a point source A
3510m deep. The end pointis A’. The projection of its trajectory on a horizontal plane
is shown on the lower left, the projection on a meridional plane on the lower right,
and the projection on a zonal plane on the upper left.

An example is given in Fig.1 for an instanta-
neous release from a point A. The location of A
might correspond with the location of an area
proposed by the Japanese government for the
ocean bottom disposal of low-level radioactive
wastes, which is centered at 30°N, 147°E, about
400km east of the Izu-Ogasawara Ridge and
about 500km south of the Kuroshio Extension.
One particle released from a point source A at a
depth of 3510m is advected in a mesoscale eddy
field and reaches a point A’ at day 10920 after
the release. The successive particle location is
calculated by a time step of 12 hours. Since the
velocity field supplied from the general circula-
tion model is available every 2.5 days, the veloc-
ity field is updated by interpolation every 12
hours. Also linear interpolation in the zonal,
meridional and vertical direction applies to get
the velocity at a given location. All the succe-

ssive locations determined at intervals of 5 days
are used for plotting.

The particle always remains deeper than
3085m. It goes to the west of the ridge through
the gap, and then comes back to the east of the
ridge. To the east of the ridge, fluctuations of
scales of several tens of kilometers are pro-
nounced, except along the eastern side of the
ridge where the mesoscale eddies are not active
as shown in YT. To the west of the ridge, such
small scale fluctuations are not so remarkable,
but scales of 200 to 400km are clearly seen.

Figure 2 gives the trajectory for the same
10920 days in the velocity field averaged over 80
years. Its trajectory is confined into the east of
the ridge, where it almost coincides with the tra-
jectory in Fig.l if the latter is smoothed out.
Trajectories of five particles released from A
every 25 days are shown in Fig.3 at day 10920
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Fig. 2. Same as Fig.1 except for the time-average velocity field.

after the release of the first particle. Two of
the five particles including the particle drawn in
Fig.1 go to the west of the ridge through the
gap. The particle is admitted into the west if
mesoscale eddies timely work at the gap. Small
scale fluctuations are weak not only in the west
of the ridge but also in the notrhern region,
which is common to the other experiments of re-
lease in the deep layer. Figure 4 shows trajecto-
ries of three particles simultaneously released at
a depth of 50m. Small scale fluctuations are not
so remarkable, because the mesoscale eddies are
weaker relatively to the time-average in upper
layers than in lower layers, and the greater part
of trajectories remain in upper layers. Although
they finally penetrate into deeper layers from
the northern region, their trajectories are entan-
gled in upper layers, especially in the western re-
gion, and not straightforward to the deep layer.

The extent of dispersion depends on the loca-
tion of the point source, particularly on its

depth. If particles are released at a shallower
depth, they are dispersed wider, particularly in
the vertical, governed by stronger currents. In
the case where the source is deeper than the top
of the ridge (2100m deep), the ridge effectively
obstructs the dispersion between its eastern and
western sides; particles approaching the ridge
can not get over it and the gap is too narrow.

2.2 Local tracking

Instantaneous release Particles are tracked
for an extent of several tens to several hundreds
of kilometers. Two-dimensional instead of
three-dimensional dispersion is dealt with, be-
cause the dispersion takes place in a small area
and the horizontal component of the velocity is
much greater than its vertical component.

A rectangular frame is set up near the bot-
tom. Particles are released from a point source
in this frame, and then advected in either the
mesoscale eddy field or the time-average veloc-
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Fig. 3. Trajectories of five particles released from A every 25 days. The locations 10920
days after the release of the first particle are denoted by A’.

ity field, and finally flow out of the frame. The
residence time is defined as the time elapsed
from the release to flowing out, and denoted by
Re when the particles are advected in the
mesoscale eddy field, and by Ra when advected
in the time-average velocity field. Particles
once flowing out of the frame may flow back
into the frame later on, but such a return is ig-
nored in calculating Re and Ra. The residence
time, either Re or Ra, depends on the frame size
as well as the flow velocity. Ten frames of dif-
ferent size are set up at A shown in Fig.1. The
side length L is about 42, 84, 167, 250, 290, 330,
380, 420, 470 and 520km.

If the side length of the frame is much longer
than the predominant space scale L™ of velocity
fluctuations, the velocity fluctuations have no
important effect on the residence time, which 1s
determined primarily by the time-average veloc-
ity. If the side length is comparable to L*, the

residence time will be approximately propor-
tional to the frame area L*. If the side length is
little shorter, it will be proportional to L* (1<{n
<(2). If the side length is much shorter, it will
be proportional to L. The mesoscale eddies are
the most important fluctuation component.
Therefore, if the frame size is comparable to the
scale of mesoscale eddies, then

Re o< L} Raox< L, Re/Rac<L,

and, if the frame size is a little smaller than the
scale of mesoscale eddies, then

Re/Ra o< L*,

Continuous release  One particle is released
every 25 days for 3.6 years. In total, fifty-one
particles are released. The velocity data for
these 3.6 years are arbitrarily chosen among the
available data for 79.2 years. There is almost
no secular variation in the data. For example,



Particle tracking in a mesoscale eddy field in an ocean

83

L DAY 10920

T T

T 1 T T 1° 1

~ 01 bl . .
z —_—r =
I - - e
= -~
0 ’
(o}
4000,
S
45 A
W 40 -
S i
— N
- ]
= i
S35

0
LONGITUDE

T | L T I‘F#'

O

"4000
DEPTH (M)

Fig. 4. Trajectories of three particles released from point sources B, C and D (depth:
50m). Double open circles B’, C’ and D’ denote their locations at day 10920.

the simulated data for 79.2 years are divided
into three parts for an equal period of 26.4
years. The time-average of u at a depth of 2600
m at Point A in Fig. 1is -3.7 cm/s for the first
part, —4.0 cm/s for the second part and -3.9
cm/sfor the last part. The time-average of v is
2.9 cm/s, 3.0 cm/s and 3.0 cm/s, respectively.
There is almost no difference in the power spec-
tra between these three parts, either.

Figure 5 shows stick diagrams of the devia-
tions from the time-averages of the barotropic
and baroclinic components at Point A for a pe-
riod of 2580 days arbitrarily chosen. Although
fluctuations of periods of some hundreds of
days clearly appear in both components, those
of the barotropic component are more energetic.
The time-averages of the eastward and north-
ward barotropic component are —0.48 cm/s and
-0.23 cm/s, respectively, which are much sma-
ller than the deviations. Those of the baroclinic

component are 0.04 cm/s, 2.2 cm/s at a depth
of 80 m,-0.50 cm/s, —0.61 cm/s at a depth of 400
m, 0.35 cm/s, ~0.05 cm/s at a depth of 1600 m,
and —0.01cm/s, 0.55 cm/s at a depth of 2600 m,
which are smaller than the deviations. The time
scales of the barotropic component are consid-
erably shorter than those of the baroclinic com-
ponent. The fluctuation of the baroclinic
component at a depth of 80 m is well correlated
with that at a depth of 400 m. The fluctuation
at a depth of 1600 m looks to be correlated with
that at a depth of 2600 m, but the correlations
between fluctuations at the upper two layers
and lower two layers are poor, as already
pointed out in YT.

Figure 6 shows power spectra calculated with
79.2-year data at a depth of 2600m at A. There
are predominant periods of about 100 days.

An example of the trajectories of 51 particles
is shown in Fig. 7 for a frame of about 84km X
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Fig. 5. Stick diagrams of the deviations of the barotropic (top diagram) and baroclinic

(lower diagram) components of velocity from their time-averages at A. Units of num-

bers in ordinate: cm/s.

84km. The velocity data are different from
those drawn in Fig.5. The time elapsed from
the first and last particle release is 3.6 years,
which is long compared with the time scale of
the mesoscale eddies. Trajectories in a larger
square are shown in Fig. 8. The velocity data
are the same as those used in Fig.7. As ex-
pected, the trajectory has a tendency to be a
curve rather than a straight line with increasing
frame size.

If the time-average velocity is used, all the
trajectories become nearly straight lines irre-
spective of the frame size.

Figure 9 gives the ratio Re/Ra for ten frames
of different size of which the side length is rep-
resented in terms of the number of grid boxes
N. Since the grid size is 0.375° in latitude and
0.43° in longitude, an increment of N is equiva-
lent to about 40km. Two periods are arbitrarily
chosen from 79.2-year time-series of velocity:
one is the period used for Fig. 8 and the other is
a period 9030 days later. Fifty-one particles are
released in each data set. The average of 51 val-
ues for Re/Ra in the former are shown by open
circles and the averages in the latter by solid cir-
cles. The dispersion is indicated by a line seg-
ment for each. Two results are should have been
exactly at N=1, 2, , 16, 18, though both are a
little spaced only for the sake of presentation.

The upper panel is the result in the velocity field
obtained with the free-slip condition at the lat-
eral boundary, and the lower panel the result
with the non-slip boundary condition.

For N smaller than 6 (about 240km), the ver-
tical component of the velocity and the varia-
tion of the zonal side length with latitude are
neglected. Although the dispersion range shown
by a line segment is fairly wide, it gets narrower
with increasing frame size. The average of the
51 values increases almost in proportion with
the frame size for N smaller than 8 or 10 (320km
to 400km), and becomes 0.8 to 0.9 irrespective of
the frame size for larger frame sizes, as expected
from the above simple analysis.

Table 1 summarizes the results shown in Fig.
9. The average residence time Re and Ra are
tabulated with the ratio Re/Ra for ten frames
of different size. The ratio Re/Ra for a given
frame does almost not depend on the dynamical
condition at the lateral boundary.

According to the above analysis, we have,
with a constant of proportionality, d, for the
frames of N=1 and 2,

0.18=dX1*", 0.27=d X2, which give

1.5=2""" so that n=1.6 for the free-slip con-
dition, and

0.17=dX1"!, 0.22=d X 2", which give
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component of velocity at a depth of 2600m
at A.

1.3=2""", so that n=1.4 for the non-slip condi-
tion.

Two values 1.6 and 1.4 will be discussed later in
the light of tracking experiment with observed
data.

3. Particle tracking by observed velocity data

Seven-year current measurements were done
around 30°N, 147°E (IMawakI and TAKANO,
1982; Atomic Energy Management Center,
1986).

Fig. 7. Trajectories of 51 particles released
every 25 days in a frame of about 84km X
83km. The side length of the inner frame is
about 42km.

}<—~\248.6 ki —————]

e 250.1 km

TR
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Fig. 8. Same as Fig.T except for a frame of
about 250km X 250km.

Two extensive measurements were done, the
first one with a five-current meter array from
May 1983 to October 1983 and the second one
with an eleven-current meter array from dJuly
1984 to July 1985, of which the locations are
shown in Fig.10. Hourly data are obtained in
both measurements.
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Fig. 9. Ratio Re/Ra. The ranges of disper-
sion are shown by line segments with the av-
erages denoted by open circles (first period)
and solid circles (second period). Velocity
field with the free-slip condition (upper
panel) and the non-slip condition (lower
panel) at the lateral boundary.

Fluctuations of hourly data with periods
around one day are apparent at all the stations,
but their phases are different from each other,
indicating that the scales of these fluctuations
are mostly small compared with the spacing be-
tween two neighboring stations. This will be
also shown later by particle trajectories.
Mesoscale eddies clearly appear on the daily

average. Contrary to hourly data, fluctuations
are almost in phase over all the stations.

The diurnal, semi-diurnal tides and/or inertia
oscillations appear in high frequency ranges in
power spectra. The theoretical inertia periods
at the mooring sites (29°35.2" N to 30°15.6" N)
are 23.81 to 24.30 hours. The mesoscale eddies
are predominant in lower frequencies.

3.1 Tracking with data from July 1984 to July

1985

It is assumed that one particle is released
every five days from a point source located at
the center of the frame of 70.7km X 70.7km
shown by solid lines in Fig.10. Particles are
advected by the daily mean velocity at a depth
of 4000m. The total number of particles re-
leased during the observation period is 67. Let-
ters B, V, N and R at the four corners of the
frame in Fig. 11 refer to the stations shown in
Fig.10. The trajectories are more scattered than
those in Fig. 7. The time elapsed from the re-
lease of the first particle to the release of the
last particle is 1250 days in Fig. 7, which is much
longer than 330 days in Fig. 11. The number of
particles released (51 in Fig.7) is only a little
less than 67 in Fig.11. The trajectories are, how-
ever, much more dispersed in almost all direc-
tions than in Fig.7. A possible interpretation of
this difference in pattern is that the simulated
velocity field has no small scale components;
the shortest resolvable wavelength is twice the
grid size (about 80km).

Figures 12 and 13 give trajectories of particles
instantaneously and simultaneously released.
Particles in Fig.12 are released 3840 hours after
the beginning of the measurement. Particles in
Fig.13 are released 40 days after particles drawn
in Fig.12. Hourly data are used instead of daily
mean velocities. Small loops showing clockwise
rotation reflect diurnal, semidiurnal tides and
inertial oscillations, which are clearly seen in
stick diagrams by the hourly data and power
spectra (not shown here). In Fig. 12 four parti-
cles flow to the northeast, while one particle
flows to the southwest. In Fig.13, five particles
flow almost in the same direction (to the west-
northwest). The residence time is much longer
in Fig.12 than in Fig.13, which also indicates
variability of the current for a period of 40
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Table 1. Average residence time Re, Ra (in days) and ratio Re/Ra for ten frames of dif-
ferent size. The side length of frame is represented by the number of grid boxes N.
The velocity fields used for the upper and lower panels (a and b) are obtained with the
free-slip and non-slip lateral boundary condition, respectively.

N 1 2 4 6 10 12 14 16 18
Re 11.0 27.3 95.1 196 423 527 690 835 989
(&) Ra 62.5 100.0 190.0 275 492 701 927 1000 1093

Re/Ra 0.18 0.27 0.50 0.71

Re 11.8 22.9 86.2 181
(b) Ra 70.0 105.0 200.0 288
Re/Ra 0.17 0.22 0.43 0.63

0.81 0.86 0.75 0.74 0.84 0.90

461 613 768 885 991
511 829 924 1015 1102

0.89 0.90 0.74 0.83 0.87 0.90
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Fig. 10. Five-current meter array and eleven-
current meter array at a proposed area for
the ocean bottom disposal of low-level
radio-active wastes. Also are shown rectan-
gular frames used for particle tracking ex-
periments.

days.

3.2 Tracking with data from May 1983 to Oc-

tober 1983

Figures 14 to 16 are drawn with data from
May to October 1983. The period of measure-
ment is shorter, so that only 30 particles are re-
leased. The time elapsed from the release of the
first particle to the release of the last particle is
145 days, while it is 125 days for the numerical
experiments. As in Fig. 11, the trajectories in
Fig. 14 are scattered in almost all directions
compared with Fig. 7 (inner frame). Since the
frame size is much smaller than the mesoscale
eddies, most of the trajectories are straight
lines rather than curved lines except small loops
by tidal and inertia oscillations. These features
are also seen in Figs.15 and 16 for an
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Fig. 11. Trajectories of 67 particles released
every five days in the observed velocity field.

instantaneous and simultaneous release. Parti-
cles in Fig. 15 are released just at the beginning
of the measurement. Patricles in Fig. 16 are re-
leased 40 days later. Trajectories in both figures
are nearly straight compared with those in Figs.
12 and 13.

The trajectories in the time-average velocity
field rotate clockwise from july 1984 to July
1985, but anticlockwise from May to October
1983, which indicates that the velocity field,
though averaged over the whole period of the
measurement, significantly changes from one
measurement to another.
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Fig. 12. Trjectories of five particles instanta-
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five point sources. A numeral at the end of
each trajectory denotes the residence time in

hours.
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Fig.13. Same as Fig.12 except for another re-
lease time (40 days after those in Fig.12).
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Fig. 14. Trajectories of 31 particles released
every five days from May to October 1983.
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Fig. 15. Trajectories of five particles instan-
taneously and simultaneously released
from five point sources. A numeral at the
end of each trajectory denotes the residence
time in hours.
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Fig. 16. Same as Fig. 15 except for another
release time (40 days after those in Fig.15).

Table 2 tabulates the residence times of 30 and
67 particles. The average of ratio Re/Ra is 0.22
and 0.33, respectively, though the dispersion is
fairly large. As mentioned earlier, this ratio
should be proportional to L*'. From (70.7/
35.4)""'=0.33/0.22, it follows n=1.6, which is
equal to the value for interpreting results of the
numerical experiment (with the free-slip bound-
ary condition) for frames of size comparable
with that set up by the current meter array. The
value n depends on both frame size and scale of
the velocity field structure, Since the frame size
concerned is not so different between the nu-
merical experiment and the observation, the
agreement of the n-value indicates the statisti-
cal nature of the simulated velocity field is close
to the observed one in this aspect.

4. Remarks

A previous paper (YT) shows the mesoscale
eddies considerably enhance the basin-wide dis-
persion, especially in the vertical direction, and
a small gap of the ridge cannot be an effective
pathway. The present paper shows that timely
intervention of the mesoscale eddies at the gap
is of importance in determining the basin-wide
trajectory of a particle.

Table 2. Maximum, minimum and average
of residence time Re in the observed
mesoscale eddy field, Ra in the average field
and ratio Re/Ra. Both Re and Ra in days.

May-Oct. 1983 July 1984-July 1985

Square(km?  35.4x35.4 70.0x70.0
Max 16.0 41.0
Re § min 3.0 4.0
mean 6.5 16.0
Ra 29.9 48.7
Re/Ra 0.22 0.33

As to the relationship between the residence
time and the frame size, results of tracking ex-
periments with the observed velocity data agree
well with those calculated with the simulated
velocity.

Circular frames might be more suitable for
the calculation of the residence time than square
frames when the point source is located at the
center. The latters are, however, chosen for sim-
plicity of calculation. The results will not
change much if circular frames are set up.

A short experiment on streakiness was also
attempted in the course of the present study for
examining whether a spot of dye spreads into a
cloud or into a number of streaks separated by
clear water. In view of its importance in disper-
sion process, streakiness has been one of the re-
cent topics (for example, HAIDVOGEL, 1982).
No streaks were developed. However, further
careful experiments are needed for understand-
ing the behavior of an instantaneous release of
dye in a mesoscale eddy field in terms of streaki-
ness, which is of practical importance in ocean
disposal of industrial wastes.
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