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Introduction
Oceanographic

Distributions of underwater spectral irradiance and
optical environments of tuna fishing grounds in
the three oceans”

Tsutomu MORINAGA ™", Akihiro IMAZEKI"" and Yoshitaka MORIKAWA ™"

Abstract: During the two winter seasons from 1990 to 1992, the survey of the underwater
irradiance was carried on by the R/ T Umitaka-maru of Tokyo University of Fisheries,
covering the global-scale wide range waters.

By the aid of high-efficiency spectral irradiance meter, the authors measured the
irradiance values from the surface to 30m deep for 8 spectral lights of which respective wave
length was 443, 481, 513, 554, 599, 664, 683, and 709 nm. Simultaneously with those optical
surveys, experimental tuna longlining operations were conducted in the same regional wa-
ters.

The underwater spectral light of which wave length is 48lnm has the best light
transmittance, and that of 709nm has the worst one. So far as the spectral lights of which
wave lengths between 443nm and 683nm are concerned, they decrease the values in light
transmittance according to the order of wave lengths from the short to the long one. The
shorter wave length of 481nm has wider differences in light transmittance than those of the
longer one of 709nm. The water mass of the Coral Sea in the Pacific Ocean is the very clean
water which comes under the water type 1A according to Jerlov’s optical classification. In
those regions the turbidity does not change with a secular variation. It is common to every
fishing ground between 50m and 150m deep and locating from Lat. 20° to 40° N. that the
blue light among all the spectral ones is most predominant; that the absolute and relative
values of irradiances are in constant ranges of 50 to 320 £ w/cm’, and 0.2 to 1.2%, respec-
tively. This suggests a possibility to use these optical data as a clue for locating the tuna
fishing ground.

observations of underwater

smittances. (1964, 1968) The well-known map
that he captioned "Regional Distribution of

spectral irradiance were carried out approxi-
mately 40 years ago by JERLOV, Swedish
optical-oceanographer, covering a globally wide
areas (1951). He measured light transmittances
in water by the use of a simple underwater
irradiance-meter attached with broad band fil-
ters, and, based on the light transmittance dis-
tributions for 16 wavelength spectral lights
within the spectrum range from 310nm to
700nm, established a classification of such &
water types as I, IA, IB, II, and III which are ar-
ranged in the order of better light tran-

* Received December 8, 1992
** Tokyo University of Fisheries, 5-7 Konan 4-
chome, Minato-ku Tokyo, 108 Japan

Optical Water Types” were referred to the
various scientific fields. (JErLOV, 1976)
MATSUIKE (1973) intended to grasp the solar en-
ergy distribution throughout all the space from
the sky to the depths of the sea, employing the
same type of instrument as that of Jerlov, and
measured the underwater spectral irradiance so
far in the Kuroshio of the Pacific Ocean, the In-
dian Ocean, and the Antarctic Ocean. He deter-
mined quantitatively seasonal solar energies in
the different oceans based on regionally differ-
ent optical properties of the sea waters in each
oceans, and connected those with rough esti-
mates of productivities in the ocean. Thereaf-
ter, with the rapid advance of electronic
equipments and the substantial progress in
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technologies, a number of high-performance
submersible spectroradiometers were developed
one after another by many scientists such as
TyLER and SMITH (1966), BAUER and IVANOFF
(1970), SuciHARA and INoUE (1976) and Ok AMI
et al.(1981); and the accumulation of data in
respect to all the spectral lights was made possi-
ble.

Water temperatures, salinities, dissolved oxy-
gen and so far as the environmental elements re-
quired for tuna distributions or establishments
of tuna fishing grounds have been investigated
since quite a long time. (Upa, 1960; Kawal,
1969; INcHAM, 1977; HANAMOTO, 1985; KURITA
et al., 1991) In addition to these elements, opti-
cal and audio properties in the water, osmotic
pressures, intensitie of magnetic fields can be
also considered as the other elements. CAREY et
al. (1981) report that the movement of the spe-
cies of boardbill swordfish, Xiphias galdius is
traced by the use of a bio-telemetry system,
finding that this species live in the very deep
waters during the daytime and move up in the
shallow waters during the nighttime. Thus, it
comes to be understood that optical elements in
the water are closely related to their distribu-
tions and movements as described above. On the
other hand, SakaMoTO (1985) informs that the
living sphere of boardbill swordfish is obtained
from the locus of their movements mentioned
above, and the underwater irradiance values dis-
tributed there are trially calculated, finding
that the irradiance value in their living depth
during the daytime seems to be equal to that
during the nighttime. But, there still remains
many problems related to the distributions of
spectral irradiance and those variations in the
different oceanic waters for future studies.

Through the optical observations extended for
a two-year period in the three oceans of the
world such as the Pacific, the Indian, and the
Atlantic Ocean and their adjacent seas, the
authors collected the measurements for this
study, keeping the identification of instrument,
in respect to the irradiance values for 8 different
wavelength spectral lights in the waters from
the surface to 30m deep. Simultaneously with
those optical observations, experimental tuna
longlining operations were carried out also in
the same regional waters. Based on the collected

measurements, such the subjects as (1) the dis-
tributions of underwater relative irradiances
and spectral light energies.in different regional
waters, (2) the optical classification of differ-
ent water masses, and (3) the optical environ-
ment of the tuna living sphere are investigated
as described hereinafter.

2. Method and Instruments

A series of optical observation was carried
out twice-one was in the winter from 13th De-
cember 1990 to 3rd March, 1991 (This period will
be abbreviated to “in the first period” hereinaf-
ter.) and other was also in the winter from 3rd
December, 1991 to 1st March, 1992 (“in the sec-
ond period” hereinafter) —~ during each long-
distance cruise of the Umitaka-maru, Research
and Training Boat of Tokyo University of Fish-
eries. Fig. 1 shows the locations of observation
stations distributed in different oceans. As seen
in Fig. 1 the observation statios count 9 in the
first period and 18 in the second period, counting
up 27 stations in total. All the stations in the
first period lie from east to west in the Pacific,
the Atlantic Ocean, and Mediterranean Sea of
the northern hemisphere and those in the second
period extend from north to south in the Pacific
Ocean, the Bay of Bengal in the Indian Ocean,
and South China Sea of the both hemispheres.
Accordingly, it can be said that distribution of
the observation stations covers the global wide-
range oceanic waters.

Experimental tuna-longlining operation dur-
ing the first period were carried on in the off-
shore water of the Hawaiian Is. in the North
Pacific Ocean, and those during the second pe-
riod were operated in the Bay of Bengal in the
Indian Ocean. The positions of those experimen-
tal operations are also shown in Fig. 1.

Measurements of underwater irradiance were
carried on by the use of the spectral irradiance
meter, type SR-8, manifuctured Ishikawa
Sangyo Co., Ltd. This meter was incorporated
with 8 pieces of built-in interference filters, each
of which enables to pass the specific wavelength
light among those of 443, 481, 513, 554, 599, 664,
683, and 709nm. Each of the bandpass (50%
points) is about 10nm. Besides, the photodiode
having an excellent photosensitivity was em-
ployed as many as 8 pieces for the light
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Fig. 1.

Regional distribution of the observation stations.

Solid circles show the observation stations in the first period (from 1990 to 1991), and
open ones in the second period (from 1991 to 1992). Symbol X indicates the position of

tuna long-lining operation in each period.

sensation elements of this meter. The calibra-
tion of the meter was corrected under the stan-
dard light source of DXW120V/100W every time
before the ship’s departure for the navigation.
The observation of underwater irradiances was
generally conducted around the time of sun’s
meridian passage when it came up to the maxi-
mum altitude. Each measurement was funda-
mentally carried out at 7 spots arranged at
every depth of 5m in the water between the sea
surface (practically from the surface to Im) and
the depth of 30m. As a matter of fact, however,
the distribution of underwater irradiance in the
water more than the depth of 30m was also in-
vestigated, extending up to the euphotic zone
where the value of irradiance was reduced to 1%
of its surface value. (JERLOV, 1976)

The conventional tuna longline gear was em-
ployed for the experimental fishing operation,
setting the gear early in the morning and haul-
ing in the afternoon. The depth of water, in
which tuna was caught, was calculated from the
depth of the hook attached at the end of the
leader (shelf-recorded depth meters were hung on
the leader).

3. Results and Discussion

3-1 Distributions of relative irradiance and
spectral light energy in the oceans and their ad-
Jjacent seas

Figs. 2(a) to 2(d) show each distribution of
relative irradiance in the different regions such
as the Coral Sea in the Pacific Ocean (Stn. 52-9),
the central area in the Atlantic Ocean (Stn. 49-

4), the western area in the Mediterranean Sea
(Stn. 49-3) and the Andaman Sea in the Indian
Ocean (stn. 52-12). Each solid line exhibited in
those Figures stands for the wave length of the
respective spectral light transmitted. It is a
phenomenon in common to those sea regions
that the wave length of 481nm has the best light
transmittance and that of 709nm has the worst
one. It is also common in those regions except
the Andaman Sea that the wave lengths so far
between 443nm and 683nm constantly keep the
same order of descending light transmittance.
Such a tendency is traced at 25 stations out of
all the observation stations. In respect to the
wave lengths of 481, 554, and 709nm, the depth
in each ocean of which the irradiance value is re-
duced to 10% of its surface value is listed in
Table 1. It is understood through this talbe that
the shorter wave length of 481nm has wider dif-
ferences in light transmittance than those of the
longer wave length of 709nm in each ocean.
Fig. 3 exhibits the distributions of spectral
light energies both in the Coral Sea of the Pa-
cific Ocean where its water mass shows the best
light transmittance and in the Andaman Sea of
the Indian Ocean where its water mass con-
stantly indicates the worst one throughout all
the surveyed regions. In comparison of the rela-
tive irradiance values in both regional waters,
the differential gaps are large on the shorter
wavelength side of the border, 550nm, while
those the longer wavelength side are very small.
The cause of such phenomena can be concluded
that the attenuation of the longer wavelength
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Table 1. Depth in each ocean which the irradiance values is reduced to 10% of its surface value.
Region Pacific Ocean Atlantic Ocean Mediterranean Sea Indian Ocean
Light (Stn. 52-9) (Stn. 49-4) (Stn. 49-3) (Stn. 52-12)
481 nm 90 m 88 m 52 m 25 m
554 nm 34 33 28 21
709 nm 4.0 3.7 3.5 3.2
Coral Sea Mediterranean Sea
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Fig. 2.

Depth distribution of spectral relative irradiance in four sea regions.

(A) Pacific Ocean (Stn. 52-9) (B) Atlantic Ocean (Stn. 49-4)
(C) Mediterranean Sea (Stn. 49-3) (ID) Indian Sea (Stn. 52-12)

lights mainly depends on the light absorption by
sea water itself while that of the shorter wave-
length lights is due to the light absorption and
scattering by suspended matters and dissolved
substances in sea water. This suggests that
there is a wide difference in concentration of
suspended matters and dissolved substances be-
tween both regional waters. Such a result of
this study agrees with the achievements made by
TYLER and SmiTH (1970), MATsuike (1973),
MOREL et al. (1974), and OraMI et al. (1978).

3-2 Classification of optical water types in all
the surveyed regions

An optical water type classification in all the

observation stations is shown in Table 2. This
classification is achieved according to the sys-
tem of JErLOV (1951;1976). As listed in the
Table, each water mass in the offshore region of
the Hawaiian Is. and the Coral Sea region in the
Pacific Ocean corresponds to the water type [A,
respectively; each one in the Kuroshio, the Car-
ibbean Sea, and the western region of the Medi-
terranean Sea comes under the water type IB;
each water mass of Mexican offshore region in
the Pacific Ocean, the Andaman Sea in the In-
dian Ocean and the South China Sea agrees with
a water type between II and III. Since 4 to 5 ob-
servation stations are particularly assigned to
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Fig. 3. Distributions of spectral light energies by depth in two sea regions.
Table 2. An optical water type classification in all the observation stations. Asterisk*

stands for a dominant type.

. Number of Optical water
Ocean Sea region .
station type
Kuroshio reg. 1 1B
Off Hawaii reg. ) 1A*-1B
Pacific O. Off Mexico reg. 1 1I-111
Equatorial reg. 4 1B-11*
Coral Sea reg. 4 1A*-IB
. Caribbean Sea reg. 1 1B
Atlantic O. Central reg. 1 1A
Bay of Bengal reg. 3 IB*-1I
Indian O. Andaman Sea reg. 2 II-111
Off Sumatora Is. reg. 2 IB-1II
Mediterra- Western sea reg. 1 IB
nean Sea
South China Northern and southern 2 II-1II

Sea sea reg.

each of the offshore region of the Hawaiian Is.,
the equatorial region off New Guinea, and the
Coral Sea in the Pacific Ocean, the water types
in those regions are considered as a result of the
mean optical measurements. Anyhow, it 1is

interesting that those water types agree with
the classification achieved by Jerlov almost 25
years ago. This means that the turbidity in
those regions scarcely change with a secular
variation. On the other hand, each water mass
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Fig. 4. Depth distribution of relative total irradiance in each sea region.

of the region located not far from the continents
or the islands comes under one of other water
types of which light transmittances are inferior
to those in the regions mentioned above. It can
be reasonably said that such a phenomenon is
due to the effect of muddy water run out of the
land into the sea.

Fig. 4 is prepared on the basis of Table 2,
showing the distribution of underwater energies
of all the spectral lights in the major regions. In
those regions, the depth, in which underwater
irradiace is reduced to 1% of its surface value,
varies considerably with the different regions.
For example, such the water exists in 79m deep
in the Coral Sea (Stn. 52-9), 66m deep in the
Kuroshio(Stn. 52-1), 59m deep in the Mediterra-
nean Sea (Stn. 49-3) and 34m deep in the
Andaman Sea (Stn. 52~12), respectively. Be-
sides, the respective irradiace value (i. e. the
percentage of the surface irradiance value) in
50m deep is 4.8%, 2.3%, 1.6% and 0.28% accord-
ing to the order of the regions stated in the pre-
ceding paragraph.

3-3 Optical environment in the tuna fishing
ground

The oceanic regions, in which experimental
tuna longlining operations for this study were
carried out, are the offshore water of the

Hawaiian Is. in the Pacific Ocean and the Bay of
Bengal in the Indian Ocean. And, most of the re-
gions surveyed for this study agree with those of
major tuna fishing grounds of the world
(Tavama, 1980). Based on such an assumption
that the fished depth of tuna is equal to the
range of living sphere, the optical environments
of tuna fishing grounds in the Pacific, the In-
dian, the Atlantic Ocean and the Mediterranean
Sea are investigated. The fished depths of tuna
are between 656m and 110m deep in the offshore
water of the Hwaiian Is., which are resulted
from experimental operations carried out in the
first period, and between 60m and 120m deep in
the Bay of Bengal conducted in the second pe-
riod. Thus, these ranges in depth in the two re-
gions resemble each other. Fished depths in
other fishing grounds are obtained on referring
to the relevant records and literatures or
through the vertical configurations of physical
properties in the different oceans. The results
are between 150m and 380m deep in the Coral
Sea in the Pacific Ocean (SarTo, 1992), between
50m and 150m deep in the central region of the
Atlantic Ocean (Kawar, 1969), and between
50m and 100m deep in the western region of the
Mediterranean Sea (YAMADA, private informa-
tion), respectively. Under the circumstances, it
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Table 3. Absolute and relative values of underwater total light in the tuna maneuvering

spheres of the every fishing ground.

Tuna maneuvering spheres shown by

asterisks* were obtained on referring to the literatures.

Off Hawaii reg.

Coral Sea Atlantic O. Mediterranean S.

Fishing
Item ground Bay of Bengal
Tuna maneuvering 60-120
sphere (m)
Total Absolute value 12-360
light (uw/cm?)

Relative value 4-120
(%) >< 10*2

65-110

42-315

X107*

150-380*"  50.150%* 50-100Z*°
0.02-13 8-891 17.6-336
6.9 X107 3.330 8.4-160
3.6 x10°* X107 X107

. can be said that the fished depths of tuna in the
objective fishing grounds for this study is in the
range from 50m to 150m deep.

The values of underwater spectral light energy
in the depth of 50m to 100m are little on the
longer wavelength side while those are large on
the shorter wavelength side as shown in Fig. 2.
This means that the spectral blue light trans-
mitted there is more predominant than any
other spectral lights. This agrees with the fact
discovered by KoBavasHr (1962) and Kawa-
MURA et al.(1981) that the best luminous effi-
ciency wavelength band of tuna’s eye is more or
less than 490nm which is the major wave length
of the blue light. Such a phenomenon that the
responsive wave length of tuna’s light sensing
organ agrees with the most predominant wave
length in the water of maneuvering sphere gives
us a great deal of interest.

In Table 3, the absolute and relative values of
underwater total irradiances in the tuna maneu-
vering spheres of the every fishing ground are
tabulated. In this case, the practical measure-
ments of 2.1 to 3.6 X10*« w/cm? of which mean
value is 2.7 X 10* 4 w/cm?, are used for the
irradiance values in the surface water (i.e. prac-
tically from the surface 0 m to 1 m) and the per-
centages with which the underwater irradiance
values reduced in accordance with the depths of
water are quoted from Fig. 4. As seen in the
Table, the underwater irradiance values of the
tuna maneuvering sphere differ according to
each fishing ground, and their differential
ranges are very wide indicating 2X107* to 8.9 X
10* £ w/cm?® The cause of this wide differential
gaps can be attributed to such a fact that tuna
in the Coral Sea of the Pacific Ocean is able to

move up to the very deep water in which under-
water irradiance shows an extremely small
value. This small irradiance value of 2X107? to
1.3X10 £ w/cm? can stand in comparison with 3
X 107" ¢ w/cm® which is reported to be the
irradiance value in the surface water during the
full moon night (WATERMAN, 1974). It might
be considered, therefore, that, so far as the day-
time around the sun’s meridian passage is con-
cerned, the tuna species inhabit in the dark
environment (SAKAMOTO, 1985). Besides, it can
be found out also from Table 3 that the
irradiance in the tuna maneuvering sphere of
every fishing ground except that of the Coral
Sea is within a certain range of around 5X10 to
3.2X10* y w/cm®.

The practical underwater irradiance value
fluctuates according to its value in the sky
which changes every season and every moment.
Under the circumstances, the further discussion
about the underwater irradiance in the tuna ma-
neuvering sphere will be proceeded by the use of
its relative value. As seen in Table 3, the rela-
tive irradiance value considerably varies accord-
ing to the different fishing grounds as same as
the case of its absolute value; the relative
irradiance value except that of the Coral Sea is
within the range of 0.2 to 1.296. These values
are very small comparing with those of 2.2 to
8.2% found in the Bay of Bengal (MORINAGA et
al., 1992). The reason can be considered that be-
cause the minimum concentration layer of dis-
solved oxygen located in the Bay of Bengal
comes.up to the subsurface layer, the tuna living
sphere moves up to the extremely shallow water
of which depth is from 38m to 69m. Accord-
ingly, the underwater irradiance in the tuna
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maneuvering sphere is common to every fishing
ground which is located from Lat. 20° to 40° N.,
keeping a constant brightness equivalent to ap-
proximately 1% of the surface irradiance value.
This suggests a possibility to use the knowledge
of the regional irradiance distribution in the
ocean for locating the tuna fishing ground.
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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

" Received March 1, 1993
** School of Environmental Sciences, Univer-
sity of Tsukuba, Tsukuba, Ibaraki-ken 305
Japan v
*** Present affiliation: NTT Data Communica-
tions Systems Corporation, Toranomon,
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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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ot 1o 10° gl

CPD
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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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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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
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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




Dispersion of passive tracers i

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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Particle tracking in a mesoscale eddy
field in an ocean”

Keiko YOKOYAMA

L

and Kenzo TAKANO**

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

" Received March 1, 1993
** School of Environmental Sciences, University
of Tsukuba, Tsukuba, Ibaraki-ken 305 Japan
*** Present affiliation: NTT Data Communica-
tions Systems Corporation, Toranomon,
Toyo 105 Japan

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.
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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,
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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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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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Fig. 6. Power spectra of the eastward (solid
curve) and northward (broken curve)
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
je———254.0 kp ——

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-
neously 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.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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Sedimentation processes in Tokyo Bay, Japan®

Tetsuo Yanacr™ " and Manabu Sumvizu™”

Abstract: Sedimentation patterns of riverine material in the surface sediment of Tokyo
Bay have been classified into two groups, that is, fan shaped pattern such as pyrene, phos-
phorus, and copper and circular shaped pattern such as alkylbenzene, carbon and cad-
mium. Such two patterns are well reproduced by the three-dimensional numerical model
experiment. Heavy and light particles are injected from three main rivers at the head of nu-
merical model of Tokyo Bay which reproduces tidal current, residual current and density
distribution of the prototype. Three-dimensional movements of injected particles due to
currents, turbulence and sinking velocity are tracked by the Euler-Lagrange method in-
cluding the judgment of settling of particles to the sea bottom by the critical tractive force
theory. Heavy particles show the fan shaped sedimentation pattern and light particles the
circular one. Calculated sedimentation patterns of riverine material are highly similar to

the observed ones.

1. Introduction

It is well known that the sedimentation pat-
terns of riverine material in surface sediment of
Tokyo Bay are classified into two types. One is
the fan shaped pattern in which the highest con-
centration is located at the mouth of rivers as
shown in Fig. 1 (a). Pyrene, total phosphorus,
copper, nickel and chromium take this pattern.

Another is the circular shaped pattern in which
the highest concentration is located at the cen-
tral part of the bay as shown in Fig. 1 (b). LAS
(Linear Alkyl-benzene Sulfonate), total carbon,
biogenic silica, cadmium and zinc take this pat-
tern (ISHIWA-TARI, 1988). IsHiwaTARI (1988)
pointed out the possibility that the riverine ma-
terial which adheres to heavy particles takes the

Pyrene
(ng/g-dry)
) 4]

S 10km

vlda- Alkylbenzene
7 s (ng/g-dry) -

) 5 1okm
[SE SR

Fig.1l. Fan shaped (a) and circular shaped (b) sedimentation patterns in Tokyo bay (IsmtwaTar:, 1988).

" Received March 19, 1993
** Department of Civil and Ocean Engineering,
Ehime University Matsuyama, 790 Japan

fan shaped pattern and that which adheres to
light particles the circular shaped pattern.

In this paper, we try to reproduce such two
sedimentation patterns in Tokyo Bay with use
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Fig. 2. Numerical model of Tokyo Bay. Full line
denotes the bottom contour and the number
the water depth in meter. Black circles de
note the river mouths of three main rivers.

of three-dimensional numerical model by track-
ing the movements of heavy and light particles
injected from the mouth of rivers.

2. Numerical experiment
2.1 Currents and density fields
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Fig. 3. Calculated maximum flood tidal current
in Tokyo Bay.

The movement of riverine particless in Tokyo
Bay is governed by currents, turbulence and the
sinking velocity of particles. Then we first re-
produce the currents of Tokyo Bay by the nu-
merical model. Tokyo Bay is horizontally
divided by the square mesh with 1 km length and
the water column is vertically divided into four
layers in summer and into three layers in winter
as shown in Fig. 2.

The most dominant current in Tokyo Bay is
the barotropic M: tidal current and it is well re-
produced in this numerical model with use of
usual method (YANAGI et al., 1983). The repro-
duction of tide and tidal current is confirmed
(Yanacrt and Suimizu, 1991) and the calculated
barotropic M: flood current is shown in Fig.3.
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The maximum flood current of about 50 cm s is
appeared at the bay mouth and it is about 10 cm
s™ near the head of the bay. The ebb current
flows in nearly the opposite direction with
nearly the same speed. The horizontal forces due
to tidal stress F, (F., F.) is caluculated with
M, tidal current as follows;

F.= *(uu-+v g;)
) ®
Fo= = gy +ugy)

where u and v denote the x and y component of
M. tidal current, respectively, and overbar the
average over one tidal cycle. F. is used when we
caluculate the residual flow.

Next we reproduce the residual flow in Tokyo
Bay which governs the longterm transport of
particles and the density distribution. The den-
sity distribution of sea water affects the sinking
velocity and the tractive and resistance forces of
particle as shown later. Here we try to repro-
duce residual flows and density distributions of
Tokyo Bay in summer and in winter because they
are two opposite typical seasons.

The basic equations are the momentum and
continuity equations under the Bussinesq and
hydrostatic approximations, the advection-
dispersion equations of water temperature, sa-
linity and density and the state equation as
follows;

%Y+(V-VV)+kaV~—%VP
+AVV+AU%‘2/ VF

ow _ _

W= vV (3
P=pog7)+prde @)
_Po— PO

B= T 6))

(0 —1.0) x 10°= 28.14—0.0735T —0.00469T*
+(0.0802— 0.002T)

(S - 35) )
orT orT 0T
6t +VVT+w 6 —KhV v 622 (7>
08 0S8 2 a°S
at +VVeS+w4— D2 —KhV S+KU 622 (8)

where V denotes the horizontal velocity; w, ver-
tical velocity; , horizontal differntial operator;
f (=7.8 x10%"), Coriolis parameter; k, vertical
unit vector; o, density; 0., overall mean den-
sity; P the pressure; T, water temperature; S,

salinity; A, (=10°%m’™) and A,; horizontal and
vertical eddy visosity, respectively; g (=980cm
s?), gravitational acceleration; 7, sea level
height above the mean sea surface; B, the buoy-
ancy; K, (=10°m?’s™) and K,, horizontal and
vertical eddy diffusivity, respectively.

Vertical eddy viscosity and vertical eddy
diffusivity are parameterized as follows,

A, = K, =1 — 10cm?*s* @

A, and K, depends on the amplitude of M. tidal
current and it is 10 cm’s™ at bay mouth where
the tidal current is the strongest and 1 cm®s™ at
the head of the bay where the tidal current is the
weakest.

The boundary conditions are given on the sea
surface and at the sea bottom as :

0T_gaQ 4S_

6z pl 0z 0at z=0 ao

%—pacd‘V|V oT_ gf—Oatzva
D

where a (=2.0 x 10* °C") denotes the heat
expan-sion coefficient; Q, heat flux through the
sea surface; C, (=0.932 cal g* °C™"), specific heat
under the constant pressure; Cq (=2.6 X 10®),
the drag coefficient at the sea bottom; and H,
the water depth.

The salinity efflux from rivers S is given as
follows,

AS = — SRHK 12)
where R denotes the river discharge; S, h and A,
salinity, water depth and the area of the mesh
which the river flows into, t (= 400sec) the time
step of calculation. A S is subtracted from the
calculated S at the mesh which the river flows
into at every time step.

The non-slip condition of velocity is given

Table 1. Different parameters in summer and in
winter.

Winter
—100W/m’*

Summer

(Q 150W/m’

Surface heat flux
Overall mean

density (p,) 1.0239g/cm®
Freashwater discharge (R)

1.0255g/cm®

Edogawa river 180m®/sec  60m®/sec
Arakawa river 90m’/sec  30m*/sec
Tamagawa river 90m®*/sec  30m’/sec
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Fig. 4. Calculated water temperature, salinity and density distributions in the upper layer
in summer (upper) and in winter (lower).

along the coast. The normal component of ve-
locity to the open boundary is assumed to be
zero. The horizontal gradients of water tem-
perature and salinity across the open boundary
are assumed to be zero.

Equations (1) to (12) are approximated by
the finite difference and solved by the semi-
implicit method (OONISHI, 1978). Different

parameters in summer and winter are tabulated
in Table 1.

The calculated water temperature, salinity
and density distributions at the first layer in
summer and in winter are shown in Fig.4. The
observed water temperature, salinity and den-
sity distributions in summer and in winter
(Hydrographic Office of Maritime Safety
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Agency, 1991) are shown in Fig.5. The calcu-
lated distributions well reproduce the patterns
of observed ones though the absolute values are
a little different. The distribution patterns of
water temperature, salinity and density in other
layers (not shown) are also well reproduced by
the numerical experiment.

The residual flows accompanied with calcu-
lated density distributions of Fig.4 are shown in
Fig.6 (a) and (b). The clockwise residual circu-
lation with the speed of about 10 cm s™ is gener-
ated at the first layer in the central part of the
bay in summer and the anticlockwise one with

the speed of about 5 ¢cm s™ in winter. The resid-
ual circulation in the second layer is opposite to
that in the first layer in summer but that is the
same as the first layer in winter. There is no
sufficient observational data on the distribu-
tions of residual flows of Tokyo Bay in summer
and in winter. However, we may consider the re-
sidual flows in Fig.6 as reasonable ones because
the distributions of water temperature and sa-
linity are well reproduced as shown in Figs. (4)
and (5).

The wind may affect the residual flow in
Tokyo Bay but the wind is very variable with
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the period of 3-4 days in summer and in winter.
We carried out some numerical experiments
with observed average wind in summer and in
winter. However, we cannot reproduce the
observed water temperature and salinity distri-
butions under the constant wind blowing be-
cause the coastal upwelling is generated along
the coast of Tokyo Bay by the northerly con-
stant wind or southerly constant wind as dis-
cussed by MATSUYAMA et al. (1990). In the real
field, the coastal upwelling phenomena are
highly transient and are not steady state. We
consider the time scale of 10-20 days in relation
to the sedimentation process of particles in
Tokyo Bay. Therefore, we take into account of
only the tidal current and residual flow which
consists of tide-induced residual current and
density-driven current as the basic flow field in
this numerical experiment of sedimentation in
Tokyo Bay. The effect of wind to the movement
of particles are included by the parameteriza-
tion of wind into the wind wave in this numeri-
cal experiment which will be discussed later.

2.2 Sedimentation process

The Euler-Lagrange method is used to track
the movement of particles in this numerical
model. The position of particle X.«1 (x**!, y**!,
) at time n+1, which was X, (x*, y*,z") at
time n, can be calculated by the following equa-
tion:

X=X, +vAt+(Vv)vAt*+w.At+R (13)

where v denotes the calculated velocity vector

including tidal current and residual flow; w,, the

sinking velocity of particle by the Stokes law ;
_ _8(o,—p)

W, = 18 ar 14
where g denotes the gravitational acceleration;
0., density of particle; p., density of sea
water; u, (=0.0115cm? s*), viscosity of sea
water: r, diameter of particle. R is the disper-
sion due to the turbulence and is given by the
following equation,

R.and R, = vV 2At D,
R.= 7V 2At D,

where 7 is the normal random number whose
average is zero and whose standard deviation is
1.0; D, (=5 x 10°cm? s and D,(=10cm?s™), the

(15

horizontal and vertical dispersion coefficient,
respectively.

When particles reach the sea bottom, we judge
whether it stops moving or removes by applying
the critical tractive force theory (TSUBAKI,
1974)

F= %“ct UbZ-g—rﬂ (16)
R:%ra(pp—pw) 7S an

where F denotes the tractive force; R, the resis-
tance force; C, (= 0.4), drag coefficient of par-
ticle; ., (= 1.0), static friction coefficient of
particle: U, the velocity just above the sea bed.
We assume the velocity just above the sea bed is
0.2 times that of calculated velocity in the low-
est layer of the numerical model and it is given
by the following formula;

U, = 0.2 (U4 U + Usase L))

where U, denotes the calculated tidal velocity:
U., calculated residual velocity and Us.. the
water velocity due to wind wave and it is given
by the following formula on the basis of small-
amplitude wave theory;

_ Hoae gT
Ve = 2 L cosh (27 H/L) (19)
where H denotes the water depth and H,..., T and
L wave height, wave period and wave length of
dominant maximum wave in Tokyo Bay, respec-
tively. The wave length depends on the water
depth and the wave period and it is calculated as
follows,

(g/cm3)
2.341.59
. - . e e :n' -, .
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Fig. 7. Heavy and light groups of injected
particles.
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The dominant wave height and wave period in
Tokyo Bay were obtained by the field observa-
tion (Port Bureau of Tokyo Metropolitan,
1991). The used dominant maximum wave
height and period in this numerical experiments
are 80 cm and 3.0 sec, respectively and they are
the same in summer and in winter. This is due to
that the northerly wind is strong but the fetch is

short in winter and the southerly wind is not so
strong but the fetch is long in summer.

When R is larger than F, the particle stops
moving and settles to the position where the
particle reach the sea bottom and when F is
larger than R, it removes from its position.

3. Results
Two groups of particles as shown in Fig.7 are
injected from three river mouths which are
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Fig. 8. Sedimentation patterns of light particles (upper) and heavy particles (lower)
3, 5, 10 and 20 days after the injection in summer (a) and in winter (b).
Number means the number of settled particles.

shown in Fig.2. Heavy particles have the aver-

age diameter of 30 4 m with the standard devia-
tion of 1 um and the average density of 2.0 g

cm® with the standard deviation of 0.1 g cm™®

and light particles have the same average diame-

ter and the average density of 1.2 g cm™. Such

values are decided from the results of field ob-
servation in Tokyo Bay (R. ISHIWATARI, per-
sonal communication).

150 particles are injected from each river

mouth and the total number of injected particles
are 450. The results of numerical experiments
are shown in Fig. 8 (a) and (b). Light particles
settle in the central part of the bay while heavy
particles settle near the river mouths in summer
and in winter. Light particles can not settle
near river mouth where the water depth is shal-
low and the current speed due to wind wave is
large. On the oter hand, heavy particles can set-
tle in the shallow part because the resistance
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force R is large due to large particle density.
The sedimentation pattern of light particles is
simmilar to the circular shaped sedimentation
pattern shown in Fig. 1 (b) and that of heavy
particles to the fan shaped one shown in Fig. 1
(a).

The effect of wind wave is the largest in the
difference of sedimentation patterns of light
and heavy particles in Tokyo Bay because the ve-
locities just above the sea bottom in Eq. (18)
are 0.2 x U, ~10cm s 0.2x U, =~ 0.4-1.0 cm
s? and Uqee == 2.0 cm s™ in the shallow part and
02xU,~10cms,0.2xU,~0.4-1.0cm s' and
Ugae == 0.02 cm s in the central part of the bay.
The results of sedimentation pattern when the
effect of wind wave is not included, are shown in
Fig. 9. Light particles settle near the river
mouth when the effect of wind wave is not in-
cluded.

About half of light particles do not settle 20
days after the injection in summer while about
75 % settle in winter. The sinking velocity of

particle shown in Eq. (14) and the resistance
force shown in Eq. (17) are large and the
tractive force is smaller in summer than in win-
ter because the water density is smaller in sum-
mer. Such facts suggest that the settled number
of particles is larger in summer than in winter
while the calculated results show the oppositee
results as shown in Fig. 8 (a) and (b). The dif-
ference of settled number of light particles 20
days after the injection between in summer and
in winter is mainly due to the difference of speed
of residual flow in summer and in winter be-
cause the speed of tidal current and that due to
wind wave are the same in summer and in win-
ter. The calculated speed of residual flow in the
central part of the bay is 4-6 cm s™ in summer
and 2-3 ecm s in winter. The larger tractive
force acts the particles in summmer than in win-
ter and the settled number of light particles are
smaller in summer than in winter.
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4. Discussions

In these numerical experiments we change only
the density of the particles without changing the
diameter. We may obtain the same results if we
change the diameter of particles without chang-
ing the density of particles because the sinking
speed, tractive force and resistance force of par-
ticles depend on the density and diameter.
Therefore we hope the chemical oceanographer
to investigate the differences of average density
or average diameter of particles to which
riverine materials adhere in the near future.

In the real Tokyo Bay, particles may change
its form from particulated state to dissolved
state and vice verse. TagemaTsu (1990) pro-
posed another hypothesis that the fan shaped
sedimentation is due to the inorganic particles
and circular shaped one is due to the organic
particles in Tokyo Bay. The rightness of his hy-
pothesis has not been examined and we have to
include such transformation of particles by the
biochemical processes in the numerical model in
the near future.
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