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

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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Fig. 5. Observed water temperature, salinity and density distributions in the upper layer
in summer (upper) and in winter (lower).

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' -, .
L . To g
. BT A
g . °e EL® ng:’O."’."‘ ®o
'>_'_ o o’ e ’"}:‘t%.:., ‘n:$‘°°
: Tl gle R
z 2.041.24 £, . "‘co.ﬁﬁsvn"’“ t/‘;'d%'.: P
w : ° o 'f% ‘; o, e o
o 0o Mo &’.“'&‘. e o0 o
7 e ° $Se ok
° S 0!,,.. " e® °
° o o ° °
1.7d0.9 T T T T T 5 (pm)
27 30 33
DIAMETER

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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