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ABSTRACT

By means of numerical calculations of the Lagrangian movement of water particles released in a turbulent
tidal current during three cycles of the M, tide, the mechanism of tidal mixing of the inner and outer waters
divided initially by a strait and the effect of turbulence on tidal exchange. through the strait are studied.
In the vicinity of the strait, combined with the large Stokes drift due to the spatially rapid changes of the
amplitude and the phase lag of the tidal current, turbulence strongly affects the Lagrangian movement of
particles. Some of initially adjacent particles moving in a turbulent tidal current have much larger drifts
than the Stokes drifts (non-turbulent) and the others much smaller drifts than those. As a result, the
adjacent particles released in a turbulent tidal current are widely scattered, and they are well mixed with
water particles initially far apart from them, i.e., local mixing of water amplified to a great extent occurs
compared with that due only to turbulence. By the interaction of a large degree of local mixing induced
by the Stokes drift and turbulence in the vicinity of the strait and the dynamic process of tidal exchange
through the strait, the inner and outer waters are also well mixed with each other over an extensive area
around the strait. With regard to the effect of turbulence on tidal exchange between two basins connected
by the strait, turbulence has a minor influence on water volume exchanged through the strait, but it has
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a major influence on the enlargement of sea areas affected by tidal exchange. It is also shown that the
dispersion coefficient evaluated from the variance of particle spread reaches 8 X 10° cm? s™' in the vicinity

of the strait.

1. Introduction

In order to arrive at estimates of tidally induced
net exchanges of water between basins connected by
a narrow strait, it has been necessary for many pre-
vious studies to invoke assumptions concerning the
horizontal spread of intruding water and the physical
process of mixing of the water with basin water, be-
cause the mechanism of tidal exchange through the
strait was not clearly understood (Parker 1972; Ka-
wamura et al., 1975; and others).

Recently, Awaji et al. (1980) made a numerical
experiment of tidal exchange through an idealized
strait. They calculated the Lagrangian movement of
a large number of labeled particles released in a tidal
current during a full cycle of the M, tide according
to the method known as the Euler-Lagrange problem
(Longuet-Higgins, 1969), and evaluated the ex-
change ratio from the calculated distributions of the
inner and outer waters initially divided by the strait.
They clearly showed that tidal exchange through a
strait is primarily induced by the spatially rapid
changes of the amplitude and the phase lag of the
M, current in the vicinity of the strait and it is de-
veloped by the combined action of the M, current
and the tidally-induced residual current near the
strait. In other words, large Stokes drifts of water
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particles in the vicinity of the strait cause the ex-
change of a large amount of water through the strait.
In the study of Awaji et al. (1980) and also in the
present study, the Stokes drift is defined as the La-
grangian drift over a cycle due to the spatial vari-
ability of all components of the Eulerian velocity
field, i.e., the M, and tidally-induced residual cur-
rents. The reason is that the drift of a water particle
cannot be divided into pieces induced by each com-
ponent of the currents, because each component of
the currents changes rapidly in space and in such a
case the Euler-Lagrange transformation is strongly
nonlinear (Zimmerman, 1976). The new method in-
troduced by them has the advantage of allowing the
evaluation of the exchange ratio without invoking
any of the assumptions mentioned above, and also
of easily investigating the mechanism governing
water exchange through the strait.

For the purpose of simply revealing the physical
mechanism of tidal exchange through a strait, Awaji
et al. (1980) did not consider the turbulent motions
of water particles. In actual seas there exists tur-
bulence on various scales, and random motions of
water particles due to turbulence are necessary for
water mixing (Dyer, 1973). Then, if turbulent mo-
tions of water particles are taken into account, their
new method is also very useful for the study of the
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physical process of water mixing in a tidal current,
because water mixing is a Lagrangian phenomenon
and should be investigated in a Lagrangian manner.
Many studies have been made concerning tidal mix-
ing, notably the studies based on shear dispersion
(Bowden, 1965; Okubo, 1967; and others). In almost
all of them, however, tidal mixing was investigated
in an Eulerian manner, and the effect of the Stokes
drifts of water particles on tidal mixing was not con-
sidered. As was clearly demonstrated by Awaji et al.
(1980), large Stokes drifts (non-turbulent) are pro-
duced in the vicinity of the strait. Therefore it seems
that in a turbulent tidal current, a large degree of
water mixing is induced by the interaction of the
large Stokes drifts and turbulence.
In the present study, water particles released in
a turbulent tidal current are numerically tracked
(in a turbulent tidal current random motions of par-
ticles due to turbulence are taken into account), and
‘then, based on the relation between the calculated
drifts in a turbulent tidal current and those in a non-
_ turbulent tidal current (Stokes drifts), the physical
manner of the Lagrangian movement of particles is
investigated in order to understand the mechanism
of local mixing of water in a Lagrangian manner.
Next, the physical process of tidal mixing of the inner
and outer waters and the effect of turbulence on tidal
exchange through a strait will be studied.

2. Models

The model basin is the same as that used by Awaji
et al. (1980, their Fig. 1). It consists of an inner and
an outer basin connected to each other by a narrow
strait 5 km in length and 4 km in width. The bottom
of the basin is flat and is 40 m below mean sea level.
The equations of motion and continuity of barotropic
tide are

d
‘a—‘:-f-u-V,,u+kau

= —gViul + vVt + ————
gVu{ + vgVy'u ool H + 0)
a¢

o Vul(H + ],
where u denotes the horizontal Eulerian velocity vec-
tor with components u and v related to the horizontal
coordinates x and y, respectively, { the surface ele-
vation above mean sea level, H (=40 m) the depth
of the bottom, f (=0.77 X 107* s™!) the Coriolis pa-
rameter, g (=980 cm s™?) the gravitational acceler-
ation, vy (=5.5 X 10° cm? s7!) the constant eddy
viscosity, T [= —0.0026 X |ulu (g cm™! s7?)] the bot-
tom stress, V the horizontal gradient operator, Vj?
the horizontal Laplacian operator, and k the vertical
unit vector acting upward. The water motion is

(1)

(2)
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driven by the M, tide at the open boundary which
is given by

§= & sin{(2x/T)Ht}, (3)

where {, (=90 cm) and T denote the amplitude and
the cycle of the M, tide, respectively. :

Since the Lagrangian movement of water is sur-
veyed by means of tracking labeled particles released
in the tidal current, it is necessary to know their
Lagrangian velocities. The Lagrangian velocity of a
labeled particle in the present model consists of the
velocity due to the tidal current, and that due to
turbulence. The former is given by interpolating the
Eulerian velocities of the tidal current calculated at
every grid spacing of 1 km. The latter is given by
random numbers numerically generated in every
time-step according to a Markov-chain model de-
scribed in the next section.

7

a. Numerical generation of turbulence

When considering numerical simulation methods
of turbulent velocities experienced by particles, sev-
eral kinds of random-walk models are well-known
(Sullivan, 1971; Hall, 1975; and others). The Mar-
kov-chain model is the most convenient approach in
the present model, because the calculation of particle
motions must be performed at a small time interval
(within a few minutes) so as to satisfy the Markov
assumption; this model has the advantage that a se-
quence of turbulent velocities can be obtained very
easily. The Markov-chain model was theoretically
derived by Hall (1975). He clearly showed that the
model was reasonable as a simulation model of tur-
bulent velocities in the atmosphere. Applying this
model to some coastal seas, Wada and Kadoyu
(1976) also showed that the statistics of turbulence
(e.g., an auto-correlation function and power spec-
trum) calculated from this model agreed closely with
those observed in the coastal seas.

. In the present study, two fields of turbulence (two-
dimensional) are generated by this model in order
to understand readily the fundamental roles of tur-
bulence in water mixing and water exchange through
the strait. One has the amplitude of the fluctuations
corresponding to a turbulent diffusivity of 10* cm?
s7!, and the other has that corresponding to a tur-
bulent diffusivity of 10° cm? s™'. The integral time
scale is taken to be 1.0 lunar hour. The above situ-
ations are determined according to the study of
Wada and Kadoyu (1975) in which it was shown
that representative turbulent diffusivities in the cen-
tral parts of actual bays and in the vicinity of straits
were 10* ~ 10° cm? s™! and 10° ~ 10° cm?® s7!,
respectively, and that the integral time scale of tur-
bulence fields in bays was ~1.0 lunar hour. The
Markov-chain model is briefly described in the Ap-
pendix (the relation between the amplitude of tur-
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bulent fluctuations and turbulent diffusivity is also
shown).

b. The method of tracking labeled particles

Water particles are labeled so that they can be
distinguished from one another. Imagine the nth la-
beled particle at the position X,(¢;) at time ¢, Then,
the new position X,(#;+,) after a small time interval
At(t;y, = t; + At) is given by

Xt} = %o(8) + witedae + [ uix, 00,1

+ f "X, £}V (X, £)1dt, (4)

4

where u denotes the velocity vector at the position
X,(1,) obtained from interpolating the Eulerian ve-
locities of the tidal current calculated at every grid
point (see Awaji et al., 1980), and u/(¢;) denotes the
turbulent velocity vector experienced by the nth la-
beled particle during the time ¢; to #;4,. The calcu-
lation of particle motions is started at the time of a
maximum inward current at the center of the strait
according to Imasato et al. (1980) so that the par-
ticles released initially in the strait can travel in both
basins (the inner and outer basins) during a full cycle
of the M, tide. Sixteen labeled particles are initially
arranged in each grid box (Fig. 1), and then, using
Eq. (4), they are tracked at a small time interval
At (<3 min) so that the Markov assumption can be
satisfied (Wada and Kadoyu, 1976). The calculations
of particle motions is continued during three cycles
of the M, tide.

3. Water mixing in the tidal current

With the object of understanding the roles of tur-
bulence in water mixing and in tidal exchange
through the strait, particle motions in the following
three cases are calculated:

I. Particle motions driven only by the tidal current
(no turbulence).

II. Particle motions driven by the tidal current
and by turbulence numerically generated so as
to 2givel the equivalent diffusion coefficient of 10*
cm® s,

I11. Particle motions driven by the tidal current
and by turbulence numerically generated so as
to 2givc: the equivalent diffusion coefficient of 10°
cm? 57,

The calculated M, and tidally induced residual
currents are the same as those of Awaji et al. (1980).
The features of the M, current are as follows. Both
the amplitude and the phase lag are rapidly changed
in the vicinity of the strait. The velocity of the M,
current exceeds 2.5 m s™! in the strait. The phase lag
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FIG. 1. The initial arrangement of labeled particles (16 particles)
in a grid box. The particle denoted by a black circle is selected
as the specified particle described in Section 3b.

of the v component takes over 6 lunar hours between
both ends of the strait. In the velocity field of the
tidally induced residual current, remarkable vortices
exist in the neighborhood of the strait, and the max-
imum speed is 0.6 m s~

Fig. 2 shows the time changes of the calculated
distributions of labeled particles in the above three
cases during three cycles of the M, tide, where small
black squares represent the inner water particles re-
leased initially in the inner basin, and small open
circles the outer water particles released initially in
the outer basin. In the first tidal cycle the calculated
distributions of labeled particles are shown at inter-
vals of 3 lunar hours, and in the second and the third
tidal cycles they are shown at 3 and 12 lunar hours
of each tidal cycle. It is clearly seen in Fig. 2 that
in every case large amounts of water aré exchanged
through the strait during a cycle: Fig. 2a (case I; the
non-turbulent case) indicates that the particles in the
vicinity of the strait are moving in a fairly complex
way, and their distributions are observed as if the
inner and outer waters were mixed together, al-
though the phenomenon of water mixing should
never occur in nonturbulent cases. The particles in
areas far from the strait are moving regularly be-
cause the tidal current has only a small spatial
change in those areas. Figs. 2b and 2c (cases II and
III, respectively) show, however, that particlcs in the
turbulent cases are 1rregularly scattered even in areas
far from the strait.

a. Local mixing of water

Prior to the discussion about an important problem
of the mixing of the inner and outer waters, local
mixing of water in the tidal current is investigated,
because it will facilitate understanding of the phys-
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FIG. 2. The time-changes of the calculated distributions of labeled particles: (a) case I, (b) case IT and (c) case IIL. The black squares
represent the inner water particles released initially in the inner basin, and the open circles represent the outer water particles released

initially in the outer basin.

ical process of the mixing of the inner and outer
waters.

Local mixing of water defined in the present study
is as follows. Water mixing is a Lagrangian phenom-
enon; hence local mixing of water should be studied
in a Lagrangian manner. The water mixing in a
square of fairly small area which is moved together
with a specified particle is considered in this study.
The particle shown in each grid box by a black circle
in Fig. 1 is chosen as the specified particle, and it is
always located in the center of the square (it must
be noted that a square does not mean a grid box used
in the calculation of the Eulerian tidal velocity). As
both a square and water particles move in the tidal
current, some of the particles initially in a square
remain in the square and others go out from it, after
time ¢, and water particles initially outside the square
intrude into the square. In this situation, local mixing

of water is defined as the mixing of the remaining
water particles and the intruding ones in the square.
The mixing ratio My representing the degree of
local mixing at time ¢ is defined as
Mg = N/(1)/N 1), (5)

where N,(t) denotes the number of particles initially
outside the square (¢ = Q) but inside the square at
time ¢, and N ,(¢) the total number of particles in-
cluded in the square at time ¢. The specified particle
is excluded from N, and N, so that the value of My
changes from O to 1. It should be noticed that the
square is not fixed in space but moves with the spe-
cified particle for the purpose of evaluating the de-
gree of local mixing in Lagrangian manners. In order
to obtain a reasonable estimate of Mz, more than 50
particles should be included in every square; thus
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Fi1G. 2. (Continued)

squares having a side of 2 km are used in the present
calculation of Mp.

Fig. 3 shows the distributions of the calculated Mg
in cases I, IT and III after a full cycle of the M, tide
(all values of My are plotted in the initial positions
of the specified particles). Since turbulent motions
of particles are necessary for water mixing (Dyer,
1973), it is unreasonable to regard My in case I as
a mixing ratio. Since non-zero values of My in case
I are associated with deformation of water columns,
which is one of the major factors in water mixing,
it can be considered that My in case I indicates the
degree of possible water mixing when turbulent mo-
tions are introduced into particle motions. It is easily
seen in Fig. 3 that in all cases, values of My are
largest in the vicinity of the strait, where some are
over 0.9, and gradually decrease toward the inner
parts of both basins. In cases II and III the areas of
relatively large values of My, e.g., over 0.7 (shaded

parts in Fig. 3), are more extensive than those in case
1. The comparison of My between cases I and III is
shown in Fig. 4, where the values of My, in case III
after a cycle are plotted against those in case 1. Al-
most all of the plotted dots are distributed above the
straight line at 45°. These figures clearly indicate
that when turbulent motions are added to particles
even if they are weak, local mixing is amplified to
a great extent over a wide area around the strait.
Brief consideration concerning the cause of the
above features of My is made, based on the Lagran-
gian movement of particles. Fig. 5 shows the initial
and final positions of six groups of water particles
during the first tidal cycle (each group consists of 16
particles). Initial positions of the groups are repre-
sented by the squares (1 km X 1 km) labeled by the
letters U-Z, and final positions of 16 particles of
each group are denoted by the corresponding small
letters. Therefore, Fig. Sa (case I) represents the
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deformation of a water column (the square) after a
cycle due to the spatial variability of the velocity
field. It is clearly seen in Fig. 5a that water columns
in the vicinity of the strait are greatly deformed and
some are stretched more than 5 km. The large de-
formation of water columns near the strait indicates
the important fact that the Stokes drifts of two par-
ticles very close to each other in the vicinity of the
strait are quite different. In other words, this fact
causes the high values of My, of case I in the vicinity
of the strait and a large degree of the “apparent local
mixing.”

In Fig. 5b of the turbulent case (case III), it is
also seen that particles released near the vicinity of
the strait are scattered more widely than those in
case I. The extensive scattering of the particles near
the strait will be easily explained in comparison with
trajectories of particles between the nonturbulent
and turbulent cases. Fig. 6 demonstrates the trajec-
tories of some representative particles in cases I (Fig.
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6a; non-turbulent case) and III (Fig. 6b; turbulent
case) during the first tidal cycle. In regions far from
the strait, the trajectories in the turbulent case (Fig.
6b) only fluctuate‘around those in the non-turbulent
case (Fig.- 6a). However, the notable difference be-
tween these two cases is clearly observed in the tra-
jectories of the particles that move near the strait
during a cycle. Difference in the final positions, of
these particles between the two cases is well over 2
km, and, surprisingly, some particles (e.g., particle
A in Fig. 6) in the turbulent case intrude into the
opposite basin through the strait after a cycle, while
in the non-turbulent case they remain in the home
basin. From this large difference of final positions
between the non-turbulent and turbulent cases, it is
expected that in the vicinity of the strait, half of the
particles released in a turbulent tidal current will
have much larger drifts than Stokes particles (non-
turbulent) and the other half much smaller drifts
than Stokes particles over a cycle because of the ran-
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domness of turbulence. Both the former and the lat-
ter particles will induce extensive scattering of water
particles moving in a tidal current. In fact, these
features can be seen in a comparison between Figs.
5a and 5b; the latter clearly shows that a group of
particles initially included in a square (1 km X 1 km)
in the vicinity of the strait is scattered more exten-
sively after a cycle than the large deformation of
water columns demonstrated in Fig. Sa, and that lo-
cal mixing increases over a wide area around the
strait, compared with that due only to turbulence.
Since the scattering of the particles included in a
_square due only to turbulence of case III is ~1 km
over a cycle, the extensive scattering near the strait
cannot be explained only by turbulence.

Particles near the strait in the turbulent case do
not fluctuate around their trajectories in the non-tur-
bulent case but follow trajectories quite different
from those in the non-turbulent case. In other words,
we can consider the following process. Particles mo-
mentarily shift from the non-turbulent trajectory of

F1G. 3. The distributions of the calculated My, after a cycle of
the M, tide: (a) case I, (b) case II and (c) case III. The values
of My are plotted at the initial positions of the specified particles.
Shaded parts show the areas where the values of My exceed 0.7.
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FiG. 4. Comparison of My in case III with that in case I
after a cycle of the M, tide. The dot-dashed line is at 45°.

one particle to that of another particle through the
working of turbulence. Since the spatial difference
between Stokes drifts is large in the vicinity of the
strait, particles released near the strait in the tur-
bulent case finally have “drifts” quite different from
those in the non-turbulent case (Stokes drifts) and
approach other particles initially at large distances.
This phenomenon becomes especially remarkable for
particles that pass through the strait. Hence, it is
concluded that in the vicinity of the strait a large
degree of local mixing is induced by the cooperation
of the Stokes drifts in a tidal current (induced by the
spatially rapid changes of the amplitude and the
phase lag) and turbulence.

b. Mixing of the inner and outer waters

Based on the physical process of local mixing de-
scribed in the preceding section, the mixing of the
inner and outer waters initially separated from each
other by the strait will now be discussed.

First, the degree of mixing of the inner and outer
waters is estimated. Fig. 7 shows the horizontal dis-
tributions of the ratio Nz of the number of the outer
water particles to the total number of particles in
each grid box after three tidal cycles in cases I and
III. Since the value (0.5) of Ny in case I (Fig. 7a;
non-turbulent case) indicates that the inner and outer
waters stay close together in a grid box, the increase
of areas of the values close to 0.5 indicates that the
contact surface of these two waters is increased only
by tidal exchange through the strait or the defor-
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Fi1G. 5. The final positions (small letters) of 16 particles released initially in a
square of 1 km X 1 km (corresponding capital letter in the square) in cases I and
IIT over a cycle. In case I small letters represent the deformation of a water column,
and in case III they represent the scattering of water particles included initially in

the square.

mation of water columns because of a lack of tur-
bulence. On the other hand, the values close to 0.5
in case III (Fig. 7b; turbulent case) may be consid-
ered as indicating that the inner and outer waters
are well mixed in grid boxes. In Fig. 7, the values
of 0.4 ~ 0.6 of Ng (shaded parts) are observed in
a broad area near the strait in both cases. The dif-
ferences between both cases are easily detected; i.e.,
the distribution of Ny in case III is very gentle in
space, and in addition in case III the values of 0.4
~ 0.6 are observed in wider areas than those in case
1. These features clearly show that the inner and
outer waters are well mixed with each other over an
extensive area around the strait and that the physical
process of water exchange through the strait is nec-
essary for the mixing of these two waters.

The physical process of the mixing of the inner

and outer waters can be understood as follows. Dur-
ing the first tidal cycle, as is demonstrated in Fig.
2, the greater part of the particles move together
with fellow water particles (e.g., water particles re-
leased initially in the inner basin); therefore, the
mixing of the inner and outer waters occurs only in
narrow regions near their boundaries in the vicinity
of the strait (the figure at ¢ = T in Fig. 2c, where
T is a cycle of M,). Fig. 8 shows the final positions
(¢ = T) of the inner water particles extruding to the
outer basin at the end of the first cycle (Fig. 8a), and
the initial positions (¢ = 0) of the outer water par-
ticles intruding into the inner basin at the end of the
first cycle (Fig. 8b). The region of the former posi-
tions is called R; and that of the latter ones R,.
During the second cycle, particles staying in R, are
driven to the inner basin through the strait. In the
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Fi1G. 6. The trajectories of some representative particles during the first tidal cycle: (a) case I and (b) case III.
The small black squares represent the initial positions of the particles.

region R, at time ¢ = T, the inner and outer water
particles stay, since there is an overlapping part (R;)
of R, and R, as can be easily seen in Fig. 8; the inner
water particles stay in the overlapping part R; and
the outer water particles stay in the region R, except
for the overlapping part R;. Therefore these inner
and outer water particles in the region R, are driven
together to the inner basin through the strait, and
they are well mixed with each other at the end of
the second cycle, because of the strong local mixing

in the vicinity of the strait. It is important in strong
tidal mixing of the inner and outer waters that the
region R, overlaps with the region R,; this should
be noted. The other inner water particles moving to
the outer basin at time ¢ = T stay in the region R,
except for the overlapping part Rj. Since these inner
water particles move through regions near the strait
during the second cycle, they are also considerably
well mixed with the outer water around them. These
are the same in the mixing process of the outer water
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FiG. 7. The distributions of the calculated Ny after three tidal cycles: (a) case
I and (b) case III. Shading denotes the areas where the values of Ny are from 0.4

to 0.6.

intruding into the inner basin at # = T with the inner
water. The above process is continued in subsequent
cycles, and the mixing of the inner and outer waters
is further developed. _

Thus, strong mixing of the inner and outer waters
is caused over an extensive area around the strait by
the combined actions of a large degree of local mix-
ing induced by the Stokes drift and turbulence, and
the dynamic process of tidal exchange through the
strait. ’

4. The effect of turbulence on tidal exchange through
the strait

First the exchange ratios in the turbulent and non-
turbulent cases are considered. According to Awaji
et al. (1980), the exchange ratio R, in the nth tidal
cycle of the M, tide is defined as

R,, = Vn,res/ Vn,max ’ (6)

where ¥V, . denotes the maximum volume of the
outer water existing in the inner basin in the nth tidal
cycle and ¥V, the volume of the outer water re-
- maining in the inner basin at the end of the nth cycle.
Values of V), nex and ¥V, s are obtained from the pro-
portion of the number of the outer water particles
to the total number of water particles in every grid
box in the inner basin.

The calculated values of ¥, a0 Vares and R, are
given in Table 1. By comparing the above values for
cases I, II and III, we find only minor differences
between the exchange ratios R, in the turbulent cases
(cases IT and III) and in the non-turbulent case (case
I) during three tidal cycles; and the values of V), max
and V, . are also nearly equal in all cases. These

facts seem curious, but they arise from the nature
of turbulence, i.e., the probability of an outer water
particle intruding into the inner basin in the turbu-
lent case but returning to the outer basin in the non-
turbulent case after a cycle is nearly equal to that
of the opposite phenomenon, because of the turbuient
motion of the particle. The above facts are correct
during three tidal cycles. The data are insufficient,
however, to extend the conclusion over many tidal
cycles.

The dependence of sea areas affected by tidal ex-
change on turbulence is now considered. Fig. 9 shows
the distributions of the initial positions (z = 0) of the
inner and the outer water particles flowing into the
outer and inner basins after three tidal cycles, re-
spectively, and the distributions of their final posi-
tions (¢ = 37T) in cases I and III. It is clearly seen
in Fig. 9 that the areas of the former and the latter
distributions in case III are more extensive than those
in case I, where the boundaries of the areas in case
III extend ~3 km beyond those in case I. The above
phenomenon is due to the drifts of water particles
larger than the Stokes drifts in the turbulent case as
mentioned in Section 3a (the extension of boundaries
of the areas due only to turbulence in case III is
expected to be at most 1.5 km beyond those in case
I over three cycles). More extensive areas concerned
with tidal exchange through the strait in case III
indicate that in turbulent cases the particles released
far from the strait are able to intrude into the op-
posite basin through the strait, and the intruding
particles are distributed to the more inner parts of
the basin, compared with those in non-turbulent
cases. Then, material circulation between two basins



JUNE 1982

TOSHIYUKI AWAJI

511

.
®, e _vo

i

[c ]

5 El
Bl

EB a
88 Bea

oo ]
EIZIZIUEEEI!!I

o
e o g

FIG. 8. (a) The final positions (¢ = T) of the inner water particles drawn out to the outer basin at the end of the first tidal cycle,
and (b) the initial positions (+ = 0) of the outer water particles intruding into the inner basin at the end of the first tidal cycle.

connected by a strait is accelerated in turbulent
cases, in spite of the small difference between
amounts of tidally induced net exchanges of water
through the strait in the turbulent and non-turbulent
cases.

To sum up, turbulence has a minor influence on
water volumes exchanged between basins connected
by a strait, but, working with a tidal current, it has
a major influence on the enlargement of sea areas
affected by tidal exchange through a strait.
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TABLE 1. The calculated values of V., Vies and R.

Case I Case Il Case III

Vo (X 10'm%) 214 210 211
Ist tidal cycle V., (X 10'm?) 186 185 180

R (%) 86.9 88.1 85.3

Vimex (X 10'm3) 288 292 295
2nd tidal cycle V. (X 10'm?®) 198 200 201

R (%) 68.8 68.4 68.1

Vaax (X 10'm?) 316 328 325
3rd tidal cycle ¥V, (X 10’'m®) 235 248 247

R (%) 74.4 75.6 76.0

5. Dispersion coefficient

Almost all of the studies on water dispersion have
been concerned with shear dispersion generated by
the combined effects of turbulence and velocity shear
(Bowden, 1965; Okubo, 1967). As was clearly shown
by Awaji et al. (1980) and in the present study, a
large amount of water is exchanged through the
strait by the tidal current alone. This means that
extensive water dispersion can be induced just by the
large Stokes drifts near the strait even if there is no
turbulence (it must be noticed that the velocity of
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the tidally induced residual current is small in the
interior of the strait). Such a remarkable effect of
the Stokes drift on water dispersion has not been
clearly considered in shear dispersion theory. There
are a few studies on water dispersion caused by the
Stokes drift (Zimmerman, 1979), in which the
Stokes drift in a tidal current having spatially small
gradients in the velocity field was treated. The as-
sumptions made in such studies concerning the Eu-
ler-Lagrange approximation, however, are inappro-
priate in the present case because of the spatially
rapid changes in the velocity field of the tidal current.
The combined actions of the Stokes drift and tur-
bulence induce the more extensive dispersion of
water particles in a tidal current. '

The dispersion coefficient is evaluated by calcu-
lating the variance of the spread of particles (16 par-
ticles) released in each grid box near the strait. Fig.
10 shows the distributions of the calculated disper-
sion coefficients in cases I and III, where they are
plotted at the initial centers of the 16 particles. In
both cases, dispersion coefficients are over 10 cm?
s~! (shaded parts in Fig. 10) in the vicinity of the
strait. In case III, especially, dispersion coefficients
over 10° cm? s™! are observed in wider areas than
those in case I and some of them almost reach 8

AFTER 3 TIDAL CYCLES

FIG. 9. The initial positions (¢ = 0, denoted by squares) and the final positions (¢ = 37, denoted by circles) of the ‘inner water particles
drawn out to the outer basin after three tidal cycles (the left side), and those of the outer water particles intruding into the inner basin

after three tidal cycles (the right side): (a) case I and (b) case III.
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FI1G. 10. The distributions of the calculated dispersion coefficients in cases I and
III after one tidal cycle. Shading denotes the areas where the dispersion coefficients

are over 10° cm? s~}

X 10° cm? s~'. These values are much higher than
the value of the genuine dispersion coefficient (10°
cm? s7!) given in case III. Fig. 10 clearly shows that
values of dispersion coefficients over 10° cm? s™! are
produced by the Stokes drift and that turbulence
increases them by one order of magnitude in com-
bination with the Stokes drift.

In the present study the mechanism of tidal mixing
and the effect of turbulence on tidal exchange are
investigated by using the Euler-Lagrange method.
On performing the calculation of the Lagrangian
movement of water particles by means of the Euler-
Lagrange method, there are some problems which
should be improved, especially in regard to inter-
polation of Eulerian velocities calculated at grid
points. Small areas containing no particles are ob-
served in Fig. 2. Such small blanks appear in another
calculation using a finer grid size, but the area of the
blanks is relatively small although this calculation
is not demonstrated in the present paper. A major
cause of occurrence of the blanks consists in the pres-
ent interpolation method (a weighted linear inter-
polation) in calculating Lagrangian velocities of
particles from Eulerian velocities at grid points sur-
rounding the particles (see Awaji et al., 1980). In

. Dotted lines represent isopleths of 8 X 10° cm? s~

the vicinity of the strait the Eulerian velocity field
of the tidal current is strongly nonlinear. In this case
the present linear interpolation will produce errors
in the calculation of the Lagrangian movement of
particles. It may be thought, however, that the errors
are not so large as to invalidate the results in the
present study. Recently, methods suitable for inter-
polation of Eulerian velocities in nonlinear velocity
fields, such as the spline technique (Cox, 1978; and
others), have been developed. Further studies on the
Lagrangian movement using better interpolation
methods will be needed.
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APPENDIX

Generation of Turbulence by a Markov-Chain
Model

According to a Markov-chain model (Hall, 1975),
one component #'(¢;) of the turbulent vector exper-
ienced by a labeled particle during the time step from
t; to 1, is given by

u'(t;) = pu'(tiny) + v(t:21),

where p is a constant given by Eq. (A2), and v is a
random variable chosen from a Gausian distribution
with a mean value of zero and a standard deviation
of ¢ and is numerically generated; v is independent
of all u'(¢;). The correlation R(mAt) between tur-
bulent velocities separated by m time steps is p™.
Therefore, when the time interval At < T, (where

L = J& R(£)d¢ is the integral time scale), the con-
stant p is approximated as

p = exp(—At/Ty). (A2)

Taking the variance of both sides of Eq. (Al), the
standard deviation ¢ is given by

ag= 0’,,(1 - p2)1/2,

where o, is the standard deviation of the turbulent
velocities. Therefore, if g, is known, a sequence of
turbulent velocities experienced by a labeled particle
is obtained from Eq. (Al). The standard deviation
o, is determined according to the relation between
o, and the diffusion coefficient K as follows. When
time ¢ is large compared with 7, the variance of
particle spread ® is approximated as

(A1)

(A3)

[} ~ 20’02TLZ. (A4)
"Then the diffusion coefficient X is given by
K =0.5d®/dt ~ ¢,’T, . (AS)

Thus when T, and K are known, ¢, is obtained from
Eq. (A5).
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The variance ® is rewritten from Eq. (AS5) as
' % = 2Kt (A6)

In Section 5, the variance ® is calculated from
the distributions of particles, and using this vari-
ance ®, the dispersion coefficient is evaluated from
Eq. (A6).
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