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SUMMARY

The results of a research project to verify the newly improved multiple-level model for 3D tidal current analysis in
Tokyo Bay are presented. The improved multiple-level model includes additional effects due to Coriolis force,
river inflows and wind shear stresses. Furthermore, a new numerical treatment of the open boundary condition was
applied which effectively eliminated the spurious reflective waves often generated by various numerical methods
simulating free surface flows. The mean (time-averaged or residual) and tidal currents in Tokyo Bay were
simulated as examples to demonstrate the validity and capability of the newly improved multiple-level model. A
series of numerical experiments was conducted to carefully examine the tidal circulations affected by the forcing
factors of Coriolis force, river inflows and wind shears, both individually and combined. The numerical results
demonstrated that the effects of each forcing term are physically reasonable, with the wind shear effect being the
most significant and the case including all forcing terms being in best overall agreement with the field data
collected in Tokyo Bay by the Ministry of Transportation. This study has contributed not only to the verification of
the newly improved multiple-level model but also to the enhancement of the accuracy of numerical simulations of
three-dimensional flow in coastal waters by this model.
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1. INTRODUCTION

Prediction of the three-dimensional structure of tidal currents in coastal waters is an important subject
in the field of environmental and hydraulic engineering, because it is capable of correctly determining
the flow directions in the upper and lower layers of coastal flows and the residual currents in coastal
regions. Such predictions determine the accuracy in simulating transport phenomena such as
convection—diffusion of heat, pollutants, etc. It is generally believed that the residual current (or base
flow or mean flow) is affected more significantly by Coriolis force, river inflow, wind shear stress and
density stratification effects than by tides. In the recent past, most numerical models applied to study
coastal transport phenomena were either 2D or 3D without considering the effects of Coriolis force,
river inflows and/or wind shears. Therefore the present study is intended to make a major improvement
in the field.

A test case which numerically expresses the mean and tidal current flow phenomena in Tokyo Bay,
Japan is presented. In the open literature the publications on numerical simulations of 3D free surface
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flows are too numerous to discuss.' ® They have had some success in predicting the three-dimensional
flow field in Tokyo Bay, but none of the reported studies has investigated the effects of the
aforementioned forcing functions on the mean flows in a tidal bay. This paper presents the results of
such an investigation utilizing the improved multiple-level model originally reported by Kawahara
et al’.

The multiple-level model in this study was developed based on a finite element method and is
general enough to include the effects of Coriolis force, river inflows and wind shear stresses. The non-
reflective wave condition developed recently by the first author was applied at the open boundary.

The formulation of the newly improved multiple-level model and the open boundary treatment are
described first, then the simulation of wind-induced flow in a rectangular basin using the present
method is shown. As a practical application the results of mean flow (residual current of tidal
circulation) and tidal current in Tokyo Bay are given. The results of a series of systematic numerical
experiments indicate which of the forcing factors is most instrumental in producing accurate results of
numerical simulation of the tidal and residual currents. Finally, the result of a validation test of the
model for tidal flow simulation of Tokyo Bay based on the designed test case is reported.

2. MODIFIED MULTIPLE-LEVEL MODEL
2.1. Basic equations

The multiple-level model proposed by Kawahara et al.® is modified for this study. The basic
equations of the multiple-level flow are

%+a—i(uu)+a—i(uv)+aﬁz(uw)=ﬁ—%gi;+%(%+a;—yw+a;:>, (1
%+a—i(uv)+;y(vv)+§z(vw)=—fu~%%—5+%(a;;x+%+a;:), @)
%+pg=0, )
% % %”:o, @

where x,y and z represent Cartesian co-ordinates positive eastwards, northwards and upwards
respectively, ¢ is the time, u, v and w denote velocity components for x, y and z respectively and p and f
are the pressure and Coriolis parameter respectively. The approximation of hydrostatic pressure
distribution is employed for the momentum equation of vertical direction. The density of water, p, is
treated as a constant in the horizontal direction, postulating that water is incompressible. The turbulent
shear stress is expressed by 7,,, T, T,;, T,, and 7, and is assumed to be a function of velocity gradient.
The multilevel system is introduced in the vertical water depth direction as shown in Figure 1. A
representative level in the multilevel system is referred to as L*®), where L* denotes the negative value
of z measured from the mean water elevation. The surface level is expressed by L") and the bottom
level is L®). Henceforth the indicial notation and the summation convention with repeated indices have
been employed in order to simplify the expressions. The subscript ( ) ; indicates partial differentiation
with respect to the ith co-ordinate. The symbols J; and ¢; are Kronecker’s delta function and
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Figure 1. Level model

Edington’s epsilon function respectively. Integrating the horizontal velocity over the (k)th water
volume held between L*~!) and L%, the vertically averaged horizontal velocity is defined as

1 L&
w_ 1 _
o= h(o) JL(un ;2 )
where the (k)th water volume thickness is expressed as
R0 < [0 _ =1 (6)

The vertically averaged equations of momentum and continuity are defined from (1)~(4) using (5). The
equation of momentum can be expressed as

) « k- k+172 L ¢
b 0y ()+W[(“ W) =12 (g )k +172) +p(k)p(') £u”
*) (k) K (k)l
p(")h(k) (A0 + (1 O, ¥

where p™) is the water density in the (k)th water volume, p% is the pressure computed by

k—1 k-1
PO = plgn — '3 pmghm _ p(k)g(z_ Zl h('">>, (8)

m=1

with # the surface elevation measured from the mean water elevation, and the term u;w*~!/2 is given
by

- k k-1
W)V = Wi ot 1),

with w(*) the vertical velocity component in the (k)th water volume.
The equation of continuity is written for the surface level as

My H0u®) =0, ©)
=1
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The continuity equation for the middle layer is
(k) b o,
wh =% (W) ;. (10)
I=k

The turbulent shear stress is assumed as
k k), (k k
% = AP + ), (11)

where 4, is the eddy viscosity coefficient. The interface shear stress is modelled using the quadratic
friction law. For the surface level the wind friction is introduced in the form

W = C*p, W, (12)

where C*, p,, W and W, are the wind drag coefficient, air density, magnitude of wind velocity and
wind velocity component respectively. For the intermediate level the following friction terms are used:

= *zj;'?k) (%D + o0 0 — ) AVE (upper side), (13)
W = ———zj}:"('k) (e® + p*+ Dy — bt MAV®  (lower side), (14)

where f,, is the friction coefficient of the interface and
AV = [ Yl as
The bottom friction

S b
P = % Py (16)
is used, where f; is the friction coefficient of the bottom.

The following two types of boundary condition are considered. On the land boundary I'_ at the (k)th
level the velocity is specified as

uﬁ,") =0 onTy, 17

where n denotes the normal direction to the boundary. On the open boundary I’y the following
boundary condition is imposed:

2 = %(ﬁ‘rﬁ +i®n") onT,, (18)

where C = ,/(gh) denotes the phase speed, I and R refer to the incident and reflective wave

components respectively, the overbar indicates values on the open boundary and the symbols nt and

n~ represent unit normal vectors in positive and negative directions to the boundary respectively.
The incident wave condition is given as the known function

N
'_’I = Z ap, Sin(knm” — Wyt — K,,,), (19)
m=1

where a,,, k7, w, and k, are the amplitude, wave number, angular frequency and phase delay
respectively and N, is the number of constituents. The reflective wave #% is the unknown. The
procedure whereby the reflective wave component is determined and the open boundary condition to
be imposed are explained in the following subsection.
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Figure 2. Conceptual figures of finite element idealization

2.2. Open boundary condition

The computational procedure to treat the open boundary condition is given in this subsection. The
conceptual figure of finite element discretization is shown in Figure 2(a). Along the open boundary the
co-ordinate s is located and » is normal to this boundary. The line I-I (n = n;) corresponds to the open
boundary. The line II-II (n = ny + An) is placed on a single layer of finite elements inside the domain.
Figure 2(b) shows the subdomain which is used to compute the reflective wave component on the open
boundary I-1.

It is assumed that the incident wave condition, i.e. the water elevation, can be expressed as a linear
combination of the incident and reflective wave components:

i(ng, 5. 1) = 1'(ng. s, 1) + 1" (ng. s, 1). (20)

Secondly, the boundary condition has to be imposed as
#¥(ng, s, 1) = %[Fll(no, s, On + 7R (ng. s, Hn) 21)

The incident wave condition s assumed to be a known function expressed as
7' (ng, 5, 1) = a; sin(kyny — wt — K). (22)

It is required to determine the reflective wave component which is essentially unknown. The logic of
this treatment is explained as follows. Firstly, the initial values of variables at all nodal points are set to
be zero. Secondly, in the whole domain the variables at all nodal points are calculated using the
incident wave condition given by (19) together with the boundary conditions. At that time, computed
values include both incident and reflective components. In parallel, in the subdomain the incident wave
component at one mesh size inside the open boundary, i.e. the line II-11, can be computed under the
same incident wave condition. Here, on the outlet boundary the progressive wave condition is imposed.
Then the reflective wave component on the line II-1I can be calculated by taking the difference
between the component obtained in the whole domain and the incident wave component obtained in
the subdomain. Thirdly, since the reflective wave component can be obtained on the line II-11, the
reflective component which will propagate towards the open boundary (the line I-I) can be
computed using the subdomain again. The progressive wave condition is also applied to the outlet
boundary. Finally, the open boundary condition which should be imposed at the next time iteration can
be calculated by taking the sum of the incident and reflective components which have been obtained by
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the above procedure. Thus the subdomain is introduced as a dummy to obtain the reflective wave
component.

The algorithm for the computation of the open boundary condition is shown below.

Step 0. Set u,(k)(n,s, ty) = 0.0 and 5(n, s, ;) = 0.0 for all nodal points.

Step 1. Compute u,(-k) (n,s,t + At) and n(n,s,t + At) in the whole domain with the incident wave
conditions, #'(n,s,t) and boundary condition

WO (ny, s, 1) = %F]'(no, s, OHnt.

Step 2. Compute ul.(k)(no + An,s,t+ At) and 5'(ng + An,s, t + At) in the subdomain with the
incident wave conditions, 7’ (ng, s, ) and boundary conditions

i (ng. s, 1) = %ﬁ](no, s, tint,
uL(k)(nO + An, S, t 4+ At) = %r’l(no + An, s, t + At)n+.

Step 3. Compute the reflective wave component

RO (ny + An, s, t + Af) = uf,k)(no + An,s.t+ Af) — ui,(k)(no + An, s, t + At),
nR(ng + An, s, t + Af) = n(ng + An, s, t + At) — ry'(no + An, s, t + Al).
Step 4. Set t =t + At.

Step 5. Compute us(l‘)(no,s, t+ At) and #R(ny, s, t + At) in the subdomain with the incident wave
conditions, 7% (ng + An,s,t) and boundary conditions

uk®(ng + An,s, 1) = %n“(no +An, s, Hn”,
a8 (ng, 5.t + Al) = %ﬁk("m s, 4+ Afn”.

Step 6. Compute the open boundary condition for the whole domain,
aM(ny, s, t + Af) = %ﬁ'(no, s, t+ Ant + %ﬁR(no, s,t+ ADn,
and the incident wave condition
N(ng, s, t + AL) = 7\(ng, 5, 1 + A1) + R (ng, 5, t + Af).

Step 7. Repeat the computations starting from Step 1.

By applying this procedure, the spurious reflective wave is completely eliminated on the open
boundary.
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2.3. Finite element method

The conventional Galerkin method is employed for the finite element formulation. The horizontal
velocity components and water elevation for the (k)th level are interpolated in each finite element:

u® = oM, n=a.n,, (23)

where @, denotes the interpolation function for velocity and water elevation and um and 7, are the
velocity and water elevation at the ath node of each finite element respectively. As interpolation
function, a standard linear function based on the three-node triangular element is used in this paper.
The Galerkin procedure leads to the following finite element equations for the (k)th level: for the
momentum equation

(k) (k) (k) (k) (k) (k) k) _
M“ﬂulh + Kaﬁ) B Ui +f6'1Maﬂu + Nmﬂpﬂ (l.) aifj (T ‘ T, -, =0, (24)
for the continuity equation of the surface level
Mgiig + Z (H9N, ﬂuqu)) =0 (25)

and for the continuity equation of the intermediate level

b
Mgwy = — x (KON pu)), (26)
where
Mczﬁ = JV (d)a(bﬂ)dV, Kiﬂ“ﬂ' = JV (¢a¢ﬂ¢v.j)dV’ Naﬂi = JV (d)a(bﬁ'i)dVy

Supy = jy (@, 10, )dV + j (®1405,05,0V
i | e, = | @,
14

ng = [ @l = v
vV

To solve the above finite equations, a numerical integration scheme in time has to be introduced. The
integration scheme employed in this paper is a two-step explicit scheme.® The open boundary
condition described in the previous subsection is used at every time step to solve the above equations.

3. MODEL VERIFICATION; WIND-INDUCED FLOW

A number of studies that treat wind-induced flow have been reported.'®'® Tsanis also reviewed recent
studies of wind-induced currents in coastal waters by both theoretical and experimental approaches.'*
Koutitas and O’Connor examined the computer modelling of three-dimensional coastal flow by the
simulation of wind-driven flow.'> Pearce and Cooper presented a three-dimensional model with the
vertical eddy viscosity varying over the depth.'®

The numerical test of a steady wind-induced flow in a uniform rectangular channel was carried out
similarly to the studies mentioned above. A channel with a constant depth of 10 m and a length of
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Figure 4. Comparison of theoretical and model velocity profiles

1000 m was used. The simulation assumed that (i) the variable f;, is constant over the depth, (ii) a
constant wind-induced shear stress based on a wind velocity of 10 m s! acts along the free surface
and (iii) the water velocity is zero at the channel bottom. Figure 3 shows the computed steady state
velocity profile of the wind-driven flow. The theoretical solution'® is given by the normalized formula

u=203Z-2), @7

where Z is the normalized water depth measured from the channel bottom. Figure 4 shows the
normalized velocity profile at a section of the centre of the channel. The result computed by the present
method is in good agreement with the theoretical solution.

4. OUTLINE OF TIDAL CURRENT INVESTIGATION OF TOKYO BAY

Since the verification of the multiple-level model is carried out by comparing the numerical results
with the observed field data, it is necessary to briefly describe the field measurements here. The
measurements of the tidal current in Tokyo Bay were performed during the period from 25 August to
25 October 1983 by the Yokohama Branch, Second Port Construction Bureau, Ministry of Transport,
Government of Japan and have been reported in Reference 17.
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The investigation of the tidal current in Tokyo Bay has been carried out to obtain fundamental data
on the flow profiles in the Bay. Data such as tide, wind, precipitation, atmospheric pressure, etc. have
been taken at the observation points shown in Figure 5 and as indicated in Table I.

Table I. Items of observation

Number of
Item observation points
Velocity 10
Tide 4
Temperature, salinity 10
River discharge 4
Atmosphere pressure 4
Wind 4
Precipitation 3
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5. TIDAL CURRENT ANALYSIS OF TOKYO BAY
5.1. Conditions of computations

Finite element idealization. The finite element idealization of Tokyo Bay is shown in Figure 6. The
total numbers of nodes and elements at the surface level are 685 and 1216 respectively. The locations
where tide gauge records and velocity were measured are also indicated in Figure 6. The constant water
depth contours of Tokyo Bay are shown in Figure 7.'"® The flow field is divided into five phases as
shown in Figure 8, referring to the bottom configuration of Figure 7.

Physical constants. The physical constants used in the computations are listed in Table IL
Incident wave condition. The constants of the four main tidal constituents are given in Table III.
River inflow discharge. The river discharges considered are given in Table IV,

Interpolation of wind velocity. The steady wind field and the wind speed at each numerical node are
linearly interpolated from average values measured at the available wind gauges located around the
Bay. Some of these gauges are located quite far from the shore. A maximum wind speed of 10 m s™!
was measured in the period of observation of the tidal current.

The hypothetical wind velocity profile is shown in Figure 9.

Calculation of average flow. The velocity of the M, constituent at the third cycle, averaged after
integrating over one tidal cycle, is adopted as the steady base flow or residual current.

Time increment and selective lumping parameter. The time increment Af = 15 s and the selective
lumping parameter ¢ = 0-9 were used in the time integration.

yAlL Funabashi

; ‘.é‘w}-ﬁ"\-h
Vi AT S vati it
e ._é\ é Observation points

® for water elevalion
O for velocily

10 204,

Figure 6. Finite element idealization of Tokyo Bay Figure 7. Bottom configuration
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Table 11. Physical constants

Wind drag coefficient

Density of air

Friction coefficient at interface
Friction coefficient at bottom
Horizontal eddy viscosity coefficient
Coriolis parameter

Water densities (from surface layer)

0-00015

000129 x 10*kgm 3

0-001

0-0026

10-0m?s ™!

0-000084

(1-010, 1-015, 1-020, 1-025, 1-030) x 10°kgm~?

Table III. Condition of incident wave

Constituent  Amplitude (m) Period(h)  Phase delay (rad.)
M, 0-21 12-42 — 5.8398
S, 0-15 12-00 — 56018
K, 0-14 23.93 — 1:3290
0, 0-10 25-82 — 1.3211

53
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Table IV. River inflow discharge

River Velocity (ms™")
Edogawa 1-0
Arakawa 05
Tamagawa 05
Tsurumigawa 0.5

3 >
t 3}

\ n

Figure 9. Wind velocity field

5.2. Steady (time-averaged) flow analysis

The key effects considered in the test cases are given in Table V.

The computed results of each case were compared with the observed field data for the mean flow. It
is seen from Figures 10-15 that the effect of wind shear on the mean flow velocities is much more
pronounced than those of the other factors. As expected, the results of Case 6 agree with the field
measurements most, because it considered all additional effects. It was also expected that there would
be significant discrepancies between the computed flow field and the measured one, because not only
is the numerical model still an idealized model with many complicated effects being neglected, but also
the field measurements do not have sufficient grid resolution and accuracy. The velocity profile of the
whole domain in Case 6 is shown in Figure 16. It is seen that the magnitude of the computed velocities

Table V. Cases of computation

Residual Coriolis River Wind
Case current force inflow stress Figure
I Yes No No No 10
2 Yes Yes No No 11
3 Yes Yes Yes No 12
4 No No No Yes 13
5 No Yes No Yes 14
6 No Yes Yes Yes 15, 16
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Figure 10. Comparison of velocities (Case 1)

is of the same order as the observed values, but the values for surface velocity are relatively larger than
those of the observations.

The contributions of each factor were evaluated by comparing the kinetic energy computed in each
case with that from Case 6. The summation of kinetic energy at 24 observation points was defined by

L&,
E=5,Zl Uiy
iz

where u; is the absolute value of velocity at the ith observation point. The kinetic energy of Case 6 is
assumed to be 100%. The contributions of each factor were defined as

E E
E gind effect = —Cﬁg—cﬁﬂ x 100 = 90-54%,
ase 6

M x 100 = 9-34%
ECase6

E,

river effect =

EConohs effect = EL:gZ_&ase;l x 100 = 0-12%,
ECase 6
where E,., = 0-00026, Ec,.., = 0-00013, E¢, .3 = 0-01038 and Ec,..c = 0-10969 m? s2. From
these comparative studies it may be concluded again that the wind effect is the most important factor
among the three considered in this study in simulating the mean (base) flow in Tokyo Bay. However,
the Coriolis term should not be neglected in the mean flow analysis even though its contribution is
small.
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Figure 14. Comparison of velocities (Case 5)
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Figure 15. Comparison of velocities (Case 6)

Figure 16. Computed velocity field (Case 6)
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5.3. Tidal current analysis with M, constituent

The M, constituent, which has a period of 12-42 h, is imposed on the open boundary as

7' = a; sin 2—7[1
r,—l T ’

where a;, = 0-25m was estimated by the parametric identification method.'® Two computations with
and without the Coriolis term were carried out. The results of tidal velocity were compared with those
measured at gauging stations for the surface, middle and lower levels and are shown graphically as
ellipses in Figures 17 and 18.

It is seen that these results agree well with the observed data. The velocity trajectories of the case
with the Coriolis term are closer to the observed ellipses than those of the case without the Coriolis
force. At a few stations the direction of the present tidal current velocity does not match with the
observed data for both cases tested; however, the magnitudes show good agreement. This might be
caused by errors in measurement or observation point positioning.

5.4. Tidal current analysis with four main constituents

The four main constituents of the tide are imposed as

4
7Y a, sin(z—nt - x,,,),
m=1 Tm
where the constants are as listed in Table III. The amplitudes of the constituents were estimated by the
parametric identification method.'® The three cases studied are specified in Table V1.

The time variation of the surface elevation under the conditions of Case 1 is compared in Figure 19
with the observed tidal levels. The computed surface elevations are seen to be in good agreement with
the observed ones. Similar results were obtained in the other cases tested.

The computed velocities and measured data for the maximum north-west and south-east streams are
compared in Figures 20-22 for each of the cases. In Cases 1 and 2 the computed velocities are good in
agreement with the measured velocities at the surface, middle and lower levels. However, discrepancies
are observed in Case 3, which could be caused by the fact that the Conolis force term was neglected.

6. CONCLUDING REMARKS
The main conclusions obtained are as follows.

1. An improved multiple-leve]l model with a new open boundary condition treatment was
developed. The results of wind shear effect on the free surface flow in a rectangular basin as
predicted by the improved multiple-level model are in excellent agreement with those obtained
by Koutitas and O’Connor.'® This evidence clearly verifies that the mathematical formulation,
numerical solution techniques, computational algorithm, boundary/initial conditions and

Table VI. Cases of computation

Coriolis River Wind
Case term inflow stress Figure
1 Yes Yes Yes 19, 20
2 Yes No No 21

3 No Yes Yes 22
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Figure 18. Comparison of tidal ellipses without Coriolis force
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Figure 19. Time variation of surface elevation (Case 1)

physical/numerical parameters selected are correct. This is the first step of the two-step numerical
model verification process adopted by the ASCE Task Committee on 3D Free Surface
Hydrodynamic Model Verification.

. With the inclusion of Coriolis force, river inflow and wind shear effects in the multiple-level
model, more realistic flow fields have been simulated. This study represents a significant
improvement in modelling coastal flows and transport phenomena. However, one must not forget
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Figure 20(a). Computed velocities and observed data (Case 1, downstream)
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Figure 20(b). Computed velocities and observed data (Case 1, upstream)
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Figure 21(a). Computed velocities and observed data (Case 2, downstream)
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Figure 22(a). Computed velocities and observed data (Case 3, downstream)
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Figure 22(b). Computed velocities and observed data (Case 3, upstream)
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that additional studies are needed to simulate realistic coastal flows, because there are still quite a
number of complicated physical processes which have not or could not be considered here.

3. The implementation of a newly developed treatment of the open boundary condition in
simulating coastal flows has improved the quality of numerical solutions by eliminating or
reducing some spurious artificial waves. As a result, the accuracy and stability of the numerical
model have been enhanced.

4. A mean or base flow analysis in Tokyo Bay was carried out and the results have been compared
with those measured. The results show that the wind effect is one of the most important forcing
factors in producing realistic simulations in Tokyo Bay. Although the effect of the Coriolis term
is not as important, it should not be neglected in the mean flow simulation of real world problems
especially in predicting transport phenomena.

5. Tidal current analyses with the M, constituent and the four main constituents in Tokyo Bay were
carried out. Comparison of the tidal ellipses between the computed and observed results shows
that the Coriolis term is an important factor in accurately predicting the periodic flow field. From
comparisons of the simulated tidal velocities with the observed data in the case of considering the
four main constituents, it is not surprising to find that the most realistic prediction is obtained for
the case which includes all forcing effects, i.e. tides, Coriolis force, wind shear stress and river
inflow. The reasonable agreement between the computational simulation of tidal and residual
currents of Tokyo Bay and the measured field data completes the second step of the two-step
computational model verification process adopted by the ASCE Task Committee. Therefore the
improved multiple-level model has been validated as a research tool for studying flow and
transport phenomena in coastal waters.
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