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SYNOPSIS

The effects of diurnal inequality and river discharge rates on the mixing of demsity currents in
an estuary are investigated. Numerical results obtained with a new two-dimensional numerical model
is developed.match closely with observed results in the higher isohalines, but differ greatly in the lower
isohalines. The effects of the diurnal inequality on saline intrusion can be classified into two patterns that
are explainable by a new parameter defined in terms of the tidal amplitude. When the river discharge
rate exceeds 1,000 m3/s, the intrusion of salt water almost completely stops.

INTRODUCTION

In recent years, a combination of unusual weather, increased water demand water, decreasing water
levels, and dredging has caused saline water to intrude upstream into rivers. This poses a serious problem
for river environments. There is a need to clarify the mixing process of density currents and the temporal
and spatial non-uniformities in tidal estuaries. Investigation of these phenomena will clarify not only the
intrusion mechanism but also the diffusion and circulation of pollutant water and the transport of bed
materials by gravitational circulation and turbulence.

Since flows in an estuary are dependent on estuary geometry, complicated flow patterns induced
by the features of a particular estuary are found.

In numerical models for the prediction of saline water behavior, it is necessary to consider tidal
level changes at the seaward boundary as a sinusoidal wave that ignores diurnal inequalities. Partially
mixed and well-mixed patterns can be observed during changes in the estuary’s tidal range.

Assumption, however, of tidal level change being sinusoidal would provide in accurate results in
describing true behaviors of density current in the river.

Field measurements were carried out by the first author at the Hiji river in Ehime Prefecture, Japan
in 1978. The results were used to develop a two-dimensional numerical model that could predict density
current fields. The investigation also analyzed the effects of river discharge rates and diurnal inequality
on density current field in Hiji river in Ehime Prefecture, Japan.

NUMERICAL ANALYSIS
Governing Equations

Flow
After integrating over channel width and using a shallow water approximation, the formulation for



154

a vertical two-dimensional density current is as follows:
The conservation of longitudinal momentum leads to

u 10 9 0 _ 1op 1108 1 07
5{4‘555 Bu )+'8—£(’IMU)-— + (BTgz) + P 82

£o Jx pr@

(1)

where ¢ = time; & = longitudinal coordinate (positive upstream); z = vertical coordinate (positive upward);
u, w=longitudinal and vertical velocities, respectively; p=density; po =reference density; p= pressure;
and B =channel width, which is assumed to be dependent only on z.

Moreover, Tz and 7, are the Reynolds stresses and are described in the notation of Cartesian
tensors as follows:

Ti/po = (v + 1) (g‘i ?i) ) }
Vg = (CSA)2 [(83:, ) g;‘;] !

where v = kinematic viscosity; 13 =SGS (subgrid-scale) diffusivity suggested by Smagorinsky(5); cs=
Smagorinsky constant; and A = (Aa:Az)l/ 3(with Az and Az the londitudinal and vertical grid intervals,
respectively).

Using a shallow water approximation, the conservation of vertical momentum is reduced to the
hydrostatic pressure distribution:
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where g = gravitational acceleration. Integration of eq.(3) with respect to z yields an equation for pressure
as

p= pog(€ — 2) + By fE Sdz } @

B = polps — Po)/Ps

where £ = position of the free water surface; z = z-coordinate of the bottom; ps=density of salt water;
and S = salinity.
The continuity equation leads to
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Integration of eq.(5) over water depth and substituting the kinematic boundary condition, yields

+‘§5—£(B/ dz =0 (6)

Salt Content
The equation of conservation of salt content leads to
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where Ky, K., = turbulent diffusivities.
The equation for state is as follows:

p=po+pS (®)

The turbulent diffusivities, Kz and K., are assumed to be as follows (refer to Bear (1)):

Koy = ')/:L(G'LU2 + aTwz)//q
K., = 'Yz(aTuz + aLwZ)/q (9)
q= (uz + w2)1/2
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where 75, v, = constants of proportionality; and ar, az=characteristic lengths, defined as follows.
ar=A, ap = cr-ar (10)

where ¢y = empirical constant.

Boundary Conditions

The mathematical model requires boundary conditions and initial conditions with respect both to
tidal motion and salinity. Designation of the model as either descriptive or predictive depends on how
the vertical momentum and mass exchange are formulated, and how the boundary conditions are treated.

Free Surface Boundary
At the water surface z = £, the conditions are:

du/dz =0 .
we = 08/0t + ug(06/0z) (11)
weS — K2(05/02) =0

where ug, we = horizontal and vertical velocities of fluid particles at the water surface, respectively.

Bottom Boundary
At the bottom z = 2, the conditions are:

=0, w=0 (nonslip) } (12)

05/0z=10

Boundary at River Mouth
At the river mouth, the surface elevation, 77, and the water level, £, must be identified as

n{t) = asin ot ‘
) = h -+ (1) } | (12)

where h=mean water depth; a=tidal amplitude; o = angular frequency (¢ = 2x/T; T : the tidal period).
Further, a boundary condition for longitudinal velocity is required. Because no velocity profiles at the
river mouth are generally available during the tidal cycle, a through-flow condition is imposed:

8%u/8z® =0 ' (14)

Finally, a condition for the conservation of salinity must be given. During a flood tide, the increase
in concentration is dependent both on t and z. During an ebb tide, a condition is set in a similar way to
the condition for longitudinal velocity.

- §=580G(z,t) u(z) 20
G(z,t)=(1 - 8") + S'sinot (without diurnal inequality)
G(z,)=1 = (1 — 7/Tmaz)S’" (with diurnal inequality)
828/8z2 =0 wu(z) <0

(15)

where S =salinity of the sea; S'=a weighting coefficient and 7mqez =the maximum tidal elevation. A
functional form of G(z,t) is one of the points to be discussed in this paper. As the first assumption, a
piece-wise linearized function of ¢, independent of z, is applied.

Upstream Boundary )
Once the river discharge is given, the velocity profile in the river channel course is assumed to be

logarithmic.

w = ue[ln{ & (z -
628/;52 {:@0—%)( el } | 1o
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Coordinate Transformation

In the physical domain, the water surface is a moving boundary because of tides, and the bottom
topography also changes in space. Furthermore, the longitudinal area of interest is not always rectan-
gular because of variations in the bottom and the free surface. To obtain a good representation of flow,
accurate descriptions of free surface and bottom profiles are necessary. For a numerical approach based
on finite differences, however, a rectangular grid that is coincident with the boundaries is recommended.
Therefore, the test section is modified by a simple transformation into a rectangle. This coordinate
transformation is applied to the governing equations, and the spatial and temporal behaviors of flow and
salinity are described in detail by Ifuku and Kusu(3).

Numerical Results

Analysis based on Experiment by Perrels and Karelse(4)

The results of a flume test conducted by Perrels and Kareles were used to venfy the numerical
model. Tt is assumed that the density difference between river water and seawater, Ap(Ap = ps — po),
is 23.8 kg/m®. At the downstream boundary, the surface elevation is computed using Airy wave theory
with a wave amplitude of 2.5 cm and a period of 558.7 s. The river discharge at the upstream boundary
is set to 2.0x1073 m?3/s. The length, width, and depth of the channel are 101.5 m, 0.672 m, and 0.216 m,
respectively. A nouslip condition is applied at the bottom. The horizontal grid size is 0.915 m and the
water depth is divided into 20 layers. The numerical time step is 7/2000. The Smagorinsky constant in
eq.(2) is set to 0.1 or 0.2.

Vertical Profile of Horizontal Velocity

Figure 1(a) shows a vertical profile at point z = 7.32 m during the slack phase of an ebb tide
(referred to as M.E.V.). For a Smagorinsky constant of 0.1, the simulated velocity Is slightly larger than
the experimental value from the bottom to a height equivalent to one-fifth of the water depth. The sim-
ulated results agree well with the experimental ones, even at intermediate depths. Overall, the difference
between experimental and simulated results is very small. When the Smagorinsky constant is set to 0.2,
the simulated results are slightly larger than the experimental ones at intermediate depths. Further, the
simulated results underestimate the experimental ones near the free surface.
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Figure 1 Profile of longitudinal velocity
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Figure 1(b) shows a vertical profile at point = 7.32 m at low water (referred to as L.W.S.).
Whatever the Smagorinsky constant, the profiles of simulated values are similar to each other and the
simulated values agree well with the experimental values throughout the water column.

Figure 1(c) shows a vertical profile at point z = 7.32 m during the slack phase of a flood tide
(referred to as M.F.V.). For a Smagorinsky constant of 0.1, the simulated velocity is slightly smaller
than the experimental value at intermediate depths. However, the difference is very small. The sim-
ulated values agree very well with the experimental values near the free surface and the bottom. For -
a Smagorinsky constant of 0.2, the simulated results are lower than the experimental values near the
bottom and larger than the experimental values near the free surface.

Figure 1(d) shows the vertical distribution at point = 7.32 m at high water (referred to as
H.W.S.). For a Smagorinsky constant of 0.1, the simulated velocity agrees well with the experimental
value. Meanwhile, when the Smagorinsky constant is set to 0.2, the simulated velocity agrees well with
the experimental value from intermediate depths up to the water surface. However, the simulated value
is approximately three times the experimental value near the bottom.

In previous work by the first author, agreement between experimental and simulated values for
velocity profile was found to be highly satisfactory in cases of a neutral stratification and a Smagorinsky
constant of 0.1.

Judging from these results, the flow structure of density-stratified flow can be represented by a
S5GS-eddy viscosity. Also, it is appropriate to set the Smagorinsky constant to 0.1. Thus the Smagorin-
sky constant is fixed at 0.1 hereafter.

Analysis based on the Observations of the Hiji river

According to the Hiji river service map, the upstream extent of saline water intrusion is about 9
km from the river mouth. Therefore, the simulation covers a region extending 10.5 km upstream from
the river mouth. The sea boundary is placed 500 m offshore. Figure 2 shows the profile of river width
as used for simulation. Near the river mouth, a sand bar has formed and the river narrows. Finally, the
1978 riverbed profile is used for the simulation. The observed data were collected by the first author on
September 14, October 24, and November 29, 1978.

Spatial Distribution of Velocity

Figure 3 shows the temporal variation of tidal displacement on September 14, 1978. The diurnal
inequality is significant. Further, river discharge at the Goro observatory, which is about 11 km from the
river mouth, was approximately 9-10 m3/s during the period September 8-14, 1978.
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Figure 4 shows the spatial distribution of velocity for two phases on September 14, 1978. Figure
4(a) shows the simulated results for the slack phase of the ebb tide. With decreasing tidal level and the
beginning of fresh water flow downstream, the direction was turned downstream and the counterclockwise
circulation pattern developed at x=3 and 6 km near the bottom.

Figure 4(b) shows the results for the slack phase of the flood tide. With increasing tidal level and
saline water intrusion, the direction is turned upstream from the river mouth to x=8 km. However, as
the shoal is about x=9.5 km, the downstream velocity increases near the shoal.
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Figure 4 Spatial distribution of velocity

Spatial Distribution of Salinity

Figure 5 shows the spatial distribution of isohalines at three representative phases. The filled cir-
cles, squares, diamonds, and triangles are the corresponding observed values, S/Sp are 0.025, 0.05, 0.25
and 0.5, respectively and the solid lines are the simulated values.

Figure 5(a) gives the results for the high water phase on September 14, 1978. Salt water intrudes
upstream induced by the density difference between fresh and salt waters.

Figure 5(b) gives the results for the low water phase. With decreasing tidal level, the salt water
retreats downstream. This backwash of salt water is sluggish near the bottom, as a consequence of
bottom topography. As a result, relatively salty water was trapped within the basins between x=5.5 to
7 km.

Figure 5(c) gives the results for the slack phase of the flood tide. The salt water intrudes upstream
with increasing the tidal level. At the same time, the trapped salty water within the basins is reduced
and the salinity gradient rises. These results suggest that as the downstream velocity increases near
the shoal at x=9.5 km, it prevents a long intrusion of saline water. The 9.5 km point approximately
corresponds to the upstream extent of saline water intrusion.
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Figure 5 Isohalines (September 14, 1978)
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It is not yet possible to conclude that the present simulation models the observed phenomena well.
We still have to consider a number of processes, including (i) local changes in water depth at the site,
which are disregarded, and (ii) changes in free surface width caused by increasing and decreasing tidal
levels or river discharge.

Comparison of Saline Water Intrusion

Figure 6 shows the intrusion length of the §/Sp=0.5 salt water isohaline with and without consid-
eration of the diurnal inequalities on September 14, October 24, and November 29, 1978. In this figure,
L and L, are the intrusion lengths with and without considering the diurnal inequalities, respectively.
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Figure 6 Intrusion length of salt water with and without diurnal inequality

With the diurnal inequality taken into comsideration, salt water intrudes further upstream than
when it is not considered in September and October, while in November the opposite results are obtained.

We investigate these two different results by considering an idealized tide, as shown Figure 7. The
values of tidal displacement, which are integrated over tg-t1, t1-t2 and t2-t3, are set to A1, Az, and Ag,
respectively and a parameter denoting the diurnal inequality is defined by the following equation. In
cases where the diurnal inequality is not considered, P; is equal to 1.

P, =24,/ (A1 + As) (17)

P, values averaged over the simulated period are 1.5 and 1.35 for September and October, respec-
tively. On the other hand, in November, P is 0.85. These results suggest that positive tidal displacements
from the mean sea level are large in comparison to the cases where the diurnal inequality is not consid-
ered in September and October. However, the opposite results are obtained in November. Predicting
the intrusion length without considering the diurnal inequality, the intrusion length is underestimated
for P;>1. Meanwhile, the opposite result is obtained for P;<1.

If a pumping station were to be constructed for river water, the diurnal inequality should be con-
sidered in a simulation and then it is necessary to carefully examine the mixing behavior of fresh and
saline water.

W t (hour)

Figure 7 Idealized tidal response defining the diurnal inequality parameter
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Effect of River Discharge on Saline Water Intrusion
Figure 8 shows how river discharge affects density current behavior. The snnulatmn is carried out
with respect to the tidal range during the period September 8-14, 1978. The river discharge is 4.4, 100,
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and 500 m3/s and the figures are for the high water phase.

Figure8(a) shows the result for a 4.4 m®/s river discharge, which is less than the 9.4 m?/s of
Fig.4.(a). Contours of §/S¢=0.01, 0.025, and 0.05 intrude upstream after the shoal to approximately 9.5
km. For contours S/S0=0.01 and 0.5, the salinity at the free surface is 0.32 and 0.17 times the salinity
at the bottom. '

Figure8(b) shows the result for a 100 m%/s river discharge. In comparison with Fig.8(a), the salt
water has retreated considerably downstream as a result of the greater river discharge. The contours
5/80=0.01 and 0.05 are close together as in Fig.6(a). For a 500 m?® /s river discharge, the intrusion of
salt water is halted near the river mouth by the large river discharge. The isohalines are denser than

those in Figures 6(a) and (b).
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Figure 8 Effect of river discharge on saline water intrusion

Figure 9 shows the intrusion length of the §/5y=0.5 isohaline against river discharge at the high
and low water phases. The intrusion length considerably decreases for river discharge rates between 100
and 200 m3/s. When the river discharge exceeds 1,000 m3 /s, the intrusion of salt water almost completely
stops. The intrusion distance almost uniquely depends on river discharge for a given tidal amplitude.
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Figure 9 Intrusion length of salt water against river discharge

CONCLUSIONS

In this investigation, numerical simulations of salt water intrusion are conducted and the simulated
results approximately satisfy experimental and observed behavior. However, the simulated results do
not sufficiently explain the actual phenomena observed on site because, for example, lateral topography
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changes are not considered. It is necessary to simulate actual density current behavior using a three-
dimensional numerical model.
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APPENDIX - NOTATION

The following symbols are used in this papaer:

a = tidal amplitude;

ar, ar, = characteristic lengths defined by Eq.9;

B = channel width;

¢ = empirical constant;

Cs = Smagorinsky constant;

g = gravitational acceleration;

h = still water depth;

Koyw, Kz = longitudinal and vertical turbulent diffusivities, respectively;
Lgt, Lgsa = intrusion length with and without considering diurnal inequality, respectively;
p = pressure;

B ’ = parameter of diurnal inequality;

Q = river discharge;

S . = salinity;

So = salinity of the sea;

s’ = weighting coefficient;

t = time;

T = tidal period;

u, w = longitudinal and vertical velocities, respectively;

Ug = longitudinal velocity at the water surface;

x, 2 = longitudinal and vertical coordinates, respectively;

2 = z-coordinate of the bottom;

Yz, Yz = constants of proportionality;

Az, Az = longitudinal and vertical grid intervals, respectively;

7 = surface elevation;

v, = kinematic viscosity and SGS diffusivity;

13 = position of the free water surface;

P = fluid density

Pos Ps = density of reference water and saline water, respectively;
g = angular frequency; and

Trzs Tex = Reynolds stresses.
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