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Abstract

In this study, numerical simulation of a two-dimensional convective-disper-
sive model in Hakata Bay, Japan, is performed to analyze the impact of major
river discharges due to torrential rain in Fukuoka City. Tank models are ap-
plied to calculate river discharges, which are taken into consideration as river
inflow in the hydrodynamic model of Hakata Bay. A two-way nesting “edge”
technique is developed and applied in the model in order to consider the in-
fluence of narrow and complex geographical features. The area around “Island
City” and Imazu Bay are calculated in high resolution. The resulting model
has high reproducibility since the calculated river discharges, tidal current,
and salinity show good agreement with observed data. To analyze the impact
of large river discharges, the calculation period is set from 11 September 2002
to 21 September 2002 since there was torrential rain on September 16 in the
given year in Fukuoka City (163.5 mm/d). The results show that low-salinity
water covered the whole of the inner part of Hakata Bay, and water of lower
salinity than outer sea water (<34.0 psu) spread out to the bay’s mouth two
days after the torrential rain event. Fresh water covered the entire area of Im-
azu Bay and flowed out from the mouth of the Bay after the torrential rain
event. The behavior of fresh water after a few days of torrential rain was re-
markably different from normal discharge river flow. These results indicate
that the environment in Imazu Bay can be degraded severely by torrential
rain. Therefore, countermeasures to protect ecosystems in Hakata Bay must
be examined immediately.
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1. Introduction

Hakata Bay is a semi-enclosed bay located in Fukuoka City at the northern part
of Kyushu Island, Japan. The bay is important because many ships originating in
Asian countries transit there. The bay has a rich ecosystem because it has tidal
flats such as Wajiro Higata and Imazu Higata in the eastern and western parts of
the bay. Moreover, it is important to protect the bay because migratory birds
from other continents frequent the bay [1]. The bay has an urban area near it,
and is experiencing various problems owing to negative changes in its ecosystem
and environmental degradation of coastal water, such as red tides and local
anoxic water masses. Therefore, it is important to protect the environment of
Hakata Bay, including its tidal flats.

In recent years, global-level climate change has induced frequent torrential
rain. Since floods occur and cause great damages on land, various studies have
examined them (e.g., [2]). When there is torrential rain in Fukuoka City or in
the region around Hakata Bay, negative environmental changes are often in-
duced, and it is thought that major fresh-water discharges from rivers cause
these problems. However, the impact of major inflows into semi-enclosed bays
has not been investigated. Hence, it is necessary to construct a model that com-
bines a hydrodynamic model with a hydrologic model. There are the models
what do this (e.g., [3]), but there is no combined model that targets torrential
rain.

Firstly, in this research, a tank model is used as a hydrologic model. This is
often done to calculate discharges of watersheds (e.g., [4] [5]). The tank model is
applied to calculate river discharges due to torrential rain. Secondly, the convec-
tive-dispersive model of salinity is applied to estimate the impact of major fresh-
water inflow due to torrential rain. Hakata Bay has narrow and complicated sea
areas such as Imazu Bay and the artificial island called “Island City” in the west-
ern and eastern parts of the bay, respectively. A numerical solution with high
resolution is essential and effective for estimating and predicting such environ-
ments. Nevertheless, a substantial amount of time is needed for calculation, di-
viding the whole area into small meshes. Nesting techniques are suitable for
dealing with this difficulty: wide areas can be covered quickly while finer calcu-
lations are conducted in specific narrow areas (e.g., [6] [7]).

In this study, a two-way nesting “edge” technique is developed and applied in
the two-dimensional Reynolds depth-averaged equations and the convective-
dispersive equation of salinity in Hakata Bay. The model is combined with a
tank model to analyze the impact of major fresh-water discharges from rivers

due to torrential rain.
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2. Materials and Methods

2.1. Governing Equations

A two-dimensional Reynolds depth-averaged model for tidal current and diffu-
sion of salinity was utilized to investigate the physical environment in Hakata
Bay. Two-dimensional models are easier to program than three-dimensional
models, and the calculation time of the former is shorter than that of the latter.
Two-dimensional models are often used for seas of shallow depth, small changes
of vertical hydraulic quantities, and large scales in the horizontal direction (e.g.,

[8]). The governing equations of the model are as follows:
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where 77 (m) is the sea surface elevation and Uand V (m/s) are the components
of velocity in the x- and y-directions, respectively. Furthermore, £ (s) is the time;
h (m), the water depth; g (m/s?), the acceleration of gravity; £(s™), the Coriolis
parameter; A, and K;; (m*/s), the coefficients of the eddy viscosity and the eddy
diffusivity in the horizontal direction, respectively; p (kg/m’), the density of sea
water; 7, = (7, 7,) (N/m?®), the wind shear stress on the sea surface; 7, = (7, 7,)
(N/m?), the bottom shear stress; and S (psu), salinity.

The shear stresses at the sea surface and at the bottom were calculated from

7, =CppU, JUZ +V? 5)
7y =Cup VU +V,; (6)
7, =CppUUZ +V? (7)
7y, = CpV U +V? 8)

where U, and V,, (m/s) are the wind velocity components at 10 m above the
surface. Furthermore, p, (1.293 kg/m’) is the air density, C, (0.0013) the wind
friction coefficient, and Cj, (0.0026) the bottom friction coefficient.

The coefficients of the eddy viscosity and the eddy diffusivity were determined

the following equations:

using the Smagorinsky model [9]:

A, =K, :(CSA)Z{Z(%—LXJJZ +®X/ %‘;] +2(%’j }2 9)

where C, (0.10) is the model parameter and A (m) is the mesh size.
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A finite difference method was utilized to solve the governing equations on a
staggered grid. For the continuity equation and the momentum equations, a
leapfrog method was used. For the convective-dispersive equation, the split-op-
erator approach was applied [10]. In the first step, only convective terms were
calculated using the upwind differencing method. In the second step, diffusive
terms were calculated using the alternating direction implicit (ADI) method and
substituting the value of the result from the first step. To set the boundary con-
ditions between the land and the sea, a Neumann-type boundary and a no-slip
boundary were introduced for salinity and velocities, respectively. To determine
the open boundary condition at the entrance of the bay, a tidal elevation was
given by a tidal harmonic constant in Tsuyazaki. Moreover, a land mask func-
tion (LMF) was adopted in the wet-and-dry method to express the emergence of
tidal flats [11].

2.2.Edge Nesting

Nesting techniques are calculation techniques that allow us to conduct both low-
resolution calculation in large areas and high-resolution calculations in local
areas. Wide areas can be covered quickly while finer calculations are conducted
in specific narrow areas by using nesting techniques. Various nesting techniques
have been proposed (e.g., [12] [13]). In this research, edge-type nesting was de-
veloped. The process of edge-type nesting is as follows:

1) Calculation of low-resolution areas;

2) Interpolation of the results of low-resolution areas to provide boundary
conditions for high-resolution areas;

3) Calculation of high-resolution areas;

4) Interpolation of the results of high-resolution areas to provide boundary
conditions for low-resolution areas;

5) Repeat the procedures in steps 1 to 4 at every time step.

If a calculation point adjoins a land area, rates of change between two neigh-
boring points were used for the water surface elevation, salinity, and velocity
parallel to the land area. In this research, furthermore, the time steps in calcula-
tions of low-resolution areas and high-resolution areas were the same so as to

facilitate program construction.

2.3. Tank Model

The amount of river discharge is usually difficult to observe, especially after tor-
rential rain. The tank model was applied to determine the amount of river dis-
charge. This model was proposed by Sugawara [14] and has been used widely for
analysis in hydrology (e.g., [15]). As can be seen in Figure 1, multiple tanks were
aligned vertically and orifices were located below and beside each tank. The pa-
rameters expressed the size and height of the orifices, and river discharges were
expressed by adjusting the parameters.

The tank models were applied to the six main rivers: the Tatara River, Mikasa

River, Naka River, Hii River, Muromi River, and Zuibaiji River, which flow into
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Figure 1. Tank model of the Zuibaiji River.

Hakata Bay. Figure 1 shows the structure and parameters of the tank model at
the Zuibaiji River. The tank model for the Zuibaiji River has three tanks, and the
first tank has three outlets. This is because the model was focused on flood anal-
ysis. The parameters were decided by trial and error process. The calculation pe-
riod was from 1 April 2002 to 31 March 2003. The calculated discharge of the
Zuibaiji River was compared with the discharge observed during the same pe-
riod shown in Figure 2. The Nash-Sutcliffe coefficient (NS = 0.72) and relative
error (RE = 0.28) indicate that the calculated discharge accurately reproduced
the observed data. Since the characteristics of the other main rivers are similar to
those of the Zuibaiji River, all tank models can be assumed similarly to have
good reproducibility. Discharges of small rivers were calculated by multiplying
each catchment area by the average runoff (mm/hour) of the six main rivers.

In this research, the impact of large discharges from rivers due to torrential
rain was analyzed by using a hydrodynamic model with the edge-type nesting
technique targeting Hakata Bay. The calculation period was from 11 September
2002 to 21 September 2002 because there was torrential rain on September 16 in
Fukuoka City (163.5 mm/d). Major discharges from approximately 40 inflow
points, varying in scale owing to the torrential rain, were taken into considera-
tion in the hydrodynamic model. The total amount of all river discharges during
the calculation period of the hydrodynamic model is shown in Figure 3. Because
of heavy rain on September 16th, the total amount increased drastically to about

60 times more than the discharge before the torrential rain.

2.4. Calculation Area

Figure 4 shows the bathymetry of the low-resolution area. The target bay was
Hakata Bay, which is located in Fukuoka City, Kyushu Island, Japan. An artifi-
cial island called “Island City” lies in the eastern part of the bay and Imazu Bay
lies in the western part of the bay. These two regions are shown as high-resolu-

tion areas in Figure 5 and Figure 6. Because the area around “Island City” is
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Figure 2. Comparison of observed and calculated discharges from Zuibaiji River from 1
April 2002 to 31 March 2003.
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Figure 3. Sum of all river discharges from 11 September 2002 to 22 September 2002.

narrow owing to constructions and Imazu Bay is a small bay with complex geo-
graphical features, the two areas must be evaluated using small meshes. The lo-
cations of observation stations for velocity and salinity are indicated in Figure 4
and Figure 5. The calculation was conducted with Ax, Ay = 100.0 m in the
low-resolution area and Ax, Ay = 25.0 m in the high-resolution areas, and At =
0.2 s in both areas. At the entrance of the bay, the tide level calculated by tidal
harmonic constants in Tsuyazaki was used as an open boundary condition in the
calculation.

Before the simulation of torrential rain, validation of this hydrodynamic mod-
el was conducted. The calculation period for validation was from 10 July 2007 to
3 August 2007. Discharges of rivers in Figure 4 and Figure 5 using the tank

models were taken into consideration as river inflow.
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Figure 5. Bathymetry of the area around “Island City” and locations of observation sta-
tions and rivers.

2.5. Validation of the Model

Figure 7 shows the comparison of observed and calculated tidal current vectors
at observation stations shown in Figure 4 and Figure 5 from 0:00 to 23:00 on
July 30, 2007 in 1-h intervals. The tidal current vectors showed good agreement
with observed vectors. Complicated flow in narrow areas due to the construc-
tions of “Island City” was well reproduced. Figure 8 shows the comparison of

observed and calculated salinity at observation stations shown in Figure 4 and

o
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Figure 6. Bathymetry of Imazu Bay and location of the Zuibaiji River.
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Figure 7. Comparison of observed and calculated tidal current
vectors in one-hour intervals from 0:00 to 23:00 on July 30, 2007.
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Figure 8. Comparison of observed and calculated salinity in one-
hour interval from 0:00 to 23:00 on July 30, 2007.
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Figure 5 from 0:00 to 23:00 on July 30, 2007, in 1-h interval. The salinity showed
good agreement with observed values. Therefore, this hydrodynamic model us-

ing edge nesting calculations is clearly applicable.

3. Results and Discussion

Figure 9 shows the calculation results for contour lines of salinity in the low-
resolution area. It shows the distribution of salinity (a) just before the torrential
rain, (b) after the torrential rain, and (c) two days after the torrential rain, re-
spectively. Comparing Figure 9(a) and Figure 9(b), fresh water spread out near
the mouths of rivers. However, large changes can be found when Figure 9(c) is
examined. Low-salinity water covered the whole of the inner part of Hakata Bay,
and water of lower salinity than outer sea water (<34.0 psu) spread out to the
bay’s mouth. Fresh water from Tatara River and Mikasa River, in particular,
spread out broadly, and low-salinity water covered all of area D, although it did
not cover it in panels (a) and (b). Figure 10 shows the calculation results in the
high-resolution area of the eastern part of Hakata Bay, and panels (a), (b), and
(c) are shown at the same times as in Figure 9. Fresh water spread out and
high-salinity water (>34.0 psu) was reduced when comparing Figure 10(a) and
Figure 10(b), but large differences can be seen in Figure 10(c). The whole area
around “Island City” was covered with low-salinity water due to river discharges
within the area and fresh water from the low-resolution area. It was found that
fresh water takes more than two days to spread out, and stays in the inner part of

the bay for a long time. According to [16], an anoxic water mass was induced in

Figure 9. Distribution of salinity (a) at 8:00 on September 16, 2002, (b) at 4:00 on Sep-
tember 17, 2002, and (c) at 22:00 on September 19, 2002 in the low-resolution area.
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m34.0-34.5 = 28.0-30.0
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Figure 10. Distribution of salinity (a) at 8:00 on September 16, 2002, (b) at 4:00 on Sep-
tember 17, 2002, and (c) at 22:00 on September 19, 2002 in the high-resolution area
around “Island City”.

the inner part of the Ariake Sea after torrential rain in the summer of 2001.
Therefore, it is important to track the behavior of fresh water because it may
promote the formation of anoxic water massesowing to large fresh water inflow
in Hakata Bay.

Figure 11 shows the calculation results for contour lines of salinity in the
high-resolution area of the Imazu Bay in the western part of Hakata Bay. It
shows the distribution of salinity (a) just before the torrential rain, and (b) one
day after the torrential rain. After the torrential rain, fresh water flowed out of
the mouth of Imazu Bay and spread out fullyinlmazu Bay. Many short-neck
clams reside in the tidal flats of Imazu Bay. Because short-neck clams have diffi-
culty living in water of less than 5 psu [17], it is possible that some of these clams
in Imazu Bay are influenced after torrential rains. In addition, a significant
amount of mud flows into Imazu Bay, especially in torrential rain. It is possible
for mud to accumulate in the blue area in Figure 11(b), where fresh water
spreads. It is also possible that a substantial amount of mud deposited after tor-
rential rain exerts a major influence on the benthoses in Imazu Bay. Therefore,
increasing torrential rain in recent years may have had amajor impact on the

ecosystem of Imazu Bay.

4. Conclusions

In this research, the two-dimensional Reynolds depth-averaged and convective-
dispersive equation of salinity with the two-way nesting “edge” technique was

developed and applied to the case of Hakata Bay. The calculation results for
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Figure 11. Distribution of salinity (a) at 8:00 on September 16, 2002 and (b) at 6:00 on
September 18, 2002 in the high-resolution area, Imazu Bay.

tidal current vectors and salinity showed good agreement with the observed data
in most of the calculation area. Complicated flows in narrow areas due to the
constructions of “Island City” were well reproduced.

Moreover, in this research, the impact of major discharge from rivers due to
torrential rain was analyzed by using a hydrodynamic model with the edge nest-
ing technique targeting Hakata Bay. To obtain the rough amount of discharges
from rivers, tank models were applied. The discharge calculated using the tank
model of Zuibaiji River showed good agreement with the observed discharge.
According to the calculation results, two findings were noted. First, fresh water
takes more than two days to spread out and stays in the inner part of the bay for
a long time. Second, fresh water flows out of the mouth of Imazu Bay and
spreads out fully in Imazu Bay, and it is possible that a substantial amount of
mud flows and is transported into the bay, similar to the behavior of salinity.
These phenomena suggest remarkable fresh water behavior over a period of a
few days, and it is possible that large discharges from rivers influence the ben-

thos living in the tidal flats near the river.
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