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Abstract
Massive freshwater discharges due to heavy rainfall have recently caused negative changes to coastal 
waters, such as red tides and anoxic water masses. In this research, a salinity analysis was conducted 
using a three-dimensional σ-coordinate model to evaluate the impact of large freshwater discharges 
on the horizontal and vertical distribution of salinity. Specifically, Hakata Bay was examined after a 
heavy rainfall with a six-year return period, beginning 16 September 2002, a common recurrence 
interval. The data were calculated for 11-27 September 2002. Tank models were applied to calculate 
river inflow discharges, which were considered river inflow in the hydrodynamic and salinity 
diffusion model for Hakata Bay. Model validation results showed high reproducibility, and the 
calculated tidal current and salinity agreed well with observed data. Results also showed that: (1) 
salinity was less than 15.0 psu at the river mouths about one day after heavy rainfall; (2) low-salinity 
water (< 28.0 psu) spread across the surface of the inner part of the bay; and (3) salinity differences 
between the surface and bottom were large (approximately 4 psu) and lasted three days after the 
heavy rainfall. It was concluded that red tides and anoxic water masses could be induced in the inner 
part of the bay.

Discipline: Agricultural Engineering
Additional key words: �coastal sea, freshwater discharge, hydrodynamic and salinity diffusion 

model, tank model

Introduction

In recent years, global climate change has caused 
more frequent, heavy rainfalls. Heavy rainfall can cause 
considerable damage on land through flooding and 
sediment disasters. Similarly, studies have recently 
reported negative changes to the water environment, such 
as red tides and anoxic water masses in semi-enclosed 
bays (Katano et al. 2012, Kawamura et al. 2013, Jeong  
et al. 2017). Hakata Bay also has those environmental 
problems that is reduced by heavy rainfall. It is a semi-
enclosed bay located at the metropolis of Fukuoka, a city 
at the northern end of the island Kyushu in Japan (Fig. 1). 
Hakata is designated a special major port (Tai et al. 2012), 
and Hakata Bay is one of the most important harbors in 
western Japan. The bay has a rich ecosystem due to its 
vast tidal flats, such as Wajiro Higata and Imazu Higata 

in its eastern and western parts, respectively. Moreover, 
migratory birds from other continents frequent the bay 
(Babazaki et al. 2009), making protecting its environment 
important. The bay also has a nearby urban area and has 
experienced negative changes to its ecosystem and 
environmental degradation of its coastal water by red 
tides and local anoxic water masses. Yanagi & Ishii 
(2009) reported that a large nutrient inflow after a heavy 
rainfall in June 2004 caused a red tide, which induced an 
anoxic water mass in inner Hakata Bay by reducing the 
light intensity in the water column. The bay is important 
as a harbor and a valuable ecosystem, making its water 
environment issues vitally important.

A few studies have examined the impacts of a 
massive freshwater discharges into coastal water due to 
heavy rainfall. Among them, Murakami et al. (2007) 
discussed flow and density structures in Ise Bay in the 
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Tokai area of Japan after a record rainfall. To do so, they 
used numerical analysis with a coupled Atmosphere-
Ocean-Wave model, which showed that the massive 
freshwater discharge completely changed the current and 
density structure of Ise Bay. Kanzaki et al. (2015) 
investigated the behavior of river water discharged into 
the Ariake Sea in the northern part of Kyushu after heavy 
rainfall in July 2012 using a three-dimensional 
hydrodynamic and diffusion model. This research found 
strong salinity stratification in Ariake Bay with a 20-30 
psu difference between the surface and the bottom. These 
few examples concentrated on the impact of a massive 
freshwater discharge into coastal waters. Although many 
studies have constructed three-dimensional models of 
Hakata Bay (Yokoyama et al. 2014), no study has 
examined large freshwater behavior after a heavy rainfall 
because it is so difficult to make field observations in 
coastal areas after a heavy rain, so there is not sufficient 
information for solving the environmental degradation 
problem of coastal water due to large freshwater 
discharges. The reasons include the short-term inflow of 
large nutrient loads and strong salinity stratification due 
to a large amount of freshwater discharge from rivers 
(Tsutsumi et al. 2003). Another cause is that floc releases 
microalgae into sea water because sea water with low 
salinity decomposes floc (Isagai 2014). Hence, salinity 
behavior controls the physical and chemical environment 

in a coastal water body and the three-dimensional 
distribution of salinity must be understood. It is important 
to evaluate the impact of heavy rains occurring frequently 
in semi-enclosed bays, so three-dimensional salinity 
modeling is essential. 

Fukuda et al. (2017) conducted a two-dimensional 
numerical analysis of salinity behavior in Hakata Bay 
after a heavy rainfall. Though the study demonstrated a 
rough trend in the horizontal behavior of large freshwater 
discharge, it is necessary to also evaluate the vertical 
structure of salinity. The current study analyzed salinity 
behavior in Hakata Bay after a heavy rainfall event with a 
six-year return period, a common recurrence period. A 
three-dimensional σ-coordinate model that is widely 
applied to numerical modelling of coastal seas (Takioka 
et al. 2006, Murakami et al. 2013) was used. Tank models 
were applied to calculate river inflow discharges in a 
hydrodynamic and salinity diffusion model of Hakata 
Bay. Model validation showed high reproducibility. The 
study evaluated the impact of large freshwater discharges 
on the horizontal and vertical distribution of salinity.

Materials and methods

1. Target area
Hakata Bay, which is located in the city of Fukuoka 

on the northern end of Kyushu in Japan (Fig. 1), has a sea 

Fig. 1. �Map of Hakata Bay
	 The filled circles, square and triangle indicate the locations of rainfall observation stations, tidal observation station, and 

river discharge observation point of the Zuibaiji River, respectively. Gray lines indicate rivers flowing into the bay.
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surface area of 133.3 km2, a mean depth of 10.8 m, and a 
maximum depth of approximately 23 m (Fukuoka City 
Environmental Bureau 2016). Its geographical enclosed 
index is 2.04 (International EMECS Center 2001). 
Because shallow water spreads widely in the bay, tidal 
flats such as Imazu Higata and Wajiro Higata have 
formed, resulting in a variety of ecosystems across the 
bay. The bay is fed by six main rivers: Tatara, Mikasa, 
Naka, Hii, Muromi, and Zuibaiji, and there have been few 
observations of river discharge. In the past, excessive 
nitrogen and phosphorus inflow from domestic 
wastewater associated with Fukuoka industrial 
development greatly damaged the bay’s water 
environment, causing widespread red tides and water 
anoxic masses. Advanced sewage treatment of the city 
has since reduced nutrient concentration and restrained 
primary production in the bay (Yokoyama et al. 2011). 
However, the bay still has water quality issues due to 
large river inflow discharges after heavy rainfall, which 
damage the ecosystems and aquatic resources.

Tidal current vectors and salinities were observed 
by the Fukuoka City Port and Harbor Bureau only 30 July 
2007. In addition, the Fukuoka City Environmental 
Bureau has measured water quality only once a month, 
with which the impact of heavy rainfall can’t be evaluated. 
To help protect the environment of a shallow coastal area 
such as Hakata Bay, hydrodynamic and diffusion models 
are essential. It is necessary to track three-dimensional 
salinity behavior, especially after heavy rainfalls when a 
massive amount of freshwater discharge occurs.

2. Model description
Three-dimensional σ-coordinate models (Phillips 

1957) are generally used to analyze salinity behavior in 
coastal seas (Irie et al. 2003, Serio et al. 2007). In this 
research, a σ -coordinate system was incorporated with a 
hydrodynamic and salinity diffusion model to accurately 
represent how the shallow inner part of the bay was 

influenced by freshwater river inflow discharge.
In the Cartesian co-ordinate system, the sea surface 

and bottom are defined as z=ƞ and z=‒h, respectively. In 
the σ-coordinate system, the sea surface and bottom are 
σ=1 and σ=0, respectively (Fig. 2), wherein the coordinate 
conversion formula is

 σ＝
z＋h

―――
h＋ƞ

 (1)

In the σ-coordinate system, the number of vertical 
layers is constant regardless of water depth. This 
coordinate system makes a model more versatile, 
allowing it to retain the vertical structure of shallow areas 
while more accurately simulating flow fields near the 
bottom than the Cartesian co-ordinate system (Sasaki 
1998). Therefore, the model can effectively calculate 
salinity behavior after a heavy rainfall in shallow areas 
such as river mouths and inner areas of bays.

The model-governing equations were composed of 
the continuity equation for an incompressible fluid (Eq. 
2), the Reynolds equation using a hydrostatic pressure 
approximation (Eqs. 3 and 4), and the diffusion equation 
of salinity (Eq. 5) with the σ-coordinate conversion,  
as follows:
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Fig. 2. Conceptual diagram of the σ -coordinate system
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where t is time (s); u and v are velocity components in the 
x- and y-directions (m/s); H (=η + h) is the depth from the 
bottom to the sea surface (m); ρ (= ρ0 + ρˊ), ρ0, and ρˊ are 
density, standard ρ, and the difference between ρ and ρ0, 
respectively (kg/m3); g is the gravitational constant (m/
s2); f is the Coriolis parameter (1/s); ũ and ṽ are line 
discharges in the x- and y-directions, respectively (m2/s; ũ 
= uH and ṽ = vH); AH and KH are the horizontal eddy 
viscosity and diffusivity coefficients, respectively (m2/s); 
Aσ and Kσ are the vertical eddy viscosity and diffusivity 
coefficients, respectively (m2/s); and S is salinity (psu). ws 
is the velocity component in the σ-direction (1/s) and 
expressed as follows:

 ws = 
1
―
H

 [σ∫1

0
 
∂ (Hu) 
―――

∂x
 dσ + σ∫1

0
 
∂ (Hv) 
―――

∂y
 dσ

 －∫σ

0
 
∂ (Hu)
―――

∂x
 dσ－∫σ

0
 
∂ (Hv)
―――

∂y
 dσ ]  (6)

For the numerical solution, the semi-implicit method 
algorithm of Sasaki et al. (1996) was utilized. This 
method is what implicitly discretizes variables with * 
such as sea surface elevation η, line discharges, and the 
vertical convective and viscosity (diffusive) salinity term.

The horizonal eddy viscosity (AH) and diffusivity 
(KH) coefficients were determined using the Smagorinsky 
model (Smagorinsky 1963):
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where Sm (=0.2) is the model parameter and AG (m2) is 
mesh size.

The vertical eddy viscosity (Aσ) and diffusivity (Kσ) 
coefficients were determined using Kolmogorov’s 
hypothesis (Kowalik & Murty 1993):
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where Ri is the Richardson number, Pr is the turbulent 
Prandtl number, and l (m) is the mixing length. The 
turbulent number Pr was determined by the following 
expression (Kondo et al. 1979):
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The mixing length l was determined by the following 
expression (Blackadar 1962):

 l = 
κ (z+H)―――――――

(1+
κ (z + H)
――――

l0
)  (11)

where κ is the Karman’s constant and l0 (m) is the 
maximum value of l.

Finally, the wet-and-dry method proposed by 
Uchiyama (2004) was introduced to represent the 
appearance and disappearance of tidal flats, allowing 
robust calculation in very shallow areas.

3. Calculation conditions
Figure 3 shows the bathymetry of the calculation 

area and the river inflow points in Hakata Bay. The 
calculations were conducted with a spatial discretization 
of ∆x, ∆y = 100 m, and 7 vertical layers. A temporal 
discretization of ∆t was set at 20.0 s for low river inflow 
discharge and 1.0 s for high river inflow discharge to 
stabilize the calculation near river mouths. At the bay 
entrance, the tidal level was calculated using harmonic 
constants obtained at the Tsuyazaki tidal observation 
station; tidal level was deemed an open boundary 
condition in the calculation. In order to investigate the 
effect of freshwater discharge into the coastal area, the 
wind stress and water temperature was neglected.

In general, it is difficult to observe river discharges, 
especially after heavy rainfall. The tank model proposed 
by Sugawara (1985) was applied to determine river 
inflow discharges during flooding and has been widely 
used for rainfall-runoff analyses (Noto et al. 2010). In the 
tank model (Fig. 4), multiple tanks were vertically aligned 
and orifices were located below and beside each tank. 
The parameters on the diagram of the tank model in 
Figure 4 detail 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: 
Tatara, Mikasa, Naka, Hii, Muromi,  and Zuibaiji, which 
flow into Hakata Bay (Fig. 1). The tank model parameters 
for the six rivers were identified from hourly observed 
discharges using trial-and-error. Rainfall data from the 
Japan Meteorological Agency stations of Fukuoka, 
Maebaru, and Dazaifu (Fig. 1) were used for the 
calculation. 

River inflow discharges from five other small rivers 
without observed discharge data were calculated using a 
tank model obtained at a nearest-neighbor river among 
the six main rivers. As an example, Figure 4 shows the 
structure and parameters of the tank model for the 
Zuibaiji river. A tank model with three tanks and three 
outlets at the first tank was adopted for flood runoff 
analyses. Figure 4 also compares the observed and 
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calculated discharges of the Zuibaiji from 25 August to 
23 September 2005. A Nash-Sutcliffe (NS) coefficient of 
0.94 and Relative Error (RE) of 0.12 indicated that the 
tank model reproduced the observed data accurately. 
Tank model calibration results for the other five main 
rivers were similar, and all tank models exhibited good 
reproducibility.

This research analyzed the impact of a massive 
freshwater discharge from rivers due to heavy rainfall in 
the Hakata Bay region using the three-dimensional 
σ-coordinate model. The calculation period was set as 
11-27 September 2002 because a heavy rainfall produced 
163.5 mm/d on 16 September in Fukuoka, which has an 
estimated six-year return period for rainfall events. The 
total, peak, and maximum two-hour accumulation of 
precipitation during the event were 167.0 mm, 39.5 mm/h, 
and 65.5 mm, respectively, which indicate an intense 
rainfall. Figure 5 shows the calculated discharge at the 
Zuibaiji river during that period. Large discharges from 
eleven river inflow points (Fig. 3) were incorporated into 
the calculations using the hydrodynamic and salinity 
diffusion model.

Because salinity data at river mouths were not 
available, salinity boundary conditions at the river 
mouths were determined using the ratio between river 
mouth water depth and an increased depth due to river 

inflow discharge:

 S2 = 
S1 h1―――

h1 + h2
 (12)

Fig. 3. �Bathymetry of the calculation area, as well as the locations of observation points, river 
inflow points, and the Tsuyazaki tidal observation station
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where h1 is the present water depth, h2 is the water depth 
increased by river inflow discharge, S1 is the initial 

salinity, and S2 is the salinity after the inflow discharge.
Prior to simulating the impact of the heavy rainfall 

event, the hydrodynamic and salinity diffusion model 
was validated over a two-week period. The validation 
period was 18 July to 2 August 2007, when the observed 
tidal current vectors and salinities were available on St. 1 
to 11 in Figure 3, and there was almost no rain in Fukuoka.

Results and discussion

1. Model validation
Observation points for velocity and salinity are 

indicated in Figure 3. Figure 6(a) compares observed and 
calculated tidal current vectors at one-hour intervals at 
several observation points from 0:00 to 23:00 on 30 July 
2007. The calculated tidal current vectors agreed well 
with the observed ones. Figure 6(b) compares observed 

Fig. 5. �Calculated discharge at the Ikeda river discharge 
observation point of the Zuibaiji River from 11-22 
September 2002
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and calculated salinity values at several observation 
points for the same period as the tidal current vectors. 
The calculated salinities at St. 5 were slightly higher than 
observed values. Bathymetry suddenly changed near 
St.5. It is known that the σ-coordinate model causes 
errors when the seabed suddenly changes. Also, there are 
small rivers that could not be considered in the model. 
However, the other calculated salinities demonstrated 
good agreement with observed values. Overall, the 
validation results indicated that the hydrodynamic and 
salinity diffusion model performed well in simulating 
tidal currents and salinity diffusion in Hakata Bay.

2. Post-rainfall salinity analysis
Figure 7 shows salinity calculation results. The 

horizontal distribution of salinity is shown at the (a) 
surface layer and (b) bottom layer (1) before the heavy 
rainfall (0:00 16 September 2002), (2) after the heavy 
rainfall (20:00 17 September 2002), and (3) one week 
after the heavy rainfall (23:00 24 September 2002). 
Comparing Figure 7(1-a) and Figure 7(2-a), a very low 
salinity of less than 15.0 psu was found at the river mouths 
because substantial amounts of fresh water flowed into 
the bay over a short period. However, according to Figure 
7(2-a) and Figure 7(3-a), fresh water spread out wider, 
and low-salinity water of less than 28 psu covered the 
entire inner part of the bay, reaching the outer bay one 
week after the heavy rainfall (Fig. 7(3-a)). Fresh water 
flowing into the bay took some time to spread out, and 
low-salinity water (< 28.0 psu) was concentrated at the 
large river mouths (Fig. 3). Since tank models were 
utilized for the six main rivers that flow into Hakata Bay, 
it can be said that the model reproduced the inflow 
dynamics of freshwater discharges quite well. In this 
analysis, the six-year probability rainfall, a relatively 
frequent rainfall, was targeted and there is almost no 
rainfall before or after the event. Therefore, it is expected 
that similar outflow patterns will be obtained when such 
a sudden heavy rain occurs in Fukuoka. In that case, 
similar phenomena are expected when Fukuoka 
experiences heavy rainfall.

At the bottom (Figs. 7(1-b) and 7(2-b)), only slight 
differences were evident immediately after the heavy 
rainfall. However, low-salinity water spread evenly over 
the bottom during the week after the heavy rainfall (Fig. 
7(3-b)). We could therefore surmise that low-salinity 
water spreading at the surface mixed vertically and 
reached the bottom. Furthermore, salinity differences 
between the surface and bottom in central and western 
Hakata Bay were larger than those in the eastern part, so 
the strength of mixing between the surface and the 
bottom in the eastern part was greater than that in the 

central and western part. This may be caused by the 
difference in the discharges from the rivers. The Tatara 
and Naka rivers have the biggest discharge of all. 
Moreover, the east area is shallower than the west area is, 
as shown in Figure 3. This enormous discharge and depth 
difference induced the mixing in east area. As a result, 
salinity stratification occurred more easily in central and 
western Hakata Bay. Figure 8 shows a salinity time series 
during the calculation period at St. 7 (Fig. 3). Roughly 
one day after the heavy rainfall, the salinity difference 
between the surface and bottom was large, about 4 psu. 
Surface salinity suddenly decreased during the heavy 
rainfall then slowly increased with evident tide 
fluctuations. However, the bottom salinity slowly 
decreased and the difference became gradually smaller 
over one week.

Abe et al. (2013) found good linearity between 
salinity and nutrient concentrations at the surface, using 
short-term observations after a heavy rainfall at the 
center of the Seto Sea. Their results indicated that the 
relationship between salinity and nutrient concentrations 
at the sea surface could be deciphered immediately after 
large river discharges. In addition, according to the 
Fukuoka Fisheries and Marine Technology Research 
Center (2016), red tides occurred frequently in inner 
Hakata Bay, especially near the mouths of the Tatara, 
Mikasa, Naka, Hii, and Murom rivers. Low-salinity 
water spread across the inner part of Hakata Bay one 
week after the heavy rainfall (Fig. 7(3-a)). Therefore, it 
was suspected that nutrients such as nitrogen and 
phosphorus might spread out similarly, allowing 
microalgae that absorb nitrogen and phosphorus to also 
spread throughout the inner bay. Furthermore, salinity 
stratification occurred approximately three days after the 
heavy rainfall (Fig. 8). Because salinity stratification 
reduces vertical mixing, dissolved oxygen at the bottom 
might be depleted if red tides on the surface prevented 
sunlight from reaching it. Because the targeted heavy 
rainfall was estimated over a six-year return period, these 
environmental effects may also occur with some 
frequency.

Conclusions

In this research, a three-dimensional σ-coordinate 
hydrodynamic and salinity diffusion model was applied 
to analyze the salinity behavior after a heavy rainfall 
event in Hakata Bay. Sugawara’s tank model was used to 
obtain river inflow discharges at eleven rivers near the 
bay. Discharge calculated using the tank model exhibited 
good agreement with observed values. The model’s tidal 
current vectors and salinities also agreed well with 

Fig.7

Fig.8

143

Three-dimensional Salinity Analysis in Hakata Bay after Heavy Rainfall



observed data over most of the calculation area.
Numerical model results for salinity behavior after 

the heavy rainfall on 16 September 2002 in Hakata Bay 
indicated that (1) very low salinity (< 15.0 psu) was found 
at the river mouths about one day after the heavy rainfall; 

(2) low-salinity (< 28.0 psu) surface water spread across 
the inner part of the bay; and (3) the salinity difference 
between the surface and bottom was large (approximately 
4 psu) about one day after the heavy rainfall. The salinity 
results suggest that nutrient behaviors in the rivers were 

Fig. 7. �Salinity distribution at the (a) surface and (b) bottom, at (1) 0:00 16 September (neap flood tide), (2) 20:00 17 
September (spring ebb tide), and (3) 23:00 24 September 2002 (spring ebb tide), respectively (See also Fig. 3)
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likely similar, and salinity stratification lasting 
approximately three days probably reduced vertical 
mixing in the inner bay area. Consequently, red tides and 
an anoxic water mass could occur in the inner bay. 
Because the targeted and frequent heavy rainfalls were 
estimated over a six-year return period, these 
environmental changes may also occur frequently. Due to 
global climate change, the frequency and intensity of 
rainfall are increasing significantly. These result show 
that not only land but also coastal areas could be damaged 
by heavy rainfall and countermeasure must be developed. 
These findings about large freshwater dynamics in the 
studied coastal should provide give important knowledge 
useful in protecting coastal environments.
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