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Three-Dimensional Water Quality Modeling of Chinhae Bay
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Abstract [ ] A three-dimensional hydrodynamic-ecosystem model was developed and applied to Chinhae Bay
which is located in the southeastern sea of Korea. The model includes a three-dimensional hydrodynamic model
and an eutrophication model, and the model operates on the same grid system. The agreement between predicted
and measured results is reasonably encouraging. The concentrations of the calculated COD, DIN and DIP are
appeared to be very high due to the phytoplankton production and the wastewater input in the northern part of
Chinhae Bay. Anoxic and hypoxic water masses in the bottom layer occur in the northern part of the bay due to
the excess loading of wastewater and strong stratification, and in the western inner part of the bay due to high
oxygen consumption in densely populated aquaculturing facilities. DO concentration contours show parallel to
the bay entrance line, which means the importance of supplying DO by physical process from the mouth of the
bay. Although both the hydrodynamic and biochemical processes play important role to form the hypoxic waters
in the bottom of the inner bay, it is suggested that the hydrodynamic conditions such as the vertical and the
horizontal eddy diffusivity are primarily important factors.
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1. INTRODUCTION

Chinhae Bay is one of the most polluted coastal bay in
Korea (Fig. 1), and the productivity has declined signifi-
cantly. The bay is plagued with problems that accompany
agricultural and industrial development and population

growth along its shore and headwaters. The increased
loading of contaminants into water bodies has resulted in
hypoxic and anoxic water masses and frequent red tide
problem in Chinhae Bay during summer season. The con-
centrations of nitrogen and phosphorus which are the

main nutrient sources of eutrophication have rapidly in-
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creased since 1985 (Kang and Lee, 1992). Many of these
problems including bottom-water anoxia, red tide and
decline in fisheries are associated with the eutrophication
of the bay. Therefore the present study is focused mainly
on the processes affecting the eutrophication and the
hypoxic water in the bay.

A combined hydrodynamic and ecological model is
needed to understand the processes contributing to the for-
mation of the anoxic and hypoxic water masses. It was
acknowledged that ecosystems are extremely complex
systems and the difficult part of modelling is therefore to
select the ecologically relevant components and processes
in a given problem context, which requires a profound
ecological knowledge. Much more modelling experience
has been gained since 1980 (Cerco and Cole, 1993;
Nakata, 1993; Cerco, 1995; Lung et al., 1995; Cho and
Chae, 1999; KORDI, 1999). Water quality models mainly
deals with the physical transport of chemical constituents
in the water, using the simulated oxygen concentration as
an indicator of water quality. They are usually based on
nutrient and phytoplankton submodels, since primary pro-
duction and mineralization of the produced biomass are
the main determinants of oxygen saturation in the water.
Models of this type have been further developed into the
direction of general eutrophication models (Bach, 1993;
Baretta and Ruardij 1987); good examples of this cate-
gory are MIKE21 EU (Vested et al., 1991), ERSEM
(ERSEM, 1993) and CE-QUAL-ICM (Cerco and Cole,
1993). The MIKE21 EU model system consists of an
advanced 2D circulation model in combination with mod-
ules describing advection-dispersion, oxygen dynamics
and carbon/nutrient cycling in the lower trophic levels.
The model is depth-integrated and thus cannot resolve any
vertical structure in the water column. It therefore cannot
be used reliably in stratified areas. ERSEM is a compre-
hensive ecosystem model which dynamically simulates
the large-scale cycling of organic carbon, oxygen and the
macronutrients N, P and Si over the seasonal cycle. Hor-
izontal transport is prescribed by daily exchange volumes
between boxes, derived from the results of a 3D physical
circulation model. Vertical mixing is prescribed by time-
varying exchange coefficients across the boundary between
the surface and deep boxes. The model has limitation of
coarse spatial resolution in horizontal and vertical direc-
tions. The ERSEM model was indirectly coupled between

hydrodynamic and ecological submodels. CE-QUAL-ICM is
a three-dimensional eutrophication model, and the model
incorporates 22 state variables that include physical prop-
erties; multiple forms of algae, carbon, nitrogen, phospho-
1us, silica, and dissolved oxygen. The CE-QUAL-ICM model
solves the conservation of mass equation for each grid cell.

This paper is in focus in development of ecological
model and its applicability to Chinhae Bay. Effective
management of water quality in Chinhae Bay requires
understanding of the mechanism that lead to the appear-
ance of the anoxic and hypoxic water masses. We inves-
tigate these mechanisms using a 3D model that consists of
hydrodynamic model and eutrophication model. The pre-
sent study advances the state of the art in eutrophication
modeling. It is coupling of the eutrophication model and
a 3D time-variable hydrodynamic model. Thus, the hydro-
dynamic and eutrophication models operate on a grid that
provides lateral and vertical resolution, and the models is run
on PC. Prior to application to this model, most of eutrophi-
cation models were commonly run in steady-state.

2. OBSERVATIONS AND RESULTS

To obtain hydraulic and water quality parameters, field
observations of temperature, salinity, dissolved oxtgen
(DO), NO»-N, NO;-N, NH4-N, PO,-N, chemical oxygen
demand (COD), total suspended solids (TSS), Chlorohyll-
a, pH etc. were carried out at stations shown in Fig. 1 from
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Fig. 1. Observation stations in Chinhae Bay.
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Fig. 2. Monthly depth profiles of DO measured at Sts. 13, 17
and 23 in 1993.

1990 to 1994. The bay consists of fifty minor-streams,
and the major sources of freshwater to the bay are located
at the northern part (Masan Bay) of the bay. External
loads to the system were observed on April 25~26 and
July 23~24, 1994 using 3 surveying ships, and the results
of hvdraulic and water quality parameters are given in
NFRDA (1995).

The observed results at Sts. 13, 17 and 23 in 1993 are
shown in Fig. 2. It is surprised the anoxic water masses
(DO 1.0 mg/) were extended to 9 m depth at St. 17 and to
9 m at St. 23, and the anoxia lasted from June to Septem-
ber. The problem of the anoxia in the inner bay can be
attributed to the presence of strong stratification due to

weak vertical mixing.

3. NUMERICAL MODEL

3.1 Model Description

To investigate the mechanism producing the anoxic and
hypoxic water masses in Chinhae Bay, three-dimensional
hydrodynamic water quality model is developed and applied
to the field. The model consists of two submodules: a

three-dimensional hydrodynamic model (Kim and Lee,
1994) and an eutrophication model.

3.1.1 Hydrodynamic Model

Hydrodynamic model produces three-dimensional pre-
dictions of velocity, diffusion, surface elevation, salinity
and temperature. The finite difference form of the govern-
ing equations is solved using ADI integration scheme.

Assuming hydrostatic pressure distribution and Bouss-
inesq approximation, the governing equations for an incom-
pressible fluid in a three-dimensional (x, y, z) coordinate
system with the z-axis vertically upwards are:
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respectively, p is the pressure, p, is the reference density,
fis the Coriolis parameter as 2@ sing where ¢ is the lati-
tude, w is the angular speed of earth rotation, t is the time,
g is the gravity, p is the density, &, & and &, are the eddy
viscosity coefficients in x, y and z directions respectively,
and k., k, and k, are the diffusion coefficients in x, y and
z directions, respectively. For k, and k,, we assume a
value, k,=k,=a I*?, after Richardson (1926), where a=0.01
and /=grid size of simulation, and k; is given by Kim
(1994). The equation of state is

p=pCLD %
Knudsen’s (1931) equation is applied here. The above equa-
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tions are numerically solved after Kim and Lee (1994). The
open boundaries are forced with O;, Ki, Mz and S; tidal con-
stituents using the data at Kaduk and Kyunnaeryang channels
(Kim, 1994).

3.1.2 Eutrophication Model

At an arbitary point in the sea, the time change of the
standing stock or biomass in each compartment can be
described by the following diffusion equation:

3(hB) , d(huB)  o(hvB)  I(hwB) _i(k haB)

ot ox oy 9z ox\* ox
) dB\ 9 JdB
+a—y(k}ha—y)+§z(kzha—z)+RSST ®)

Where B is the biomass of the compartment, ¥, v, and w
are velocities in x, y and z directions, respectively, k., k,
and k, are diffusion coefficients in x, y and z directions,
respectively, and RSST represents external loads and kinetic
sources and sinks in each compartment. To estimate the
material flux in the bay or coastal area, this equation
should be coupled with a 3D hydrodynamic model. The
magnitudes of «, v, and w computed from the hydrody-
namic model are used to predict temporal and spatial vari-
ations in the biomass of each compartment.

In this model, the organic components of the ecosystem
are divided into 4 compartments: phytoplankton, zoop-
lankton, detritus and dissolved organic matter, and phos-
phate and inorganic nitrogen is considered as inorganic
compartments. The benthic system in this model is treated
as a boundary condition. In addition, DO and COD can be
incorporated into the model as water quality compartments if
necessary. The processes included in nutrient cycle model
are the production of organic nitrogen and phosphorus,
and decomposition of these to inorganic nutrients. Sinking
processes are also incorporated into the model. The par-
ameter values chosen for the eutrophication model are
obtained from measurements (NFRDA, 1995; Kim, 1997).

3.1.3 Biological Processes

1) Phytoplankton (P: mgC/m?3)

The time change of phytoplankton biomass is described
as follows:

dP/dt=growth - extracellular release - respiration - grazing

by zooplankton - grazing by benthos - mortality -
sinking

2) Zooplankton (Z: mgC/m?)

The time change of zooplankton biomass is described

as follows:

dZ/dt = grazing - egestion - excretion - mortality + vertical

migration

3) Particulate Organic Matter (POC: mgC/m%)

This compartment refers to organic detritus and is exp-
ressed in carbon units such as POC. PON or POP are
determined from the POC concentration using the C/P and
C/N ratios of the detritus. The time change of the POC
compartment is described by the following equation:

dPOC/dt = mortality of phyto-P + mortality of zoo-P +

egestion - biodegradation - by production of DOC-
sinking + loading

4) Dissolved Organic Carbon (DOC: mgC/m?®)

Dissolved organic matter is calculated on the basis of
dissloved organic carbon, thus the concentration or biom-
ass expressed in the unit of nitrogen or phosphorus are
converted to carbon using C/N or C/P ratios. The time
change of DOC is described as follows:

dDOC/dt = extracellular release + input from POC -

degradation + loading

5) Phosphate (DIP)

Dissolved inorganic phosphorus (DIP) is considered in
the model as phosphate PO4-P, and the behavior of phos-
phorus in biological processes is represented as follows:

dDIP/dt = -uptake by phytoplankton + phytoplankton res-

piration + zooplankton excretion + mineralization
of POC + mineralization of DOC + regenera-
tion from the bottom + loading

6) Dissolved Inorganic Nitrogen (DIN)

Inorganic nitgrogen here represents the total of NHs-N,
NO:-N and NO;-N, and the biological processes of DIN
are represented as follows:

dDIN/dt = -uptake by phytoplankton + phytoplankton res-

piration + excretion from zooplankton + miner-
alization of organic suspension release from
the bottom + loading

7) Dissolved Oxygen (DO)

The time change of DO is described as follows:

dDO/dt = supply by phytosynthesis - consumption by phyto-

plankton respiration - consumption by zoop-
lankton respiration - consumption by detritus
mineralizations - consumption by DOM mineraliza-
tions - consumption by sediment + reaeration

8) Chemical Oxygen Demand (COD)
dCOD/dt = input from phytoplankion compartment +
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input from zooplankton compartment +
input from POC compartment + input from
DOC compartment
The above detailed descriptions and the formula gov-
erning the bio-chemical processes are given in Nakata
(1993).

3.2 Numerical Solution

Hydrodynamic model and eutrophication model operate
on the same grid, and the integration time is 2 months.
Model grid resolution is 500 m in the horizontal, and is
discretized by 7881 horizontal points and 5 levels in the
vertical, the depth varies from 3 to 20 m. The computa-
tional time step is 30 s (Table 1). The amount of dis-
charges, nitrogen, phosphorus, and COD loading etc. from
fifty streams were obtained from measurements (NFRDA,
1995). Most of fresh water inflow occurs in the northern
part of the bay. The parameter values used for the compu-
tations presented in this paper are summerized in Table 1.
The finite difference form of the governing equations was
solved using ADI integration scheme. The model BACHOM-
3 (Kim and Lee, 1994) was run with horizontal viscosity
of 24 m?s, bottom friction coefficient of 0.005 and inter-
nal friction coefficient of 0.0025 throughout the bay.

The available water quality data for Chinhae Bay were
restricted to measurements of temperature, salinity, COD,
DO, DIN, DIP, and chrolophyll. Due to the data limita-
tions, we could only develop a simple biochemical model
that considers the inorganic-organic nutrient cycle. The

processes included in this model are the production of
organic nitrogen and phosphorus, and decomposition of
these to inorganic nutrients. Sinking processes were also
incorporated into the model. The parameters used in the
model and their initial status are shown in Tables 2~4.
Table 2 shows the initial vertical profiles for all compart-
ments, and table 3 shows the open boundary conditions of

Table 2. Initial values of ecosystem compartment.

Level Level Level Level Level
1 2 3 4 5

Phytoplankton (mgC/m3) 500 500 500 500 500
Zooplankton (mgC/m?) 50 50 50 50 50

Compartment

POC (mgC/m?) 400 400 400 400 400
DOC (mgC/m?) 700 700 700 700 700
DIP (ug-at/l) 13 13 13 13 13
DIN (ug-at/l) 0 10 10 10 10
DO (mg/)) 80 80 70 70 70
COD (mg/l) 13 13 13 13 13

Table 3. Open boundary condition of ecosystem model.

Level Level Level Level Level
1 2 3 4 5

Phytoplankton (mgC/m®) 500 500 500 500 500
Zooplankton (mgC/m?) 30 30 30 30 30

Compartment

POC (mgC/m?) 400 400 400 400 400
DOC (mgC/m?) 600 600 600 600 600
DIP (ug-at/l) 0 10 10 10 10
DIN (ug-at/l) 80 80 80 80 80
DO (mg/l) 90 80 80 70 70
COD (mg/l) 08 08 08 08 08

Table 1. Computational conditions of flow and eutrophication model.

Parameters Values
Horizontal grid interval Ax=Ay=500m
Time interval in the hydrodynamic model At=30s
Time interval in the diffusion model At=300 s

Vertical grid interval

Horizontal eddy viscosity coefficient
Horizontal eddy diffusion coefficient
Vertical eddy diffusion coefficient
Initial salinity concentration

Salinity concentration at open boundary
Internal friction coefficient

Bottora friction coefficient

Coriolis parameter

Level 1: 3m (0~3 m)
Level 2: 5m (3~8 m)
Level 3: 5m (8~13m)
Level 4: Sm (13~18 m)
Level 5: below 18 m
€,=€,=24 m%/s
k=k,=24 m?/s

k=3 cm?/s

33.0%0

33.0%0

12=0.0025

1>=0.0050
=8.37x105
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Table 4, Parameter values used in ecosystem model.

Parameter

Value

Maximum growth rate of phytoplankton (1/day)
Respiration rate of phytoplankton (1/day)

Maximum grazing rate of zooplankton(1/day)

Half saturation constant for phosphate (g-at/l)

Half saturation const. for inorganic nitrogen(ug-at/1)
Settling velocity of phytoplankton (m/day)

Mortality of phytoplankton(1/day)

Mortality of zooplankton (1/day)

Ivlev index for grazing(m*C/m?)’!

Optimum light intensity for photosynthesis (cal/m? day)
Chl-a/C ratio of phytoplankton

P/C ratio of phytoplankton

N/C ratio of phytoplankton

P/C ratio of zooplankton

N/C ratio of zooplankton

Gross growth efficiency of zooplankton (%)

Digestive efficiency of zooplankton (%)

P/C ratio of particulate organic matter

N/C ratio of particulate organic matter

P/C ratio of disolved organic matter

N/C ratio of disolved organic matter

Reaeration coefficient (1/day)

Settling velocity of POC (m/day)

Mineralization rate of DOC (1/day)

Half saturation constant of DO for minera. of DOC (mg/l)
Mineralization rate of POC (1/day)

Half saturation constant of DO for minera. of DOC (mg/1)

Fraction of POC decomposition to DOC to minera. of POC (%)

Release rate of P from bottom (mg/m%day)
Release rate of N from bottom (mg/m?day)
Oxygen consumption rate at bottom (mg O/m?day)

0.893 exp (0.0633T)
0.01 exp (0.0524T)
0.18 exp (0.0693T)
0.1

30

0.173

0.01

0.054

0.01

200

0.021

0.001403

0.01171

0.000704

0.0132

30

70

0.0005048
0.009921
0.0002581
0.007143

0.15

0.432

0.02 exp (0.0693T)
1.0

0.2 exp (0.07T)
1.0

25.0

245

24.5

1,500 exp (0.0377T)

the model. The initial and boundary conditions were
determined from data observations taken by NFRDA
(1995). The typical summer distribution(NFRDA, 1995;
Kim, 1997) was used as the initial and boundary values.
Values assigned to ecosystem model parameters are listed
in Table 4.

3.3 Results and Discussion

Since the flow fields generated by the hydrodynamic
model are to be used in the long-term computation of
water quality parameters, it is important to demonstrate
the ability of the model to compute the proper residual cir-
culation of the bay. Fig. 3 shows the computed monthly
averaged near-surface currents in the bay. The typical

gravity induced circulation pattern in Chinhae Bay is
reproduced by the model. The simulated circulation pat-
terns show outflow from the bay in the upper most level.
The magnitude of the computed near-surface residual cur-
rents is in the range of 5 to 15 cn/s, and the currents in the
western central part of the bay are rotating anti-clockwise.

The results of the validation at the monitoring stations
in summer are shown in Fig. 4. Summer is a critical sea-
son for bay water quality due to the occurrence of bottom-
water anoxia. Comparisons between measured and mod-
elled concentrations of DIN, DIP, COD and DO are pre-
sented for these monitoring sites. The monitoring results
were published by NFRDA (1995) for the purposes of

- these comparisons. The comparisons exhibit a high degree
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Fig. 3. Computed tidal residual currents in level 1.

of correlation. The correlation coefficients of DIN, DIP, COD
and DO are 0.75, 0.79, 0.90 and 0.75, respectively. The
concentrations of observed DIN are higher than those of
the simulations, whereas the concentrations of the moni-

tored DIP, COD and DO are lower than those of the sim-
ulations. Discrepancies between predictions and observa-
tions are attributable to degree of stratification in the model
and field, which is derived from hydrodynamic effects.

The simulated distributions of DIN, DIP and COD in
near-surface and near-bottom are shown in Figs. 5, 6 and
7, respectively. The concentrations of the simulated COD,
DIN and DIP are found to be very high in the northemn
coast (Masan Bay) of Chinhae Bay. The region of high
concentration corresponds to the region in which there is
the largest source of loading, and also the region has weak
tidal currents. This area is receiving wastewater from the
cities of Changwon and Masan. These concentrations from
the inner bay toward the bay entrance decrease gradually,
and the concentrations in Kaduk channel (bay entrance)
are very low because of the dilution by the strong water
mixing in the horizontal and vertical directions and the
small amount of DIN and DIP inputs from open sea. The
model yields encouraging results. The concentration of
COD in the surface layer becomes over 4 ppm in the
northern bay area, and this highly organic polluted water
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Fig. 4. Comparisons of simulated and observed resuits.
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i ﬂ» MASAN
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LEVEL 4 (DEPTH=13-18M)

DIN (= wot/a’)

T ¥ T T T

Fig. 5. Computed DIN distributions in near surface and bottom.

is presumnably attributed to the phytoplankton production
and the wastewater input from urban area. The organic
rich particulate pollutants input at the northern part of the
bay can be accumulated in the inner part of the bay. The
contribution of phytoplankton abundance to the COD con-
centration is sometimes more than the contribution of the
physically dispersed one from the loading of land origin.
High concentration of COD in the northern area of the
bay is presumably attributed to abundant phytoplankton,
which relates to nutrient loading from land.

The distributions of DO concentration in the surface
and the bottom are shown in Fig. 8. The values are on the
whole larger in the upper layer than those in the lower
layer because of photosynthesis. Bottom DO concentra-
tion around the northern part of the bay having large
wastewater and the western part of the bay having aquac-

ulture-farm shows a lower value compared with the other.

CHANGHON
LEVEL 1 (DEPTH=0-3M)

ﬂ‘ MASAN

DIP (= mol/a’)

R
s
.
2
KRDUK-00
C—

KEQUE-00

] CHANGHON
| A( HASAN LEVEL 4 (DEPTH=13-18M)
4 45 CHINHAE

DIP (= nol/a®)

KEQJE-DO

T T T T T L L T T T T T T

Fig. 6. Computed DIP distributions in near surface and bottom.

area. Regions of anoxia (DO = 1.0 mg/l) and hypoxia (DO
<2.0 mg/l) occur almost in the inner bottom bay due to
the wastewater input, weak mixing and the increment of the
oxygen consumption in high density of culturing facilities.
Our model agrees with observation (Lee et al. 1993;
NFRDA, 1995; Kim, 1997) that low-DO waters occur in
the western inner bay and the nothern bay. The simulated
DO concentrations in the bottom layer of the bay entrance
channel are usually more than 4.0 mg/l, whereas the con-
centrations in the inner part of the bay in summer are less
than 2 mg/l. The formation of the anoxic and hypoxic
waters in the inner part of the bay may be attributed to the
existence of strong stratification, the weak mixing and the
excess loading of organic and inorganic pollutants from
land (Kim, 1994; Kim, 1997). Thus, we need to consider
what processes remove inorganic nitrogen from these

areas. DO concentration contours show parallel to the bay
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Fig. 7. Computed COD distributions in near surface and bot-
tom.

entrance line, which means the importance of the supply-
ing DO by physical process from the mouth of the bay.
DO could be consumed on the bottom water-sediment com-
plex in the transporting process toward the inner bay and
might be disapeared until the water mass reached the
inner bay. This fact may be closely related to the large
amount of oxygen consumption in the inner bay. Also
from these results, the gravity induced circulation by the
fresh water inflow can act to maintain the favorable oxy-
gen condition in the bottom water by promoting the water
exchange process between the bay water and the outer
boundary water. As the gravity induced circulation become
stronger associated with the increasing of fresh water
inflow, the oxygen rich water along the bottom layer could
be supplied. This result implies that although the microbi-
ological processes in the sediment-water interface also

CHANGKON

| ﬂ‘ HASAN

LEVEL 1 (DEPTH=0-3M)

' CHINHAE DO (mg/1)

KEQJE-DO

CHANGION
LEVEL 4 (DEPTH=13-18M)

CHINHAE DO (mg/1)

— T 77 T T T T T T T T

Fig. 8. Computed DO distributions in near surface and bottom.

plays important role on the formation of the hypoxic
water masses in the inner part of the bay, it is not primary
important. For the verification of these mechanisms we
must need further investigation. Improvements in model-
data agreement require new estimates of loads to the sys-
tem and reformulation of model principles.

4. CONCLUSIONS

In order to analyze the water quality of Chinhae Bay
which is located in the southeastern sea of Korea, an eco-
system model has been developed and applied to the bay.
The model includes a three-dimensional hydrodynamic
model and an eutrophication model, and the model oper-
ates on the same grid. The computed results have been
compared with field measurements, and the agreement
between predicted and measured results are reasonably
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encouraging. The concentrations of the simulated COD,
DIN and DIP are found to be very high in the northern
part of Chinhae Bay having large amounts of domestic
and industrial wastes. This highly organic polluted water
is presumably attributed to the phytoplankton production
and the wastewater input from urban area.

Bottom DO concentrations in the northern part of the
bay having large waste water and the western part of the
bay having aquaculture-farm are lower than those of the
other area. The formation of the anoxic and hypoxic
waters in the inner part of the bay may be attributed to the
existence of strong stratification and the excess loading of
organic and inorganic pollutants from land and the incre-
ment of the oxygen consumption in high density of cul-
turing facilities. DO concentration contours show parallel
to the bay entrance line, which means the importance of
the supplying DO by physical process from the mouth of
the bay. This result implies that although both of the
hydrodynamic and biochemical processes play important
role to form the hypoxic waters in the bottom of the inner
bay, it is suggested that the hydrodynamic conditions such
as the vertical and the horizontal eddy diffusivities are pri-
mary important factors. To obtain better understanding on
the bay ecosystem, the detailed study on the biochemical

processes will be needed.
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