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Abstract — For effective management of water quality on the southern coast of Korea, a three-dimensional eco-
hydrodynamic model is used to predict water quality in summer and to estimate the reduction rate in pollutant
loads that would be required to restore water quality. Under the current environmental conditions, in particular,
pollutant loadings to the study area were very high, chemical oxygen demand (COD) exceeded seawater quality
criteria to comply with current legislation, and water quality was in a eutrophic condition. Therefore, we esti-
mated reduction rates of current pollutant loads by modeling. The model reproduced reasonably the flow field
and water quality of the study area. If the terrestrial COD, inorganic nitrogen and phosphorus loads were
reduced by 90%, the water quality criteria of Region A were still not satisfied. However, when the nutrient loads
from polluted sediment and land were each reduced by 70% simultaneously, COD and Chl-g were restored.
When we reduced the input COD and nutrient loads from the Nakdong River by 80%, Chl-a and COD of
Region B decreased below 10 ug I and 2 mg 1", respectively. The water quality criteria of Region C were sat-
isfied when we reduced the terrestrial COD and nutrient loads by 70%. Total allowable loadings of COD and
inorganic nutrients in each region were determined by multiplying the reduction rates by current pollutant loads.
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Estimated high reduction rates, although difficult to achieve at the present time under the prevailing envi-
ronmental conditions, suggest that water pollution is very severe in this study area, and pollutant loads must be
reduced within total allowable loads by continuous and long-term management. To achieve the reduction in pol-
lutant loads, sustainable countermeasures are necessary, including the expansion of sewage and wastewater facil-

ities, polluted sediment control and limited land use.

Keywords: water quality management(5~2 #32]), eco-hydrodynamic model("d B}-f+-#| 238 &), pollutant
loads(.2- 9 -3} %), water quality criteria(5~2 7]5), total allowable loadings(E3]§ 2.3 5-812)), the southemn

coast of Korea(3t 23l)

1. INTRODUCTION

Total allowable pollutant load is a similar concept to Total
Maximum Daily Load (TMDL). TMDL is the maximum amount
of pollutant that a water body can receive and still meet water
quality standards, and an allocation of that amount to the pol-
lutant’s sources (USEPA [1997]). Government sets up water
quality criteria for drinking water supply, contact recreation
(swimming) and aquatic life support.

There is interaction between terrestrial and marine environ-
ments in coastal areas, as a result of human activities and the
characteristics of the seas themselves. Chinhac Bay, which is
located on the southeastern coast of Korea, is a semi-enclosed
bay and one of the most heavily polluted coastal areas in this
part of Korea. This bay has been used extensively in the past
for mariculture, including the production of oysters, mussels

and ark shells due to its favorable environmental conditions

(Region A in Fig. 1). The coastal area of Busan, which is the
second largest city in Korea and has about 4 million residents,
has been used for beaches, port construction and mariculture
grounds (Region C in Fig. 1). It includes the estuary of Nak-
dong River, one of Korea’s four major river systems (Region
B in Fig. 1). Recently, with deterioration of water and sedi-
ment quality due to increased sewage and wastewater inputs,
artificial development and self-poliution from intensive aquac-
ulture, shellfish productivity has decreased. In addition, water
pollution including the occurrence of red tides, bottom water
anoxia and toxic materials has frequently been observed
(Hwang et al. [1999]; KORDI [1995]; MOE [1991]; NFRDI
[1997). For these reasons, the Korean government has desig-
nated these regions as special management areas for coastal
pollution and has been conducting monitoring activities (Lee
[1998]; MOMAF [2002]).

The Ministry of Maritime Affairs and Fisheries (MOMAF),
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Fig. 1. Observation stations in the study area on the southern coast of Korea (Region A: Chinhae Bay, Region B: estuary of the Nakdong

River, Region C: coastal seas of Busan).
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which is responsible for the management of the coastal envi-
ronment in Korea, has defined three grades of seawater quality.
Grade 1, with less than 1 mg I"' chemical oxygen demand
(COD) and more than 7.5 mg I"' dissolved oxygen (DO), is
suitable for mariculture and swimming. Grade II, with less
than 2 mg I' COD and more than 5 mg I"' DO, is suitable
for leisure activities except swimming and mariculture for
some aquatic species except Grade I species. Grade III, with
less than 4 mg I COD and more than 2 mg I DO, is the
water quality for harbor and industrial use.

As a result of increased and continuous pollutant loading,
the observed summer water quality of the study area by
NFRDI (National Fisheries Research & Development Institute)
has been seriously degraded (Fig. 2). In Region A, the semi-
enclosed inner bay, contamination levels are high; Chlorophyll-
a (Chl-a), which indicates a standing crop of phytoplankton,
exceeds the eutrophication index of 10 pg I'' (National Acad-
emy of Science [1972]), and chemical oxygen demand (COD)
exceeds seawater quality Grade 11 (below 2 mg I'), which is
the current legal limit. Recently, the values of COD and Chl-a
have decreased somewhat, but still remain high. In contrast,
inputs of inorganic nitrogen and phosphorus have increased.
Therefore, it is important to restore Chl-a and COD levels in
this area to below 10 ug I'' and 3 mg I”', respectively. Region
B is a coastal estuary that is greatly impacted by freshwater
discharge from the Nakdong River. Currently, the water quality
in downstream reaches of the Nakdong River has seriously
deteriorated (Lee & Park [2002]). Dissolved inorganic nitrogen
(DIN) and dissolved inorganic phosphorus (DIP) are much higher
in Region B than in the other two regions, owing to inputs of
polluted freshwater through the estuary barrage. Chl-a, how-
ever, is lower in Region B than in Region A because of the
influence of physical advection and diffusion, but red tides can
occur, as they did in 1999, if the water column is stable. Apart
from some inner areas, COD has been considered legally as
being seawater quality Grade II. However, seawater quality is
currently Grade III. The contamination level of Region C is
less than that of the other two regions. COD, however, exceeds
seawater quality Grade I because of increased input of inor-
ganic matter, which is not removed in the water treatment pro-
cess; Chl-a is also increasing. Therefore, water quality management
of the study areas is very important for the effective and sus-
tainable use of aquatic resources.

Although water quality in coastal zones can be determined
by various factors, the effects of terrestrial pollution sources

greatly predominate. That is, the physical and biogeochemical
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Fig. 2. Observed distribution of COD, DIN, DIP and Chl-a in the
study area by NFRDI (National Fisheries Research & Development
Institute).

characteristics of coastal waters are determined by freshwater
discharges and pollutant loadings from terrestrial sources (Karageor-
gis et al. [2003]; Takeoka & Murao [1997]). On the other
hand, in the semi-enclosed bay where shellfish are cultivated,
land-based sources as well as benthic loads from fine-grained
sediment are both responsible for the degradation of water
quality.

To restore water quality or estimate TMDL, we need to cal-
culate the required reduction in pollutant loads so as to engi-

neer countermeasures against red tides and eutrophication (Lee
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et al. [2005]; Yanagi et al. [1997]). Studies of such water qual-
ity management practices have been conducted using numeri-
cal models including hydrodynamic and eutrophication models.
These models simulate marine environmental factors by for-
mulating the flow of ecosystem components in coastal waters
(Cerco & Cole [1993]; Cerco [1995]; Drago et al. [2001]; Lee
et al. [2005]; Lung [1988]; Mark & Bunch [1992]; Nakata &
Taguchi [1982]; Taguchi & Nakata [1998]; Takeshi [1988];
Yanagi ef al. [1997]). The present study advances previous research
(Lee et al. [2005]). The model was applied to a broader area
where different water types were present. In particular, the
model was modified by the input of the maximum growth rate
of phytoplankton (a,), the maximum grazing rate of zooplank-
ton (o3), and the half-saturation constant for the uptake of
POs"-P (Ksp) and DIN (Ksx), based on the spatial distribution
of dominant species of phytoplankton and zooplankton, respec-
tively.

Therefore, for effective water quality management in the
study area, we predicted and evaluated summer water quality
using a three-dimensional (3D) eco-hydrodynamic model. We
then estimated the reduction in the amount of pollutant loads
required to satisfy the water quality standards in each region,
ie., below 10pg I'" Chl-a and 3 mg I" COD in Region A,
below 10ug I'! Chl-a and 2 mg I' COD in Region B, and
below 10 ug I Chl-g and 1 mg 1" COD in Region C.

2. MATERIALS AND METHODS

Marine physical and biogeochemical field observations were
carried out in the summer seasons during the period 1996—
1999 at stations Al to C3 in the study area shown in Fig. 1.
Observed water quality data and results were described by Lee
[2000].

The coupled modeling of physical and biochemical pro-
cesses, so-called ‘eco-hydrodynamic modeling’, serves as a power-
ful tool for assessing the water quality quantitatively in coastal
regions (Taguchi & Nakata [1998]). The eco-hydrodynamic model
consists of a multi-level model for water flow simulation and
an ecological model for water quality simulation (Kremer &
Nixon [1978]; Lee et al. [2005]; Nakata & Taguchi {1982]; Taguchi
& Nakata [1998]). To suggest a plan for effective water quality
management, tidal and residual currents were first simulated by
the hydrodynamic model; after entering a residual current as a
flow field into the ecological model, water quality compart-
ments such as COD and phytoplankton biomass could be pre-
dicted.

REH

2.1 Hydrodynamic model

In order to simulate the tidal and residual currents in the
study areas, a well-developed hydrodynamic model (Nakata &
Taguchi [1982]; Nakata er al. [1983]; Nakata er al. [1985])
was used. This model provides a 3D analysis of the physical
processes in the inner bay and calculates the flow field for the
ecological model. As described by Lee er al. [2005], the
hydrodynamic model is made up of several equations: the
momentum equation, which formulates the fluid dynamics in
the inner bay and estuary; the continuity equation; the hydro-
static equation; the chloride mass balance equation; the heat
flux equation and the equation of state, which formulates rela-
tionships with density, chloride and temperature in seawater.
Finite difference methods were used to numerically evaluate
the basic equations applied in this study. The flow velocity
components were calculated at the sides of each grid cell, and
the temperature, chlorinity, density and pressure were calcu-
lated at the cell centers (spatially staggered grid). Convective
overturning was used, and the advection terms were computed
using a combination of upstream and central difference schemes.
The central difference scheme is mathematically more complex
than the forward or backward difference schemes but produces
more exact values. A set of suitable boundary conditions is
required for the modeling. The non-slip condition was applied
to the boundary layer that followed the coastline, and a free-
slip condition was used along the width of the grid. The free-
stream condition was applied to the velocity components along
the open boundary. Other specific equations and boundary con-
ditions, as well as the numerical scheme, are described in
Nakata & Taguchi [1982].

2.2 Ecological model

The biochemical coupled model applied to our present work
is essentially the same as one well described by Kremer &
Nixon [1978] and Nakata & Taguchi [1982]. The model was
developed to evaluate the physical-biological interactions in
the estuarine lower trophic ecosystem in terms of nutrient and
oxygen cycles, and extended to include the COD kinetics for
purposes of water quality analysis. It is considered that the
model is not a dynamic model, but a quasi-steady-state model
that simulates equilibrium states at any given time in the water
environment. The compartments of the ecological model are
phytoplankton (P), zooplankton (Z), particulate organic carbon
(POC) and dissolved organic carbon (DOC) for the organic
forms; dissolved inorganic phosphorus (DIP) and dissolved

inorganic nitrogen (DIN) for the inorganic forms; and dis-
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solved oxygen (DO) and chemical oxygen demand (COD) for
the water quality factors. The bottom environment associated
with sediments, for instance benthic fluxes, is entered in terms
of a variable as an environmental factor.

The variation in the concentrations of standing stock C at a

given time in the ecological model is:

%f =advective transport + dispersive transport + bio-

geochemical variation

_acacacaaa( (a dc
= ey O €Y, Ok oc),at
ey ez 8x( o) T\ ) e\ ) T

)]

where C is the concentration of a compartment; ¢ is time; #, v and
w are mean velocity components; Kx, Ky and K; are eddy
diffusion coefficients; and dC/dt is the biogeochemical variation
term. The standing stock of each compartment is predicted with
temporal and spatial changes by entering velocity components
calculated by hydrodynamic modeling into the ecological model.
For example, the formulation of compartments is presented in
Egs. (2)9), respectively.

STV (TyDIP, DINyya(1)P - V(TP

- VA Z-VAT)P-We 2 (P) @
Jt(Z)=V3(T)~Z-(1-m)-V3(T)-Z-gm-n)'V3(T)-Z-Vs(T)~Z
=[vVi(T) - Vs(T)] Z-Wt)7;(2) 3)
5 (POC) = -Wrocz (POC)-Vi(T)(POC)+V(T)P
+(1-m)-V3(T)-Z+V(T) Z+Qsac C))
7 (POC)=3(P)-Vi(T) iy (DIP, DIN)-pia(1)-P
+-—1—-(k-Vs(T)'(POC))-V7(T)'(DOC)+QDoc (5)

dt(DIN) =-[N: CP] Vi(T) u(DIP, DIN)-po(I)-P
+[N: CPOM] =7 V(D (POC) [N:Cr] Vo(T)P
+[N: CZ](H—V) Vi(T)Z + [N:Coom)- VAT)-(DOCYH+Qx  (6)

L%(DIP)=-[P:CP]~V1(I‘)-H.(DH’, DINyu(DP + [P:Coon] V{(THPOC)
HP:Ce]-VoT)-P + [P:C](u—v) Vs(T)Z
+[P:Cpom] VA(T)-(DOC)+Qp (7
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dit(DO)=+[TOD:Cp]]~V1(T)~u|(DIP, DIN) us(T)P
+K{(DOs-DO)-[TOD:C]}- Va(T)-P
{TOD:C](u=v) Vi(T)-Z-[TOD:Cron]- Ve(T)-(POC)
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where V((7) is the maximum growth rate of phytoplankton (o,
exp(Bi-7)); w(DIP, DIN), nutrient limitation of phytoplankton

[min N e i )J w(l, P), light availability (Mexp'kz-exp
SN
[1- Io(t)exp Io(t) =L ax sm3( i t)] w(P), extracellular release of

phytoplankton (0.135 exp[-0. 00201 (Chl-a:GpyPY); VA7), respiration
rate of phytoplankton (o, .exp(B2-7)); ¥5(T), maximum grazing rate of
zooplankton (o exp(Bs-T){1-exp[MP —P)]}); Va(T), death rate of
phytoplankton (cy exp(B4 D), Vi(T), natural death rate of zooplankton
(oc5 exp(Bs-1)); Wp—(P), settling flux of phytoplankton; Wx(f)
—(Z) diurnal Vemcal rnovernent of zooplankton; V¢(T), mineralization
rate of POC (o exp(Bs T)
DOC(o, exp(B7~T)K +DC
sediment (o exp(Bg T)) 7, water temperature; ¢, time; z, depth;
Oroc, Opoc, On and Op are POC, DOC, DIN and DIP input loads

from the sources, respectively. The definitions and input values of

DO
DO ; VA1), mineralization rate of
Vg(T) oxygen consumption rate of

parameters used are listed in Table 1.

3. MODELING INPUT DATA

The spatially staggered grid (Arakawa C) system was adopted to
model the study area. The X- and Y-axes were divided into
154 and 63 grids, respectively, and the Z direction was divided
into three levels in consideration of the thermocline (Level 1,
0-5 m; Level 2, 5-15 m; Level 3, below 15 m). The horizontal
grid scale was 500 m, and the open boundary was established
as the line BD-1 and BD-2, as shown in Fig. 1.

3.1 Hydrodynamic model

Tnput data for the hydrodynamic model are summarized in
Table 2. M, the prevailing harmonic component, was used,
and the values for bottom friction coefficient, horizontal diffu-
sion coefficient and vertical diffusion coefficient were based on
typical values cited in the model documentation (Lee ef al.
[2005]; Nakata & Taguchi [1982]; Nakata et al. [1983]; Nakata
et al. [1985]). Also, the f-plane approximation was used by

which the Coriolis coefficient is constant with latitude.

3.2. Ecological model

Initial and boundary values for the ecological model are
summarized in Table 3. The same values of horizontal and ver-
tical diffusion coefficients were used that were applied in the
hydrodynamic model. As shown in Fig. 1, 45 land-based pol-
lution sources, such as rivers, ditches, sewage and wastewater
entering the sea, were identified, and analyzed pollutant loads
for each compartment are shown in Table 4. Non-point sources
were not considered. As benthic fluxes from sediment, NH,"-
N and PO,-P were inputted in the ranges 14.87-36.37 mg m™
day” and 7.04-9.90 mg m™ day”, respectively, with special
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Table 1. Definition and input values of biological parameters used in the ecological model

SymbolDefinition Unit Input values Typical values Remarks
o Maximum growth rate of phytoplankton at 0°C day™ 0.300-1.400 0.060-5.650 Jorgensen [1979]
B:1  Temperature coefficient °oC! 0.0633
oz Respiration rate of phytoplankton at 0°C day™! 0.010 0.030-0.051 Di Toro et al. [1971]
B> Temperature coefficient oC! 0.052
o3  Maximum grazing rate of zooplankton at 0°C day™ 0.05-0.18 0.18 Baca and Arnett [1976]
B; Temperature coefficient °oC! 0.058
oy Death rate of phytoplankton at 0°C day™ 0.015 0.096-0.330 Baca and Arnett [1976]
B.  Temperature coefficient °C! 0.0693
os Natural death rate of zooplankton at 0°C day™ 0.050 0.003-0.096 Scavia and Eadie [1976]
Bs Temperature coefficient °oC! 0.0693
s Mineraliiation rate of POC at 0°C day! 0.085 0.001-0.237  Ishikawa and Nishimura [1983]
Bs Temperature coefficient oC! 0.041
o7 Mineralization rate of DOC at 0°C day™ 0.002 0.013-0.043 Ogura [1975]
B Temperature coefficient °C! 0.0693
oz Oxygen consumption rate of sediment at 0°C day™! 1.000
Bs Temperature coefficient °C! 0.0693
Ksp Half saturation constant for uptake of PO43- at 0°C pug P I 0.024-0.150  0.008-0.530 O’Connor et al. [1975]
Ksnv  Half saturation constant for uptake of PO43- at 0°C ug N 1! 0.400-1.100 0.300-1.462 Di Toro et al. [1971]
I Optimum intensity of radiation for photosynthesis ly day”! 200.0-250.0
Inax Maximum intensity of sunlight at sea surface Calcm? day” 551.6-632.1 Observed
D Length of day day 0.500
ko Dissipation coefficient of light independent of Chl-a m’ 0.570
ki Constant of dissipation coefficient depending on Chl-a  mr'(mgChlam?®’  0.0179
A Ivlev index of zooplankton grazing (mg C m*)’ 0.007
P*  Function of grazing mg C m” 70.0 40.0-190.0
p  Digestion efficiency of zooplankton % 70.0 39.0-98.0  Di Toro etal. [1971]
v Total growth efficiency of zooplankton % 30.0 4.0-50.0
K Percentage of the quantity decomposed from POC to DOC % 29.0 21.0-35.0  Ishikawa and Nishimura [1983]
K'po Half concentration of DO for mineralization of POC mg I 1.000 0.0035-1.000
K’ Half concentration of DO for mineralization of POC mg 1" 1.000 0.0035-1.000
Wp  Settling velocity of phytoplankton m day’! 0.350 0.173-1.350  Jorgensen [1979]
Weoc Settling velocity of detritus (POC) m day™ 1.1 0.0-2.0 Jorgensen [1979]

distributions observed in each region. Definitions of major
parameters and input values based on typical values cited in
references are summarized in Table 1 (Bowie ef al [1985]; Lee
{2000]). Using the input conditions, calibration was achieved
when we obtained reasonable agreement between model results
and observed data. Quasi-steady state was obtained 100 days
after the beginning of the calculation.

4. RESULTS AND DISCUSSION

To verify the result of currents calculated by the hydrody-

namic model, we compared simulated to observed tidal current
ellipses at stations EC1, EC4 and EC5 shown in Fig. 1 (Fig. 3).
Because the patterns in flow velocity and direction were sim-
ilar, it was estimated that the hydrodynamic model simulated
the flow field of the study area quite well. Residual currents
can have a great influence on the long-term distribution of
material in coastal areas and are dominated by tidally-induced
residual currents, wind-driven currents and density-driven cur-
rents. The surface distribution of residual currents that played
an important role in coastal zones is shown in Fig. 4. Water

flow was stagnant, with a velocity of 2 em s™ in the inner bay,
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Table 1. (continued)

Symbol Definition Unit Input values Typical values  Remarks
w;! Maximun upward velocity at night for diurnal m day’! 18.1
perpendicular motion of zooplankton
W/ Maximun downward velocity in the daytime for diurnal m day”’ 18.1
perpendicular motion of zooplankton

K. Reaeration coefficient at sea surface day! 0.250

DOs Saturatjon concentration of DO mg I 7.0 Observed
Dg Quantity of deposit in sediment mg C m? 222.5 variable
[P:Cs} Ratio of P/C for phytoplankton weight ratio 3.500E-4 variable
[N:Ce] Ratio of N/C for phytoplankton weight ratio 1.171E-3 variable
[TOD:Cy] Ratio of TOD/C for phytoplankton weight ratio 3.470E-3 variable
[COD:Cy] Ratio of COD/C for phytoplankton weight ratio 1.535E-3 variable
[Chi-a:Cs} Ratio of Chl-a/C for phytoplankton weight ratio 0.032 variable
[P.Cz] Ratio of P/C for zooplankton weight ratio 7.040E-4 variable
[N:C/] Ratio of N/C for zooplankton weight ratio 1.320E-2 variable
[TOD:C7) Ratio of TOD/C for zooplankton weight ratio 3.510E-3 variable
[COD:Cy] Ratio of COD/C for zooplankton weight ratio 1.553E-3 variable
[P:Croc] Ratio of P/C for POC weight ratio 5.048E-4 variable
[N:Croc] Ratio of N/C for POC weight ratio 9.921E-3 variable
[TOD:Croc] Ratio of TOD/C for POC weight ratio 3.300E-3 variable
[COD:Croc] Ratio of COD/C for POC weight ratio 1.460E-5 variable
[P:Cpoc] Ratio of P/C for DOC weight ratio 2.581E-4 variable
IN:Cpoc] Ratio of N/C for DOC weight ratio 7.143E-3 variable
[TOD:Cpoc] Ratio of TOD/C for DOC weight ratio 3.120E-3 variable
[COD:Cooc} Ratio of COD/C for DOC weight ratio 1.381E-5 variable
[TOD:Cs] Ratio of TOD/C in deposit of sediment weight ratio 2.667 variable

Table 2. Input data for the hydrodynamic model

Parameters Input values

Mesh size - AX=AY =500 m

Water depth Chart datum + Mean sea level
Time interval 10 sec

Level thickness Level 1: 0-5m

Level 2: 5-15m
Level 3: below 15 m

BD-1: 65.20 cm, 242.60°
BD-2: 28.48 cm-49.90 cm,
228.20°-243.90°

Water temp. and chlorinity at open boundary Level 1: 22.10°C, 17.10 %o
Level 2: 21.20°C, 16.66 %o
Level 3: 21.20°C, 17.27 %o

Tidal amplitude and phase at open
boundary (M)

Coriolis coefficient f=2msing
Surface friction coefficient 0.0013
Internal friction coefficient 0.0013
Bottom friction coefficient 0.0025

Horizontal viscosity coefficient
Horizontal diffusion coefficient
Calculation time

1.0E6 (ecm®s™)
1.0E6 (cm*s™)
10 tidal cycles

and offshore water flowed in at a maximum rate of 5 cm s
through boundary D. Counter-clockwise gyres existed in the
central part of Region A. The patterns in Region B, however,

differed considerably from those in the other regions. Effluent
was spread strongly, with a maximum velocity of 7 cm s™', to
the south end of the Gadeokdo through summer daily dis-
charge (about 55,000,000 tons day™) from the Nakdong River,
and some flowed into Region A at about 5 cm s through the
strait of Gadeok. The influence of freshwater discharge from
the Nakdong River greatly impacted Region B. It is suggested
that the residence time of materials inside Region B may be
very short because of strong advection and diffusion. Inside
Region C, the water was stagnant, but the flow velocity
increased towards offshore areas. Water flow in a northeasterly
direction with a velocity >5 c¢m s~ was simulated offshore of
the study area.

The stability of the solutions and calibration were assessed
after we entered residual currents into the flow field of the
ecological model. To verify summer water quality patterns
with the ecological model, we compared the predicted values
of ‘Chl-a, COD, DIN and DIP with the observed values at sta-
tions in each region. The results are shown in Fig. 5. The val-
ues of relative error (RE) of Chl-g ranged from 1.4% to 46.4%,
with mean values of 14.0% in Region A, 26.7% in Region B,
and 19.4% in Region C, indicating that summer distribution
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Table 3. Input data for the ecological model

1

Parameters Input values
Time interval 450 sec
Pollutant loads Refer to Table 4
Initial values for compartments
Level DO COD DIP DIN POC DOC PHYTO Z00
(mgl') (ngPI)  (ugNTYH (mg C m™)
1 5.77-12.09 0.58-8.18  0.07-3.27 0.23-176.39 132.35-2,000.00 1,170.00-3,255.00  27.90-1,081.60 50.00
2 4.39-9.63 1.28-5.76  0.13-2.92  0.09-61.82 125.20-500.00 780.00-2,719.00 28.40-596.70 50.00
3 1.62-8.83 1.08-5.64 0.15-2.06 4.37-40.29 74.05-500.00 800.00-2,558.00 6.00-393.60 100.00
Boundary values for compartments
Level DO COoD DIP DIN POC DOC PHYTO Z00
(mg 1) (pgPl)  (ugNIY (mg C m?)
1 9.29-10.66 1.75 0.07-026  0.23-2.09 132.35 2,570.00 27.90-276.20 50.00
BD-2 2 821-9.03 1.50 0.16-0.58  0.09-8.61 125.20 - 2,575.00 28.40-75.60 50.00
3 7.70-8.83 1.42 0.32-0.55  4.37-14.27 74.05 1,370.00 6.00-12.00 100.00
1 8.95 1.92 0.39 9.53 2,460.00 2,540.00 127.80 50.00
BD-1 2 4.52 2.07 0.83 5.65 2,010.00 2,595.00 95.30 50.00
3 1.36 1.91 1.16 7.40 1,560.00 2,650.00 62.30 100.00

Level 1: 1.0E6 (cm®s™)

Horizontal viscosity coefficient and diffusion coefficient

Level 2: 1.0E5 (cm’s™)

Level 3: 1.0E4 (cm?s™)

Vertical diffusion coefficient
Water Temperature and Salinity

Level 1-3: 0.1 (cm®s™)
Level 1: 22.47-25.46, 3.38-34.02 psu

Level 2: 17.22-22.47,28.42-34.11 psu
Level 3: 13.60-19.91, 29.97-34.45 psu

Calculation time

200 tidal cycles

patterns and absolute values of phytoplankton in the study area
were quite well reproduced by the ecological model. Relatively
high RE values in Region B were due to the limited ability to
predict water quality due to sudden freshwater discharges when
the estuarine barrage was opened. Mean RE values of COD
were 28.7%, 24.9% and 16.3% in Regions A, B and C, respec-
tively. Mean RE values of DIN and DIP at some stations in
each region were 45% and 51%, respectively, which are con-
siderably higher than the values of Chl-a and COD. The over-
all distribution patterns, however, were similar to the observed
patterns, with the exception of DIP in Region A. This high RE
was a result of focusing on organic matter, such as Chl-g and
COD, in the calibration of the model. Also, r-values indicate
interrelationships between the observed and simulated values;
these were 0.9451, 0.6841, 0.9536 and 0.5705 for Chl-a, COD,
DIN and DIP, respectively. Taken together, even though there
were some gaps between each of the stations, it is suggested
that the distribution patterns and absolute values of Chl-a and
COD in the study area were quite well reproduced by the eco-
logical model. When verifying the model for studying water

quality management in a bay, it is reasonable to consider the

entire water quality pattern and mean values rather than the
results of particular stations. It is noteworthy that validation of
all compartments is very difficult in ecological modeling. In
this study, we focused on Chl-g, a eutrophication index, and
COD as seawater quality criteria in Korea. To improve the
ecological model, modifications to the limits of the model and
the study approach are necessary, i.e. accuracy of input data
and parameters and modification of the model itself must be
achieved. Because of the agreement between absolute values
and distribution patterns such as Chl-a and COD, the results
of the ecological model were acceptable.

The results of a sensitivity analysis of the ecological model
are presented in Table 5. We calculated the concentration val-
ues of the Chl. @ and DIN when the initial values of the major
parameters were increased or decreased by 50%. We also
changed the set concentration value of the parameter that had
the largest effect by 100% and calculated the effect on the
other coefficients in terms of a saturation percentage. The
parameter that had the largest effect on the Chl. @ and DIN
was maximum growth rate of phytoplankton (a,). Also, death
rate, respiration rate, and settling velocity of phytoplankton
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Table 4. Terrestrial pollutant loads from point sources flowing into the model region

Pollutant loads

. Flowrate CcoD DO DIP DIN POC DOC
Name of point sources i
(ton day™) (ton day™) (kg day™")
R1 77,947.0 1.53 0.64 33.40 46228 720.0 1,400.0
R2 33,917.0 0.39 0.30 9.73 170.19 720.0 1,400.0
R3 426,222.0 3.44 3.96 30.77 3,678.91 720.0 1,400.0
R4 15,448.0 0.45 0.10 3.51 60.88 720.0 1,400.0
RS 27,864.0 0.69 0.17 36.74 313.42 720.0 1,400.0
R6 59,088.0 0.74 0.60 10.67 577.20 720.0 1,400.0
R7 10,071.0 0.22 0.09 1.55 71.94 720.0 1,400.0
R 8 7,366.5 0.36 0.06 8.96 11142 720.0 1,400.0
R9 44,578.5 1.65 0.21 408.91 761.33 720.0 1,400.0
R 10 54,658.5 0.83 0.50 35.49 604.71 720.0 1,400.0
R 11 55,987.0 1.59 0.44 63.61 73937 2,500.0 500.0
R 12 15,915.5 0.61 0.10 10.86 127.88 2,420.0 502.0
R 13-21 520,640.0 121.40 28.43 4,882.03  30,588.07 21,780.0 4,518.0
R22 18,096.5 0.04 0.17 2.70 291.65 2,420.0 502.0
R 23 14,645.0 0.0 0.16 1.20 1674.34 2,420.0 502.0
R 24 8,825.5 0.002 0.09 1.15 435.69 1,000.0 2,000.0
R 25 46,801.5 0.08 0.45 8.29 43321 1,000.0 2,000.0
R 26-27 160,450.0 0.90 3.50 39.17 237.70 2,000.0 4,000.0
R 28 341,092.5 0.65 3.55 27.87 3,675.19 1,000.0 2,000.0
Region A R 29 12,169.0 0.04 0.14 236 116.59 1,000.0 2,000.0
R30 15,416.0 0.07 0.18 3.41 104.08 1,000.0 2,000.0
R 31 20,714.5 0.06 0.18 6.04 378.33 1,000.0 2,000.0
R 32 139,395.5 0.55 1.48 23.24 2,013.94 1,000.0 2,000.0
R 33 115,002.0 0.82 0.96 28.13 1,649.50 1,000.0 2,000.0
R 34 154,945.0 0.65 1.56 17.96 2,213.28 1,000.0 2,000.0
R 36 7,032.5 0.08 0.06 3.07 155.89 1,000.0 2,000.0
R 37 6,830.0 0.02 0.09 1.10 56.83 1,000.0 2,000.0
R 38 9,419.0 0.05 0.10 0.87 50.64 1,000.0 2,000.0
R 39 41,472.0 0.27 0.42 3.07 319.96 600.0 1,000.0
R 40 25,920.0 0.07 0.31 2.81 293.57 600.0 1,000.0
R 41 29,2920 0.15 0.33 238 306.86 600.0 1,000.0
R 42 45,097.5 0.18 0.46 1.35 262.34 600.0 1,000.0
R 43 153,405.0 0.45 1.57 10.64 2,468.67 600.0 1,000.0
R 44 20,768.5 0.12 0.22 232 321.01 600.0 1,000.0
R 45 11,761.0 0.06 0.12 0.63 136.31 600.0 1,000.0
R 46 20,723.0 0.08 0.21 1.25 202.50 567.0 1,000.0
R 47 18,788.0 0.12 0.18 7.35 159.14 567.0 1,000.0
R 48 126,384.5 0.68 1.22 19.87 1,001.69 567.0 1,000.0
R 49-50 289,088.5 3.25 5.61 58.36 3,829.93 1,134.0 2,000.0
Region B Nakdong R. 55,344,014.8 343.13 418.95 470424 189,110.50 2014522  316,014.3
Jangrim W.W.T.P, 302,492.9 7.41 2.26 32000 16,020.00 1,132.3 3,396.9
Bosou R. 62,201.0 2.38 0.16 88.33 661.20 124.4 248.8
Region C Dong R. 329,184.0 12.57 0.86 467.44 3,499.23 658.4 1,316.7
Souyong R. 501,984.0 4.56 222 55590  10,062.80 1,111.9 3,335.7
Nampu W.W.T.P. 566,152.0 6.96 2.26 611.40 7,897.80 1,132.3 3,396.9

were largely contributed to Chl. a. However, for the DIN, min-  a and DIN were important.
eralization rates of POC and DOC had large effect. Thus, we The simulated distribution of Chl-a, COD, DIN and DIP
concluded that coefficients related to phytoplankton in the Chl.  based on the ecological model are shown in Fig. 6. The con-
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Table 5. Sensitivity analysis for the reaction coefficient in the ecological model: We changed the set concentration value of the parameter that
had the largest effect by 100% and calculated the effect on the other coefficients in terms of a saturation percentage

Percentage contribution to simulated

Percentage contribution to simulated

Major Coefficients Chl. a concentrations (%) DIN concentrations (%)
Maximum growth rate of phytoplankton at 0°C 100.0 100.0
Respiration rate of phytoplankton at 0°C 11.2 153
Maximum grazing rate of zooplankton at 0°C 3.7 0.6
Death rate of phytoplankton at 0°C 20.5 5.7
Mineralization rate of POC at 0°C 0.1 73.3
Mineralization rate of DOC at 0°C 0.1 38.8
Half saturation constant for uptake of PO,* at 0°C 0.9 1.3
Half saturation constant for uptake of DIN at 0°C 0.1 0.7
Settling velocity of phytoplankton 104 17.2
Ratio of N/C for phytoplankton 0.0 19.9

Fig. 6. Simulation results of surface
Chl-a, COD, DIN and DIP values in the
study area in summer.
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centrations of Chl-a were above 10 ug I at all sites in Region
A and increased above 20 pg I in the inner bay where pol-
lutant loads were very large and water flow was stagnant. On
the other hand, Chl-a was <4 pg I' in Region B because of
a sudden freshwater discharge from the estuarine barrage, and
it increased in offshore areas. Region C showed a homoge-
neous Chl-a distribution around 8 pg 1. In Region A, COD
was >4 mg 1!, which exceeded water quality Grade III, due
to a phytoplankton bloom, indicating that the organic content
of the water column in Region A was very high. Also, COD
in the inner area of Region B exceeded 5 mg I'' due to pol-
luted freshwater input, even though Chl-a was low. Sustainable
management of pollution of the Nakdong River is necessary
to restore water quality standards. COD in Region C was low
compared to values in the other regions. Nonetheless, water
quality management for recovery of Grade I is necessary. The
distribution of DIN was <50 pg N I'' in Region A and <10 pg
N I'" in Region C, while steep concentration clines existed in
Region B in the range of 50-200 pg N I'\, DIP showed patterns
similar to those of DIN. From the numerical experiment and
observations, input of inorganic and organic substances to
Region B was considered very high. Summer mean values of
Chl-g in Regions A, B and C were 17, 8 and 6 pg I, and
COD values were 4.1, 42 and 1.5 mg I, respectively. That
is, under current environmental conditions, in particular, pol-
lutant loadings to the study area were high, COD exceeded
seawater quality criteria, and the water was either already
eutrophic or in the process of becoming eutrophic. Therefore,
it is necessary to estimate the decrease in pollutant loads
required to restore and manage water quality in each region of
the study area using a numerical model. Suitable target limits
for water quality recovery or reductions in pollutant loads are
<10 pg I'' Chl-e and 3 mg I'' COD in Region A, <10 pg I'*
Chl-g and 2 mg I'' COD in B, and <10 pg I'' Chl-a and 1 mg I
COD in C.

As shown in Fig. 7, when we reduced the COD, inorganic
nitrogen and phosphorus loads from land only by 90%, the
water quality criteria of Region A were not satisfied due to
high background concentrations in the bay itself, as well as
input loads. If, however, nutrient loads (input values of NH,*-N
and PO;*-P were about 36.37 mg m™ day™ and 9.90 mg m> day ',
respectively) from polluted sediment were reduced by 70%,
and terrestrial loads were simultaneously reduced by 70%,
COD and Chl-a were restored. That is, sediment controls are
significant for water quality management of this area where

red tide outbreaks are frequent and intensive aquaculture is
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Fig. 7. Estimation of pollutant-load reduction on Chl-a and COD
restoration in the study area; A: present situation; B: (COD+DIN+
DIP) 50% reduction in land-based pollution sources; C: (COD+DIN
+DIP) 70% reduction in land-based pollution sources; D: (COD+DIN+
DIP) 80% reduction in land-based pollution sources; E: (COD+DIN
+DIP) 90% reduction in land-based pollution sources; F: (COD +
DIN+DIP) 70% reduction in land-based pollution sources and
[NH4+PO,*] 70% reduction in nutrient loads from polluted sedi-
ments.

conducted. Continuous development and study of restoration
techniques, such as aeration, dredging, plowing, etc., to improve
the polluted sediment are necessary. When we reduced the
input COD and nutrient loads from the Nakdong River by
80%, Chl-a and COD in Region B fell below 10 ug I' and 2
mg I, respectively. Therefore, prevention of eutrophication of
the Nakdong River is very important to water quality manage-
ment. The water quality criteria of Region C were satisfied
when we reduced the COD and nutrient loads from land only
by 70%.

Based on these results, terrestrial total allowable loadings of
COD and inorganic nutrients in each region were determined
by multiplying these reduction rates by current pollutant loads
(Table 6). Those of COD, DIN and DIP in Region A were
estimated at 43,005, 18,317 and 1,744 kg day™, respectively;
70,108, 41,026 and 1,005 kg day™ in Region B; and 7,941,
6,636 and 517 kg day™" in Region C. Also, total allowable
NH,*N and PO,-P loads from sediment in Region A were
estimated at about 10.01 and 2.97 mg m™ day', respectively.

Estimated very high reduction rates, although difficult to
achieve at the present time in relation to current environmental

conditions, suggest that water pollution is very severe in this
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Table 6. Estimation of terrestrial total allowable pollutant loads of COD and inorganic nutrient in the study area (in addition, total allowable
NH,"-N and PO,*-P loads from sediment in Region A were estimated at about 10.01 and 2.97 mg m™* day™', respectively)

Current pollutant loads (kg day™)

Total allowable pollutant loads (kg day™')

Resi
ceion COD DIN DIP COD DIN DIP
A 143,350.00 61,056.44 5,812.82 43.005.00 18,316.93 1,743.85
B 350,540.00 205,130.50 5,024.24 70,108.00 41,026.10 1,004.85
C 26,470.00 22,121.03 1,723.07 7,941.00 6,636.31 516.92
study area, and pollutant loads must be reduced within total ACKNOWLEDGEMENTS

allowable loads by continuous and long-term management.
This abatement of quantitative pollutant loads based on numer-
ical modeling is useful for water quality management practices.
To achieve TMDL, sustainable countermeasures are necessary,
including the expansion of sewage and wastewater facilities,
effective removal of nutrients by advanced treatment, polluted
sediment control measures and limited land use. And, the pol-
icy that not pollutant concentration control but total pollutant
load control from sources should be executed in coastal areas
for water pollution countermeasures and environmental man-

agement as quickly as possible.

S. CONCLUSIONS

Under the current environmental conditions, in particular,
pollutant loadings to the study area were very high, and water
quality was in a eutrophic condition. A three-dimensional eco-
hydrodynamic model is used to predict water quality in sum-
mer and to estimate the reduction rate in pollutant loads that
would be required to restore water quality. The model repro-
duced reasonably the flow field and water quality of the study
area,

When the nutrient loads from polluted sediment and land
were each reduced by 70% simultaneously, COD and Chl-a of
Region A were restored. When we reduced the input COD and
nutrient loads from the Nakdong River by 80%, Chl-a and
COD of Region B decreased below 10 pg I'' and 2 mg I'',
respectively. The water quality criteria of Region C were sat-
isfied when we reduced the terrestrial COD and nutrient loads
by 70%. Total allowable loadings of COD and inorganic nutri-
ents in each region were determined by multiplying the reduc-
tion rates by current pollutant loads.

Estimated high reduction rates suggest that water pollution
is very severe in this study area, and pollutant loads must be
reduced within total allowable loads by continuous and long-
term management.

This research was partly supported by the Korea Inter-Uni-
versity Institute of Ocean Science, Pukyong National Univer-

sity.
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