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I. Introduction

The Yeongsan River Estuary Bank was built in
1981 to secure water for agricultural use and to
prevent floods. Its tidal gate is currently being
expanded as a response to an increase in floods
caused by climate change and the resulting dam-
ages from the floods. Although at normal times
there is no inflow of freshwater into the
Yeongsan River Estuary, the expansion of the
tidal gate is expected to cause a huge volume of
freshwater to flow into the area, generating sub-
stantial impacts on the marine environment.
Therefore, in order to minimize the damages to
the marine environment, measuring the behavior
of low salinity water caused by the expansion of
the tidal gate should be prioritized. Much of the
wetland found in the area near the Yeongsan
River Estuary has been turned into reclaimed
land, due to the constructions of the Yeongsan
River Estuary Bank in February 1981, the
Yeongam Seawall in April 1991, and the Geumho
Seawall in March 1994 (Kang, 1996; Kang & Im,
1998). Such artificial environmental change
brought much change in the physical characteris-
tics, water quality, and ecology of Yeongsan-river
estuary. Annual average high tide level and year-
ly highest high water level of Mokpo harbor
decreased individually about 7cam and 15cam
due to construction of Yeongsan-river estuary
and Yeongam seawall. Also, after 1991, the con-
struction of Yeongam-Geumho seawall, annual
average high tide level increased 14.9cm addi-
tionally(Lee and Shin, 1999). Such change of
physical characteristics brought change of seawa-
ter flow, sedimentary facies, and ecology of
Yeongsan-river estuary. In the case of phyto-
plankton, primary producer in the marine ecolo-

gy, size structure and biomass of basic source of

food showed significant change by the artificial
flood gate open and shut of estuary (Shin Dong,
2003) but from last 2004 to 2009, species further-
ance of phytoplankton didn’t show a significant
difference in the change of marine environ-
ment(Cho, 2010). However, macrozoobenthos
group of Yeongsan-river estuary showed about
20% decrease during last 10 years in the number
of appearance species and average density
showed about 40% decrease, and groups are
changing due to appearance of species known as
indicator species of contamination organism and
density reduction of main dominant species(Lim
and Seo, 2011). Such change can be significant
factor on how long the low salinity water stays
in the semiclosed ocean and the environment
repeating inflow and block of fresh water. Also,
in the aspect that salinity is preserved, behavior
of many other water quality factors inflowing
into ocean through behavior of low salinity water
can be inferred. In the viewpoint, many research-
es on marine environment and ecology change of
Yeongsan-river estuary were fulfilled but
researches on the most basic low salinity water
behavior influencing greatly the marine environ-
ment weren't accomplished much. Therefore, the
study, by using 3 dimensional hydromechanics
model, EFDC, predicted range of low salinity
expansion by fresh water inflow before and after
tidal gate extension in a flood season when fresh
water inflow is the most and investigated low

salinity water behavior as time passed.

II. Method

The EFDC (Environmental Fluid Dynamics
Code) model was used to simulate the move-

ment of seawater in the target waters and to pre-
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dict the behavior of low salinity water. EFDC
was developed by Virginia Institute of Marine
Science (Hamrick, 1992) and is a multivariate,
finite difference model that can simulate two-
and three-dimensional movement of seawater
and substances. It allows for easy vertical and
horizontal two-dimensionalization and three-
dimensionalization, and makes it possible to find
solutions for equations regarding 3D vertical stat-
ics, free surface, and vortex-averaged baroclinity
and barotropy in diverse types of density fields.
Because of this the model can be applied both to
seawater and freshwater systems, and thus is

suitable for this study.

1. Introduction of model

Eddy viscosity and diffusion in the vertical
direction is based on the method introduced by
Galperin’s et al. (1988), which is a modified ver-
sion of Mellor and Yamada’s (1982) Level 2.5
Turbulent Closure Scheme. The bottom friction
against friction is described as the loss of quanti-
ty of motion in the boundary layer between the
sedimentary and water layers, and is expressed
by an equation for eddy boundary layer that
uses a quadric function regarding the velocity
measured at the ocean floor. Because the EFDC
model is designed to handle 3D intertidal zones
in the neritic region by using a mass-conserving
scheme, it is particularly well-suited to be applied
to Korean coasts, which have an expansive distri-
bution of intertidal zones.

The model uses a -grid, which always has the
same number of layers regardless of changes in
vertical depth. On a staggered or C grid, it uses
numerical solutions with a second order in terms
of space. In terms of time, it uses the mode

decomposition method that separates the internal

and external modes of the three time levels of the
second order. Also, in the external mode it uses
the implicit method for calculation, which allows
for a long calculation time as long as the stability
condition for the explicit method of advection
scheme, including nonlinear accelerations, is satis-
fied. In the case of the difference method of
advection transport algorithm, there are different
methods to choose from: the central difference
method can be used for time and space, the for-
ward difference method can be used for time,
and upwind difference shemes can be used for
space. For time, depending on the situation, the
explicit method can be applied for horizontal dif-
fusions and the implicit method for vertical diffu-

sions.

1) Continuity equation

3, (mymy ) + 9, (my Hu) + 9, (m HV) + 0, (mmyw) (1)

2) Equation of motion

0, (m, my, Hu) + 0y (m(v Huu) + 8y (m,H o) +0,(m, m wi)
= (mmyf+ 09, my = ud, m)Hv=—m, HO, (8¢"+p)
—my @, h—z0, H)9. p+3 (mmy H ' A,0.1)+0,
0, (m, myHV) + 9, (m, Huv) + 9, (m, Hov) + 0, (m, myw?)

=y f- 10y my = by mo)Hu=—m, Ho,(¢+p)
—my (@ h~20, H)o. p+d. (mmy H ' A,0. )+0,)

3) Depth—intergrated continuity equation (for
vertical boundaries)
8,(ml)+ 0, (m, H [ ude) + 0, (m H[ ude) =0 (3)

4) Static equation
0. p=—gH(p=po)py  =—gHb @

Here,

u, U: Horizontal velocity components of the x- and y-

direction

h,{: Depth of water, elevation

H: Total depth of water ()

m, ,my : Square root of the diagonal component of a
metric tensor that satisfies ds = mi df + m)z, d§ R
an arbritrary distance on the curvilinear
coordinates system
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w: Vertical velocity component on a converted,
nondimensional vertical coordinates system z
This has the following relationship with , the vertical
velocity on actual coordinates
w=w' =20, +um, '8, +omy 0.0 +(1-2)
(um, 'a,h+ vmy'd,h)

p : Displacement from pressure, depth of water z to the
average water pressure (pgH(1-z)), divided by pg

[ Coriolis parameter

p: Density

/o + Standard density

g : Acceleration of gravity

b: Buoyancy

A, Vertical turbulent viscosity coefficient

0, » O, Momentum source-sink term

5) Vertical turbulent viscosity and turbulent

diffusion coefficients

This is calculated by using the Second Moment
Turbulence Closure Model (Mellor and Yamada,
1982; Galperin et al., 1988), and has the following
relationship with the turbulence intensity(g), tur-
bulence length scale(l), and Richardson number
R,

Ay=,al=04(1+36R,)  (1+6R,)  (1+8R,)gl (5)

Ap=0,g1=05(1+36R,) gl ©6)
gHo.b |2

R=—r- L 7

q q2 HZ

by, @ represent the stability function. Also,
based on the transport equation, the turbulence
intensity and turbulence length scale are defined

as follows:

3, (mymy Hg') + 9, (my Hug') + 3, (m, Hog')

+9, (memywq) = dmm, H 'Ay9.4) + 0,
+2mem, H Ay (@) +(0,0)) + 2m,my gA, 9.b
~2m,m HB\) ¢

®

3, (mymy Hq'1) + 9, (my Hug'1) + 8., (m, Hog'T)
+0,(mymywq'D) =, (mom H 'A,0.6°D + 0y
+mem H EA, (0 +(0,0) +@,0)

+ mymy gE\ExlA,.b—m,m HB, 'q'(1 + EkL) 1)

©

L'=H'¢'+a-2" (10)

Here, B}, E|, E,, E5: Empirical constant
0, Q;: Additional source-sink term

A, Vertical diffusion coefficient

A, Vertical turbulent viscosity coefficient

2. Establishment of model

A 240-square-kilometer sea area that included
the intertidal zone was set as the basic target area
of the model. The calculation grid used by the
model was Seagrid, which is based on the
Curvilinear-orthogonal grid system. Horizontally,
a Curvilinear-orthogonal grid with a mean devia-
tion of 1.710 from the orthogonal point was used.
The grid was made up of a total of 23,272 active
cells, with 292 in the x-direction and 232 in the y-
direction. Also, a variable grid system was select-
ed, which made it possible to maintain a precise
grid distance of at least 23.5m-62.2m from the
area near the tidal gate. Vertically there were
three layers, taking into account factors such as
the calculation time and stability. When entering
the depth of water, digital charts no. 301, 321,
and 342 (source: Korea Hydrographic and
Oceanographic Administration) were used. The
calculation was carried out every 4 seconds for
17 days, and after verification it was carried out
for 45 days in order to figure out the behavior of
low salinity water. The target sea area is the
Yellow Sea that includes the Mokpo Port,
Hwawon Peninsula, and Yeongam Peninsula,
where tidal currents are dominant. Therefore, for
the tides along the open boundary, the harmonic
constant from data published by the Korea
Ocean Research and Development Institute was
used: the amplitude and phase of M2, S2, K1,
and O1 harmonic constituents were calculated for
each of the 59 cells that make up the western
boundary, and these values were then entered.

For initial condition it was assumed that there
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Fig. 1. Grid and bathymetric map of research sea area

Table 1. Average volume of freshwater inflow (1997 ~2009)

Average daily Discharge volume Discharge volume
. . : ] 3 4 3/ 3/
o Duration discharge time (min.) per unit time (m’/s) per cell (m’/s)
(days) pre- post- pre- post- pre- post-
expansion | expansion | expansion | expansion | expansion | expansion
Flood Yeongsan Lake 88.08 29.36 2,243.35 6,730.05 | 1,121.67(2) | 1,121.67(2)
season Yeongam Lake 122 41.64 13.99 490.98 1472.94 163.06(3) | 163.66(3)
Geumho Lake 4497 4497 31835 318.35 318.35(1) | 318.35(1)

Note: Numbers inside parentheses represent the number of cells.

Table 2. Input data for salinity and water temperature

Flood season
Category Note
Water Temp,(C) | Salinity (psu)
National Fisheries Research and Development Institute
Initial values 25.49 28.51 (1992-2008; average of 6 locations from Mokpo coastal areas
and 1 location from Muan coastal areas)
. Surface layer 24.87 31.05 National Fisheries Research and Development Institute
Boun-daries
Bottom layer 23.59 31.88 (1992-2008; average of 2 locations from Sinan)

Yeongsan Lake 25.95
Yeongam Lake 22.42 Ministry of Environment (1992-2008)
Geumbho Lake 24.33

was no movement of seawater, and Cold start
was used. Also, in order to take into account the
Coriolis force caused by the rotation of the Earth,
34°45" north latitude (the central part of the calcu-

lated area) was entered.

3. Initial condition

The experiment was carried out before and

after the expansion of the tidal gate during the

flood season and normal season. The volume of
freshwater inflow was entered as shown in Table
1, based on 13 years’ worth of operation data of
the tidal gate. After the tidal gate had been
expanded, the gate was opened for shorter peri-
ods of time and the number of cells were
increased. The period of discharge was 30 days,
beginning from the start of the calculations. Then

for the next 16 days, the inflow of freshwater
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was cut off to observe the behavior of low salini-
ty water as time passed by. Freshwater was dis-
charged at low tide for the duration of the average
daily discharge time. The temperature and salinity
of freshwater from the lake was found through

research and entered as shown in Table 2.

II1. Results and discussion

1. Verification of hydrodynamic model

1) Tide

To verify how well the results from the hydro-
dynamic model simulated the current state, the
results acquired from observations at Mokpo
Tide Station were compared with the tidal time
series results from the model’s cells that repre-
sented the same location. This is shown in Table

3. In order to quantitatively estimate the accuracy

of the model’s results, the absolute relative error
(ARE) and error were calculated for both the cal-
culated and the observed results. As can be seen
in Table 4, in the study the results calculated by
the model was somewhat higher than the
observed values for four major harmonic con-
stituents. However, the ARE for amplitude and
phase was below 15%, which shows that the

tides of the target sea area were well simulated.

2) Tidal Current

To check how well the hydrodynamic model
had simulated the present state, the tidal current
values of the model cells that corresponded with
the location of the observed values were verified
using the time series verification of the east-west
and north-south velocity components. This is
shown in Table 5. As can be seen in Table 6,

ARE was calculated for each average velocity of

Table 3. Location used to verify the tide levels

Observation point Longitude

Latitude

Observation period

Mokpo Tide Station 1262239

34" 4030'N

2009.01.01-2009.12.31

Note: Observation point (Ellipsoid: WGS84, Coordinate system: Geographic)

Table 4. Comparison of the observed and calculated values for tide levels

M, ARE ERROR M, ARE ERROR
Category
Amp(cm) %) Amp(cm) Phase(") %) Phase(")
Observed 138.7 22 30 29.6 132 04
Model 141.7 33.5
M ARE ERROR S, ARE ERROR
Category =
Amp(cm) %) Amp(cm) Phase(") %) Phase(")
(6
Observed 83.6 14 06 79.7 37 3.0
Model 110.9 76.8
Ky ARE ERROR Ky ARE ERROR
Category
Amp(cm) %) Amp(cm) Phase(") %) Phase(")
Observed 45.8 15 04 2487 48 12.0
Model 38.9 236.8
0, ARE ERROR 0, ARE ERROR
Category
Amp(cm) %) Amp(cm) Phase(") %) Phase(")
Observed 26.6 148 35 2138 73 156
Model 30.8 229.4
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Fig. 2. Tidal calibration curve
Table 5. Location used to verify the tidal currents
Observation point Longitude Latitude Observation period Observation layer

*PC-1 E126°21'37.1” N34°48'44.0”
*PC-2 E126'1811.9 N34°45'35.4” 2010.1.9.~2010.1.24.(15 days) Surface layer
*PC-3 E126°14'26.6” N34°4802.7"
SC-1 E1262631.5” N34°46'58.17 2011.11.25.~2011.11.26.(25 hours) | Surface & Bottom layer

Note: Observation point (Ellipsoid: WGS84, Coordinate system: Geographic)
Source: *Environmental Impact Statement for Yeongsan River Estuary Bank Enhancement Project, Korea Rural Community

Corporation, June 2010.

Table 6. Comparison of the calculated and observed values
for average velocity of tidal currents

ARE = 8.6%), the patterns of tidal currents of the

east-west and north-south velocity components

were quite similar, as can be seen in fig. 3.

2. Comparison of salinity distribution

The results of the salinity distribution experi-

ment were compared with observed values for

verification. The results from the observations

made prior to May 28th, 2010 (i.e. before the

Average
Category velocity ARE(%)
(cm/sec)
PC.1 Observed 49.3 69
Model 52.7
PC2 Observed 42.5 47
Model 44.5
PC3 Observed 46.3 86
Model 423
SC-1(Surface) | OPverved 57 5.4
Model 3.5
SC-1(Botiom) | OPserved 50 33
Model 3.1

expansion of the tidal gate) were compared with
the results from the 16th day after the last dis-

currents, and a time series plot that showed the
east-west and north-south velocity components
was drawn up for comparison. The results
showed that although there were some minor

differences in the velocity of currents (maximum

charge of freshwater, as predicted by the model.
Similarly, the results from the observations made
after the tidal gate was opened were compared
with the results for the first hour after the last
discharge of freshwater, also predicted by the
model. As can be seen in figs. 4 and 5, this verifi-
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Fig. 5. Salinity distribution after the tidal gate had been opened (with freshwater inflow)

cation showed that the calculated salinity distrib-
ution in the surface layer and bottom layer was
relatively consistent with that observed before

and after the opening of the tidal gate.

3. Low salinity water behavior before and after
tidal gate extension

Regarding before and after tidal gate extension
in the flood time, the extension results until
16days(45days after model fulfillment) in the
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state of not accomplishing discharge from the last
discharge time(Ohr) after 30days from calculation
starting time showed as Fig. 6~9 as time passed.

In the results, low salinity water was distributed

farthest toward ocean from tidal gate 6 hours
later after fresh water inflow stopped, which is
considered because low salinity water moved

along ebb in the surface layer by density contrast

409
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Fig. 6. Results from the salinity diffusion experiment according to time, before the expansion of the tidal gate
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before refresh water is mixed by tidal current more farther from the tidal gate to ocean after

and warm current. the tidal gate extension than before, which is
In the results comparing before and after tidal judged because discharge velocity was fortified

gate extension, low salinity water was distributed by increase of discharge volume per hour after
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Fig. 7. Results from the salinity diffusion experiment according to time, after the expansion of the tidal gate
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the tidal gate extension.

On the other hand, about 7 days from the stop
of fresh water inflow before the tidal gate exten-
sion and after about 2 days passed after exten-
sion, salinity distribution pattern was close to the
seminormality state before discharge, which
implicates that in the state of no inflow of addi-
tional fresh water after fresh water inflow to
coastal area by the tidal gate extension, salinity
distribution of coastal area can reach quasistation-
ary state by offshore water and inland sea water
are mixed at least over 2~7 days later. Difference
of low salinity water behavior pattern before and
after the tidal gate extension is judged because
discharge volume by hour increases by the tidal
gate extension and discharge continuance time
was reduced. In the end, since sea water mixture
was intensified due to the increase of discharge
volume by hour after the tidal gate extension, sea
water mixture was activated than before the tidal
gate extension and on the contrary discharge con-
tinuance time was reduced, and so it is judged
the time of salinity distribution in the coastal area

reaching quasistationary state was reduced.

IV. Conclusion

In order to figure out the behavior of low
salinity water caused by the freshwater inflow in
the Yeongsan River Estuary, this study predicted
the salinity distribution using the EFDC model
and reviewed the results. Experiment was fulfill
by divided to before and after tidal gate exten-
sion and investigated low salinity water expan-
sion pattern until reaching to the quasistationary
state after Ohour, 2 hours, 1 day, 2 days, 7 days,
and 16 days passed up to 16days(45days after
fulfilling model) in the state of no discharge from

the last discharge time after 30days of model ful-
fillment.

The results showed that the calculated salinity
distribution for the surface and bottom layers
were relatively consistent with the results from
observations made before and after the expansion
of the gate, and that the low salinity water in the
surface layer spread farthest from the gate 6
hours after the discharge of freshwater, both
before and after the gate expansion. Meanwhile,
in the case of before tidal gate extension, salinity
distribution showed similar pattern to the quasi-
stationary state after about 7 days passed from
the stop of fresh water inflow and in the case of
after tidal gate extension showed similar distribu-
tion to the quasistationary state after about 2
days passed. As it was shown at Fig. 6~9, the
time of coastal area after refresh water inflow
reaching quasistationary state was shorter after
tidal gate extension than before, which is judged
because increase of discharge volume fortified
turbulent mixing and low salinity water extended
farther from coastal area was easily mixed com-
paring with offshore water. Therefore, in the case
of that a certain amount of fresh water inflows to
the coastal area, it is considered that extension of
low salinity water has big discharge volume per
hour and the shorter is the discharge continuance
time, the shorter is the time of coastal area reach-

ing quasistationary state.
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