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The spatial characteristics of stratification in Deukryang Bay were studied using observed data and
analytical models. From the description of the density structure and its the potential energy anomaly
(PEA) from observed data along longitudinal direction (from the mouth to head of the bay), we found that
the stratification intensity could be changed strongly by density current effect during the spring-neap ti-
dal cycle, and depth variation. To find out density current effect for the formation of the stratification in
detail, we implemented a diagnostic approach by using the modified analytical model including density
current, tidal current, surface heating and wind stirring. The model allowed for the observed similarities
for the whole domain in the bay and increased tidal mixing efficiency value £ up to 0.006 - 0.007 as com-
pared to the results without density current effect. We found that the density current effect was alsc an
important key factor in determining the formation of the spatial distribution of stratification.
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1. Introduction

The spatial mixing and stratification problem in
coastal zone or estuaries is thought to be strongly
related with surface heating, tidal and wind stir-
ring and buoyancy effect by fresh water discharge
or intrusion of high density water. In these, the
vertical stirring associated with tidal current and
wind stress has been easily touched in some
areas to mixing and stratification made by the sur-
face heating because of their barotropic charac-
teristics. However, if we include density current ef-
fect for the stratification problem, that becomes so
complex as it is hard to present the spatial dis-
tribution of stratification because the buoyancy in-
put is localized at the lateral boundaries rather
than being uniformly distributed over the surface
and its strong baroclinic effects (Nunes et al. 1989;
Simpson et al. 1991). Therefore, It can be only ap-
plied for the exceptional case.

After Simpson and Hunter(1974) prosposed a po-
tential energy anomaly (PEA) intensity of sea wat-
er using a stratification parameter for the relation
between the intensity of the bottom - generated
turbulence induced by tidal energy dissipation
and that of the surface heating for the stability of
the water column in front region, there have been
a lot of modified equation applied in continetal
shelf sea. For example, Elliot and Clarke(1991) stu-
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died the spatial distribution of stratification and
vertical mixing phenomena by the contributions of
surface heating, wind stress and tidal stirring sea-
sonally, Yanagi and Tamaru(1990) showed short
periods of temporal and spatial changes of stra-
tification in a channel, Czitrom et. al(1988) and
Yanagi and Takahashi(1988) showed the effects of
the buoyancy induced by river run off for the stra-
tification intensity and Samagasinhe(1989) and
Yanagi and Tamaru(1988) showed temporal and
spring-neap tidal change of stratification for the
bay. These results strongly supported that tem-
poral and spatial changes of stratification in-
tensity can be dominant phenomena in a bay un-
like continental shelf area is sustained until au-
tumn of which convective overturning and in-
creasing wind speed eventually destroy the stra-
tification. However, their studies of the bay are
not enough for showing whole spatial charac-
teristics of stratification effected by buoyancy ef-
fect induced by density current or river discharge.
And Lee et al.(1996) showed the statification struc-
ture variations of one observation point in
Deukryang Bay, Korea during tidal cycle, however
they did'nt understand that the spatial stra-
tification characteristics in the bay so that they
did'nt understand what were main control factors
to make stratification destriatication.
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Fig. 1. Location of Observation Points in Deukryang Bay.

Our study area, Deukryang Bay, Korea(Fig.1) is
small, less than 1000 km® and the depth consists
of mainly two parts, deeper than 20 m in mouth
and eastern side of the bay while shallower than
10 m in the head and western side although the
averaged depth is only 7.5 m. Due to its geo-
graphic shape it though to be an area of intense -
dal mixing and seems that buoyancy induced by
density current and tidal stirring effects can be di-
vided into two part, shallow and deep region.
However, generally it is very hard to expect that
the mainfest front line can be sustained con-
tinuously in summer as English Channel in UK.
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or other large continetal shelf area since the
strong tidal current in spring tide affects the
whole depth of the bay as almost the same
strength and results in strong vertical mixing.

In this paper, we compared the spatial dis-
tribution of potential energy anomaly(PEA) based
on observation data with that by the numerical
computation during spring-neap tidal cycle. We es-
timated what fraction of tidal power must be ex-
pended in mixing to prevent the formation of stra-
tification as considering the tidal current, the den-
sity current and wind stress factors in the bay. Fi-
nally, we draw some results from PEA spatial dis-
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Fig. 2. Vertical Density Structure along C-line, T-S Diagram of Bottom and Surface, and Tidal Current

Velocity from Spring to Neap Tide.

crepancy between the contours of the observation
and those of the compuation. From the result, we
predict PEA distribution and its constribution for
the stratification intensity.

2. Data and Method

We observed temperature, salinity and density
twice in 1-2 July (spring) and 23 July (neap).
1992, respectively. The selected stations were
shown in Fig. 1 in which the first observation
points were 27 and the second were extended to
37 for more detail observation so that the station
positions between the first and the second were
different except transect C. The mooring station of

22

current meter was R and the wind speed was W,
and the solar radiation S was selected at Kwangju
City located far from the study area about 100 km
since there is no meteorological center including
the solar radiation data near the study area.

Fig. 2 presents T-S diagrams, vertical density
structure along line C and tidal current using the
observation data of the surface and bottom during
the spring and the neap tidal periods. In the fig-
ure, the salinity variations were less than 1 PSU
at twice observations and appeared to be in-
significant compared to the temperature ones. The
temperature in spring tide, ranged from 19 to 25
T and the character of water mass between bot-
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Table 1. PEA anomaly not including density effect based on several e-Values (unit : kg sec™')

t-value 0.008 | 0.009 0.01 0.011 0.012 0.013 0.014 |
S 21.0 8.50 4.9 -104 | -186 -19.1 -20.8 |
D L -101.0 -127.2 | -150.1 | -163.2 -184.5 -192.4 | -201.2
A 401 -59.4 715 -86.8 -101.6__ | -108.7 | -111.0

S: shallow region. D! deep region, T: averaged values of S and D.

Table 2. The Averaged PEA of Density Current at
Deep and Shallow Area (unit : kg sec?)

Shallow | Ratio(Deep/Shallow)
88.9 | 6.0

tom and surface is almost the same while in neap
tide the temperature from 20 to 27 T, water
masses are separated into two parts. The intensity
of the surface and bottom temperature gradient
between neap and spring tidal periods was so
much different. It seems that the thermal stra-
tification was sufficiently developed in neap tide in
spite of well mixed water in spring tide.

The vertical density structure indicated the dras-
tic changes of vertical structures between two ob-
servation periods. From the figure, the vertical
density structure in neap tide showed strong stra-
tification while in spring tide vertically well mixing.

The tidal current variations is periodically chang-
ed during spring and neap tidal cycle. It gives that
tidal current can be important role for the stra-
tification in summer (Lee, 1996). Regarding this,
SD characteristics in the bay can be mainly con-
trolled by the the heat flux through the sea sur-
face, tidal and wind stirring effects.

Deep
530.0

3. PEA Distribution from the Observation Data
and Analytical Model including Sea Surface
Heating, Tide and Wind Stress

To show the changes of stratification intensities
spatially being based on twice observation data
between spring-neap tidal cycle, we used PEA,
which is called sometime the stratification
parameter, proposed by Simpson et al.(1977) as,

0
E=| h(p—p’)gzdz (1)
where
,_ 10
=y J_thZ

p is a density of a depth, rho’ is averaged density
of a total water column, h is total depth. The stra-
tification parameter Es of Eq. (1) was calculated
at every CTD observation points. Here, Es is the
amount of work that would have to be carried out
to bring about a vertically homogeneous dis-
tribution of sea waters.

As we assumed that stratification in the bay can

be controlled by surface heating, tidal current am-
plitude and wind stress, the following formulae by
Simpson et al.(1978) and Elliott and Clake (1991)
was applied for a water column at station by sta-
tion;

1
E. =j‘ (%‘ZQ,H-ec,,P,, Ut (2)
w G,

where E, is potential energy, t is time, Cp is the
specific heat of seawater, U is the current velocity
near bottom, « is the thermal expansion of seawat-
er, Qt is the solar heating rate, H is the water
depth, g is gavitaional velocity, and p, are p, the
air and the water density, e and ¢ are surface and
bottom efficiency of wind stress and tidal current
Ca and Cd are the surface and bottom stress.

In equation (2), surface heating and wind stress
have constant values for the space and are chang-
ed only by time so that we can easily estimate the
rate of PEA induced by two terms spatially and
temporary. However, tidal amplitude U is changed
by space and time periodically from spring to neap
tide. To solve the problem, we implemented the
numerical model experiment using two-di-
mensional barotropic model of M tide proposed by
Lee et al. (1992). That is, the ratio r(i,j) of the num-
erically calculated velocity amplitude of M tide at
mooring point to that at other points is introduced
as following,

U@.j) =’(i’j)Uom(.) (3)
rep)= @

where U, is the calculated amplitude of M, tidal
current at the grid point of mooring station, u(i.j)
is that at other grid point in numerical domain.
U, is the observed velocity amplitude from
spring to neap tide at mooring station. From the e-
quations, we can compute the strength of tidal
current amplitude and roughly estimate the tidal
velocity amplitude variation from spring to neap
tide. The calculated M, tidal amplitude are shown
(Lee, 1992). In the figure, the strong tidal current
existed at east side (deep area), at mouth of the
bay comparing to west side (shallow area). The
general pattern of velocity reflects the charac-
teristic of geometry of the bay. However, near the
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Fig. 3. Longitudinal density Structure for the Shal-
low, Middle and Deep Regions at Spring
Tide.

mouth of bay it is very hard tc see general flow
pattern since the flows from three channel are
mixed at the place.

Next, we integrated temporally Eq. (2) based on
Eq. (4) from 1 July (spring) to 23 July (neap) in
which we used tidal current efficiency ¢ = 0.008-0.
014 since Lee et al. (1996) already estimated the
values from observation values along transection
C.

To check the discrepancy between the num-
erical and the observed results in whole domain
more detail, we implemented that the observation
results minus computation one at every ob-
servation station points directly as (log Es - log Ec).
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The difference between numerical model and ob-
servation data is shown in Table 1 where the plus
value means that the observation PEA is larger
than the computation i.e., the observed stra-
tification is stronger than the expected one, while
minus values iIs vice versa.

In the table, discrepancy shows plus values al-
though at shallow region less than 10 m water
depth and near open boundary discrepancy is O
or mines value. Therefore, we notice that our num-
erical results underestimate the development of
stratification except western shallow region. We as-
sumed that the discrepancy occurred by two fac-
tors. one is the selected value proposed by Lee et
al. (1996) is not reasonable since they chose the
value from only transection C line, the other is the
effect of density current.

However, when we tested, in Table 2, the dis-
crepancy of PEA with respect to some values at
two part, the shallow (less than 10 m) and the
deep (more than 10 m) which can be charac-
terized by different tidal stirring intensity and
depths, there is no clear evidence of showing the
similar pattern of observation because the av-
eraged discrepancy between two part remains
large according to selected several values although
the averaged discrepancy is a little decreased.

4. PEA Distribution of Density Current

Our model including only surface heating, tidal
and wind stirring factors predicted a litter dis-
torted pattern and lower estimated values of PEA
comparing to observed one, particularly around
deeper part and Deukryang bay of the bay. The
pattern is also not much changed by some ¢ -
values. So we tried to consider the density current
effect for the stratification.

To verify the density current effect qualitatively
at first, we show the longitudinally vertical density
structure along Shallow (S), Middle (M) and Deep
(D)-lines shown in Fig. 3 and 4, respectively. The
density structures at neap tide in Fig. 4 shows
well-known general pattern of density current
structure along the M and D lines where high den-
sity water intruded into downward from open o-
cean and lower density moved on upward from
inner bay which results in a strong stratification
and adds to PEA for a water column. At spring
tide in Fig. 3, the vertical homogeneity prevails at
all lines. However, the averaged density difference
from mouth to head of bay at spring and neap
tide is almost same although along shallow region
(less than 10 m) a little difference occured com-
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Table 3. Difference of PEA anomaly between observation and computation of £-Values (unit : kg sec™)

g-value 0.013 0.015 0.016 0.017 0.018 0.019 0.020 0.021
S 26.5 22.4 13.2 8.4 1.5 -1.2 -3.9 -6.6
D 152.4 131.2 101.3 7.2 49.5 17.1 8.8 -7.5
A 89.5 76.8 57.3 42.8 25.5 8.0 2.5 -7.1

S: shallow region, D: deep region, A averaged values of S and D.

Table 4. Difference of PEA anomaly between observation and computation of ¢-Values with 1.5 large

wind speed (unit : kg® sec”)

e-value 0.013 | 0.015 0.016 0.017 0.018 0.019 0.020 0.021
S 18.5 9.3 2.3 -1.3 -5.2 -9.6 -11.9 -13.1 ]
D 142.1 111.1 90.4 57.2 39.5 14.1 -1.2 -17.7
A 80.3 | 60.2 46.4 28.0 17.2 2.3 6.6 1 -154
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Fig. 4. Longitudinal Density Structure for the
Shallow, Middle and Deep Regions at
Neap Tide.

paring to deep one. This represents the averaged

S: shallow region. D: deep region, A: averaged values of S and D.

longitudinal density current gradient in the bay is
similar. PEA induced by density current, however
should be critically different since vertical density
structure different from spring and neap tide.

Based on the general theory of density current
which is proportional to depth and density diff-
erence according to Office (1978), Samaranasinghe
(1989), Bowdwen (1979), the density current
strength strongly depends on the depth variation,
the density deference between the mouth and the
head of bay and vertical eddy coefficient as fol-
lowing;

3
U= g fl’:, - 3—5(82%%7—1) (5)
N(t) = 0.017U(t)

where Z = z/h, z is arbitrary depth, N(t) is vert-
ical eddy coefficient.

From the Eq. {5), we know that depth and den-
sity gradient are proportional to density velocity
while the eddy coefficient is inverse to the velocity.
It means that longitudinal direction of density cur-
rent effect can be much changed from western
part (shallow) to eastern part (deep) and the eddy
coefficient in the bay and from spring to neap ti-
dal cycle.

Using Eq. (5), Samaransighe (1989) proposed
the following equation for PEA induced by density
current and applied it to a Gulf St Viccent succes-

fully.
d _9p, K
& ~ 8% T0ensp 6

where U is in our case a day averaged tidal cur-
rent amplitude from spring to neap tidal cycle so
that the potential energy is small in spring and
large in neap tide, respectively.

In procedure of density current calculation at
station by station, we assumed that the long-
itudinal density gradient from mouth to head of
the bay prevails than lateral one and is not chang-
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ed during spring and neap tidal cycle which can
be resticted as a predictive tool. However, in this
case, the changes of PEA induced by density cur-
rent is calculated by considering variation of eddy
coefficient N(t) during spring-neap tidal cycle so
that the main features of PEA distribution by den-
sity current will shown.

Using Eq.(6), we check PEA derived from density
current at shallow and deep region respectively.
The results show in Table 2. The deep is 7 times
larger than the shallow one so that density cur-
rent effect can be critically divided into two part.

5. PEA distribution from the Observation Data
and Analytical Model including Sea Surface
Heating, Tide, Wind Stress and Density Cur-
rent
From previous study, PEA distribution induced

by surface heating, tidal and wind stirring and
density current constitutes a key determination of
stratification in the bay was found at two chosen
area, less than 10 m and more than 10 m. Howev-
er, to understand the formation process of stra-
tification in the bay quantitatively it is necessary
to implement diagnostic approach using num-
erical model including four factors and then from
its results to redefine new tidal mixing efficiency
value.

The calculation procedures were carried out
resulting from assimilation by Eq. (2) and Eq. (5)
at station by station. So that we derived new e-
quation as following;

1

g
E. .= =—Q H-eC,p,W?
[fm(ZCPQ, eC,p

@Lyns
~£C,p, Ud + —=—) dt (7)
320<N,>p

Eq.(7) are complex form of Eq.(2) and (5). Using
Eq.(7), we compared the observation results to
analytical model. Then, the averaged values of
that the observation PEA mines the computation
one were taken at two chosen area, shallow(less
than 10 m) and deep(larger than 10 m). The
results are presented in Table 3 and 4, respec-
itively. In Table 4, W = 1.5 is wind is 1.5 time larg-
er value taken than the observation one because
the wind speed at land can be underestimated a-
bout half times comparing to on the sea surface
(Yanagi, 1980; Imanuki, 1992). From the tables
we can select an optimal values of tidal mixing ef-
ficiency and estimate wind stress effect. The table
suggests that the reasonable tidal mixing ef-
ficiency is about ¢ = 0.0020 that is much in-

creased up to 0.006 than case of without density
current effect since in the study of Lee. et al.
(1996) they assumed that the stratification is form-
ed only by surface heating which derives un-
derestimated stratification value in calculation pro-
cedure. However, as we included denstly current
effect for the formation of stratifiction, value is in-
creased. The discrepancy values in the table
between the deep and the shallow region is small-
er than that of Table 1. It means that in this
study density current can play an important role
to define the formation of stratification and to
select tidal mixing efficiency value while wind
stress effect is not so dominant. Sign of £ value at
shallow depth is faster changed than that of deep
one. That is, vertical mixing induced by tidal stir-
ring intensity is much effective at shallow than
deep area. Therefore, the tidal stirring can destroy
the stratification easily at shallow than at deep re-
gion.

Finally, we noticed that generally the pattern of
stratification is much improved depending mainly
on the balance between the stratifying influence
by density current and the mixing influence of ti-
dal current at deep region. At shallow the tidal
mixing mainly affect the stratification phenomena.

6. Summary and Conclusion

Diagnostic approach using a modified model of
Simpson and Hunter's equation (1974) was ap-
plied for the stratification phenomena during
spring-neap tidal cycle in Deukryang bay. For rea-
sonable estimation of contribution of surface heat-
ing, tidal and wind stirring and density current ef-
fects, we employed two dimensional model and
Samaransinghe (1989)'s equation.

At first, PEA was computed by the model
without density current effect and its result com-
pared to the observation. The discrepancy between
the observation and computation occurred, par-
ticularly deep region and around head of the bay.
The computation results are underestimated com-
paring to mostly observation except western shal-
low region in the bay. It seems to be occured by
neglecting density current effect or unresasonable
estimated value. However, we check variation of
PEA for the serveral values, the discrepancy is not
so changed.

Next, we estimate the density current effect only
to check the possibility of the contribution for the
formation of stratification in the bay using the des-
cription of vertical structure of density. The
results shows possibility of the density current ef-
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fect for the stratification. The effect is critically di-
vided into two part at shallow and deep region.
The averaged PEA at deep is almost 6 times larger
than that at the shallow. This suggests that the
deep is an important route for the density current
intrusion.

We finally tried to touch the diagnostic ap-
proach using numerical model including four fac-
tors, surface heating, density current, tidal and
wind stirring for simulating the observation at all
stations. The model successfully simulated the
stratification characteristic comparing to ob-
servation one, particularly around upper part of
Deukryang the bay and deep region. The model
also allows that the deep part plays major role
and the shallow minimal role. In procedure of the
computation, the averaged discrepancy PEA
between the calculation and the observation at
shallow and deep, the PEA at shallow part is
changed faster and smaller than that at deep one
according to several values. It can be explained
that the tidal current stirring intensity is more ef-
fective at the shallow than at the deep. Therefore,
at shallow region tidal stirring effect is easily to ov-
ercome stratification formed in neap tide.

e also found that the reasonable ¢ value is a-
bout 0.020 which is about 0.006 increased ¢
values than without considering density current ef-
fects. It can be explained that the density current
strongly contributed the formation of stratification,
particularly at upper region of Deukryang bay and
deep region.

From the study, the formation and intensity of
stratification is mainly controlled and maintained
by virtue of density current effect. Therefore,
without considering density current effect, it is im-
possible to predict the stratification - des-
tratification phenomena in the bay.
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