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The stratification variations during spring and neap
tidal periods in Deukryang Bay, Korea
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and Kyu-Dae CHO™**

Abstract: The stratification-destratification (SD) phenomenon in Deukryang Bay, Korea was
studied based on the data of wind speed, heat flux through the sea surface and tidal current
amplitude. To find out the main factors causing SD, we introduce the rate of energy balance of
the surface heat flux, tidal and wind stirring proposed by Simpson and HuNTer (1974). The cal-
culated energy of three terms are compared, in which energy of wind stirrin effect was one
order smaller than that of heat flux and the tidal stirring. Using the results, we implement time
integration of the potential energy with the several e values (tidal mixing efficiency) of
0.010~0.014 at interval 0.001 and with wind speeds of 1.5 and 2.0 times larger than observed val-
ues at land. It shows that the variation of SD phenomeenon in the bay mainly depends on tidal

stirring and sea surface heating in summer.

1. Imtroduction

Many oceanographers have studied stratifi-
cation-destratification (SD) phenomenon dur-
ing spring-neap tidal cycle (GRIFFIN and
LEBLOND, 1990; MACKAY et al., 1990; LARGIER and
TALJAARD, 1991) since SiMpsON and HUNTER
(1974) proposed the governing equation on the
balance between the time rate of change of the
potential energy in a unit water columm.

Most of the study area, however, was con-
fined in a coastal zone and estuaries associated
with fresh river water discharge or high salin-
ity area. Basically they tried to explain thee
temporal variation of a front formed by the
horizontal juxtaposition of two distinct water
masses and the interaction between the differ-
ent water masses.

SAMARASINGHE (1989) pointed out temporal
changes of salt-wedge movement of the whole
domain during spring-neap tidal cycle at the
Shark Bay in the Australian Bight, and ex-
plained such phenomena based on a density
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current effect. However, he did not show the
critical changes of stratification during spring
and neap tidal periods in the day and did not
estimate the relationship of other environ-
mental factors.

In Korea, there are so many bays in the
southern part of the country and their sizes are
mostly less than 1000 km? where tidal current
is predominant and affects oceanic phenomena
in the whole domain of the bays. The
Deukryang Bay, one of such bays is a semi-
enclosed bay with three open channels. The
area is approximately 374.4 km® and the aver-
age depth 7.5 m (Fig. 1). The eastern part of the
bay dips steeply about 30 m while depth de-
creases slowly on the western part less than
5m depth.

Tidal elevation ranges in the bay are less
than 2 m and the tidal current amplitude from
0.2 m/sec in neap tide to 0.6 m/sec in spring
tide in which semi-diurnal components are
dominant (LEE, 1992).

The objectives of this paper are firstly to
show the drastic changes of SD phenomena
during short periods between spring-neap tidal
cycle, and second we check the magnitudes
and variations of wind speed, sea surface heat
flux and tidal current amplitude. Finally, we es-
timate the budget of potential energy from
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Fig. 1. Location of the Deukryang Bay and obervation points in 1-2 July and 23 July, 1992. S
denoted solar radiation station, R and W are current mooring and wind speed stations.

observed data, in addition to prediction the be-
ginning and the ending time of SD phenome-
non in summer.

2. Observation results during spring and

neap tidal periods

We observed temperature and salinity twice
in 1-2 July (spring) and 23 July (neap), 1992,
respectively. Three 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 sec-
ond were different except transect C. The
mooring station of current meter was R and
the wind speed was W, and the solar radiation
S was observed at Kwangju City located for
from the study area about 100 km since there is
no meteorological observation center including
the solar radiation data near the study area.

Figure 2 presents T-S diagrams for the obser-
vation data at all stations of surface and bot-
tom during the spring and the neap tidal
periods. In the figure, the salinity variations
were less than 1 PSU at twice observations and
appeared to be insignificant compared to the
temperature ones. The temperature in spring
tide, ranged from 19 to 25°C and the character
of water mass in bottom and surface layers is
almost the same while in neap tide the tem-
perature from 20 to 27°C, water masses are
separated into two parts. The intensities of the
surface and bottom temperature gradients
were so much different between neap and
spring tidal periods.

Figure 3 was constructed to present vertical
temperature, salinity and density distributions,
along section C. The data indicated the drastic
changes of vertical structures between two ob-
servation periods. From the figure, the vertical
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Fig. 2. The variations of temperature and salinity from bottom to surface (T-S diagram) dur-

ing spring and neap tidal cycle.

temperature and density gradients in neap tide
showed strong stratification while in spring
tide vertically well mixed. The temperature
variations at spring and neap tides are larger
than the salinity ones so that the temperature
is more effective to form vertical stratification
in the periods. Although the partially mixed
form at Cl1, C2, and C3 appeared during neap
tide, it looks like local phenomenon since it oc-
curred only in shallow region limited less than
5 m depth. Regarding this, SD characteristics in
the bay can be mainly controlled by the the
heat flux through the sea surface, tidal and
wind stirring effects.

3. Heat Flux, Wind and Current Variations
during Spring and Neap Tidal Periods
Oceanographical and meteorological data

were compared for estimating the variability of

SD phenomenon during spring-neap tidal

cycle. Wind speed, surface heat flux, and tidal

current variations are shown in Fig. 4.

The heat flux was calculated based on the
method of YaNacI (1982) and GiLL (1984), and
daily mean variation of sea surface water tem-
perature was calculated from linear interpola-
tion and extrapolation methods using two
times observation on 1-2 July and 23 July. In
Fig. 4, the wind speed ranges approximately
from 1 to 2 m/sec, the heat flux from 0 to 200
Watt/m? the tidal current amplitude from 0.1
to 0.6 m/sec. Wind speed from 21 June to 23
July are not strong and not changed comparing
to other factors. Moreover, the wind in the pe-
riod of strong stratification was stronger than
that of vertically well mixed condition. It gives
an account of that the wind stirring effect for
the stratification may be not the main factor in
the bay.

The fluctuation of the heat flux was very
large in spite of monthly average of 124 Watt
/m? sometimes zero values happened because
of a lot of cloud that prohibits the solar heating
through the sea surface.
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Fig. 3. hydrographic profile during spring and neap tidal cycle at typical central part of the

Deukryang Bay along Section-C.

The stick current velocity diagram in the fig-
ure shows the manifest fluctuations of tidal
current amplitude, particularly M. tidal current
was dominated. The current amplitude was the
largest in the first observation time while in
the second the velocity was the lowest. From
13 to 20 July, the current was relatively weaker
than that during the former spring period so
that presumably comparatively low tidal mix-
ing occurred at this period.

4. The budget of potential energy during
spring and neap tidal periods

It was clear that the SD phenomenon during
spring-neap tidal cycle existed in Deukryang
Bay from previous results. We showed that is
phenomenon as related to mostly the heat flux
and the tidal current amplitude from data
analysis.

To estimate the variation of stratification
due to three factors, we used basically the sim-
ple potential energy arguments given by
Simpson and HUNTER (1974), ErrioTT (1991),
and TAKEOKA ef al. (1993) who studied at
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Fig.5. The time variations of the rate of potential energy anomaly of a water column based on
Fig. 4. 2 : Observation periods of hydrographic data.

European Shelf and at Bungo Channel in
Japan.

If we assume that the total rate of change in
potential energy of a water column is only
influenced by the wind and the tidal stirring
and the sea surface heating, the daily mean
rate of change in the energy will be given by
(ELLIOTT, 1991)

4aE _ ga o o 3_ S
i 2C, QrH—eCrpW°—eCpowlU (D

Here, E is the potential energy of a water col-
umn. The first term in the right hand of

equation (1) is the loss of potential energy by
the surface heating, the second and the third
are the gain of potential energy by the wind
and tidal current, where g is gravitational ac-
celeration, @ is thermal expansion coefficient,
0a and pw are air and water density, e and €
are efficiencies of surface and bottom mixing
process, Ca and Cp represent the surface and
bottom drag coefficients. W is wind speed, U is
the absolute tidal current speed. H is water
depth (10 m). If the right side of equation (1) is
positive, stratification is intensified, and if it is
negative, the stratification is weakened.
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In calculation procedure of above equation,
we used tentatively 0.015 & value proposed by
YANAGI and TAMARU (1990) because they suc-
cessfully applied this value to Bungo Channel,
Japan. Cp and C, are given as 0.0025 and
0.000065 by SivpsoN and Bowers (1981). The
tidal energy values from 20 to 30 June are ex-
trapolated assuming that tidal change pattern
from 20 to 30 June is the same as the pattern
from 1 to 10 July because of the symmetric
characteristics of tidal current amplitude in
time.

The calculated results are shown in Fig. 5. As
we expected previously, the wind stirring ef-
fect is approximately one order of magnitude
smaller than the surface heating and the tidal
stirring ones. As considering the rate of poten-
tial energy derived by wind stress, we argue
that the wind effect in summer can be omitted
for analyzing SD phenomenon during the ob-
servation period. Comparing the energy of the
tidal stirring to the surface heating, during the
first spring tidal period approximately from 27
June to 5 July, the tidal energy was larger than
the heating energy while in the second spring
tide of middle of July, the tidal energy was
similar to the heating one in which it seems to
be impossibel to destroy the stratification al-
ready made by sea surface heating. Therefore,
the stratification of the first neap tide from 7 to
13 July may also be weaker than that of second
neap tide. Possibly, destratification sustained
from end of June to early of July, and stratifica-
tion became to be formed from early July if the
surface heating was continually stable.

5. Discussion

Our hydrographic data of Deukryang Bay
showed critical changes of vertical structure of
temperature, salinity and density between
spring and neap tidal periods. As we analyzed
meteorological and oceanographical data using
three energy equation, it was found that the
tidal stirring and the sea surface heating
played important roles for the stratifying and
mixing processes while wind stirring effect
was one order smaller than the previous two
factors. However, for more accurate estimates
of the effects of sea surface heating and wind
and tidal stirring in the bay, we tried to

undertake integrate of the rate of potential en-
ergy variation between spring-neap tidal cycle,
and then estimate the stratification intensity
quantitatively.

The integral equation of (1) can be pre-
sented as following equation,

t2
E.= f (L 0rH—eCupaW3—eCppwl?]dt
t1 ZCD

where tl is ths start time of observation, 1
July, and ¢2 is the end time of observation, 23,
July. E. is the calculated potential energy
anomaly. In order to find out an optimal & val-
ues for the Deukryang Bay, equation (2) fol-
lowing several ¢ values of 0.010~0.014 at 0.001
interval was calculated and its results were
compared with the observed value in Table 1.

To compare the calculated result to the ob-
served one, the potential energy anomaly E, of
observation data was calculated by the follow-
ing equation (Bowden, 1984) :

Eo = ﬁi[p_ﬁ]gz Qzeeeeerrereesisasiinnnnines (3)

10
where p = }Tfpdz
h

o is a density at a depth z, ¢ is averaged den-
sity of a total water column. In the calculation,
the data of section C located at the nearest sta-
tions from the current meter mooring were av-
eraged.

We also showed, in Table 1, the potential en-
ergy variations according to the several wind
speed conditions, because following YANAGI
(1980) and ImANUKI, the wind speed at the sea
surface is larger than that at land by about 1.5
or 2 times due to surface roughness differences.
In Table 1, Wy is the ratio of an presumed wind
velocity at the sea (Ws) and an observed wind
velocity at the land (War). In the table, the cal-
culated potential energy was very simliar to
the observed one in the cases where Wr=1.0
and € =0.014, Wr=15b and & =0.012, and Wy
=2.0 and & =0.010.

Figure 6 indicates the potential energy varia-
tion selected in the case of € =0.014. The start
time tl was 1 July. From the figure, we know
that the heating energy was larger than the
wind and tidal energy from 5 July. The figure
also shows that the stratification gradually
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The Potential Energy Anomaly Changes for the Coefficients of Tidal Efficiency

and Wind Speed (Wu is observation wind at land, Ws is assumed wind at sea)

Unit : kg sec”
Model Obser.
e Value
— 0.010 0.011 0.012 0.013 0.014 0.015
Wi(=Ws/Ww)
1.0 262.66 241.84 221.73 201.62 181.51 162.60 194.56
1.5 238.02 21791 197.80 177.69 157.58 139.18
2.0 191.43 171.32 151.21 131.10 111.11 93.56
kg/sec mixed pattern and it might be less than one
eek based on th te of ener riations.
soo Wind (1.0) W a n the rate ergy variations
Mixing Zone Wind (1.5) Acknowledgements
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