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Abstract 

 
Gwangyang and Jinju Bays, which are located in south coast of 

Korea, have different topographies. Gwangyang Bay is deep but Jinju 

Bay is shallow. The volume of Gwangyang Bay is 3.7 times that of 

Jinju Bay. Gwangyang Bay is connected to the open sea through the 

wide and deep Yeosu Channel. Jinju Bay is relatively isolated from 

the open sea due to narrow and shallow Changseon and Daebang 

Channels blocked by small islands. Two bays are interconnected by 

a narrow and deep Noryang Channel.  

Long-term current observations were taken in the narrow 

Noryang Channel during large discharge and small discharge periods. 

The residual mean flow in the channel over the observation period 

showed a baroclinic two-layer flow as in an estuary during the large 

discharge period, whereas barotropic flow was present during the 

small discharge period. During the large discharge period, the upper 

layer of water flowed continuously westward, whereas the lower 

layer flowed eastward. Hydrographic data observed along the channel 

showed that Gwangyang Bay water was relatively saline and denser 

during the large discharge period. This spatial difference in water 

density might be the result of a large inflow of discharge into Jinju 

Bay and relatively strong mixing between the water in Gwangyang 
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Bay and the open sea. The salinity in the more isolated Jinju Bay was 

lower. Simple analytical model calculations showed that horizontal 

density difference during the large discharge period could drive the 

surface current flow westward, whereas that of the dense water of 

the lower layer in Gwangyang Bay flow eastward through the 

Noryang Channel. 

The two–layer flow in the Noryang Channel was simulated using 

the 3D numerical model. Sensitivity experiments to examine the 

contribution of the river discharges, wind, heat flux and tide on the 

formation of the two-layer flow were conducted. Model results 

suggest that the effect of the river discharge is dominant in the 

formation of the two-layer flow. The effects of wind and heat are 

relatively weak. The tide induces the vertical mixing, which causes 

the mean flow more complicated spatially. 

Residence time is an important parameter for evaluating the 

physical and biochemical characteristics of estuaries and bays. The 

residence times of two neighboring Gwangyang Bay and Jinju Bay, 

were calculated for winter and summer using a three-dimensional 

model. Gwangyang Bay with much industrial development, has a 

relatively large volume and is deep, whereas Jinju Bay which is 

primarily used for aquaculture, is shallow. River discharge in the two 

bays is high in summer and low in winter, in part due to the influence 
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of the East Asian Monsoon. Temperature and salinity in both bays 

are vertically homogeneous during winter but stratified in summer. 

The mean residence time in Gwangyang Bay is more than 20 days in 

winter due to its large volume, but less than 5 days in summer due to 

increased gravitational circulation driven by large volumes of river 

discharge and a horizontal density gradient. However, the mean 

residence time of Jinju Bay is less than 5 days in both seasons due 

to its small volume and shallow depth. These results reveal that 

Gwangyang Bay is vulnerable to industrial pollution during winter, but 

that it may efficiently remove pollutants in summer. The shallower 

Jinju Bay is likely to remain free from the anthropogenic 

eutrophication caused by nutrient inputs from aquaculture due to its 

short residence time year-round. 

 

Keyword : Gwangyang Bay, Jinju Bay, residence time, exchange flow, 

river discharge, two-layer flow, FVCOM 

Student Number : 2012-30891 
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1. General Introduction 

 

There are many bays along the southern coast of the Korean 

peninsula surrounded by cape and islands. Gwangyang and Jinju Bays 

are typically deep and shallow bays among them.  The depth of the 

bay channel system varies from 5 to 30 meters. The total area of 

Gwangyang Bay is 259 km2 and the area of Jinju Bay is 168 km2. The 

average depth is 12 m in Gwangyang Bay and 5 m in Jinju Bay. The 

volume of Gwangyang Bay is 3.7 times that of Jinju Bay. Gwangyang 

Bay is connected to the open sea through the wide and deep Yeosu 

channel. Jinju Bay is relatively isolated from the open sea due to 

narrow and shallow Changseon and Daebang Channels blocked by 

small islands. These two bays are interconnected by a narrow 

Noryang Channel of about 500 m wide and about 30 m deep. 

The tides in the study area are predominantly semidiurnal, with 

mean spring and neap ranges of about 3 m and 1 m, respectively 

(Choo et al., 2002). The tidal current in the Noryang Channel is 

governed by the tidal waves propagated through Gwangyang Bay, 

because Jinju Bay is almost blocked by islands. The Tsushima 

Current in the open sea south of the two bays flows from west to the 

east all year round (Cho et al., 2009, 2013). 

Gwangyang and Jinju Bays are influenced by the fresh water 



 

 ２ 

dischargs from the Sumjin River and the Gahwa River, respectively. 

When the amount of precipitation is large, the discharges of the 

Sumjin and Gahwa Rivers exceed 2000 m3/s. Large freshwater 

discharges occur mainly during the summer monsoon season 

according to yearly average data. River discharge more than 80% 

occurs in summer.  

 

 

Figure 1. 1 Study area including Gwangyang and Jinju Bays. Black diamond, 

triangle and star mark tidal stations at Gwangyang, Yeosu and Samcheonpo. 

Black circles represent CTD observation stations. Solid lines represent water 

depths in meters. 
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Coastal development activities in Gwangyang Bay, such as the 

creation of industrial complexes and channel dredging, may increase 

pollution levels recently (Park et al., 2005). Industries which are 

potential pollutant sources, are located in Gwangyang Bay, whereas 

many oyster and fish farms are operated in neighboring Jinju Bay (Ro 

et al., 2007). The area of sea farms in Jinju Bay is about 1/3 of total 

area of Jinju Bay (Figure 1.2). 

 

 

Figure 1. 2 Industries in Gwangyang Bay and sea farms in Jinju Bay. 

Oil spill accidents occur frequently in Gwangyang Bay (Lee, 

2001). 250 oil spill accidents have occurred and the amounts of oil 

spill by accidents were 9080 kl in Gwangyang Bay (Lee, 2001). 

Especially, large oil spills by No.5 Geumdong in 1993 and Sea Prince 

in 1995 occurred. The amounts of oil spills by two accidents were 
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1256 kl and 6642 kl, respectively (Lee, 2001, see Table 1.1). 

Meanwhile, it is crucial to evaluate the potential pollution risk, and 

prevent eutrophication in Jinju Bay from anthropogenic nutrient 

inputs due to aquaculture and pollutants from Gwanyang Bay. 

 

Table 1. 1 Oil spill in Gwangyang Bay from 1991 to 2000 (Lee, 2001) 

Year Number of times  Outflow (kl) 

1991 33 124 

1992 23 254 

1993 25 1256 

1994 24 69 

1995 18 6642 

1996 22 83 

1997 20 8 

1998 17 469 

1999 31 77 

2000 37 98 

total 250 9080 

 

Therefore, understanding the characteristics of Gwangyang and 

Jinju Bay with contrasting topographies and the exchange flow in the 
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Noryang Channel which connects the two bays is crucial subject in 

terms of biochemical and physical oceanography in the south coast of 

Korean peninsula. 
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2. Baroclinic two-layer flow induced by large 

discharge in a narrow channel: observation and 

analytical study① 

 

2.1. Introduction 

 

The two-layer estuarine circulation is induced by the barotropic 

pressure gradient in the seaward flow and the baroclinic pressure 

gradient in the landward flow (Officer, 1976). In contrast to estuarine 

circulation, the baroclinic two-layer flow in shallow channels 

connecting bays of the coastal region has not been mentioned 

previously, because tidal current is relatively strong in such areas. 

Most studies focus on barotropic flow due to tides in a channel-bay 

system (Warner et al., 2002). Two-layer flow of the channel-bay 

system can be a key process to determine the distribution of water 

masses and contaminants in adjacent bays, as in strait-basin system. 

As a result of many small islands and complex coastlines, a 

variety of shoreline types and landforms can be observed along the 

south coast of the Korean Peninsula. Complex coastlines produce 

                                            
① The results of the presented work have been published in (Kwak et al., 

2014).   
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many different topographical bay types. Gwangyang and Jinju Bays, 

which are located on the south coast of Korea, have typically different 

topographies. 

The Sumjin River discharges into Gwangyang Bay, and it had an 

annual mean discharge of about 118 m3/s in 2003 and 109 m3/s in 

2012. Moreover, the Gahwa River discharges into Jinju Bay, and it 

had an annual mean discharge of about 132 m3/s in 2003 and 92 m3/s 

in 2012. There was an unprecedented discharge from the Gahwa 

River due to heavy rain in July 2003. 

 

Figure 2. 1 Discharges of the Sumjin (blue) and Gahwa (red) Rivers in 2003 

(upper) and 2012 (lower). 

In this chapter, two detailed observations of different flows in the 
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Noryang Channel is reported, which connects the two bays, according 

to the discharges from the Gahwa River. An analytical model was 

used to understand dynamically the main cause of the different flows 

in the channel. 

 

2.2. Observations 

 

Two current observations were undertaken at 7 and 15 m depths 

at station S3 (see Figure 1.1.) from 26 June to 24 July 2003 and at 

whole depths from 4 June to 19 June 2012 in order to understand the 

current structure in the Noryang Channel. The water depth at the 

mooring station was 30 m. Compact-electromagnetic (EM) shelf 

recording current meters (Alec Company, Japan) and a Workhorse 

sentinel Acoustic Doppler Current Profiler (ADCP) (Teledyne RD 

Instruments) were used in 2003 and 2012, respectively, to measure 

the currents. Accuracies of the Compact-EM current meter with 

respect to speed and direction were 1 cm/s and 2 °, respectively. 

Those of the ADCP with respect to speed and direction were 7 cm/s 

and 2 °, respectively. Conductivity-temperature-depth (CTD) 

observations were performed at five stations (Figure 1.1) on 13 July 

2003 and 19 June 2012. A Sea Bird Electronics SBE 19 and 

IDRONAUT Ocean Seven 304 CTD with temperature accuracies of 
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0.01 ℃ and 0.005 ℃, respectively, and conductivity accuracies of 

0.001 s/m and 0.007 s/m, respectively, were used for the CTD 

observations. Hydrographic data were collected from the surface to 

the bottom of the channel at 1 m intervals.  

The wind speeds and directions during the current observation 

periods were compared. The data were provided by the Korea 

Meteorological Administration. Overall, for both periods, the mean 

wind speeds were low and the wind directions were almost same. 

The mean wind speed and direction were 0.63 m/s and 140.5 ° in July 

2003 and were 0.27 m/s and 143.1 ° in June 2012. 

 

2.3. Results 

2.3.1 Hydrography 

To investigate the effect of extreme river discharge from a dam 

on the circulation in the channel, vertical sections of the temperature, 

salinity, and density along the channel in July 2003 were compared 

to those during small discharge in June 2012 (Figure 2.1). The 

discharge in 2003 was one order of magnitude larger than that in 

2012. Specifically, the discharge in 2003 was around 1,000 m3/s 

during the current observation period [shadow box in Figure 2.1], 

whereas it was less than 100 m3/s in 2012 when the discharge was 

comparable to that in normal years. 
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The vertical sections show differences in the water 

characteristics between the two periods. The vertical sections in the 

channel clearly showed a typical two-layer structure in 2003, 

whereas there was little spatial variation in temperature and salinity 

during 2012. Relatively warm and fresh water (T > 20.8 ℃ and S < 

20) in the upper layer was observed in Jinju Bay in 2003. In contrast, 

cold, saline water (T < 19.6 ℃ and S > 30) in the lower layer only 

appeared in Gwangyang Bay. This two-layer structure was 

comparable with that in an estuary (Officer, 1976). The upper layer 

in Jinju Bay was lighter than that in Gwangyang Bay, but the opposite 

pattern occurred in the lower layer. 

 

 

Figure 2. 2 Vertical sections for observed (a, b) temperature, (c, d) salinity, 

and (e, f) sigma-t in July 2003 and June 2012. 
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The temperature and salinity in June 2012 were practically 

homogeneous not only horizontally but also vertically. The 

temperature and salinity in June 2012 were about 22 ℃ and 33, 

respectively, which were higher values than those observed in July 

2003. The maximum spatial difference was less than 1 ℃ for 

temperature and 1 for salinity. This resulted in homogeneous density. 

Density sections showed that the water in 2012 was heavier than that 

in 2003. 

The fresh water in the eastern inlet of the Noryang Channel in 

2003 might have been from water discharged from the Gahwa River 

during the period of extreme discharge. The mean surface salinity 

was higher in Gwangyang Bay, which implies that the water in 

Gwangyang Bay was being actively exchanged with saline open sea 

water via the wide, deep Yeosu Channel that connects to the open 

ocean. 

 

2.3.2 Current in the channel 

Moored current measurements in the Noryang Channel were 

taken between 26 June and 24 July 2003, and the data revealed that 

there were typical tidal currents in the channel at both layers. Tidal 

currents flowed eastward during the flood tide, but westward during 

the ebb tide. These currents were strong for the spring tide and weak 
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for the neap tide. The maximum flood currents were 110 cm/s and 

117 cm/s, and the maximum ebb currents were 116 cm/s and 132 

cm/s at depths of 7 m and 15 m, respectively. 

Interestingly, the time-averaged currents after 40 hours low-

pass-filter at both depths showed contrary residual currents in the 

two layers (Figure 2.3). The net current at a depth of 7 m was 

southwestward, whereas it was eastward at a depth of 15 m. The 

mean residual currents were 4.2 cm/s and 5.8 cm/s at depths of 7 m 

and 15 m, respectively, during the observation period. These results 

suggest that the residual current in the channel had a strong 

baroclinic component in 2003. 

 

Figure 2. 3 The time-averaged currents after 40 hours low-pass-filter 

measured at 7 m and 15 m depths of station S3 (a) from 26 June to 24 July 

2003 and (b) from 4 June to 19 June 2012. 

However, the current in 2012 showed a different structure. 
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During 2012, both layers flowed northeastward during the whole 

observation period, although this was shorter than in 2003. The 

maximum flood and ebb currents were comparable to those in 2003. 

The net current at both layers was northeastward along the channel. 

The mean residual currents were 7.6 cm/s and 8.5 cm/s at depths of 

7 m and 15 m, respectively, during the observation period. Significant 

baroclinic motion did not be found as was observed in 2003. 

 

2.4. Discussion 

 

The spatial density structure during the extreme discharge 

period was significantly different from that during the small discharge 

period. Mean vertical density profiles from S1 to S5 stations in July 

2003 show strong stratification, whereas homogeneous in June 2012 

(Figure 2.4a). Specifically, the depth mean density along the channel 

showed a large horizontal density gradient during the extreme 

discharge period in July 2003, whereas it was homogeneous during 

the small discharge period in June 2012. The mean horizontal density 

gradient was -0.34 kg/m3/km in 2003, but it was almost zero in 2012 

(Figure 2.4b). It is likely that the horizontal density gradient induced 

baroclinic flow as in estuaries (Officer, 1976). 
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Figure 2. 4 (a) Mean vertical density profile from station S1 to S5 in July 2003 

(solid line) and June 2012 (dashed line). (b) Depth mean density along the 

channel with distance from station S1. Triangles represent densities on 13 

July 2003 and diamonds on 19 June 2012. 

A simple analytical model was applied to understand the effect of 

density on the two-layer flow in 2003. The sea level in Jinju Bay 

may increase by extreme discharges, possibly resulting in the 

barotropic current as river discharges in an estuary (Officer, 1976). 

However, the barotropic flow is not considered in this model. In the 

model, the longitudinal momentum balance between pressure 

gradients and vertical shear stress was assumed (Officer, 1976) and 

it could be expressed as: 

 

0 = −g
𝜕𝜂

𝜕𝑥
+

𝑔

𝜌0
𝑧

𝜕𝜌

𝜕𝑥
− 𝐴𝑧

𝜕

𝜕𝑧
(

𝜕𝑢

𝜕𝑧
) ,                (2. 1) 
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where g  and 𝜌0  represent gravitational acceleration and depth-

averaged density, respectively. η  is the tidally averaged surface 

elevation. ∂ρ/ ∂x is the depth-averaged horizontal density gradient. 

𝐴𝑧  is the eddy viscosity assuming the constant u along channel 

velocity. x and z are positive to the estuary mouth and to the bottom, 

respectively. The solution of Equation (2. 1) assumes no wind stress 

at the surface and no bottom friction at the bed (i.e., ∂u/ ∂x = 𝜏𝑠/𝐴𝑧  

at  z = 0 and ∂u/ ∂x = 0 at z = −H), and it is given as: 

 

         u(z) =
𝑔𝐻3

24𝜌0𝐴𝑧

𝜕𝜌

𝜕𝑥
[1 − 4

𝑧3

𝐻3 − 6
𝑧2

𝐻2]               (2. 2) 

 

The simple analytical model results based on the observed 

densities clearly shows two-layer flow in the channel. Figure 2.5 

shows the vertical velocity profiles according to eddy viscosity at the 

observation station because it was hard to determine the exact eddy 

viscosity values. Previous numerical model studies have used a wide 

range of eddy viscosity values, and these values range from 0.001 to 

0.060 m2/s in coastal ocean regions (Robinson and Glenn, 1999; 

Warner et al., 2005). Kim and Voulgaris (2005) assumed an eddy 

viscosity of 0.002 m2/s in an estuary. 
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Figure 2. 5 Velocity profiles calculated using Equation (2) and observed 

velocity at station S3 in July 2003. Each profile shows a different solution 

according to eddy viscosity from 0.010 to 0.020. 

The eddy viscosity (𝐴𝑧) in the Noryang Channel was set to 0.010, 

0.015, and 0.020 m2/s in consideration of previous studies in coastal 

areas. When the 𝐴𝑧 was 0.010 (solid gray), 0.015 (solid black), and 

0.020 (dotted black) m2/s, the maximum westward speeds in the 

upper layer were 11.0, 7.3, and 5.5 cm/s, respectively. The flow in 

the lower layer was eastward, and it had the same maximum speeds. 

These results were comparable with the mean residual current 

observed in the channel, as shown with triangle symbols in Figure 

2.5. The model results with an 𝐴𝑧 of 0.015 m2/s were close to those 

observed in both layers. The mean wind speed did not significantly 

influence the velocity profile in July 2003, but the bottom stress 

which was ignored might have changed the velocity profile 
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considerably. There was no density driven current in 2012 because 

of the spatially homogeneous density values. 

 

2.5. Conclusion 

 

Current observations in the Noryang Channel, which connects 

two coastal bays in Korea, showed baroclinic two-layer flow during 

extreme discharge from a dam, whereas barotropic flow was 

observed during small discharges. Results from intensive 

hydrographic observations suggest that such a unique flow structure 

was the consequence of density differences between the two bays 

during the extreme discharge event. 

Results from an analytical model suggest that the two-layer flow 

in the channel was associated with density differences between light 

water from Jinju Bay and dense water from Gwangyang Bay. Large 

discharges from the Gahwa River produced a density difference 

between the two bays. Jinju Bay, which is more isolated, became 

lighter because of the decreased salinity during the large discharge 

event, whereas Gwangyang Bay, which actively exchanges water 

with the open sea, was saltier. The fresh water from the Gahwa River 

in Jinju Bay and the active inflow of saline water from the open sea 

in Gwangyang Bay acted to increase the density difference between 
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the two bays. The resulting sea level difference from the large 

discharge into Jinju Bay may create favorable conditions for 

westward surface flow, while the density difference in the lower 

layer causes an eastward flow. The lower layer can then deliver cold, 

saline water along the channel to Jinju Bay, whereas the upper layer 

delivers warm, less saline water to Gwangyang Bay. 
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3. Baroclinic two-layer flow induced by large 

discharge in a narrow channel: numerical study 

 

3.1. Introduction 

 

The physical factors that determine the temporal change of flow 

in a channel are river discharge, heat flux, wind, and tide. Especially, 

the development of stratification due to freshwater inflow plays a 

crucial role in determining the circulation in the channel. 

Dense water of Gwangyang Bay flows to Jinju Bay in the lower 

layer, whereas light water of Jinju Bay flows to Gwangyang Bay in 

the upper layer (Kwak et al., 2014). The two-layer flow in the 

Noryang Channel can be driven by various physical factors such as 

river discharge, wind, heat flux and tide (Guo and Valle-Levinson, 

2007; Ralston et al., 2008; Valle-Levinson et al., 1998). 

To understand the flow dynamics in the Noryang Channel, 

numerical experiments were conducted to evaluate the contribution 

of potential causes on the formation of two-layer flow. Numerical 

models with fine resolutions that can resolve flow in narrow channels 

might be necessary to understand more exact dynamics in real 

channel with complicate topography. 
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In this chapter, three dimensional numerical model with high 

resolution was used to reveal major cause of the two-layer flow in 

the Noryang Channel. Various experiments were conducted by 

controlling the river discharge, wind, heat flux, and tide. 

 

3.2. Methods 

 

The Finite Volume Community Ocean Model (FVCOM) version 

3.2 developed by Chen et al. (2006) was used in this study to 

simulate the two-layer flow in Noryang Channel during large 

discharge period in 2003. This model adopts an unstructured 

triangular grid system to accurately render the coastline. A sigma-

coordinate system is used for vertical components, and the 

unstructured triangular grid system is used for horizontal 

components in the FVCOM. The level 2.5 turbulence closure schemes 

of Mellor and Yamada (1982) were used for vertical eddy mixing, and 

the parameterization scheme of Smagorinsky (1963) was used for 

horizontal eddy viscosity and diffusivity. More details about FVCOM 

are explained in Chen et al. (2006). 
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Figure 3. 1 Numerical model mesh used in model experiment. Gwangyang and 

Jinju Bays are marked in dotted blue and red lines, respectively. Solid blue 

lines show locations of vertical sections of temperature, salinity, density, and 

residence time in both bays in chapter 4. 

The model domain includes Gwangyang and Jinju Bays and the 

neighboring open sea (Figure 3.1). Horizontal grid size of the model 

ranges from 60 m to 5000 m, with 10 vertical sigma layers. Initial 

and open boundary values for water temperature and salinity were 

interpolated to fit the model grid using observation data from the 

National Institute of Fisheries Science of Korea (www.nifs.go.kr) in 

2003. The European Centre for Medium-Range Weather Forecasts 

(ECMWF) interim data, including wind speed, solar radiation, 



 

 ２２ 

longwave radiation, relative humidity, and air pressure in 2003 were 

used for surface forcing. The mean wind speed was 3.8 m/s in 

summer during the study period. Eight tidal components (M2, S2, K1, 

O1, N2, K2, P1, and Q1) from NAO.99Jb regional tide model data 

(Matsumoto el al. 2000) were imposed along the open boundary. The 

river discharges for the Sumjin and the Gahwa Rivers were specified 

using the daily values provided by Korea Water Resources 

Corporation (www.kwater.or.kr).  

The weather in 2003 shows a typical seasonal variation. The 

river discharges during summer when the river discharge is large 

were used for simulation from 25 June to 29 July. The temperature 

of the rivers was based on the conductivity, temperature, and 

pressure (i.e., CTD) data collected in 2006 (Shaha et al., 2012) due 

to lack of water temperature data in 2003. The water temperature 

difference between Hadong which is adjacent to the upstream of 

Sumjin River mouth in 2003 and CTD observations in 2006 was not 

large. 

Control experiment and four additional experiments without wind, 

river, heat flux, and tide that could affect the two-layer flow in the 

Noryang Channel were conducted (Table 3.1). The difference 

between the control experiment and additional experiment was 

calculated.  
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The difference between control experiment and the experiment 

without each forcing represent the effect of each forcing on the flow 

 

Table 3. 1 Experiments with and without each forcing 

Expermints River 

discharge 

wind heat flux tide 

Control O O O O 

River X O O O 

Wind O X O O 

Heat O O X O 

Tide O O O X 

 

 

3.3. Model validation 

 

To validate the performance of the model, the tidal amplitudes 

and phases between model observations at Yeosu and Gwangyang 

tidal stations were compared (Figure. 3.2), because tides are main 

drivers of currents in both bays. The dominant tides in both bays are 

semidiurnal, with mean spring and neap ranges of ~3 m and ~1 m, 

respectively (Choo et al., 2002). Tidal components of the model at 

Yeosu tidal station correspond well with the observed values (Figure. 
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3.2). The differences in the phases and amplitudes between the 

model and the observed values are slightly larger for the Gwangyang 

tidal station than at the Yeosu tidal station. The root mean squared 

errors (RMSEs) of amplitude and phase were 3.0 cm and 15.2° at 

the Gwangyang tidal station, 1.2 cm and 1.4° at the Yeosu tidal 

station and and 4.3 cm and 12.0° at the Samcheonpo tidal station, 

respectively. The RMSE between model and observations was 

calculated as follows: 

 

RMSE =  √
1

8
∑ (𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑖 − 𝑀𝑜𝑑𝑒𝑙𝑖)28

𝑖=1         (3.1) 

 

where i represents each tidal component. 
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Figure 3. 2 Comparison of tidal amplitudes and phases between model and 

observations at (a), (d) Gwangyang, (b), (e) Yeosu and (c), (f) Samcheonpo 

tidal stations (location given in Figure 1.1). Model results are most accurate 

when plotted on the black y=x line. 

Water temperature and salinity were also compared in Figure 3.3. 

The observations show relatively light water (T>20.8 ℃ and S<20) 

is in the upper Jinju Bay, and dense water was observed in the lower 

layer of the Gwangyang Bay. Water temperature of model is well 

reproduced with a difference of less than 0.5, and salinity of model 

also has well-stratified structure. However, the model temperature 

and salinity change along the bottom topography because the model 

uses sigma coordinate system.  
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Figure 3. 3 Vertical section of (a), (b) temperature and (c), (d) salinity in (a), 

(c) observation and (b), (d) model in 13-July 2003. 

 

Figure 3. 4 Along-channel velocity at 7 m (upper) and 15 m (lower) in Noryang 

Channel from 26 June to 24 July 2003. Dotted blue line and solid red line 

represent velocity of observation and model respectively. 

In the summer of 2003, the time series current of model at 7 and 
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15 m at station S3 are similar to the observations (Figure 3.4). The 

model current showed variation of spring and neap tide. The root 

mean squared errors of current between model and observation is 

1.3 cm/s at 7 m and 0.5 cm/s at 15 m. The 40hours low-filtered 

velocity of observation and model are -3.2 cm and -6.6 cm at 7 m 

and 5.8 cm and 4.2 cm at 15 m. The differences of low-pass filtered 

velocity between observation and model are 3.4 cm at 7 m and -1.6 

cm at 15 m, but the directions were same. 

 

 

Figure 3. 5 Tidal ellipse of (a), (e) M2, (b), (f) S2, (c), (g) K1, and (g), (h) O1 at 

7 m (upper) and 15 m (lower) in Noryang Channel in 2003. The red and blud 

lines represent model and observation, respectively. 

The tidal ellipses of observations and model results were 

compared in Figure 3.5. The M2 components of observation and model 

at 7 m were large with about 50 cm/s. The M2 components of 
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observation and model at 15 m were also large, but the size of model 

was 10 cm/s smaller than that at 7 m. The S2 components of 

observation and model have the second largest magnitude and the S2 

differences between observation and model were about 15 cm/s at 7 

m and 8 cm/s at 15 m. The O1 and K1 component of model and 

observation at both depths were small with under 10 cm/s. 

 

3.4. Results 

3.4.1 Horizontal distribution of surface elevation 

To exclude of tide effect, the averaged horizontal surface 

elevation for 28.5 days was represented. The results of the control 

model show that the mean surface elevation of Jinju Bay is about 2 

cm higher than that of Gwangyang Bay (Figure 3.6). In the Sumjin 

and the Gahwa River Estuaries, the surface elevations are over 20 

cm due to large river discharge. 

The surface elevation of Jinju Bay was about 2 cm higher than 

that of Gwangyang Bay in the river experiment (Figure 3.7a). 

Gwangyang Bay is connected to the open sea through a wide and deep 

Yeosu Channel. Despite the similar flow rates of the Sumjin and 

Gahwa Rivers affecting two bays, the surface elevation of Jinju Bay 

was higher due to its isolation. Wind, heat, and tidal effects do not 

significantly contribute to the surface elevation (Figures 3.7b, c and 
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d). The effect of tide makes high surface elevation in shallow coastal 

areas where tidal flat is developed (Figure 3.7d).  

 

 

Figure 3. 6 Surface elevation of control model result during 28.5 days. 
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Figure 3. 7 Surface elevation difference between control and (a) river 

discharge, (b) wind, (c) heat flux and (d) tide during 28.5 days. 

Comparing each experiment result, it is shown that the effect of 

the river discharge largely contributes to the surface elevation 

difference. The results of river experiment show a similar 

distribution of the surface elevation to the control model results. 

 

3.4.2 Vertical sections 

The water temperature of the control experiment showed a 

stratified structure with a surface layer of about 19.5 ℃ and a lower 

layer of less than 19 ℃ (Figure 3.8a). Salinity is less than 23 in the 

surface layer and more than 31 in the bottom layer (Figure 3.8b). 
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The density is also stratified due to the difference between the 

surface layer and the lower layer in water temperature and salinity. 

The density is less than 1016 kg m-3 in the surface layer and more 

than 1022 kg m-3 in the low layer (Figure 3.8c).  

In the river experiment, the river discharge show   decrease 

about 8℃ of temperature in the surface layer (Figure 3.9a) and 3 of 

salinity in the lower layer (Figure 3.10a). The difference of the 

density in the lower layer was about -2.5 kg m-3 and that in the 

surface layer about -7 kg m-3 (Figure 3.11a).  

In the wind experiment, water temperature and salinity change 

little (Figure 3.9b and 3.10b). The difference of density is less than 

1 kg m-3 (Figure 3.11b).  

In the heat experiment, the water temperature is higher by about 

1 ℃ (Figure 3.9c). There is small difference in salinity and density 

(Figure 3.10c and 3.11c).  

In the tide experiment, the water temperature is small and the 

salinity is lower by about 3 in the lower layer (Figure 3.9d and 3.10d). 

This is due to the vertical mixing caused by tide. The salinity in the 

surface is higher but it in the lower layer is lower. As a result, the 

density is also about -2 kg m-3 in the lower layer and about 1 kg m-

3 in the surface layer (Figure 3.11d). 
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Figure 3. 8 Vertical section of (a) temperature, (b) salinity and (c) density of 

control model. 
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Figure 3. 9 Vertical section differences of temperature (°C) of (a) river 

experiment, (b) wind experiment, (c) heat experiment and (d) tide experiment. 
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Figure 3. 10 Vertical section differences of salinity of (a) river experiment, 

(b) wind experiment, (c) heat experiment and (d) tide experiment. 
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Figure 3. 11 Vertical section differences of Density (kg/m3) of (a) river 

experiment, (b) wind experiment, (c) heat experiment and (d) tide experiment. 
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3.5. Discussion 

3.5.1 Vertical sections of surface elevation, density gradient 

and residual current 

The mean flow in the Noryang Channel is driven by difference of 

surface elevation and horizontal density. Vertical sections of surface 

elevation, horizontal density gradient and residual current are shown 

to examine the effect of each forcing in the Noryang Channel. Positive 

and negative residual current represent eastward and west flow, 

respectively. 

In the result of the control experiment, the surface elevation near 

Jinju Bay was about 1 cm higher than that near Gwangyang Bay 

(Figure 3.12a). Horizontal density gradient (0.01 kg/m3/m) drives 

the flow from the Gwangyang Bay to Jinju Bay in the Noryang 

Channel. Residual current flows from the Jinju Bay to Gwangyang Bay 

in the surface layer due to the difference of surface elevation, but 

flows from the Gwangyang Bay to Jinju Bay in the lower layer due to 

density gradient.  
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Figure 3. 12 Vertical section of (a) surface elevation, (b) density gradient and 

(c) residual current of control experiment. 

In the river experiment, difference of surface elevation between 

Gwangyang and Jinju Bays is about 1 cm (Figure 3.13a). The 

horizontal density gradient is also eastward from Gwangyang Bay to 

Jinju Bay (Figure 3.14a). Residual current flows from the Jinju Bay 

to the Gwangyang Bay in the surface layer but it flow from the 

Gwangyang Bay to the Jinju Bay in the middle and lower layers 

(Figure 3.15a).  

The sea level and density gradient of the wind experiment is 

slightly different (Figure 3. 13b). Residual current a shows similar 



 

 ３８ 

structure to the result of the river experiment. But the value is 

remarkably small (Figure 3. 14b). The surface elevation and density 

gradient in heat experiment are almost zero (Figures 3.13c and 3.14c) 

Residual current is almost non-existent (3.15c).  

 

 

Figure 3. 13 Vertical section differences of surface elevation (cm) of (a) river 

experiment, (b) wind experiment, (c) heat experiment, and (d) tide experiment. 
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Figure 3. 14 Vertical section differences of density gradient (kg/m3/m) of (a) 

river experiment, (b) wind experiment, (c) heat experiment, and (d) tide 

experiment. 
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Figure 3. 15 Vertical section differences of residual current (m/s) of (a) river 

experiment, (b) wind experiment, (c) heat experiment, and (d) tide experiment. 

 

3.5.2 Vertical sections of barotropic and baroclinic forces 

Vertical sections of barotropic and baroclinic forces in each 

experiment were examined the flow driven by density gradient and 

difference of surface elevation in the Noryang Channel. In the result 

of the control experiment, the barotropic force flows westward along 
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Noryang Channel in the whole section (Figure 3.16a). However, the 

baroclinic force flows eastward along Noryang Channel. The 

baroclinic force increases from the surface to the lower layer (Figure 

3.16b). The sum of the two forces shows the western flow in the 

surface layer and the eastward flow in the lower layer (Figure 3.16c). 

The barotropic force driven by surface elevation difference induces 

westward flow in the surface layer, and the baroclinic force results 

in eastward flow in the bottom layer. 

Results of experiments suggest that the effect of the river is 

large, but the effect of wind and heat is small. The tidal effect is 

smaller than that of the river but is significant locally. The effect of 

the river is similar to result of the control experiment in both 

barotropic and baroclinic forces (Figures 3.17a and 3.18a). The 

effect of the wind has the same direction with the control experiment, 

but its magnitude is remarkably small (Figure 3.17b and 3.18b). The 

tidal effects are quite complicated due to tidal mixing and bottom 

friction (Kim and Cho, 2017). Figure 3. 19 shows vertical section of 

eddy viscosity. The viscosity without tide was smaller than that with 

tide. The maximum viscosities without and with tide were about 

5.4×10-4 m2/s and 1.3×10-3 m2/s in the middle of section at the 

surface. The viscosity with tide is large in the Noryang Channel 

(longitude from 127.87°to 127.89°). The distributions of water 
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temperature, salinity and density in the channel are changed by 

vertical mixing due to strong tidal current (Figure 3. 9d, 3,10d and 

3,11d). The maximum tidal current is about 1.5 m/s in the Noryang 

Channel (Figure 3.4).  The vertical mixing reduces the difference of 

temperature and salinity between the upper and the lower layer. 

 

 
Figure 3. 16 Vertical sections of (a) barotropic, (b) baroclinic and (c) 

barotropic + baroclinic forces from the control experiment. 
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Figure 3. 17 Vertical section of barotropic force differences (m/s2) between 

control experiment and (a) river experiment, (b) wind experiment, (c) heat 

experiment, and (d) tide experiment. 
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Figure 3. 18 Vertical section of baroclinic force differences (m/s2) between 

control experiment and (a) river experiment, (b) wind experiment, (c) heat 

experiment, and (d) tide experiment. 
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Figure 3. 19 Vertical section of eddy viscosity from the experiments (a) 

without and (b) with tide. 

 

3.5.3 Analytical velocity profile  

The analytical velocity profile based on the equation (2.3) was 

calculated from the density distribution of the numerical experiments 

in Figure 3.20. Analytical model shows the density gradient drives 

the flow in the channel in chapter 2. Density distributions in Noryang 

Channel can be affected by river discharge, wind, heat and tide. 

Therefore, the results of each model experiment were applied to the 

analytical model in order to quantitatively evaluate the contribution 

of each force on the formation of two-layer flow in the channel. The 

eddy viscosity in the channel was set to 0.015 m2/s which showed 
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best result in the observed velocity. 

The analytical velocity profile based on the density of control 

experiment was close to observed velocity (triangles at two depths).  

The analytical velocity profile using observed density (dotted black 

line) also show similar velocity profile.  The velocity profile using 

density from the river experiment (solid red line) was similar to the 

result of control experiment with differences of -0.22 cm/s at 7 m 

and 0.27 cm/s at 15 m. The velocity based on the densities from the 

wind and the heat experiments was less than 0.5 cm/s at both depth.  

The velocity using density from tide experiment was about -1 cm/s 

at 7 m and 1 cm/s at 15 m.  
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Figure 3. 20 Along-channel velocity of observation (triangles) and analytical 

velocity profile based on equation (2.3) using density from observation 

(dotted black line), control experiment (solid black line), river experiment 

(solid red line), wind experiment (solid green line), heat experiment (solid 

blue line) and tide experiment (solid yellow line). 

The river discharge affects the density gradient largely in the 

channel. The fresh water from the Gahwa River flows is conserved 

well due to the isolation by many islands in Jinju Bay, whereas, the 

fresh water from Sumjin River is well mixed with saline water from 

open sea through wide and deep Yeosu Channel. The light water in 

Jinju Bay flows westward along the Noryang Channel in the surface 

layer. The heavy water in the bottom layer flow from Gwangyang Bay 
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to Jiuju Bay. 

 

3.6. Conclusion 

 

A three-dimensional numerical model was used to investigate 

major cause of the two-layer flow in the Noryang Channel. In order 

to evaluate the effect of river discharge, wind, heat flux, and tide, 

sensitivity experiments were performed. The control experiment 

with all forcings were also performed. The differences between 

control experiment result and each experiment result were evaluated. 

In the control experiment, the surface elevation of Jinju Bay was 

about 2 cm higher than that of Gwangyang Bay, which result is similar 

to that of the river experiment. In the wind and the heat experiments, 

the difference of surface elevation between the two bays is not large. 

In the tide experiment, the surface elevation difference between both 

bays was not large, but the surface elevation is high in the tidal flat 

region. 

The salinity shows large spatial difference in the river 

experiment. The density difference is also large. In the heat 

experiment, the water temperature increases by 1 ℃, but it does not 

show large density difference. In the tide experiment, salinity is 

lower at the bottom but higher at the surface than other experiments 
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due to vertical mixing. 

The horizontal density gradient of the control experiment showed 

the flow from Jinju Bay to Gwangyang Bay in the surface layer, but 

the opposite flow in the lower layer. The result of river experiment 

was similar to the control experiment result. The effect of heat flux 

and wind on the density distribution was relatively small.  

Simple analytical model result also showed the river discharge 

plays more important role than other forces. The river discharge 

from the Gahwa River freshens the water in Jinju Bay, but the fresh 

water from the Sumjin River is mixed with saline water well in 

Gwangyang Bay. 

The two-layer flow in the Noryang Channel was mainly caused 

by river discharge. The barotropic pressure gradient by the surface 

elevation induces the westward flow in the upper layer from Jinju 

Bay to Gwangyang Bay, whereas the baroclinic pressure gradient 

caused by density gradient results in opposite flow in the lower layer. 

  



 

 ５０ 

4. Residence time of two neighboring bays with 

contrasting topography in winter VS. summer 

 

4.1. Introduction 

 

The residence time represents the time that material remains in 

a system. Prediction of residence time is the crucial step in 

understanding the biochemical and physical properties of the bay 

system. There are many definitions of transport time scales such as 

flushing time, renewal time, turnover time, transit time, residence 

time and age (Fischer et al., 1974; Takeoka, 1984; Monsen et al., 

2002; Cucco et al., 2006; Lucas, 2010). In particular, residence time 

has been widely used to characterize the transport time scale of 

natural system (Liu et al., 2004; Lucas, 2010; Du and Shen, 2016; 

Rayson et al., 2016). 

The residence time in bays depends on the volume and influx 

(Knauss, 1978; Lucas, 2010). River discharge is an important influx 

into the coastal areas, and gravitational circulation can increase influx 

to the bay. Du and Shen (2016) found that residence time could be 

shortened by enhancing gravitational circulation at Chesapeake Bay. 

Gwangyang and Jinju Bays are vertically homogeneous in winter but 
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stratified in summer. The stratification in this area is induced by 

surface heating and large river discharge in summer, and is destroyed 

by surface cooling in winter. Seasonal cycle of stratification and 

gravitional circulation due to river discharge and surface forcing can 

differ between the two bays due to the contrasting topographies. 

In this chapter, residence times for Gwangyang and Jinju Bays 

were calculated based on three-dimensional hydrodynamic model 

experiments for both seasons. The roles of river discharge and 

gravitational circulation on the residence time in both bays with 

respect to their differing topographies were also evaluated for both 

seasons. 

 

4.2. Methods 

 

To simulate the hydrodynamic properties of the Gwangyang and 

Jinju Bays for winter (small discharge period) and summer (large 

discharge period) in 2003 (Figure 4.1) using FVCOM. The model 

domain and input data are same in chapter 3 (Figure 3.1). 

 



 

 ５２ 

 

Figure 4. 1 Discharges of the Sumjin (blue) and Gahwa (red) Rivers in 2003 

The study area exhibits distinct seasonal variations in 

hydrography and river discharge due to the influence of the East 

Asian monsoon. The hydrodynamics was simulated in winter with 

surface cooling and small river discharge, and in summer with surface 

heating and large river discharge. The models were conducted for 35 

days to calculate the residence times in each season in the two bays. 

The initial concentration of dye in each grid was set to 1.0 after five 

days from the model start in each season.  

Residence time was calculated according to the methods of Cucco 

et al. (2006). Residence time (𝜏𝑒) is defined by equation (4.1): 

 

                        𝐶(𝑡) = 𝐶0𝑒−𝑡/𝜏𝑒,                   (4.1) 

 

where 𝐶(𝑡) is the concentration of dye at each node in time t, 𝐶0 

is the initial concentration of the dye, and 𝜏𝑒 is the residence time. 
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The residence time is the specific time after which the concentration 

is 1/e of the initial concentration at each node. 

 

4.3. Results 

4.3.1 Residence time 

The depth-mean residence time in winter exhibited clear 

differences between the two bays. The residence time in winter was 

more than 20 days in the interior of Gwangyang Bay, but less than 

10 days throughout most of Jinju Bay (Figures. 4.2a and 4.2b). The 

residence time of Jinju Bay was less than 5 days in the northeast, but 

more than 10 days in the southwest. The southwestern region of Jinju 

Bay is relatively isolated, but the northeastern area belongs to the 

main channel, which is connected through the Gahwa River to the 

Daebang Channel.  

The residence time in summer decreased dramatically relative to 

winter in Gwangyang Bay, whereas it changed little in Jinju Bay 

(Figures. 4.2c and 4.2d). The residence times were less than 5 days 

in both the Yeosu Channel and the Sumjin River estuary, but more 

than 10 days in the western area of the Gwangyang Bay, which is 

relatively enclosed. The horizontal distribution of the residence time 

in Jinju Bay during summer was comparable to that in winter, 

although the mean residence time was slightly shorter in summer. 
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Figure 4. 2 Depth mean residence time (a), (c) in Gwangyang Bay and (b), (d) 

Jinju Bay in (a), (b) winter and (c), (d) summer. 

 

4.3.2 Temporal variability of mean dye spatial 

concentrations 

Spatial mean dye concentrations in both bays decreased over 

time (Fig. 4.3). The concentrations also changed according to the 

tidal variations in each of the respective bays, decreasing during flood 

but increasing during ebb. The amplitudes of the variations in 
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concentration changed with the spring-neap cycle, being larger 

during spring tide and smaller during neap tide. There was a large 

difference in the rates at which dye concentrations decreased 

between the two bays in winter. The concentration in winter 

decreased gradually in the larger-volume Gwangyang Bay, but 

decreased exponentially in the smaller-volume Jinju Bay. The 

concentration in Gwangyang Bay was 5 times higher than that in Jinju 

Bay after 500 hours. Mean residence times, defined by an e-folding 

scale of the initial concentration (solid black line in Fig. 4.3c), were 

~106 hours in Jinju Bay and ~692 hours in Gwangyang Bay. 

 

 

Figure 4. 3 Time series of (a), (b) surface elevation at Gwangyang tidal station, 

(c), (d) spatial averaged concentration in (a), (c) winter and (b) and (d) summer. 

Blue and red lines represent mean dye concentration in Gwangyang and Jinju 

Bays, respectively. Black solid line represents e-folding scale of initial 

concentration. 

The rates at which dye concentrations decreased exhibit little 
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noticeable difference with time between the two bays during summer 

relative to the large differences observed in winter. The 

concentrations in both bays decreased exponentially in summer. The 

decrease rate of the concentration in Jinju Bay was higher than that 

in Gwangyang Bay, and the concentration in Jinju Bay was less than 

half of that in Gwangyang Bay, after 300 hours. Mean residence times 

(solid black line in Fig. 4.3d) were ~69 hours in Jinju Bay and ~93 

hours in Gwangyang Bay. 

 

4.3.3 Vertical distribution of residence time 

The temperature, salinity, and density sections in the two bays 

were averaged over 28.5 days in each season along the solid blue 

lines in Figure 3.1 and examined to understand the vertical 

distribution of residence time and its seasonal variation. These 

vertical sections exhibited a well-mixed structure except in the 

estuary during winter (Fig. 4.4). The temperature and salinity in both 

bays were vertically homogeneous, with maxima of 10 ℃ and 34 in 

the bay mouth, respectively; however, the salinity in the estuaries 

was slightly stratified. The density structure was similar to the 

salinity structure due to small variations in temperature and large 

variations in salinity within both bays, and the density was 

homogeneous in both bays. The residence times exhibited large 
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horizontal variations in Gwangyang Bay but little difference in Jinju 

Bay. The residence time in Gwangyang Bay was more than 20 days 

except in the estuary and the bay mouth, where it decreased rapidly. 

In contrast, the residence time in most of Jinju Bay was less than 2 

days.  

 

Figure 4. 4 Vertical section of (a), (b) temperature, (c), (d) salinity, (e), (f) 

density, and (g), (h) residence time in (a), (c), (e), (g) Gwangyang Bay and (b), 

(d), (f), (h) Jinju Bay in winter. Section locations are marked in Figure 3.1. 

In summer, temperature and salinity were strongly stratified in 

both bays due to large amounts of solar radiation and river discharge 

(Fig. 4.5). The bottom salinity in Gwangyang Bay was noticeably 

higher than that in Jinju Bay, implying that more saline water intruded 
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along the deep lower layer in Gwangyang Bay. The density changed 

not only vertically but horizontally: bottom density was higher in 

Gwangyang Bay than in Jinju Bay, whereas surface density was 

comparable between both bays. There was little difference in the 

vertical distribution of residence times between the bays. The 

residence time in Gwangyang Bay reached a maximum of 4 days in 

the surface layer and minimum of 1 day in the bottom layer, while the 

residence time throughout the water column was less than 2 days in 

Jinju Bay. 

 

Figure 4. 5 Same as Figure. 4.4, but in summer. 
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4.4. Discussion 

 

Gravitational circulation driven by river discharge and a 

horizontal density gradient may cause seasonal variations in 

residence time (Du and Shen, 2016). The surface elevation, 

horizontal density gradient, and residual current averaged over 28.5 

days were examined to understand the seasonal variability of 

gravitational circulation in both the Gwangyang and Jinju Bays. 

Vertical sections were selected for analysis along the main channel 

of each bay.  

 

Figure 4. 6 Vertical section of (a), (b) surface elevation, (c), (d) horizontal 

density gradient, and (e), (f) residual current (a), (c), (e) of Gwangyang Bay 

and (b), (d), (f) of Jinju Bay in winter. Section locations are marked in Figure 

3.1. 

Higher surface elevations inside the bays might induce seaward 
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flow. The spatial difference in the surface elevation in Gwangyang 

Bay is less than 5 cm in winter when the river discharge is small 

(Figure 4.6a). However, the difference is greater than 30 cm in the 

shallow regions of Jinju Bay (Figure 4.6b). Steep surface elevation 

gradients could be balanced by large bottom friction in the shallow 

regions of Jinju Bay. The horizontal density gradient in both bays 

implies landward flow (Figures 4.6c and 4.6d); this was 

approximately -0.001 kg/m3/m in both bays except in shallow 

regions. The residual currents, which are primarily induced by 

horizontal density and surface differences in both bays, are seaward 

in the upper layers and landward in the lower layers. Maximum 

speeds of the residual currents are approximately 5 cm/sec in 

Gwangyang Bay and 8 cm/sec in Jinju Bay (Figures 4.6e and f). 

 

Figure 4. 7 Same as Figure 4.6, but in summer. 
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Large discharge volumes may increase spatial differences in 

surface elevation during summer (Figures 4.7a and b). This 

difference was ~30 cm in Gwangyang Bay and ~45 cm in Jinju Bay. 

The horizontal density gradient in both bays was two times larger in 

summer than in winter (Figures 4.7c and d). The density gradients 

ranged from -0.002 to - 0.006 kg/m3/m. Residual current velocities 

increased dramatically in Gwangyang Bay (Figure 4.7e), where they 

exceeded 20 cm/sec not in both the upper and lower layers. Residual 

currents at the surface in Jinju Bay increased slightly in summer 

(Figure 4.6f). However, there was no increase of residual current in 

the lower layer of Jinju Bay in either season. Landward forcing, 

driven by increased density gradients in the lower layers, may be 

compensated for by the seaward forcing of increased surface slopes. 
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Figure 4. 8 Residual current of (a), (b) the surface and (c), (d) the bottom 

layers in (a), (c) Gwangyang Bay and (b), (d) Jinju Bay in winter. 

Residual currents are crucial in determining residence time (Liu 

et al., 2004; Du and Shen, 2016). Vertical sections of residual 

currents displayed large changes between winter and summer in 

Gwangyang Bay. The residual currents over 28.5 days were 

calculated over the horizontal distribution of the surface and bottom 

layers in each season. Residual currents in the surface layer reached 
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a maximum velocity of ~10 cm/sec near the mouth of the Sumjin 

River estuary in Gwangyang Bay during winter (Figure 4.8a). This 

flow joined with the flow from the Noryang Channel, and then flowed 

through the Yeosu Channel. The speed decreased in the Yeosu 

Channel, which is both deep and wide. The maximum residual current 

velocity of ~20 cm/sec appeared near the mouth of the Gahwa River 

estuary in Jinju Bay (Figure 4.8b). This high speed may be due to 

the shallow depth in the mouth of the Gahwa River estuary. The 

strong currents around the Daebang Channel may be tidally induced 

residual currents due to the complicated topography of Jinju Bay 

(Robinson, 1983; Kim and Cho, 2017). The residual current of the 

bottom layer flows opposite to the surface flow in Gwangyang Bay, 

whereas it is structured similarly to the surface flow in the shallower 

Jinju Bay (Figures 4.8c and d). 



 

 ６４ 

 

Figure 4. 9 Same as Figure 4.8, but in summer 

The residual currents of the surface layers in both bays 

increased greatly due to large river discharge volumes in summer 

(Figures 4.9a and b); maximum speeds exceed 30 cm/sec in both 

bays. Increased river discharge was mainly transported through the 

Yeosu Channel in Gwangyang Bay and the Daebang Channel in Jinju 

Bay. The flow patterns around the Daebang Channel remained 
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relatively simple in both summer and winter, though river-induced 

flow may overwhelm tidally induced residual flow around the Daebang 

Channel in summer. The residual flows were minute in western 

Gwangyang Bay and southwestern Jinju Bay, which are both isolated 

areas despite the strong current in the main channel. The opposite 

direction of the residual flow in the bottom layer relative to the 

surface flow increased greatly in Gwangyang Bay (Fig. 12c). 

However, the bottom flow in Jinju Bay exhibited a complicated 

structure (Fig. 12d), wherein flow was in the same direction in the 

mouth of the estuary but opposite in the Daebang Channel. The 

increased residual current velocities may decrease residence times 

in both bays in summer. 

The model results suggest that residence time differs greatly 

between seasons in Gwangyang Bay, but that there is little 

seasonality in Jinju Bay. Bulk residence times, estimated based on 

the inflow transport to quantify seasonal differences, were defined 

as follows (Knauss, 1978):  

𝜏𝑠 =
𝑉

𝑇𝑖𝑛
,                          (4.2) 

where 𝜏𝑠 is the bulk residence time of each bay, 𝑇𝑖𝑛 is the total 

inflow transport, and V is the total volume of each bay (3.05 km3 and 

0.83 km3 for the Gwangyang and Jinju bays, respectively). 

The river discharge and inflow transports through each channel 
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in the Gwangyang and Jinju bays, based on model results, are shown 

in tables 4.1 and 4.2. The inflow transport through each channel was 

primarily driven by gravitational circulation. The total inflow of 

Gwangyang Bay in summer was approximately four times larger than 

that in winter, whereas that of Jinju Bay increased only slightly during 

summer. The inflow transport in Gwangyang Bay increased greatly 

through the Yeosu Channel and the Sumjin River in summer. However, 

the increased transport in Jinju Bay through the Noryang Channel and 

Gahwa River was balanced by decreased transport through the 

Daebang Channel in summer.  

 

Table 4. 1 Inflow transport in Gwangyang Bay (unit: m3 s-1). 

Channel Winter Summer 

TSJ (Sumjin River) 63 676 

TNR (Noryang) 338 35 

TYS (Yeosu) 1125 5873 

Total 1526 6584 

 

Table 4. 2 Inflow transport in Jinju Bay (unit: m3 s-1). 

Channel Winter Summer 

TGH (Gahwa River) 100 596 

TNR (Noryang) 129 402 

TDB (Daebang) 1674 982 

Total 1903 1980 
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Calculated bulk residence times in Gwangyang Bay were 23.1 

days and 5.4 days in winter and summer, respectively. The total 

inflow transport exhibited large seasonal differences in Gwangyang 

Bay, whereas little difference was observed in Jinju Bay. Large 

seasonal differences in Gwangyang Bay resulted from not only the 

river discharge, but also inflow transport through the adjacent 

channels. Total inflow transport in Gwangyang Bay increased greatly 

from 1526 m3/sec in winter to 6584 m3/sec in summer. Large inflow 

transport by intensified gravitational circulation in Gwangyang Bay 

resulted in shorter residence times in summer. Small seasonal 

differences in the total inflow transport in Jinju Bay resulted in 

residence times that were relatively similar between the two seasons. 

Bulk residence times in Jinju Bay were 5.1 days and 4.9 days in 

winter and summer, respectively. 

Figure 4. 10 shows schematic of the material flux of Gwangyang 

and Jinju Bays. Solid and dotted red lines indicates the path of 

material in upper and lower layer, respectively. The material flux 

from Gwangyang Bay to the open sea is small in winter. The flux 

through Daebang and Changseon Channels from Jinju Bay to the open 

ocean is also small due to narrow channels despite of short residence 

time. 
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In summer, the stronger gravitational circulation causes a large 

amount of flux in upper layer through the Yeosu Channel. The flux in 

the lower layer to Jinju Bay increases. As the flux active through 

each channel, pollutants could be diluted rapidly due to short 

residence time in Gwangyang Bay in summer. 

The discharge of the Gahwa iver is increased in summer, and the 

transport through Daebang Channel is larger than that in winter. The 

transport through each channel also increases in Jinju Bay, but the 

residence time is similar to that in winter due to small volume. 
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Figure 4. 10 Schematic of material flux of (a), (c) Gwangyang and (b), (d) Jinju 

Bays in (a), (b) winter and (c), (d) summer. Solid and dotted red lines indicate 

the flow of material in upper and lower layer.  

 

4.5. Conclusion 

 

Residence times were calculated to understand the physical and 

biochemical characteristics of two neighboring bays with contrasting 

topographies using a three-dimensional hydrodynamic model. The 

results revealed distinct seasonal variations in the residence time in 
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the deeper Gwangyang Bay, but little variation in the shallow Jinju 

Bay. The residence times of both bays, though influenced by similar 

surface forcings, were ultimately controlled by their respective 

topographies. 

The residence time of Gwangyang Bay was longer than that of 

Jinju Bay due to the different ratios between volume and inflow in 

winter. The mean residence time of Gwangyang Bay was more than 

20 days, but that of Jinju Bay was less than 5 days. The residence 

time was longer in isolated regions but shorter in the main channels 

of both bays. It decreased in summer in Gwangyang Bay, whereas 

there was little difference between seasons in Jinju Bay. The 

residence time of both bays was less than 5 days in the main channels 

but more than 10 days in the isolated regions during summer.  

Residual currents exhibited large seasonal variations in both bays. 

The maximum residual current of the surface layer in winter was ~10 

cm/sec in Gwangyang Bay and ~20 cm/sec in Jinju Bay. The residual 

current of the bottom layer flowed opposite to the direction of the 

surface flow in Gwangyang Bay, but flowed in the same direction as 

the surface flow in the main channel of Jinju Bay. The velocities of 

the residual currents in both bays increased greatly due to large river 

discharge volumes, which intensified the horizontal density gradients 

and surface slopes in summer. Maximum residual current speed 
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exceeded 30 cm/sec in both bays, and currents were weak in the 

isolated areas despite the strong current in the main channels. The 

velocity of the residual current in the bottom layer that flowed 

opposite to the surface flow increased remarkably in Gwangyang Bay, 

but no such pattern was seen in the shallow Jinju Bay. 

The total inflow of Gwangyang Bay in summer increased by 5058 

m3 s-1, whereas that of Jinju Bay increased by 77 m3 s-1. Large 

seasonal differences in the inflow of Gwangyang Bay resulted from 

both river discharge and flux through the channels. Gravitational 

circulation, driven by the spatial density gradient and surface slope, 

increased flux in Gwangyang Bay in summer. Increased gravitational 

circulation therefore appears to be the main cause of the shorter 

residence time in Gwangyang Bay during summer despite its larger 

volume and greater depth. However, gravitational circulation was not 

effective in the shallower Jinju Bay, which had short residence times 

in both seasons due to its small volume. 

Therefore, the deeper Gwangyang Bay has a low risk of pollution 

in summer due to its short residence time, but a high risk of pollution 

in winter because of its long residence time. The shallower Jinju Bay, 

with many oyster and fish farms, is more likely to remain free from 

eutrophication caused by nutrient inputs from river and aquaculture 

due to its short residence time regardless of season. This conclusion 
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is based on the typical weather conditions represented by the case 

for 2003, though unusual weather conditions could induce different 

circulation patterns in both bays. 
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5. Summary and conclusion 

 

A study on the exchange flow and residence time was conducted 

in Gwangyang and Jinju Bays located on the southern coast of the 

Korean peninsula. Gwangyang Bay is deep and relatively wide, Jinju 

Bay is shallow and relatively isolated. The Hydrography and long-

term current were observed in a narrow and deep Noryang Channel 

connecting these two bays. Two-layer flow was observed during 

large river discharge period, and a net pressure flow was observed 

during small river discharge period. Observations of water 

temperature and salinity show a unique flow structure due to density 

difference between the two bays when the river discharge is large. 

The results of the analytical model show that the two-layer flow 

is related to density difference between light water in Jinju Bay and 

heavy water in Gwangyang Bay. Jinju Bay, which is more isolated, 

became lighter because of the decreased salinity during the large 

discharge event, whereas Gwangyang Bay, which actively exchanges 

water with the open sea, was saltier. As a result, the surface 

elevation difference induces the eastward flow in the lower layer, and 

the density difference creates westward flow in the upper layer. 

A three-dimensional numerical model was used to investigate 

the cause of the two-layer flow in the Noryang Channel. Experiments 
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were conducted to investigate the effects of river discharge, wind, 

heat flux and tide. The results of the control experiment with all 

forging were compared with those of each experiment without each 

forging. 

Experiment result suggested that the river discharge is main 

cause of two-layer flow in the Noryang Channel. The barotropic 

pressure gradient by the difference of the surface elevation results 

in the westward flow from Jinju Bay to Gwangyang Bay, and 

baroclinic pressure gradient caused by density gradient eastward 

flow. The combination of two forces creates a flow from Jinju Bay to 

the Gwangyang Bay in the surface layer and a flow from the 

Gwangyang Bay to Jinju Bay in the lower layer. 

The three - dimensional dynamics model was used to calculate 

the residence time of two adjacent bays. The results showed a 

distinct seasonal difference in Gwangyang Bay, and a small difference 

in Jinju Bay. The residence times of the two bays were different by 

contrasting topographies. 

Because of the volume and inflow, the residence time in 

Gwangyang Bay in the winter was longer than that in Jinju Bay. The 

Gwangyang Bay had long residence time with more than 20 days, 

Jinju Bay had short residence time with less than 5 days in winter. 

The residence time was decreased in summer in Gwangyang Bay, 
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whereas there was little difference between seasons in Jinju Bay.  

The total inflow of Gwangyang Bay in summer increases greatly, 

while that of Jinju Bay increased slightly. The seasonal difference in 

the inflow of Gwangyang bay is due to the river discharge and the 

flux through the channels. 

Gravitational circulation due to density gradient and sea level 

difference increases the flux of Gwangyang Bay in summer. 

Increased gravitational circulation plays a major role in shortening 

the residence time of Gwangyang Bay in summer. However, the 

gravitational circulation in Jinju Bay does not play crucial role due to 

its shallow water depth and small volume. Jinju Bay had short 

residence times in both seasons. 
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Abstract (in Korean) 

 

한반도 남해안에 위치한 광양만과 진주만은 각각 전형적으로 수심이 

깊고 얕은 만이다. 광양만의 전체 부피는 진주만보다 약 3.7배 크다. 

광양만은 수심이 깊고 폭이 넓은 여수 수로를 통해 외해와 연결되고, 

진주만은 폭이 좁고 수심이 얕은 창선 수로와 대방 수로를 통해 외해와 

연결되어 있어서, 상대적으로 고립되어 있다. 이 두 만은 폭이 좁고 

수심이 상대적으로 깊은 노량 수로를 통해 연결되어 있다. 두 만의 강 

방류량은 동아시아 몬순으로 인해 여름에 많고, 겨울에 적다. 

강 방류량이 많은 시기와 적은 시기 동안 폭이 좁은 노량수로에서 

장기간 유속 관측이 이루어졌다. 관측 기간 동안 수로의 평균 잔차류는 

강 방류량이 많은 기간 동안 경압성 2층 흐름을 보였으나, 강 방류량이 

적은 기간에는 순압성 흐름이 존재했다. 강 방류량이 많은 기간 동안 

표층의 물은 서쪽으로 계속 흘렀고, 저층은 동쪽으로 흘러 갔다. 수로를 

따라 관측된 수온과 염분을 살펴보면, 광양만은 강 방류량이 많은 기간 

동안 상대적으로 염분과 밀도가 높았다. 많은 양의 강 방류량이 

진주만으로 유입되는 반면, 광양만은 외해와 비교적 강한 혼합으로 인해 

두 만의 밀도 차이가 나타난 것으로 해석된다. 상대적으로 고립된 

진주만의 염분은 더 낮았다. 간단한 해석 모델 계산에 따르면, 강 

방류량이 많은 기간 동안 수평적인 밀도 경사가 표층에서 서쪽으로 

향하는 흐름을 일으키는 반면, 광양만 저층의 고밀도 수괴는 노량수로를 

통해 동쪽으로 흘렀다. 



 

 ８２ 

3차원 수치 모델을 사용하여 노량수로에서 관측된 경압성 2층 

흐름을 정량적으로 평가했다. 강 방류량, 바람, 열속 그리고 조석을 

조절하여 각 실험별로 모델을 수행하였다. 강 방류량의 효과는 노량 

수로의 경압성 2층 흐름에 가장 큰 영향을 미치며 바람과 열의 영향은 

미미하였다. 조석의 효과는 수직 혼합을 강하게 만들어 노량수로에서 

흐름을 복잡하게 만들었다. 

체류 시간은 하구나 만의 특성을 물리적, 생화학적 특성을 

결정짓는데 중요한 역할을 한다. 3차원 수치 모델을 이용하여 상반된 

지형을 갖는 광양만과 진주만의 체류 시간을 계산하였다. 광양만은 많은 

산업 단지가 발달해 있고, 상대적으로 수심이 깊고, 부피가 크다. 반면, 

진주만은 수심이 얕고, 양식 산업이 발달해 있다. 두 만의 수온과 

염분은 겨울에 수직 혼합으로 수직적으로 일정하고, 여름에는 성층으로 

인해 수직적으로 큰 차이를 보인다. 광양만의 평균 체류 시간은 큰 

부피로 인해 겨울에 20일 이상이었고, 여름에는 많은 강 방류량과 

수평적인 밀도 경사로 인해 중력 순환이 강해지면서 5일 이하로 

계산되었다. 진주만의 체류 시간은 겨울과 여름 모두 5일 미만으로 

짧았고, 이는 적은 부피와 얕은 수심 때문이다. 이러한 결과는 겨울철 

광양만은 체류 시간이 길어 산업 단지로부터 유입되는 오염 물질에 

취약하고, 상대적으로 진주만은 수심이 얕아 계절에 상관없이 양식으로 

인한 인위적인 부영양화로부터 위험이 적다는 것을 보여준다. 
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