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Abstract 

The turbulent ocean processes around Korea were simulated using 

LES, and their characteristics were investigated. 

Most serious ocean accidental spills occur during strong winds, and 

the diffusion of pollutants depends on wave-driven upper ocean 

turbulence such as Langmuir circulation (LC) and wave breaking (WB). 

However, the effects of LC and WB on advection speed and diffusion 

rate are not yet well understood. Here, the advection and diffusion of 

buoyant particles were modeled with a large eddy simulation. 

Advection speed and effective diffusivity were quantitatively compared 

based on the evolution of the particles' statistical quantities. When the 

vertical dispersion of the buoyant particles was enhanced by LC, the 

horizontal dispersion increased, and the horizontal advection 

decreased. WB had a noticeable influence on the particles leaving the 

surface. Strongly buoyant particles slightly dispersed but advected as 

fast as the surface velocities. Weakly buoyant particles dispersed 

extensively but advected quite slowly. 

Sparse observations in the East/Japan Sea (EJS) suggested that 

open-ocean deep convection occurs south of Vladivostok; however, 

more recent observations suggest that deep convection occurs along 

the continental slope, resulting in bottom water formation in the EJS. 

The process of deep convection along the EJS continental slope was 

investigated using large-eddy simulation, which demonstrated that 

dense water, formed by strong wintertime cooling in the shelf, flows 
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down along the slope as a bottom Ekman current. The characteristics 

of the initial dense water were relatively well conserved on the 

continental slope during convection, but they changed rapidly by 

mixing with the surrounding waters in the open ocean. Accordingly, 

slope convection penetrated deeper compared to open-ocean 

convection under the same surface heat flux. Our numerical 

experiments showed that, under typical surface cooling during winter 

(i.e., 200 W m-2), slope convection reaches depths greater than 2,700 

m, generating a potential ventilation process for deep- and bottom-

water formations, whereas open-ocean convection reaches 

approximately 700 m depth, contributing to the intermediate- and 

central-water formations in the EJS. Various topography experiments 

revealed that downward speed was proportional to the continental-

slope inclination; the initial characteristics remained relatively well 

conserved at small continental-slope inclination. Increased salinity due 

to brine rejection in the shelf could accelerate the slope convection. 

 

 

Keyword : Turbulence, Large-eddy Simulation, Deep Convection, Slope 
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1. General Introduction 

1.1. Modeling oceanic turbulence 

The ocean is full of turbulence, which is essentially three-

dimensional, unsteady, and unpredictable. Turbulence has strong 

vortices in broad spectra, i.e., varying rapidly in space and time. The 

motions in the ocean over a wide range of scales, from a few 

centimeters to thousands of kilometers, interact continuously. It means 

that we need to consider the turbulence to upgrade the understanding 

of ocean phenomena. 

As we understand more about the nature of ocean dynamics, 

numerical ocean modeling has become increasingly helpful. Through 

numerical experiments with the controlled condition, numerical 

models can be a tool to test hypotheses or solve inverse problems. 

Numerical models are becoming more useful as computers improve and 

computational costs fall. Nevertheless, conventional general circulation 

models (GCM) still could not capture highly turbulent flows under high 

shear or unstable conditions, e.g., the deep convection process, and 

the advection and diffusion of the oil spill. 

Large-eddy simulation (LES) could capture turbulent flows through 

non-hydrostatic assumption and turbulent kinetic energy prediction. 

Using LES, realistic upper ocean turbulence, including Langmuir 

circulation and wave breaking (Craik and Leibovich, 1976; Craig and 

Banner, 1994; Skyllingstad and Denbo, 1995; McWilliams et al., 1997; 
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McWilliams and Sullivan, 2000; Noh et al., 2004; Sullivan et al., 2007; 

Kukulka and Brunner, 2015), and the deep convective plumes from the 

ocean surface (Paluszkiewicz et al., 1994; Denbo and Skyllingstad, 1996; 

Harcourt et al., 1997) have been studied extensively. 

Pollutants, such as oil, in the ocean have serious impacts on marine 

ecosystems. Predicting the dispersion of pollutants in spill accident is 

crucial to accurate risk assessment and disaster prevention. Most spill 

accidents are caused by strong winds during severe weather. The wave-

driven upper ocean turbulence should be considered to predict exactly 

advection and diffusion of pollutants dispersion. The behavior of 

pollutants affected by wave-driven turbulence, however, has not been 

well known. 

Deep convection consists of slope convection (i.e., near-boundary 

convection) and open-ocean convection (Killworth, 1983). As a result 

of slope convection in the northern East Sea, newly formed bottom 

water originating from the surface was observed along the slope to the 

bottom (Talley et al., 2003). It was suggested that dissolved oxygen 

increased to a depth of 1000~1500 m due to open ocean convection. 

Although observations reliably present oceanic phenomena, there are 

limitations in explaining the process in detail with limited space-time 

data. It is necessary to understand the possibility and progress of open 

ocean convection and slope convection in the northern East Sea in 

winter through a Large-Eddy Simulation numerical experiment. 

In this dissertation, I will introduce two applications of LES to the 

turbulent ocean processes occurring around Korea (Figure 1.1). The 
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first one, the advection and diffusion of oil spills from occasional 

accidents is in Chapter 2. The other one, the deep convection in the 

northern East Sea is in Chapter 3. 

 

1.2. Large-eddy simulation model 

The Parallelized Large-Eddy Simulation Model (PALM), first 

developed by Raasch and Schrö ter (2001), was used for all numerical 

experiments in this study. PALM solves nonhydrostatic, filtered, 

incompressible Navier-Stokes equations in Boussinesq-approximated 

form (Maronga et al., 2015). The equations for the conservation of 

momentum, mass, heat and salt are as follows: 

∂𝑢i

𝜕𝑡
= −

𝜕𝑢𝑖𝑢𝑗

𝜕𝑥𝑗
− 𝜖𝑖𝑗𝑘𝑓𝑗𝑢𝑘 + 𝜖𝑖3𝑗𝑓3𝑢𝑔,𝑗 −

1

𝜌0

𝜕𝜋∗

𝜕𝑥𝑖
− g

𝜌𝜃 − 〈𝜌𝜃〉

〈𝜌𝜃〉
𝛿𝑖3

−
𝜕

𝜕𝑥𝑗
(𝑢𝑖

′′𝑢𝑗
′′ −

2

3
𝑒𝛿𝑖𝑗) , 

∂𝑢j

𝜕𝑥𝑗
= 0 , 

∂𝜃

∂t
= −

𝜕𝑢𝑗𝜃

𝜕𝑥𝑗
−

𝜕

𝜕𝑥𝑗
(𝑢𝑗

′′𝜃′′) + Ψ𝜃 , 

∂𝑆

∂t
= −

𝜕𝑢𝑗𝑆

𝜕𝑥𝑗
−

𝜕

𝜕𝑥𝑗
(𝑢𝑗

′′𝑆′′) + Ψ𝑆 , 

where 𝑖, 𝑗, 𝑘 ∈ {1,2,3}, 𝑢i are the velocity components with location 

𝑥𝑖, 𝑡 is time, 𝑓𝑖 = (0,2Ω cos𝜙 , 2Ω sin𝜙) is the Coriolis parameter with Ω 

being the Earth’s angular velocity and 𝜙 being the latitude, 𝑢g,𝑘 are 

the geostrophic current components, 𝜌𝜃 is the potential density, 𝜋∗ =

𝑝∗ +
2

3
𝜌𝜃0𝑒  is the modified perturbation pressure with 𝑝∗  being the 
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perturbation pressure, 𝑒 =
1

2
𝑢𝑖

′′𝑢𝑖
′′ is the subgrid-scale turbulent kinetic 

energy, 𝜃 is the potential temperature, 𝑆 is the salinity, and g is the 

gravitational acceleration. Ψ𝜃 and Ψ𝑆 are source/sink terms of 𝜃 and 

𝑆 , respectively. In the above equations, angle brackets denote a 

horizontal domain average, a double prime indicates subgrid-scale 

variables. The summation convention of the repeated index is applied, 

and special symbols 𝛿𝑖𝑗  and 𝜖𝑖𝑗𝑘  are the Kronecker delta and Levi-

Civita symbol, respectively. 

The subgrid-scale terms in the governing equations are 

parameterized using a 1.5-order closure according to Deardorff (1980), 

albeit with minor changes (Moeng and Wyngaard, 1988; Saiki et al., 

2000). The closure includes an additional prognostic quantity, i.e., the 

subgrid-scale turbulent kinetic energy. 

The prognostic equations solve for velocity components, potential 

temperature, salinity, and subgrid-scale turbulent kinetic energy. The 

potential density is calculated from the equation of state by Jackett et 

al. (2006), then used for the stability-related term of the SGS-TKE and 

the buoyancy term of the momentum equation. 

PALM has been used in many simulation studies of atmospheric and 

oceanic turbulent flows. A coupled mode was applied for studying the 

air-sea interactions (Esau, 2014). The PALM system has been mainly 

developed and maintained (most recent release was on May 10, 2022) 

by the PALM group at the Hannover University, Germany. Several 

international workgroups have contributed to recent developments①.  

                                           
① https://palm.muk.uni-hannover.de, accessed May 21, 2022 

https://palm.muk.uni-hannover.de/
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Figure 1.1. Location of study sites where the turbulent ocean 

processes mainly occur. 
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2. Effect of Wave-Driven Turbulence on 

Diffusion and Advection of Pollutants 

2.1. Introduction 

When pollutants, such as oil, are spilled into the ocean, they have 

serious, long-lasting, negative impacts on oceanic ecosystems (ITOPF, 

2022). On December 7, 2007, South Korea experienced the most 

disastrous oil spill in its history when the Hebei Spirit spilled 

approximately 10,900 metric tons of crude oil into the Yellow Sea (Kim 

et al., 2010). A similarly destructive spill occurred when the oil tanker 

Shanchi, carrying 111,300 metric tons of natural gas condensate and 

1,900 metric tons of bunker oil, collided with the cargo ship CF Crystal 

in the East China Sea on January 22, 2018 (Yin et al., 2018; Qiao et al., 

2019). These and the majority of other oil spills have occurred during 

severe weather with strong wind. Vertical mixing is enhanced by wave-

driven turbulence through Langmuir circulation (LC) and wave breaking 

(WB) during windstorms (Li and Garrett, 1997; Melville et al., 2002; 

Zikanov et al., 2003; Noh et al., 2004). Strong turbulence generally leads 

to strong diffusion of pollutants; however, turbulence can also reduce 

the horizontal dispersion of spilled pollutants by decreasing the vertical 

velocity shear (Liu and Sheng, 2014; Simecek-Beatty and Lehr, 2017). 

Accurate risk assessment and disaster prevention rely on accurate 

predictions of pollutant dispersion (Spaulding, 2017; Keramea et al., 

2021). Basic understandings of pollutant dispersion are based on 
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observational studies using remote sensing technologies (Leifer et al., 

2012; Kim et al., 2015) and drifter tracking (Price et al., 2006; 

Olascoaga et al., 2013; Poje et al., 2014). Though these studies have 

provided useful insights into the horizontal movement of pollutants, 

these data do not generate predictive information on pollutant 

dispersion. In contrast, ocean circulation models have been widely 

used to predict the movement of oil from oil spills (Kim et al., 2013; 

Ledwell et al., 2016; Yin et al., 2018; Qiao et al., 2019). The majority of 

these circulation models have not considered the wave-driven 

turbulence characterized by LC and WB. The effects of wave-driven 

turbulence have recently been incorporated into the oil trajectory 

models (Galt and Overstreet, 2011; Rö hrs et al., 2018). 

Efforts to simulate realistic upper ocean turbulence have used a 

large eddy simulation (LES) that resolves small-scale phenomena 

(Skyllingstad and Denbo, 1995; McWilliams et al., 1997; McWilliams 

and Sullivan, 2000). Furthermore, LES has been used to study the 

diffusion of substances affected by LC and WB. LC has been successfully 

implemented in LES models that have adopted the theory of Craik and 

Leibovich (1976). WB has been simulated by forced random fluctuation 

(Craig and Banner, 1994; Noh et al., 2004) or by sub-grid scale energy 

injection (Sullivan et al., 2007; Kukulka and Brunner, 2015). 

Previous research has used LES to examine how LC and WB 

influence the dynamics of oil or other pollutants within the ocean 

surface layer. Noh et al. (2006) revealed the relationship between the 

vertical velocity of settling particles and LC, while Kukulka and Brunner 
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(2015) captured the vertical concentration profiles of microplastic 

debris under various wind and wave conditions. Likewise, the 

characteristics of oil plume dispersion from a continuous underwater 

blowout were evaluated as a concentration field using LES (Yang et al., 

2014; Yang et al., 2015). For example, researchers found that the drift-

to-buoyancy ratio affects the dilution of surface oil slicks (Yang et al. 

(2014), and that the downstream shape of a surface plume is affected 

by the drift-to-buoyancy ratio (Yang et al., 2015). Chen et al. (2016) 

extended these previous studies, finding that misalignment between 

waves and winds could alter the dispersion of an oil plume as well as 

the dynamics of LC. Film tearing by LC forms fewer but longer bands of 

floating oil (Simecek-Beatty and Lehr, 2017). Some precious works 

revealed that horizontal advection and dispersion is affected by wave-

driven turbulence in the oceanic mixed layer (Chor et al., 2018; Liang 

et al., 2018; Kukulka and Veron, 2019). However, they still focused on 

the parameterization problem, i.e., the applicability of K-profile 

parameterization (KPP). 

Though these previous studies form a body of research that 

establishes a strong understanding of the movement of ocean pollutants 

in relation to LC and WB, to the best of our knowledge, the movement 

of pollutants caused by the cumulative effect of wave-driven 

turbulence through the flow field modifications is still poorly 

understood. LC changes the vertical profiles of eddy viscosity and 

diffusivity, and deepens the mixed-layer (Li and Garrett, 1997). Effects 

of WB are mainly limited to the near-surface; however, WB may affect 
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the movement of ocean pollutants by enhancing turbulent diffusion or 

changing LC (Noh et al., 2004; Sullivan et al., 2007; McWilliams et al., 

2012). 

In this study, we conducted numerical experiments of particles 

dispersion using the LES model. The temporal evolution of particles 

distribution was quantified by statistical values of particles, and the 

effects of LC and WB were investigated by comparing the differences of 

the effective diffusivity and advection speed of the particles. We 

compared the effects of LC and WB on the evolution of the dispersion 

and examined the effects of particle buoyancy on the effective 

diffusivity and advection speed of the particles. 

 

2.2. Methods 

2.2.1. Numerical modeling 

We used the Parallelized LES model (PALM) implementing the ocean 

mixed layer (Raasch and Schrö ter, 2001; Noh et al., 2004). In this model, 

it is assumed that wind stress and the wave field are steady and 

homogeneous. The Stokes drift velocity is then: 

𝑢𝑠 = 𝑈𝑠𝑒
−4𝜋𝑧/𝜆, 

with 𝑢𝑠(𝑧 = 0) = 𝑈𝑠 = (𝜋𝑎/𝜆)2(𝑔𝜆/2𝜋)1/2, where 𝑎 is the wave height, 𝜆 

is the wavelength, and 𝑔  is the gravitational acceleration. LC is 

generated by the vortex force as 𝑢𝑠⃗⃗⃗⃗ × �⃗⃗� , where 𝑢𝑠⃗⃗⃗⃗  is the Stokes drift 

velocity and �⃗⃗�  is vorticity (Craik and Leibovich, 1976). We assumed 

that the wave field was monochromatic, as in previous studies (Li and 
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Garrett, 1993; Skyllingstad and Denbo, 1995; McWilliams et al., 1997; 

Noh et al., 2006; Kukulka and Brunner, 2015; Yang et al., 2015). 

Small-scale turbulence generated by breaking waves was expressed 

by imposing a random fluctuation of velocity at the ocean surface. It is 

assumed that the horizontal fluctuation, 𝐹𝑖, exists only on the surface 

at every time interval, 𝜏0,  and that its magnitude is proportional to 

friction velocity, 𝑢∗, i.e.:  

𝐹𝑖 =
𝛼𝑢∗

𝜏0
𝒩(0,1), 

where 𝛼  is a proportional constant and 𝒩(0,1)  is the normal 

distribution function. The proportional constant value and time 

interval were determined such that the turbulent kinetic energy flux at 

the surface was 𝑚𝑢∗
3  with 𝑚 ≅ 40 . The profile of the resultant 

dissipation rate was validated to be consistent with previous 

observations (Agrawal et al., 1992; Craig and Banner, 1994; Anis and 

Moum, 1995; Drennan et al., 1996; Terray et al., 1996; Noh et al., 2004) 

The lateral boundary conditions were set periodic, which means 

the simulated flow field could be regarded as a part of infinite field. 

The particles crossing boundaries were recycled, but the displacement 

was continuously integrated. Due to the random nature of flows, the set 

of particles displacement from their origin can be assumed to be the 

dispersion of oil spill at a source point. 

Definition: 𝐃 is separation of any two particles with trajectories 

𝐗1 and 𝐗2 initially separated by 𝐃0 

𝐃 = 𝐃0 + 𝐗1 − 𝐗2 

Definition: 𝐷2 is total relative dispersion 
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𝐷2 = ⟨𝐃 ⋅ 𝐃⟩ 

Definition: 𝐾eff is (effective) relative diffusivity 

𝐾eff =
1

2

𝑑𝐷2

𝑑𝑡
 

Definition: 𝐷𝑧
2 is vertical dispersion 

𝐷𝑧
2 = 〈(𝐃 ⋅ 𝐤)2〉 

Definition: 𝑣adv is advection speed 

𝑣adv =
𝑑|〈𝐗〉|

𝑑𝑡
 

 

2.2.2. Simulation configurations 

Our model domain was a 1 × 1 km horizontal by 80 m vertical 

section of the ocean at 45 °N with an ideal ocean surface layer and grid 

sizes of 1.25 m in all directions. The corresponding number of grid 

points was 800 × 800 × 64. Density was assumed to be constant such 

that 𝜌 = 1027.7 kg m−3. We set lateral boundaries as periodic and the 

bottom boundary as free to slip. 

The wind stress was assumed to be 8.35 m·s-1 of 10-m wind speed, 

which is equivalent to the friction velocity of 0.01 m·s-1 (Noh et al., 

2004; Chor et al., 2018). The turbulent Langmuir number 𝐿𝑎𝑡 ≡

(𝑢∗/𝑈𝑠)
1/2 was 0.320, which is comparable to previous studies (Smith, 

1992; Belcher et al., 2012). For simplicity, we fixed the wind direction 

as westerly. To generate a stationary turbulence for each set of forcing 

conditions, spin-up simulations for 1 day was first carried out. 

Lagrangian particles released as the pollutants were traced for 10 days. 

Total number of particles were 10,000. The density and radius of 



 

 １２ 

particles were set as 850 kg m-3 and 200 μm, respectively, regarding the 

condensate oil’s typical density and droplet size. The initial distribution 

was equally separated by 1.25 m along the x and y directions in the 

horizontal plane 1 m above the floor. We conducted four experiments 

to investigate the effects of LC and WB (Table 2.1). 

We compared the results of EXP O, EXP B, EXP L, and EXP LB by 

examining the movement of the particles in the periodic model domain 

over time. We first examined the vertical profiles of horizontal 

velocities and turbulent kinetic energy in four different experiments. 

We then examined the three-dimensional particle spreading by 

recording the relative dispersion in horizontal and vertical projections 

at 10 days after the spill. The evolution of particle dispersion was 

statistically measured to estimate the difference in relative dispersion, 

effective diffusivity, vertical dispersion, and advection speed between 

experiments. 

Additional experiments were conducted to examine the effects of 

particle size on the experiment results (Table 2.1). We compared the 

effective diffusivity and advection speed of the particle dispersion for 

three different particle radii in EXP O and EXP LB. 

 

2.3. Results 

2.3.1. Mean profiles of velocity and turbulent kinetic energy 

Dispersion of pollutants is determined by the combined effects of 

mean velocity shear and mixing by turbulence (Tennekes and Lumley, 



 

 １３ 

1972). To compare the mean velocity and the fluctuation velocity 

inducing the turbulence, we examined the vertical profiles of 

horizontal velocities (Figure 2.1) and turbulent kinetic energy (Figure 

2.2) in four different experiments. Stokes drift was added to the 

horizontal velocity in the downwind direction (eastward) when 

considering the LC effect. The features of the mean profiles were in 

good agreement with previous results (McWilliams et al., 1997; Noh et 

al., 2004). The spiral form of the surface Ekman layer was reproduced 

in EXP O (Figure 2.1a). In EXP B, turbulence near the surface was strong 

(Figure 2.2a, b, red line) and the velocity shear near the surface was 

reduced compared to those in EXP O (Figure 2.1a, b). When LC was 

considered (EXP L), the vertical turbulent kinetic energy was increased 

(Figure 2.2b, yellow line) and the vertical gradient of the horizontal 

velocity was substantially reduced (Figure 2.1c). The horizontal 

turbulent kinetic energy was large at the surface and decreased with 

depth in EXP L (Figure 2.2a, yellow line). In EXP LB, WB inhibited the 

formation of Langmuir cells by random agitation. The vertical turbulent 

kinetic energy in EXP LB was decreased at the subsurface (5~30 m 

depth); however, it followed the result of EXP L at deeper depths (Figure 

2.2b, purple line). As a result, the profile of horizontal velocity in EXP 

LB at the subsurface was less uniform than in EXP L. Stokes drift 

dominates the eastward velocity near the surface in EXP L and EXP LB 

(Figure 2.1c, d). The eastward velocity at the surface in EXP O, EXP B, 

EXP L, and EXP LB were 8.5, 7.8, 9.1, and 8.9 cm/s, respectively. Noh 

et al. (2004) provide a more detailed description of flow characteristics 
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in LES models of the ocean mixed layer. 

 

2.3.2. Horizontal and vertical distributions of the particles 

We examined the three-dimensional spreading of the particles by 

capturing their position ten days after the spill (Figure 2.3). We 

projected all particles in one direction and marked them on the x-y and 

x-z planes. 

The center of particles moved to the southeast in all experiments. 

Ekman current caused the large southeastward movement in EXP O and 

EXP B, whereas Stokes drift caused the eastward movement in EXP L 

and EXP LB. Horizontal distribution exhibited an elliptical shape with 

the major axis inclined in the advection direction. 

The particles were well distributed in the order of EXP LB, EXP L, 

EXP B, and EXP O (Figure 2.3b–e). Strong vertical turbulence from LC 

resulted in the distribution difference between EXP LB (EXP L) and EXP 

B (EXP O). Surface-confined wave-breaking resulted in the distribution 

difference between EXP B and EXP O. Because particles can only reach 

the depth by leaving the surface, the intense mixing of WB at the 

surface in EXP LB dominated the particle distribution to a greater depth 

than the strong mixing of LC at 5 to 30 m depth in EXP L.  

Horizontal spreading of particles was closely related to the vertical 

distribution. The more widely distributed vertically, the greater the 

horizontal dispersion. In EXP L and EXP LB, there was a large difference 

in east-west velocity between the surface and sub-surface layers. Thus 
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the particles spread widely in that direction. The particles were not 

extensively distributed in EXP O and EXP B because only the flow 

velocity near the surface was influenced. 

Horizontal advection of particles was also closely related to the 

vertical distribution. The more the particles were distributed vertically, 

the less they advected from the origin. The advection of the particles 

was smaller in EXP L (EXP LB) than EXP O (EXP B) though the velocities 

at the surface were similar in all experiments. The reason is that 

particles experience the fastest velocity at the surface by staying longer 

in EXP O (EXP B) than in EXP L (EXP LB). 

 

2.3.3. Vertical and horizontal dispersion of particles and effective 

diffusivity 

The vertical concentration profile of the particle showed an 

exponential function form, which is a statistical distribution resulting 

from downward turbulent spreading and upward buoyancy recovering 

(Figure 2.4a). The vertical distribution was steady from about 3 hours 

after release. The particles are distributed farthest from the surface in 

EXP LB and most concentrated on the surface in EXP O. 

For steady-state vertical particle flux, it is assumed that the 

diffusion due to eddy diffusivity and rising due to buoyancy are in 

equilibrium: 

𝑤𝑏𝐶 = 𝐴𝑧(𝑧)
𝑑𝐶

𝑑𝑧
 , 

where 𝑤𝑏 is rising speed, 𝐴𝑧 is eddy diffusivity, and 𝐶 is particle 
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concentration. If the particle concentration is known, the balance 

equation can be solved for eddy diffusivity, 

𝐴𝑧(𝑧) =
𝑤𝑏

𝑑
𝑑𝑧

ln 𝐶
 . 

The vertical diffusivity was estimated using the vertical 

concentration profile of the particle in each experiment (Figure 2.4b). 

Near the surface, vertical mixing is weak due to the limitation of the 

eddy size. The diffusivity profile of all experiments was very small on 

the surface. The stronger mixing near the surface by WB was the 

difference between EXPO (EXP L) and EXP B (EXP LB). Particles located 

on the surface could experience strong turbulent mixing outside only 

when they leave the wall-layer with weak turbulence. Despite the 

surface-confined effect, WB significantly changed the vertical 

dispersion of particles as a result. 

The results of this study were consistent with the improved KPP 

methods to consider wave-driven turbulence (Kukulka and Brunner, 

2015; Liang et al., 2018). Even in the case of former studies, it was not 

easy to make a fair comparison because they were optimized for 

specific conditions. In this result, the peak of the diffusion profile 

appeared closer to the surface than the shape function of KPP. In 

addition, WB influenced the development of LC so that the presence of 

WB differed in the effective diffusivity of the intermediate layer. 

Since the diffusion profile in this study was assumed to be a 

function of the concentration differential, it was calculated only up to 

the depth at which particle dispersion reached. A limitation of the 
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present estimation method is the inability to calculate diffusivity 

despite the presence of turbulent dispersions without buoyant particles. 

The vertical diffusivity profile might be better estimated by synthesizing 

numerical results for particles of multiple rising speeds rather than a 

single value under the same turbulence state. 

We estimated the difference in horizontal diffusivity among 

experiments by quantifying the dispersion of the particle (Figure 2.5). 

Dispersion increased linearly with time in all experiments. The 

horizontal effective diffusivity was highest in EXP LB and then 

decreased in the order of EXP L > EXP B > EXP O. Dispersion increasing 

rates were noticeably different depending on the presence of LC. The 

time derivative of dispersion yielded effective diffusivity of EXP O and 

EXP LB of 0.452 m2 s-1 and 4.06 m2 s-1, respectively. It was assumed that 

the diffusion rate increased linearly with time (Haidvogel and Keffer, 

1984). The horizontal effective diffusivity appears in the same order as 

the vertical effective diffusivity. The most crucial factor in horizontal 

dispersion is that the longer the particles leave the surface, the greater 

the effect of vertical shear. 

 

2.3.4. Horizontal advection of particles 

The advection of particles was calculated as the change rate of the 

average particle position vector. The advection speed was highest in 

EXP O and then decreased in the order of EXP B > EXP L > EXP LB 

(Figure 2.6). Particles move the fastest on the surface, but the longer 
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they spend in the depth, the slower their average speed is. Therefore, 

the advection speed is low as the vertical dispersion is large. When we 

calculated the average values over the whole period, the advection 

speed, 0.111 m s-1 in EXP O was 1.6 times faster than that of EXP LB 

with an advection speed of 0.069 m s-1. 

 

2.4. Discussion 

2.4.1. Cause of the difference in horizontal dispersion and advection 

The turbulent mixing can be understood through the statistical 

properties of particle pairs. (Dimotakis, 2005). Dispersion of materials 

depends on shear dispersion or turbulent dispersion according to the 

relationship between the scale of patch size and the scale of velocity 

shear (Eckart, 1948). The dominance of shear dispersion and turbulent 

dispersion varies according to materials buoyancy (Liang et al., 2018). 

Strongly buoyant materials stay near the surface and are greatly affected 

by turbulent dispersion, which is strong in wave-driven turbulence. 

Weakly buoyant materials stay evenly throughout the entire layer and 

are greatly affected by shear dispersion, which is strong in Ekman 

turbulence 

In the case of this study, the rising speed of 17 mm s-1 is in mid-

range buoyant materials. According to our experiments, vertical 

dispersion of particles, whose buoyancy is in this range, differed 

dramatically under the influence of wave-driven turbulence, and so 

does the dominance of shear dispersion. 
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In all experiments, particles spent most of the time at the surface 

and left the surface occasionally by turbulence. Considering LC, the 

wind-driven flow (Ekman spiral) at the surface was small due to strong 

vertical mixing, but the horizontal velocity difference between the 

surface and sub-surface layer was similar because of the Stokes drift 

(Figure 2.1). Considering only the depth of the particle's residence, the 

velocity difference was large in the order EXP LB > EXP L > EXP B > EXP 

O, and the horizontal effective diffusivity was also in the same order. 

The advection speed of particles was also closely related to the 

residence time in each floor. Although the eastward velocity was similar 

in all experiments, the particles moved the least in EXP LB, where they 

had a long residence time in the sub-surface. The fact that horizontal 

advection is a function of relative buoyancy to turbulent mixing and 

the inversely proportional relationship between turbulent mixing and 

horizontal advection was consistent with Chor et al. (2018). 

 

2.4.2. Estimation of advection speed 

To estimate the advection speed of particles, we assumed that the 

particle concentration profile was equal to the average residence time 

at each depth and that they moved at the average flow velocity of that 

depth during the corresponding time. Then advection velocity is equal 

to the weighted average of velocity by concentration profile as follows: 

𝑢 = ∫ 𝑢 𝐶 𝑑𝑧
0

−ℎ

∫ 𝐶 𝑑𝑧
0

−ℎ

⁄  

The estimated advection speed was 0.103 m s-1 in EXPO and 0.066 
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m s-1 in EXP LB, which had an error of about 7% and 4%, respectively, 

compared with the advection speed obtained directly from the 

dispersion of simulated particles (Section 2.3.4). 

Each of the velocity and concentration profile could be estimated 

through an appropriate 1-D model. The variation of velocity profile, 

from traditional wind-driven Ekman spirals to those affected by wave-

driven turbulence under various conditions, has been studied (Noh et 

al., 2004; McWilliams et al., 2012; Kukulka and Veron, 2019). The 

vertical concentration profile of buoyant materials by wave-driven 

turbulence is also being studied (Kukulka and Brunner, 2015; Chor et 

al., 2018; Liang et al., 2018). Combining these studies, it is expected to 

effectively predict the advection velocity. 

 

2.4.3. Diffusion and advection influenced by rising speed 

Small particles are strongly influenced by viscous force and move 

by the surrounding flow velocity, whereas large particles tend to move 

by buoyancy due to their relatively large inertia. The effect of rising 

speed on effective diffusivity and advection speed was examined by 

releasing particles of various sizes in each turbulence state. 

In Section 2.4.1, when the particle size was 200 μm (rising speed 

17 mm s-1), the shear dispersion effect was remarkable due to vertical 

dispersion. Additional experiments were performed on particles of 50 

and 500 μm (rising speed 0.68, 68 mm s-1). In each experiment, the 

effective diffusivity and advection speed were averaged after the 
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vertical distribution became steady, and plotted against the rising speed 

(Figure 2.7). 

In the case of extremely buoyant particles (rising speed 68 mm s-1), 

they stayed on the surface of all particles in both experiments. The 

vertical velocity shear had little effect, and small turbulent diffusion 

dominated. They traveled rapidly with the surface velocity caused by 

the wind in EXP O or the wave in EXP LB. 

Weakly buoyant particles (rising speed 0.68 mm s-1) were 

distributed over the entire layer within a few hours in both EXP O and 

EXP LB. In both experiments, shear dispersion was dominant and 

effective diffusivity was large. In EXP LB, the effective diffusivity of 

weakly buoyant particles was smaller than that of mid-range buoyant 

particles (rising speed 17 mm s-1) because they stay near the surface for 

too short a time to be dispersed by velocity shear. The advection speed 

was small in both EXP O and EXP LB because the particle was less likely 

to experience large velocity near the surface. 

 

2.4.4. Sensitivity to the model domain size 

Periodic boundary conditions allow us to assume an infinite flow 

field in which the turbulent flow repeatedly continues within the 

modeling domain. The Lagrangian particles in this study traveled 

through this flow field. The periodic boundary condition could be 

appropriate if the model domain is larger enough than the energy-

containing eddy size. In particular, vortexes with a size of several tens 
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of meters or more, such as Langmuir cells, could be affected by domain 

boundaries. We investigated whether the model domain size of this 

study was appropriate through a sensitivity test. 

The effective horizontal diffusivity and advection speed of EXP 

O_Large and EXP LB_Large with the area size set to 960 m were 

compared with those of the original EXP O and EXP LB (Figure 2.8). 

The average values in each experiment are shown in Table 2.2. The 

effect of model area size on effective horizontal diffusivity and 

advection speed was minimal compared to that of wave-driven 

turbulence. Therefore, it can be seen that the model domain size of this 

study was set sufficiently large. 

 

2.5. Conclusion 

Overall, our LES revealed that wave-driven turbulence in the form 

of LC and WB could influence the effective diffusivity and advection 

speeds of ocean pollutants. We found that when the vertical dispersion 

of the buoyant particles was enhanced by LC, the horizontal dispersion 

increased, and the horizontal advection decreased. Considering the 

wind stress as a 10-m wind speed of 8.35 m s-1, the effective diffusivity 

and advection speeds in EXP O were 0.452 m2 s-1 and 0.111 m s-1, 

respectively, while in EXP LB they were 4.06 m2 s-1 and 0.069 m s-1. 

The wave-driven turbulence has strong downward diffusion and 

high surface velocity. Although the wind-driven flow is reduced by 

strong vertical mixing, the movement due to Stokes drift is large. If the 
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vertical dispersion is large, the time for the particles ride on the surface 

velocity is short, so they are well dispersed horizontally by shear 

dispersion and the average advection velocity is small. The influence 

of LC on the effective diffusivity and advection speed were prominent, 

whereas the corresponding effect of WB was also considerable. The 

effect of WB causing the particles to leave the surface was notable. 

The size of particles, i.e., the buoyancy of particles, also 

transformed the dispersion and advection by changing the vertical 

distribution. Dispersion of strongly buoyant particles were only affected 

by turbulent dispersion at the surface because they stayed most of the 

time at the surface. Dispersion of weakly buoyant particles were 

affected by subsurface velocity shear. Advection of particles could be 

estimated using vertical profiles of concentration and horizontal 

velocity. 

It is important to note that wave-driven turbulence could enhance 

the dispersion of pollutants in marine environments while hindering 

their advection. Therefore, the effects of wave-driven turbulence 

should be considered to accurately predict the dispersion of pollutants 

at the sea surface with LC and WB during severe weather condition. 
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Figure 2.1. Profiles of horizontal velocity from (a) EXP O 

(model with neither Langmuir circulation [LC] nor wave 

breaking [WB]), (b) EXP B (model with only WB), (c) EXP L 

(model with only LC), (d) EXP LB (model with both LC and WB). 

Velocities were averaged horizontally and over the whole 

period. 
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Figure 2.2. Profiles of mean turbulent kinetic energy for (a) horizontal 

and (b) vertical directions in each experiment. Total kinetic energies 

are averaged horizontally over the whole period. EXP O - model with 

neither Langmuir circulation (LC) nor wave breaking (WB), EXP B - 

model with only WB, EXP L - model with only LC, EXP LB - model 

with both LC and WB. 
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Figure 2.3. Projected particles in (a) x-y and (b-e) x-z planes from (b) 

EXP O (model with neither Langmuir circulation [LC] nor wave breaking 

[WB]), (c) EXP B (model with only WB), (d) EXP L (model with only LC), 

and (e) EXP LB (model with both LC and WB) 10 days after the spill. 
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Figure 2.4. Vertical (a) distribution and (b) effective diffusivity of 

particles on day 10 in each experiment. EXP O - model with neither 

Langmuir circulation (LC) nor wave breaking (WB), EXP B - model with 

only WB, EXP L - model with only LC, EXP LB - model with both LC and 

WB. 
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Figure 2.5 Horizontal (a) dispersion and (b) effective diffusivity of 

particles over time in each experiment. EXP O - model with neither 

Langmuir circulation (LC) nor wave breaking (WB), EXP B - model with 

only WB, EXP L - model with only LC, EXP LB - model with both LC and 

WB. 
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Figure 2.6 Advection speed of the particles in each experiment. EXP 

O - model with neither Langmuir circulation (LC) nor wave breaking 

(WB), EXP B - model with only WB, EXP L - model with only LC, EXP 

LB - model with both LC and WB. 
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Figure 2.7. (a) Effective diffusivity and (b) advection speed of particles 

due to particle rising speed in each experiment. EXP O - model with 

neither Langmuir circulation (LC) nor wave breaking (WB), EXP LB - 

model with both LC and WB. 
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Figure 2.8. Horizontal (a) effective diffusivity and (b) advection speed 

of the particles in each experiment. EXP O and EXP LB were subjected 

to the domain size sensitivity experiment. 
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Experiment 
Langmuir 

number 

Wave 

breaking 

Particle 

radius (μm) 

EXP O ∞ X 50, 200, 500 

EXP B ∞ O 200 

EXP L 0.320 X 200 

EXP LB 0.320 O 50, 200, 500 

Note. EXP LB - model with both LC and WB; EXP L - model 

with only LC; EXP B - model with only WB; EXP O - model with 

neither LC nor WB 

Table 2.1. Configuration of experimental variables for simulations of 

tracer dispersion. 
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Table 2.2. Mean horizontal effective diffusivity and advection speed of 

EXP O and EXP LB. Each experiment was subjected to the domain size 

sensitivity experiment. 

Domain size 
Keff (m

2/s) vadv (m/s) 

EXP O EXP LB EXP O EXP LB 

Default (480 m) 0.41 3.9 0.111 0.068 

Large (960 m) 0.51 4.2 0.111 0.071 
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3. Deep Convection in the East Sea 

3.1. Introduction 

The East/Japan Sea (EJS) is a typical semi-enclosed marginal sea, 

albeit with oceanic characteristics regarding the temperature, salinity, 

and dissolved oxygen vertical profiles (Gamo and Horibe, 1983; Kim 

and Kim, 1996; Kim et al., 1996).  

The Tsushima warm water (TWW), which occupies the surface layer, 

flows into the EJS through the Korea Strait, and flows out through the 

Tsugaru and Soya Straits (Cho et al., 2009). The East Sea intermediate 

water (ESIW), characterized by a vertical salinity minimum, is situated 

below the TWW, mainly in the western EJS (Kim and Chung, 1984; Cho 

and Kim, 1994; Kim and Kim, 1999; Kim et al., 2004; Talley et al., 2006; 

Chang et al., 2016; Nam et al., 2016). Three deep water masses have 

been identified below the ESIW (Kim et al., 2004). A deep salinity 

minimum at approximately 1,500 m depth separates the central water 

(CW) above from the deep water (DW) below. The vertically 

homogeneous bottom water (BW) occupies the abyssal layer, and its 

upper boundary is at approximately 2,500–2,700 m depth (Kim et al., 

2004; Talley et al., 2006; Chang et al., 2016; Yoon et al., 2018). 

Deep water formation is crucial to the meridional circulation in the 

EJS (Han et al., 2020) and the oceans (Alley et al., 2003; Rahmstorf et 

al., 2015; Bellomo et al., 2021). It has been suggested that deep water 

formation occurs south of Vladivostok (Senjyu and Sudo, 1993; 
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Kawamura and Wu, 1998). 

Clayson and Luneva (2004), based on simulations, suggested that 

the subtropical front south of Vladivostok, where confluence of warm- 

and cold-water masses occurs, is the preferred location of deep 

convection events in the EJS, as the confluence-induced downwelling 

favors deeper penetration of the convective turbulence generated by 

strong wintertime cooling. However, the maximum convection depth 

simulated by their model was approximately 1,000 m, which 

corresponds to the CW layer in the EJS. 

In the EJS, wintertime sea surface temperatures in the coastal 

region above the continental shelf are lower than those in the region 

off the coast (Figure 3.1). A recent study, based on direct observations, 

reported cold and oxygen-rich water at the continental slope and 

suggested brine rejection as the primary cause of deepest water 

ventilation (Talley et al., 2003). However, both high and low salinity of 

the renewal water was observed, suggesting that brine rejection is not 

the only cause of slope convection (Lobanov et al., 2002). Efforts were 

made to observe the depth of the slope convection and the velocity of 

the bottom current off the Peter the Great Bay (Lobanov et al., 2014; 

Navrotsky et al., 2020). 

Tanaka and Akitomo (2000), based on two-dimensional numerical 

experiments assuming an idealized continental slope, suggested that 

the downslope flow is the bottom Ekman current; however, in actual 

ocean conditions, more complicated motions and processes, including 

baroclinic instability, can play important roles in slope convection 
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(Whitehead, 1993; Gawarkiewicz and Chapman, 1995; Jiang and 

Garwood Jr, 1995; Kikuchi et al., 1999). A large-eddy simulation (LES) 

study with a fine three-dimensional grid might be more beneficial for 

understanding the actual deep water formation along the continental 

slope. 

In this study, we used LES experiments for investigating the 

potential contributions of open-ocean and slope convections to water 

mass formation in the EJS. We quantitatively evaluated changes in slope 

convection according to the diverse topographies. We also examined 

the effects of brine rejection on the slope convection. 

 

3.2. Materials and methods 

We performed numerical experiments using a parallelized large-

eddy simulation model (PALM), first developed by Raasch and Schrö ter 

(2001). PALM solves filtered, non-hydrostatic, incompressible Navier-

Stokes equations involving the Boussinesq-approximation. In LES, 

turbulence closure includes the subgrid-scale turbulent kinetic energy 

as a prognostic variable. The parameterization of subgrid-scale 

turbulence is essential for a wide range of turbulent diffusion intensities 

around the deep convection region. PALM has been applied by studies 

investigating the oceanic deep convection (Raasch and Etling, 1998; 

Noh et al., 2003). For more details on PALM, we refer to Maronga et al. 

(2015). 

For the simulation, we simplified the topography to include the 
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continental shelf and slope south of Vladivostok (Figure 3.1, red 

rectangle). The model domain was 51.2 × 102.4 × 3.868 km, while the 

horizontal grid size was 100 × 100 m. The vertical grid size was 5 m in 

the upper 100 m from the sea surface; it was subsequently stretched by 

equal proportions for each of the following three depth segments: 100–

200 and 200–1,000 m, and from 1,000 m to the bottom, where the 

vertical grid size reached 118.6 m. The horizontal boundary condition 

was periodic in the east and west but closed in the north and south. 

Temperature and salinity initializations were based on the respective 

observed average vertical profiles below 500 m depth (Talley et al., 2003; 

Talley et al., 2006). Temperature and salinity of the densest water 

observed near the sea surface during the CREAMS winter cruises from 

1993 to 2015 were adopted regarding the mixed layer profile from the 

surface to 150 m depth (Figure 4.2; Kim et al., 2004). Temperature and 

salinity were interpolated between the 150 and 500 m depth, while their 

initial fields were assumed to be horizontally homogeneous at each 

depth. 

The net surface heat flux imposed for the cooling (i.e., 200 W m-2) 

was based on the winter 2001 average net heat flux of the ECMWF 

reanalysis data (Hersbach et al., 2020), although some studies reported 

increased surface heat loss (400–750 W m-2; Kawamura and Wu, 1998; 

Talley et al., 2003). The net surface heat flux was uniform and constant 

throughout the experimental period. In our simulation, surface cooling 

generated distributed convection, similar to the convective boundary 

layer, rather than localized convection (Noh et al., 2003). The wind 
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stress and salinity flux were set to zero at the surface. Bottom-boundary 

conditions included zero heat and salinity fluxes and no-slip condition 

for horizontal velocities. 

In general, open-ocean deep convection refers to localized 

convection, where strong cooling occurs at the surface of the 

preconditioned ocean. Near-boundary convection refers to the sinking 

of dense salty water on continental shelf-slope systems. These two 

types of deep convection occur in distinct places driven by different 

physical processes (Killworth, 1983). The primary purpose of this study 

was to compare the convection of the continental shelf and slope area 

with the open-ocean area under realistic cooling south of Vladivostok. 

We investigated the effect of topographical features on the 

evolution of deep convection by assuming diverse topographies in the 

simulation: The deep flat-bottom (i.e., open ocean; OO) topography 

was used for investigating the open-ocean convection (Figure 3.3A). 

The shelf and control slope (SCS) topography, approximating the 

topography of the sea south of Vladivostok, had a continental shelf 100 

m deep at the north, which was connected to the seafloor at 3,868 m 

depth by a continental slope of 0.2 inclination (Figure 3.3B); the 

continental slope was inclined in the north–south direction. The no-

shelf (NS) topography had a continental slope of 0.2 inclination, but no 

continental shelf (Figure 3.3C). The gentle slope (SGS), steep slope (SSS), 

and cliff (SC) with shelf topographies were used for investigating the 

effect of the continental-slope inclination (i.e., 0.1, 0.4, and 9.4, 

respectively) on slope convection (Figure 3.3D–F). 
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We conducted the brine rejection (BR) experiment, in which only 

the brine-rejection condition was added to the SCS experiment. The 

surface salinity flux was set to 4.318 × 10-3 g s-1 m-2 in the inner half of 

the shelf area, assuming a 1.3 cm daily ice growth, which is 10% of the 

observed ice growth in the Okhotsk Sea, i.e., more than 500 km north 

of our study area (Shcherbina et al., 2003). 

 

3.3. Open-ocean and slope convections 

3.3.1. Convection evolution 

Vertical cross sections and zonal-mean sections of temperature and 

tracer concentration from the OO experiment (Figure 3.4A–D) revealed 

a typical open-ocean convection pattern with mixed-layer deepening, 

which is similar to the convection depth in earlier studies (Denbo and 

Skyllingstad, 1996; Marshall and Schott, 1999; Noh et al., 1999). The 

depth of the mixed layer was estimated from the tracer distribution. 

After 10 days, the thickness of the mixed layer increased from 150 to 

540 m, while the temperature of the mixed layer was less than 0.45 °C 

as a result of cooling and mixing. Convective plumes were generated 

widely over the entire model domain because of cooling until they were 

blocked by stably stratified water at the mixed layer base. This 

convection causes the mixed layer base to undulate and deepen with 

the entrainment of lower cold water (Figure 3.4A). 

In the SCS experiment (Figure 3.4E–H), contrary to the OO 
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experiment, the water temperature on the shallow continental shelf 

decreased rapidly due to cooling, which is consistent with the 

observations (Figure 3.1). The rapid cooling on the shelf results from 

its relatively small volume. After three days, a downslope flow was 

initiated from the shelf break because of the density gradient. Along 

the continental slope, the tracer reached 3,200 m depth on day 20 and 

was spread by the large-scale turbulent structure in the middle (Figure 

3.4G). A certain amount of surface water was supplied to the 

homogeneous bottom layer below 2,700 m after 20 days (Figure 3.4H). 

The convection depths of the OO and SCS experiments were 

compared with time. We defined convection depth as the maximum 

depth with tracer concentrations higher than 0.1 and convective-

plume head as the water volume at the convection depth. In the OO 

experiment, the convection depth was equivalent to the depth of the 

mixed layer base. When the temperature of the entire mixed layer was 

decreased by cooling, the mixed layer was thickened to the depth of 

the corresponding background water temperature. The vertical 

temperature gradient of the background water decreased with depth, 

resulting in increased convection speed with depth, which was due to 

the constant net surface heat flux assumption. However, in reality, 

sensible heat flux is proportional to the difference between air and sea 

surface temperatures; decreased sea surface temperature means 

reduced cooling speed. The increase of the mixed layer depth also 

slows down if the stratification is constant with depth (Noh et al., 2003). 

In the OO experiment, the convection depths were 540, 620, and 
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700 m on day 10, 15, and 20, respectively (Figure 3.5A). Noh et al. (1999) 

reported that open-ocean convection with 250 W m-2 cooling leads to 

approximately 500 and 800 m penetration depth after two and eight 

days, respectively. Denbo and Skyllingstad (1996) showed that 300 W 

m-2 cooling resulted in approximately 500 and 730 m convection depth 

after one and five days, respectively. Given the different initial 

stratification in our OO experiment, these earlier results of deepening 

rates are comparable to ours. 

In the SCS experiment, convection occurred for as long as the 

density of the plume was greater than that of the background water. 

The density stratification of the background water decreased with 

depth, and was homogeneous below 2,700 m depth, i.e., the boundary 

between the DW and BW. The convection speed increased with depth 

because of the stratification weakening in the DW layer. Convective 

plume entering the BW layer could easily reach the bottom because of 

the homogeneous BW density. 

In the OO experiment, the temperature of the convective mixed 

layer base was 0.401 and 0.325 °C on day 10 and 20, respectively. The 

depth and properties of the convected water were within the CW range 

after 10 days (Figure 3.5). In the SCS experiment, the properties of the 

convected water were the same as those of the DW and BW after 15 and 

19 days, respectively (Figure 3.5B). 

Although it has been suggested that brine rejection is the primary 

ventilation cause at the continental slope (Talley et al., 2003), our 

results suggest that the density increase due to cooling without brine 
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rejection allows the BW formation. The salinity of convective water at 

the continental slope observed by Lobanov et al. (2002) was not higher 

than that of the BW (Figure 3.2). The increasing and decreasing salinity 

caused by brine ejection and ice melting might accelerate or decelerate 

deep convection, respectively. 

 

3.3.2. Horizontal distributions of vertical velocity 

The horizontal distributions of vertical velocity at 60 m depth at 

the end of day 20 in the OO and SCS experiments are presented in 

Figure 3.6. In the OO experiment, the convective plume structures 

exhibited transverse isotropy, whereas in the SCS experiment, the size 

of the plumes increased near the shelf break (i.e., 82.2 < y < 92.2 km). 

The vertical velocity spectra were compared in the region indicated 

by the dashed box in Figure 3.6, which corresponds to the upper region 

of the slope in the SCS experiment (Figure 3.7). In the OO experiment, 

the power of the vertical velocity was concentrated in the 500–700 m 

horizontal wavelength range, which is consistent with earlier studies on 

open-ocean convection (Denbo and Skyllingstad, 1996; Pal and 

Chalamalla, 2020). 

According to Pal and Chalamalla (2020), the wavelength can be 

estimated using the plume diameter formula of Rayleigh–Bé nard 

convection as follows: 

𝐷 = 𝐶 (
𝜅𝑡

3

𝐵0
)

1
4

, 
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where C is an empirical constant equal to 73.7, 𝜅𝑡 is the thermal 

diffusivity, and 𝐵0  is the surface buoyancy flux. The estimated 

wavelength using our simulation parameters was approximately 844 m, 

which is comparable to that of the spectral analysis. 

According to Denbo and Skyllingstad (1996), open-ocean 

convection spectra have a peak at a wavelength about 0.7 to 1.0 times 

the mixed layer depth. In the OO experiment, the ratio between the 

wavelength and the mixed layer depth was also approximately 0.7 to 

1.0. 

In the SCS experiment, the length scale of the convective eddies in 

the open ocean was the same as that in the OO experiment, but 

increased in the upper region of the slope (i.e., 82.2 < y < 92.2 km), 

where the vertical velocity power revealed a significant second peak, 

approximately 2.5 times larger than that in the open ocean, at about 

12.8 km (Figure 3.7). The large-scale convective plumes might result 

from the baroclinic instability between the cold shelf water and warm 

open-ocean water over the upper area of the continental slope, where 

a strong geostrophic current exists (Whitehead, 1993; Gawarkiewicz 

and Chapman, 1995; Jiang and Garwood Jr, 1995; Kikuchi et al., 1999). 

The vertical and horizontal gradient of buoyancy were 5.8×10-4 s-1 

and 2.1×10-4 s-1, respectively, over the upper area of the continental 

slope in the SCS experiment. The calculated Richardson number was 

1.7 and the Rossby number was 0.58. Therefore, baroclinic instability 

in the mixed-layer over the upper area of the slope could be classified 

as non-symmetric and inertial (Gula et al., 2022). In that case, the 
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wavelength of the eddy amplified by instability should be about four 

times the deformation radius, i.e., 14.6 km, and was similar to the peak 

wavelength in spectrum analysis. 

 

3.3.3. Meridional sections of zonal-mean velocity 

The mean velocities in the OO experiment were zero because of 

the random nature of the turbulence. In contrast, in the SCS experiment, 

the plume on the continental slope exhibited a mean current. A strong 

thermal front was formed near the continental shelf break because of 

the uneven cooling. The dense water from the shelf flowed downward 

along the slope because of the density difference on day 10 (Figure 

3.8A); the slope current became faster than 10 cm s-1 on day 20. A 

compensating flow over the slope current was formed simultaneously 

(Figure 3.8B). The overall flow structure and magnitude of the slope 

current were consistent with those in earlier studies (Tanaka and 

Akitomo, 2000). 

The downward slope current is an inclined plume in a rotating 

frame, which occurs at the bottom boundary layer where the bottom 

friction, buoyancy, and Coriolis forces balance (Ellison and Turner, 

1959; Turner, 1973). The meridional and vertical velocities (𝑣, 𝑤) were 

transformed into tangential and normal velocities (𝑣𝑡, 𝑣𝑛). The mean 

meridional velocity down the slope (𝑉𝑡) and the bottom boundary-layer 

thickness (ℎ) were estimated using the following integrals: 

𝑉𝑡ℎ = ∫ 𝑣𝑡𝑑𝑥𝑛

∞

0

,    𝑉𝑡
3ℎ = ∫ 𝑣𝑡

3𝑑𝑥𝑛

∞

0

, 
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where 𝑥𝑛 is the independent variable in the direction normal to the 

slope. We also calculated the mean zonal velocity 𝑈  and reduced 

gravity 𝑔′ by averaging the values within the bottom boundary layers: 

𝑈 =
1

ℎ
∫ 𝑢 𝑑𝑥𝑛

ℎ

0

,   𝑔′ =
1

ℎ
∫ 𝑔

𝜌𝑎 − 𝜌

𝜌𝑎
𝑑𝑥𝑛

ℎ

0

, 

where 𝑢 is the zonal velocity, 𝜌𝑎 is the ambient water density, and 𝜌 

is the density of the plume. 

The estimated bottom boundary-layer thicknesses from the model 

results on day 20 were 80, 118, and 88 m at the upper, middle, and 

lower parts of the convective plume, respectively (i.e., at y = 90, 85, and 

80 km, respectively; Figure 3.9). Based on these bottom boundary-layer 

thicknesses, calculated 𝑈 was 8.6, 12.6, and 7.5 cm s-1, 𝑉𝑡 was 9.0, 7.4, 

6.3 cm s-1, and 𝑔′ was 8.8 × 10-3, 2.4 × 10-3, and 4.6 × 10-4 m s-2 at y 

= 90, 85, 80 km, respectively. 

The plume was thin and driven by gravity at the upper slope, while 

it was thickest at the middle of the slope, where the Coriolis force was 

strong and the buoyancy force was weaker than that at the upper part. 

Because of the weak density gradient due to entrainment during 

convection, all force terms at the lower part were smaller than those at 

the middle part. 

In this study, the z-coordinate was used as the vertical coordinate. 

The topography of the continental slope was represented like stair-step. 

Grid corners might distort the downslope flow if the plume is as thin as 

a vertical grid. The plume thickness was about 200 m in the central 

region of the slope current (Figure 3.9b). Since the plume thickness was 
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thicker than three vertical grids, the stair-step representation (i.e., z-

coordinate) could resolve the plume. The time intervals were so fine 

that the downslope flow took at least 100 steps to pass through one grid, 

reducing errors due to floor topography. 

The surface-layer water near the thermal front on the shelf break 

became colder than the interior water of the open ocean because of 

the strong horizontal mixing with the cold water on the shelf by the 

large-scale convective eddies due to baroclinic instability, as shown in 

Section 3.2. (Figure 3.4E–F). Part of this cool water combined 

convection (Foster and Carmack, 1976; Muench and Gordon, 1995; 

Tanaka and Akitomo, 2000). 

 

3.4. Discussion 

3.4.1. Role of the continental shelf on slope convection 

To examine the sensitivity of slope convection to the continental 

shelf, we compared the results of the SCS experiment with those of the 

NS experiment. In the SCS experiment, most of the cold water on the 

continental shelf persisted and continued to lose heat (Figure 3.10A). 

Even after the slope-convection onset, the temperature of the slope 

current continued to decrease because cold water was being supplied 

from the continental shelf. 

In the NS experiment, the coastal area cooled faster than the open 

ocean. After the onset of convection, coastal water was mixed with 

offshore water by large convective eddies owing to the baroclinic 
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instability near the coast. The temperature gradient in the NS 

experiment was smaller than that near the shelf break in the SCS 

experiment (Figure 3.10B), thereby confirming that the continental 

shelf acts as a dense water reservoir in slope convection (Killworth, 

1983). The slope current from the continental shelf also disappeared in 

the NS experiment (Figure 3.10E–F). 

Nevertheless, the rapidly cooled coastal water in the NS experiment 

convected deeper than the mixed layer of the open ocean along the 

continental slope. The temperature of the convective-plume head, 

which reached 640 and 880 m on day 10 and 20 was 0.363 and 0.277 °C, 

respectively (Figure 3.11). 

 

3.4.2. Effect of the continental-slope inclination on slope convection 

The effects of continental-slope inclination on slope convection 

were investigated by comparing the results of the experiments 

according to various slope inclinations. The temperature at the 

continental shelf, i.e., a dense-water reservoir, was the same in all the 

experiments (Figure 3.12A–D). The temperature in the open ocean also 

exhibited the same characteristics in all the experiments. Dense water 

from the continental shelf flowed downward in all experiments. In the 

SGS, SSS, and SC experiments, the tracer volume transferred to more 

than 1,000 m depth was approximately 0.47, 0.97, and 0.49 times that 

of the SCS experiment, respectively (Figure 3.12E–H). 

The convection depths were different among the experiments 



 

 ４８ 

despite similar density differences between the shelf and open-ocean 

waters. In the SSS, SCS, and SGS experiments, based on the tracer 

concentration, the convection depths on day 20 were 3.69, 3.16, and 

1.89 km, respectively (Figure 3.13A). The convection speed, determined 

by the convection depth over time, was proportional to the slope 

steepness and increased with time in all the experiments. However, the 

acceleration depended on the slope inclination. The convection depth 

in the SC experiment was deepest until day 7, but shallower than in the 

SSS and SCS experiments after 15 days. 

The temperature of the convective-plume head was closely related 

to the convection speed. The temperature was lowest and highest in 

the SSS and SGS experiments for the entire period, respectively (Figure 

3.13B). The temperature in the SC experiment was lowest until day 7, 

but higher than that of the SSS and SCS experiments after 15 days 

(Figure 3.13B). The dense-water dumping from the shelf due to the 

absence of slope friction in the SC experiment might have resulted in 

deep and cold convection during the initial period. However, the active 

mixing of the convective plume with surrounding water degraded the 

high-density plume core, which decreased the relative convection 

speed and cooling rate of the plume in the SC experiment. 

Because the plume flows down the slope forced by gravity (Ellison 

and Turner, 1959), the slope inclination is the main factor affecting the 

convection speed. The temperature was similar in the SCS and SSS 

experiments, but the convection reached deeper in the SSS experiment 

after 15 days (Figure 3.13), suggesting that the amount of entrained 
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background water was similar over the same period.  

In the SSS experiment, although the weak stabilizing effect of 

gravity on the slope degraded the initial characteristics of the plume 

during convection, which was the case even in the upper slope region, 

the steep slope was able to lead it to the bottom layer. In contrast, in 

the SCS experiment, gravity stabilized the plume well, but the plume 

nevertheless descended slowly. These conflicting inclination effects 

might result in similar deep-convection volume transports in the SCS 

and SSS experiments. The convection speed was lowest in the SGS 

experiment because of the small downslope gravity acceleration. 

 

3.4.3. Effect of brine rejection on the slope convection 

The results of the BR experiment were compared with those of the 

SCS experiment for examining the effects of brine rejection. A plume 

with low temperature and high salinity formed along the bottom of the 

continental slope. High-density water from the shelf in the BR 

experiment flowed downward along the slope, as in the SCS experiment. 

The surface tracer concentration in the BR experiment was lower than 

that in the SCS experiment (Figure 3.14A); however, the tracer volume 

transferred to more than 1,000 m depth in the BR experiment was 

approximately 2.29 times that in the SCS experiment. 

The convection speed of the plume in the BR experiment was faster 

than that in the SCS after 10 days. The convective plume in the BR 

experiment reached the bottom on day 18, whereas it reached 2,300 m 
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depth in the SCS experiment (Figure 3.14B). 

The salinity at the shelf was higher than 34.1 g kg-1 on day 20, and 

the salinity of the water arriving at the bottom by slope convection was 

diluted to 34.070–34.073 g kg-1. In addition to the results of the SCS 

experiment, slope convection could be the result of cooling, this 

section also suggests that deep convection along the slope could be 

accelerated by brine rejection (Talley et al., 2003; Talley et al., 2006; 

Yoon et al., 2018). 

 

3.5. Conclusion 

We investigated deep convection along the continental slope in the 

East/Japan Sea (EJS) using a large-eddy simulation (LES). Convection, 

driven by 200 W m-2 surface heat flux (i.e., the winter 2001 average net 

heat flux; when deep convection was evident), occurred at 

approximately 700 m depth in the open ocean, but below 2,700 m 

depth along the slope after 20 days. The temperature of the convected 

water reached the central-water (CW) range after 10 days in the open-

ocean (OO) experiment, but that in the shelf and control slope (SCS) 

experiment reached the deep-water (DW) range after 15 days and the 

bottom-water (BW) range after 19 days. These results suggest that slope 

convection is a potential ventilation process for the DW and BW 

formations in the EJS, whereas open-ocean convection occurs for the 

intermediate-water (IW) and CW formations. 

Surface heat loss results in more cooling in the shallow than in the 
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open ocean. The dense water formed by strong cooling flows down 

along the slope as a bottom Ekman current. The dense characteristics 

of the initial water were well conserved along the continental slope 

during convection, whereas they changed by vigorous mixing with the 

surrounding waters in the open ocean. 

The vertical velocity spectrum of the convection plume revealed a 

peak at approximately 500–700 m wavelength in the open ocean, which 

was consistent with earlier studies; a second peak was also revealed at 

approximately 4 km due to baroclinic instability in the upper-slope 

region, where the thermal front was generated by cold shelf water and 

warm open-ocean water. The mixed water near the thermal front 

joined the slope current. 

The no-shelf (NS) experiment exhibited tiny convection along the 

slope due to the absence of a dense-water reservoir for slope 

convection. Additional experiments regarding diverse topographies 

suggested that the downward speed and mixing change according to 

the inclination of the continental slope. The downward speed was 

proportional to the slope inclination. The downslope gravity 

acceleration resulted in a fast downward flow to the bottom of the steep 

slope. The temperature of the convective-plume head was inversely 

proportional to the continental-slope inclination, except in the case of 

the cliff, where excessive mixing impeded the progression of the plume. 

The salinity increase due to brine rejection in the shelf accelerated the 

slope convection. 

To the best of our knowledge, deep water formation along a slope 
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has not yet been thoroughly explored. Although our LES model assumed 

a simple condition and the model domain was small, we could find the 

significant impact of slope convection on deep water formation. Our 

results suggest a strong potential slope-convection contribution to 

deep water formation and will be available for parameterizations in 

ocean general circulation models, which can more effectively simulate 

large-scale ocean circulation. Furthermore, it is necessary to continue 

observing the bottom slope current on the continental slope off the 

Vladivostok. In that case, we will clearly understand the deep 

convection process of the East Sea. 
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Figure 3.1. (Left panel) Sea surface temperature from satellite 

observation (OSTIA) in February 2001. (Right panel) Study area, 

including the continental shelf and slope south of Vladivostok. White 

solid lines represent isobaths. The model was idealized to mimic the 

actual topography inside the red rectangle in the right panel. 
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Figure 3.2. (Left panel) CTD stations south of Vladivostok during the 

CREAMS winter cruises from 1993 to 2015 (colored dots). (Right panels) 

Colored lines represent vertical temperature and salinity profiles during 

each CREAMS cruise. Black solid lines are temperature and salinity 

profiles selected for numerical experiment initialization. Background 

colors represent the water masses in the EJS based on Kim et al. (2004) 

(magenta: CW, yellow: DW, cyan: BW). 
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Figure 3.3. Side view of model topographies: (A) open ocean (OO), (B) 

shelf and control slope (SCS), (C) no shelf (NS), and shelf with (D) gentle 

slope (SGS), (E) steep slope (SSS), and (F) cliff (SC). 



 

 ５６ 

 

  

Figure 3.4. Meridional sections of the (A–B, E–F) temperature and (C–

D, G–H) tracer concentration from the (A–D) OO and (E–H) SCS 

experiments. Left panels (A, C, E, G) are cross-sections at x = 25.6 km 

at the end step of day 20, and right panels (B, D, F, H) are zonally and 

temporally averaged values on day 20. 
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Figure 3.5. (A) Depth and (B) temperature of the convective-plume head 

with time in the OO and SCS experıments. Background colors represent 

the range of water masses in the EJS based on Kim et al. (2004) 

(magenta: CW, yellow: DW, cyan: BW). 
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Figure 3.6. Horizontal distribution of vertical velocity at z = −60 m after 

20 days of cooling in the (A–B) OO and (C-D) SCS experiments. The 

blue and black solid lines in (C) are the lower and upper boundaries of 

the continental slope, respectively. 
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Figure 3.7. Horizontal wavenumber spectra of vertical 

velocity at z = −60 m in the OO (blue) and SCS (orange) 

experiments in the dashed blue and orange boxes of 

Figure 3.6, respectively. 
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Figure 3.8. Meridional sections of zonally averaged velocity vectors (A) 

after 10 and (B) 20 days in the SCS experiment. Vertical exaggeration 

of the velocity vector is 5.57. 
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Figure 3.9. Profiles of zonal and downslope velocities near the slope 

bottom in the SCS experiment on day 20. (A) y = 80 km, (B) y = 85 km, 

(C) y = 90 km. 
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Figure 3.10. Meridional sections of zonally averaged (A–B) temperature, 

(C–D) tracer concentration, and (E–F) velocity on day 20. Left panels (A, 

C, E) are results from the SCS experiment, reprinted for comparison 

with the right panels (B, D, F), which are results from the NS 

experiment. 
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Figure 3.11. (A) Depth and (B) temperature of the convective-plume 

head with time in the SCS and NS experiments. 
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Figure 3.12. Meridional sections of zonally averaged (A–D) temperature, 

(E–H) tracer concentration in the (A, E) SGS, (B, F) SCS, (C, G) SSS, and 

(D, H) SC experiments. The results of the SCS experiment were 

reprinted for comparing the differences according to the slope 

inclination. 
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Figure 3.13. (A) Depth and (B) temperature of the convective-plume 

head with time in several experiments (i.e., SGS, SCS, SSS, SC) with 

various slope inclinations. 
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Figure 3.14. (A) Meridional sections of zonally averaged tracer 

concentration on day 20 in the BR experiment. (B) Comparison of the 

convection depths of the convective-plume heads with time in the SCS 

and BR experiments. 
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4. Summary and Conclusions 

Turbulence plays an essential role in some ocean processes. It is 

necessary to understand these oceanic phenomena through numerical 

modeling, including turbulence. In this study, the turbulent ocean 

processes around Korea were simulated using LES, and their principles 

were discussed. 

Wave-driven turbulence is involved in surface mixing through LC 

and LB and transports materials through Stokes drift. The effect of 

these changes on the advection and diffusion of oil spills was analyzed. 

Vertically distributed particles that experience a vertically varying 

horizontal velocity are more widely dispersed and less advected than 

particles that do not leave the surface. When LC enhanced the buoyant 

particles' vertical dispersion, the horizontal dispersion increased, and 

the horizontal advection decreased. WB had a noticeable influence on 

the particles leaving the surface. 

The size of particles, i.e., the buoyancy of particles, also changed 

the dispersion and advection by transforming the vertical distribution. 

Strongly buoyant particles slightly dispersed but advected as fast as the 

surface velocities. Weakly buoyant particles dispersed extensively but 

advected quite slowly. 

Deep convection along continental slope in the East/Japan Sea (EJS) 

was investigated. The results suggest that slope convection is a 

potential ventilation process for the DW and BW formations in the EJS, 

whereas open-ocean convection occurs for the intermediate-water (IW) 
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and CW formations. 

Shallow water temperature on the continental shelf decreased 

faster than in the open ocean by the same surface heat loss. The dense 

water formed by isolation flows down along the slope as a bottom 

Ekman current. During convection along the continental slope, the 

high-density core of the convective plume was well preserved. 

The role of the continental shelf was confirmed as a dense-water 

reservoir for slope convection. The downward speed was proportional 

to the slope inclination. The slope convection was accelerated by the 

increase in salinity caused by brine rejection inside the shelf. 

This study attempted to demonstrate the applicability of LES to the 

simulation of turbulent ocean phenomena occurring around Korea and 

the interpretation of their mechanisms. The characteristics of turbulent 

phenomena revealed in this study might be helpful for the 

parameterization of GCMs to improve their performance and for our 

advanced understanding of ocean dynamics. 
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Abstract in Korean (국문초록) 

큰에디모사기법(LES)를 이용하여 한국 주변의 난류 해양 현상을 

모의하고 그 특성을 조사하였다. 

대부분의 심각한 해양 유출 사고는 강풍 중에 발생하며 오염 물질의 

확산은 랑뮤어 순환(LC) 및 파도 깨짐(WB)과 같은 파랑 기반의 해양 상부 

난류에 따라 달라진다. 그러나 LC와 WB가 이류 속도와 확산 속도에 미치는 

영향은 아직 잘 알려져 있지 않다. 본 연구에서 부력 입자의 이류 및 확산을 

LES로 모델링하였다. 입자의 통계적 양의 변화를 기반으로 이류 속도와 유효 

확산도를 정량적으로 비교하였다. 부력입자의 수직분산이 LC에 의해 

강화되었을 때 수평분산은 증가하였고 수평이류는 감소하였다. WB는 입자가 

표면을 떠나도록 하여 상당한 영향을 미쳤다. 부력이 강한 입자는 약하게 

분산되지만 표면 속도로 빠르게 이류하였다. 약한 부력 입자는 광범위하게 

분산되지만 아주 천천히 이류하였다. 

최근 동해(EJS)에서의 관측은 블라디보스토크 남쪽에서 대륙 사면을 따라 

심층 대류가 발생하여 저층수가 형성됨을 시사했다. 본 연구에서 대륙 

사면을 따른 심층 대류 과정은 큰에디모사기법을 사용하여 조사되었으며, 

이는 대륙붕에서 겨울철 강한 냉각에 의해 형성된 밀도가 높은 물이 바닥 

에크만 해류로 사면을 따라 흘러내리는 것을 보여주었다. 대륙사면을 따르는 

심층 대류의 경우는 고밀도 해수의 특성이 침강하는 동안 비교적 잘 

보존되었으나, 외해에서 발생한 대류의 경우는 주변해역과 혼합되면서 

특성을 잃었다. 따라서 동일한 표면 열속 조건에서 사면 대류(Slope 

Convection)는 외양 대류(Open-ocean Convection)에 비해 더 깊게 

침투하였다. 겨울철의 전형적인 표면 냉각(200W m-2) 조건에서 사면 대류는 

2,700m 이상의 깊이에 도달하여 심층 및 저층에 대한 잠재적인 순환 과정을 
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형성하였다. 반면 외양 대류는 최대 약 700m 깊이에 도달하여 동해의 

중층수 및 중앙수 형성에 기여함을 보였다. 다양한 지형 실험에서 침강 

속도는 대륙 사면의 경사에 비례한다는 것이 밝혀졌다. 고밀도수의 초기 

특성은 경사가 작을 때 비교적 잘 보존되었다. 대륙붕 내부의 염 방출로 

인한 염분 증가는 사면 대류를 가속화할 수 있다. 
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