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Abstract 

 

 

Seasonal Variability of the Mixed Layer Depth  

in the East Sea 

 

 

SeHan Lim 

School of Earth and Environmental Sciences 

The Graduate School 

Seoul National University 

 

We constructed a new profile-based 0.5°-resolution monthly mean 

climatology of the mixed layer depth (MLD) in the East Sea (ES) using 

most of the available temperature and salinity observations collected from 

1931 to 2005. The MLD is defined by a depth at which the temperature is 

changed from the surface reference value by 0.2
o
C. The temperature-based 

MLD shows no significant difference (mostly less than 20 m) from the 

density-based values over most of the East Sea except in the regions near  

the Russian coast and the Japanese coast, where barrier layers are formed 

during a period from late fall through early spring, suggesting that the 

temperature-based MLD can be a good proxy for the MLD in the East Sea. 

The range of seasonal variation in the MLD is from about 20 m near the 
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Sub-polar front (SPF, 38
o
N ~41

o
N) to about 200 m near the winter 

convection region (132
o
E~135

o
E, 41

o
N~43

o
N). The weaker seasonal 

variation near the SPF results from year-round strong stratification sustained 

largely by the subduction of relatively cold water underneath the East 

Korean Warm Current (EKWC) and the complex dynamic process of 

frontogenesis including lateral dynamics or wind-induced friction. The 

spatial distribution of the MLD is also changed significantly due to both 

atmospheric and oceanic processes including eddies and winter convection. 

For example, a deep mixed layer is developed in the Ulleung Basin during 

winter due to the Ulleung warm eddy. There was a abrupt and localized 

deepening along the near-coastal areas in the northern part of the ES in 

winter and early spring. Barrier layers were clearly identified mainly along 

the Russian shelf and the Japanese coast during winter, caused by presence 

of the low-salinity water.  

 

Keywords: Seasonal variability, Mixed layer depth, Barrier layer, A climatology, 

the East Sea, Winter convection, Low salinity water. 
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Chapter 1. General Introduction 

 

 The oceanic mixed layer is defined as the vertically well–mixed near–surface layer 

that can be induced by both atmospheric forcing (surface cooling and/or wind 

stirring) and ocean processes (lateral advection, Langmuir circulation, wave–current 

interaction, internal wave). The mixed layer (ML) directly affects air–sea exchange 

of heat and momentum, thereby contributing to sea surface temperature, which is one 

of the most important oceanic variables for Earth’s climate (Fig. 1-1). Major oceanic 

biological and chemical processes that play crucial roles in Earth’s climate also occur 

in the mixed layer (Falkowski et al., 1998). Numerous researchers have investigated 

variability of the mixed layer depth (MLD) over the global ocean or regional oceans, 

including the North Pacific Ocean (Fig.1-2) (e.g., Levitus, 1982; Monterey and 

Levitus, 1997; Kara et al., 2003; de Boyer Montégut et al., 2004 [hereafter, dBM04]; 

Suga et al., 2004; Lorbacher et al., 2006; Sato et al., 2006; Carton et al., 2008; Holte 

and Talley, 2009). 
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It has been suggested that MLD variability in the East/Japan Sea (hereafter, East 

Sea) can be affected by basin–scale circulation patterns (Fig. 1-3), boundary currents, 

mesoscale eddy activity, deep–water formation, and pronounced monsoons. In the 

East Sea most previous studies for the MLD were conducted on a local area or a 

special season. Shim and Kim (1981) reported that the MLD and heat flux variations 

in the southeastern coastal area of Korea are tightly correlated during both of the 

active cooling and heating seasons (Fig. 1-4). Jang et al. (1995), on the other hand, 

found that temporal change of the ML in the Korea Strait in autumn is mainly 

controlled by advection rather than air–sea interactions such as wind stress or 

buoyancy flux. Kim and Isoda (1998) provided a description of the MLD in the East 

Sea using the World Ocean Atlas (WOA) 1994 (Monterey and Levitus, 1997) and 

long–term repeated hydrography along the PM line made since 1972 by the Maizuru 

Marine Observatory. They focused on interannual variability rather than details of 

seasonality over the entire East Sea. Also, some recent studies of the MLD in the 

East Sea focused on local watermass formation area in a specific year (Talley et al., 
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2003; Kawamura et al., 2007). However, basin–wide distribution of climatological 

MLD in the East Sea has never been fully investigated before, although it is 

fundementally important information for understanding spatio–temperal variability 

of bio–geochemical materials and for evaluating performance of numerical models.  

Studies of bio–geochemical material such as chlorophyll concentration, fishery 

resources, and CO2 exchange require robust understanding of MLD seasonality 

which may strongly affect these materials’ temporal and spatial variabilities (e.g., 

Jang et al., 2011; Jo et al., 2007; Oh et al., 1999; Yamada et al., 2004; Zhang et al. 

2000). Furthermore, climatological MLD maps have been used often to evaluate 

performance of East Sea circulation numerical model results. Trusenkova et al. 

(2005a) provided seasonal evolution of the MLD over the whole East Sea using both 

numerical simulation and long–term data analysis in order to assess their numerical 

simulation of the MLD (Fig. 1-7). Noh et al. (1996) also used MLD to evaluate 

performance of vertical mixing schemes for an East Sea circulation model, but 

without detailed description of the MLD because of the lack of a reliable MLD 



 4 

climatology. Existing climatological temperature and salinity profiles, such as World 

Ocean Altas (WOA) are not appropriate for the estimation of climatological MLD 

due to the vertically smoothed density structure which may underestimate the actual 

MLD by –25% according to dBM04. In addition, water properties within MLDs 

averaged from individual profiles in the North Pacific Ocean differ considerably 

from those of the WOA (Suga et al., 2004; Ohno et al., 2004). 

The underwater sound speed determines the characters of sound propagation 

pattern in the ocean. Sea water temperature, salinity, and pressure changes the sound 

speed. In particular sea water  temperature and salinity have significant spatial and 

temporal variations. Very changeble oceanic environments lead to complicate 

acoustic propagation patterns. Conditions of the upper ocean often result in a near 

surface acoustic duct that limits the downward transmission of sound and result in 

the acoustic spreading to be approximately cylindrical (Urick, 1983). Sound trapped 

in a surface duct is primarily transmitted outward from the source in an expanding 

disk. This occurs when the near surface environment is upward refracting due to an 
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increase of sound speed with depth. The depth over which the increasing sound 

speed penetrates is called the sonic layer depth (SLD) (e.g., Kerman, 1993). The 

acoustic frequency that can propagate in this type of duct is dependent on the SLD. 

For a typical water column, where isothermal and isohaline surface layer depths exist 

and temperature decreases below that depth, the MLD and SLD are equal. This is 

because sound speed increases with depth due only to increasing pressure until a 

local maximum at the MLD, below which sound speed decreases with decreasing 

temperature. For a given SLD there is a cutoff frequency above which sound will be 

trapped in the surface duct. Sound with a lower frequency is not trapped and will 

spread spherically in all directions, leading to more rapid horizontal attenuation 

(Etter, 2003). Sound in a duct (with cylindrical spreading) can be transmitted much 

farther horizontally than in non-ducting environments (with spherical spreading). 

This phenomenon substantially influences, for example, ocean communications 

(Siderius et al., 2007), acoustic tomography (Sutton et al., 1993), and naval 

operations (Urick, 1983) (Fig. 1-‘9).  
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Throughout much of the world’s oceans, upper ocean density stratification is 

controlled primarily by temperature so that temperature-based MLD has been 

regarded as the “real” MLD mainly due to the lack of density profiles. However, 

studies in some regions of the World Ocean have sugested that salinity can control 

the MLD (e.g., Lindstrom et al., 1987; Lukas and Lindstrom, 1991). The barrier 

layer (BL) which is a difference between the deep temperature-based MLD and the 

shallow density-based MLD acts as a barrier to the mixing of cold thermocline water 

and surface mixed water (Fig. 1-10). Formation of BL is induced by a presense of 

low salinity water in upper layer of the ocean. In the East Sea low-salinity waters 

along the Russian shelf regions and the Japanese coast are well-documented 

phenomena (e.g., Seung and Yoon, 1995; Senjyu, 1999). Therefore, and BL could 

form in these areas. However role of BL is important for interaction of the 

atmosphere and the ocean, little attention has been paid to BLs in the East Sea due to 

the lack of reliable MLD climatology. 

As an example for application of the MLD climatology constructed in this study, 
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chlorophyll–a concentration data in the East Sea were used: Sea–viewing Wide 

Field–of–view Sensor (SeaWiFS) chlorophyll–a level of 3, 8–day data were obtained 

from the NASA Goddard Space Flight Center Distributed Active Archive Center 

(DAAC) (http:// daac.gsfc.nasa.gov) for the period from September 1997 to 

December 2007 (McClain et al., 1998) and were used to make a 1/12˚ monthly 

climatology. 

To the best of our knowledge, this study is the first to construct a monthly MLD 

climatology with fine (half–degree) horizotal resolution, using historical 

observations in the East Sea. Some questions that we address in this study are: (1) Is 

the temperature–based MLD a reliable estimator for MLD in the East Sea? (2) How 

strong is MLD seasonality in the East Sea? (3) What are the characteristics of basin–

scale spatial patterns of MLD?  

To answer the first question (1), density profile–based MLDs where both 

temperature and salinity profiles are available were compared to corresponding 

temperature–profile–based MLDs. In the East Sea, since there are approximately 
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twice as many profiles of temperature alone as there are profiles of temperature with 

salinity, we solely used temperature data to estimate MLD in answering the other 

questions (2 and 3): this secured robustness of the MLD averages in each 0.5
o
 × 0.5

o
 

bin.  
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Figure 1-1. Schematic of processes operating at the air-sea interface and in the upper ocean 

mixed layer  (Illustration from Jayne Doucette, Woods Hole Oceanographic Institution). 
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Figure 1-2. Mixed layer depth (MLD) climatology estimated from individual profiles, with an 

optimal temperature difference criterion of DT = 0.2
o
C from temperature at 10 m depth 

(dBM04).
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Figure 1-3. Map of the East Sea showing the current systems. 
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Figure 1-4. Relationship between the MLD and net heat flux in wintertime (February and 

December) and in spring and falltime (April and October) (Shim and Kim, 1981).



 13 

 

Figure 1-5. Spatial distribution of the mixed layer depth using (upper) the observation  and 

(lower) the simulation in winter and summer (Trusenkova et al., 2005). 
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Figure 1-6. Results of sound propagation modeling with source depth 10m and source sound frequency 

8 kHz which is performed with in-situ observation profile data in the central part of the East Sea. 

Sound propagation depends on vertical structure of sound speed, especially thickness of the MLD. 
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Figure 1-7. A diagram of isothermal, mixed, and barrier layers.  
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Chapter  2. Data and Methods 

 

2.1. Data sources 

The hydrographic data were extracted mainly from the World Ocean 

Database 2005 (hereafter, WOD05; Boyer et al. 2006) in the region 

between 35°–49°N, 142°–125°E. WOD05 covers almost the entire East 

Sea. As there are large differences in data density between the northern 

and southern parts of the East Sea, we combined WOD05 data with 

additional profiles to include most of the available datasets. Additional 

profiles were obtained from the Circulation Research of the East Asian 

Marginal Seas (CREAMS) project, which collected high-resolution 

conductivity–temperature–depth (CTD) profiles for almost every 

summer and winter season in the East Sea from 1993 to 2004. We also 

used Argo float data from 1999 to 2004, which were not included in 

WOD05; these data were provided by the Webb Research Corporation, 

the Korea/USA CREAMS program, Korea Meteorological Agency, and 

Korea Oceanographic Research and Development Institute. In total, 
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331,022 profiles were collected, representing almost all the available in 

situ profiles obtained between 1931 and 2005 and including Ocean 

Station Data (OSD; also referred to as the “Bottle Dataset”), 

Mechanical Bathy Thermograph (MBT), eXpendable Bathy 

Thermograph (XBT), CTD, and Profiling Floats (PFL) data. 

Temperature profiles comprised approximately 62% of the total profiles, 

and temperature–salinity profiles made up approximately 38%. Figure 

2-1 and 2-2 shows the spatial and temporal distribution of all profiles 

from WOD05 and additional data sources. The OSD profiles in 

WOD05 were long-term observations ranging from 1931 to 2001 

comprised of relatively low vertical resolution CTD data. They 

represent the majority of the data, making up 40% of the total profiles. 

The MBT profiles included data obtained by digital bathythermographs 

(DBTs); these instruments report data electronically rather than 

mechanically and may reach depths greater than 295 m. These data 

cover the period from 1943–2000 and represent 35% of the total data. 

Since the mid-1960s, XBTs have been gradually replaced by MBTs, 
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representing 20% of the total data. The more recent CTDs and PFLs 

represent 1% and 4% of the dataset, respectively. 

The data are generally denser over the southern part of the East Sea. 

The number of temperature–only profiles reaches more than 500 in 

each half–degree bin over the southern East Sea, while less than 150 

are found in most of the northern area. The salinity data (which include 

temperature) show similar spatial patterns, but have smaller numbers. 

Note that salinity profiles are almost absent in most of the region north 

of 42°N in winter (December to February), as well as late summer and 

early fall (August to September). Little confidence would be placed in 

the MLD climatology for those areas, if the density–based MLDs were 

used.  

Temperature profiles measured by MBT, XBT, OSD, CTD, and PFL 

comprise approximately 62% of the total profiles, and temperature–

salinity profiles measured by OSD, CTD, and PFL make up 

approximately 38%. The OSD profiles in WOD05 are long–term 

observations from 1931 to 2001 and have relatively low vertical 
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resolution, being observed at standard depths with bottles (Boyer et al. 

2006). They are a significant proportion of the data, 40% of all the 

profiles. The MBT profiles include  data measured by Digital 

BathyThermographs (DBTs) which reach depths greater than 295 m. 

These data cover the period 1943–2000 and their profiles represent 

35% of the total. Since the mid–1960s, XBTs have gradually replaced 

MBTs: XBT profiles represent 20% of the total. The more recent CTDs 

and PFLs represent 1% and 4% of the total, respectively. 

To examine mechanisms that responsible for seasonal variations of 

the MLD,  European Centre for Medium–Range Weather Forecasts 

Reanalysis Archive 40 (ERA40) data were used to compute a monthly 

surface heat flux climatology over 1961–2000. These data cover the 

period from mid–1957 to mid–2002 (Uppala et al., 2005). Also, a 

climatology of wind stress based on NASA’s Quick SCATterometer 

(QuikSCAT) was used. The QuikSCAT wind data span 8 years from 

September 1999 to August 2007 and were averaged to construct a 

monthly climatology of wind stress (Risien and Chelton, 2008). 
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As an example application of the MLD climatology constructed in 

this study, chlorophyll–a concentration data in the East Sea were used: 

Sea–viewing Wide Field–of–view Sensor (SeaWiFS) chlorophyll–a 

level 3 8–day data were obtained from the NASA Goddard Space Flight 

Center Distributed Active Archive Center (DAAC) (http:// 

daac.gsfc.nasa.gov) for the period from September 1997 to December 

2007 (McClain et al., 1998) and were used to make a 1/12˚ monthly 

climatology.
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Figure 2-1. Spatial distributions of all profiles from the World Ocean Data Base 2005 

and additional data sources. Temperature profile is left panel and temperature -salinity 

profile is right panel. 
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Figure 2-2. Temporal distributions of all profiles from the World Ocean Data Base 

2005 and additional data sources. Temperature profiles (gray in top) comprised about 

62% of the total profiles, and temperature–salinity profiles (black in top) comprised 

about 38% of the total. Shading (bottom) denotes the total profiles (331,022 profiles), 

blue-shaded OSD profiles represent the majority of the data, comprising 40% of the 

total profiles, cyan denotes the MBT profiles (35%), and green denotes XBT profiles 

(20%). Recent PFLs and CTDs, shown in magenta and red, represent 4% and 1% of 

the dataset, respectively.  
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2.2. Methodologies 

To establish the MLD climatology using individual profiles, it was first 

necessary to identify the appropriate profiles and remove any that are 

unsuitable (i.e., unusable, erroneous, or containing atypical data) before 

estimating the MLD. To do so, we largely followed the approach of 

dBM04. We describe the detailed procedures used to produce MLD 

climatologies from individual profiles in section 2.2.1. Briefly, we first 

checked profiles for any spurious data using quality checks, such as the 

spike test, gradient test, and density inversion test; these tests removed 

about 25% of the total profiles. As the sampling depths were not 

uniform, we interpolated the profiles linearly to a 1 m depth resolution 

for all observations. For each of the selected profiles, we computed the 

MLD by applying the chosen criteria and collected these values into 

monthly grid boxes of 0.5° longitude × 0.5° latitude.  

  2.2.1. Selection of Profiles and Quality Control 

  As the purpose of this study was to generate an MLD climatology 

based on individual profiles, our quality control method was designed 
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to identify appropriate profiles and remove any that are unsuitable and 

would be useless, erroneous, and contain atypical data. As the MLD 

was estimated for each profile, the first restriction was to keep only 

those profiles that would allow us to calculate the MLD. Some of the 

MBT, XBT, and OSD profiles had very low resolution of observation 

levels for their deployed depth (i.e., five levels of observation from the 

surface to 200 m). However, these profiles showed the lower limit of 

the MLD, and simply excluding them would have introduced a shallow 

bias in the climatology (Polovina et al., 1995). QC1) some were 

considered to have insufficient resolution to estimate the MLD, and 

thus we removed 14,335 profiles (6.25% of the total). In this study, the 

surface reference depth for the MLD criterion was 10 m from the sea 

surface. We made the allowance that if at least the beginning of the 

temperature and salinity profiles was above 10 m or between 10 and 11 

m, their first level was considered 10 m; QC2) we removed 6,824 

profiles in which observation began at a level deeper than 11 m (about 

3% of the total). The accuracy of the MBT instrument is generally 
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acknowledged to be about 0.3°C (Levitus et al., 1982; Boyer et al., 

2006). In addition, QC3) we removed 2,863 profiles that included 

temperature inversion in depth of more than 0.3°C m
-1

 (1.2% of the 

total), considering these to be out of bounds for accuracy of the 

instrument. QC4) Severely spiky temperature profiles with excessive 

temperature gradients of more than 0.7°C m
-1

 were eliminated (19,873 

profiles; 8.6% of the total); these were mainly MBT, XBT, and OSD 

observations. QC5) We also rejected some OSD, PFL, and CTD 

profiles (9,441 profiles, 9.2% of the total salinity profiles) for which the 

salinity value was not reported or which contained an atypical value 

compared to well known salinity climatology (e.g., Chu et al., 2001). 

When diagnosing the density-based MLD, QC6) we also rejected 

profiles with density inversion in depth greater than 0.02 kg m
-3

, which 

included most of the OSD profiles (2.7% of the total salinity profiles). 

Finally, we used 173,106 profiles, which contained temperature only, to 

calculate the temperature-based MLD and used 78,218 profiles, which 

contained temperature and salinity, for the density-based MLD. 
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Figure 2-3. Histogram of the removed profiles is applied by a procedure of quality 

control. 
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2.2.2. Data reduction  

   The reduction of the data was an uncertain step, as it was necessary 

to choose the most appropriate estimator that adequately characterized 

the ensembles of MLDs for each grid box. The mean MLD has been 

widely used as the best estimator (Monterey and Levitus, 1997; Kara et 

al., 2003). However, dBM04 suggested that the median of the MLD is a 

more relevant estimator than the mean. We evaluated both estimators in 

a 0.5° × 0.5° grid box located in the East Sea (131.5°E, 37°N) for the 

months of December (38 profiles), February (78 profiles), and April (71 

profiles), during winter and at the end of spring restratification (Figure 

2-4). The distributions of these MLDs were most skewed toward higher 

values in April, favoring the use of the median. Therefore, we took the 

median as the representative value of the MLD in each grid box for the 

East Sea. 

We also calculated monthly percentages of median deviations of 

MLDs to evaluate the width of the MLD estimations with at least three 

values per grid box (Figure 2-5) as follows: 
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The median deviation values were generally 50% for most of the 

East Sea and most years, without an evident regional pattern. However, 

in winter (January and February) and spring (March and April), the 

median deviation values increased strongly throughout the whole basin, 

reaching maximum values in the area offshore of Vladivostok. Winter 

convection regions were the most variable because of the irregular 

intensity and occurrence of the winter convection process (Senjyu and 

Sudo, 1994; Seung and Yoon, 1995). High values were also found 

along the Subpolar Front (SPF) and other relevant frontal regions. In 

these areas, the mesoscale activity associated with the fronts and the 

variability of the fronts themselves (e.g., Park et al., 2007) produced 

strongly variable intra-box estimations of MLD, resulting in high 

median deviation. 

Figures 2-6 and 2-7 show the distributions of the monthly number 

of profiles in each grid box from 1931–2005. Data coverage was 
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generally dense over the southern East Sea but generally scant over 

most of the northern East Sea, which is to be expected due to the 

reliance on ship-based measurements. Finally, we used ordinary kriging 

with a search radius of 200 km containing an optimal prediction 

method to fill in missing grid point values. The kriging was applied to 

grids with more than five values to avoid unreliable interpolation. This 

method has proven useful and popular in spatial data analysis with 

close links to objective analysis. 
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Figure 2-4. The two MLD criteria were ΔT = 0.2°C ( blue shading ) and 0.5°C 

(red shading) from the 10 m reference depth in a 0.5° by 0.5°grid box, 

located in the East Sea (131.5°E, 37°N) for the months of December (38 

profiles), January (16 profiles), and April(71 profiles). Also indicated are the 

median for each criterion (squares) and the median average deviation (vertical 

bars) and mean (diamonds) for the ΔT = 0.2°C criterion. 
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Figure 2-5. Monthly the median deviation of MLD from ΔT =0.2°C climatology, 

estimated with at least three values per grid box. 
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Figure 2-6. Monthly distribution of the temperature profiles by 0.5° longitude and 

latitude grid box in the East Sea after quality control. 
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Figure 2-7. Same as Figure 2-6, but for a temperature–salinity profile. 
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Chapter 3. Mixed Layer Depth Criterion 

 

The definition of the MLD can be arbitrary and based on temperature 

or density. Table 3-1 gives an example of the multiplicity of criteria 

used to determine the MLD using the threshold method, for which the 

MLD is the depth at which temperature or potential density changes by 

a given threshold value relative to the one at a near-surface reference 

depth. Most often the choice of these two crucial values is rather 

arbitrary. However, Sprintall and Roemmich (1999) used a visual 

examination of thousands of profiles in choosing their criterion, and 

Brainerd and Gregg (1995 ) studied the oceanic mixed layer in great 

detail using the Advanced Microstructure Profiler, from which they 

could estimate the length scale of turbulent overturns and the 

dissipation rate of turbulent kinetic energy. In work by Kara et al. 

2000b, the optimal criterion value of 0.8°C was deduced through 

statistical comparisons of ocean weather station observations with good 

long-term monthly time series with the Levitus climatology. Lastly, 

Levitus, 1982 chose a value of 0.125 kg m
-3

 in density, as it 
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corresponds to the water mass characteristics of Subtropical Mode 

Water in the North Atlantic. Only a few previous studies have produced 

a global MLD climatology (Levitus, 1982; Monterey and Levitus, 

1997; Kara et al., 2003a). The latter two were based on the Levitus 

World Ocean Atlas of 1994, and their estimation was based on already 

averaged and interpolated profiles. It seems more appropriate to 

produce the MLD from each individual profile than from a heavily 

smoothed climatology. Estimating the MLD from individual profile has 

already been used in regional studies, such as the Indian Ocean, North 

Pacific Ocean, and Mediterranean Sea (Rao et al., 1989; Suga et al., 

2004; D’Ortenzio et al., 2005). 

 

3.1. Estimating mixed layer depth from oceanic profile data 

3.1.1. General description 

  Mixed layer depth (MLD) can vary by tens of meters over a diurnal 

cycle (Price et al. 1986; Dorman and Gargett 1988; Schneider and 

Muller 1990) and by 100 m over an annual cycle (Sprintall and 

Roemmich 1999). Numerous studies have emphasized the importance 
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of MLD estimation to upper-ocean processes and variability (Robinson 

et al. 1993; Wijesekera and Gregg 1996; Kara et al. 2000,2003). The 

commonly used threshold difference method (Table 3-1) defines the 

base of the mixed layer as the depth at which the temperature (T) or 

potential density (σθ) in the upper layer changes by the threshold value 

(ex. ΔT = 0.2°C, Δσθ = 0.01 kg m 
-3

) relative to the ocean surface value 

at a reference depth (generally in the range 0, ocean surface, to 10 m). 

Although this definition is probably too narrow for biological 

applications - it often neglects the underlying water of near-identical 

density encompassing high chlorophyll, nutrient, and particle 

concentrations (e.g., Robinson et al. 1993; Washburn et al. 1998) and 

ignores the face that “the retreat of turbulent mixing to shallower 

depths proceeds faster than the erosion of the stratification at the base” 

(Kara et al. 2000) - the threshold difference method with the specific 

threshold of 0.01 kg m
-3

 has emerged as the de facto standard by which 

different methods and studies are compared. 

  Methods for estimating the MLD from profile data fall into three 

broad categories: 1) threshold methods, which find a predefined step in 
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the surface profile (Price et al. 1986; Lukas and Lindstorm 1991; Peters 

et al. 1988) or a critical gradient for the upper layer (Lukas and 

Lindstorm 1991); 2) least squares regression methods, which fit two or 

more line segments to near-surface profiles (Papakakis 1981, 1985); 

and 3) integral methods, which calculate a depth scale for the upper 

layer (Freeland et al. 1997). Table 3-2 shows that selected definitions 

for mixed layer depth and other upper-ocean features were contained 

with three categories. Dγ (Price et al. 1986), is analogous to the integral 

depth scale. Due to a lack of salinity data, or because salinity data tend 

to be noisier than temperature data, the MLD is sometimes linked to a 

steplike change in 0.01
o
- 0.5

o
C (e.g., Levitus 1982; Weller and 

Plueddemann 1996; Kara et al. 2000a, 2000b; de boyer Montegut et al 

2004). Where possible, it is preferable to use potential density or sigma 

t (σt) as estimators for MLD, primarily because it is the density 

structure that directly affects the stability and degree of turbulent 

mixing in the water column, In situ density s less reliable because 

overturning turbulence can result in adiabatic changes of 0.04 kg m
-3

 

over depths of 10 m (Schneider and Muller 1990). 
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  3.1.2. Description of methods 

 A common approach for estimating the surface MLD is to specify a 

threshold slope for the vertical density gradient (e.g., Price et al. 1986; 

Schneider and Muller 1990; Wijffels et al. 1994; Weller and 

Plueddemann 1996). The density gradient method is considered a less 

consistent estimator of MLD than the density difference approach 

(Schneider and Muller 1990). Because of eddylike scales of turbulent 

mechanical mixing, density profiles are often piecewise-linear rather 

than smoothing varying. As a consequence, MLD also can be equated 

to the uppermost line segment in least squares approximations to 

steplike density profiles or to the integral depth scale for the surface 

layer (Price et al. 1986; Freeland et al. 1997). Papadakis (1981, 1985) 

used a three-line approximation to estimate the MLD in terms of abrupt 

changes (“break point”) in the profiles.  

  3.1.2.1. Threshold method 

In air-sea interaction studies (e.g., Wijesekera and Gregg 1996; Smyth 

et al. 1996a, b), the depth of the surface mixed layer is defined as that 

depth z at which the potential density difference Δσθ(z) = σθ(z) - σθ(z0) 
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in the upper ocean exceeds a specified threshold value, commonly 0.01 

kg m
-3

 (Fig. 3-1(a)); here z0 is a reference depth (generally in the range 

z0 = 0, the ocean surface, to 10 m), and σθ(z) = ρθ(z) -1000 kg m
-3

 is the 

density anomaly for measured potential density, ρθ. For the less-used 

threshold gradient method, MLD is the depth at which the density 

gradient ∂σθ /∂z first exceeds 0.01 kg m
-4

 (Fig. 3-1(b)) or other specified 

level. Because threshold method is comparatively simple-depth 

estimates can be made by hand without analytical computations- and 

because the threshold difference of 0.01 kg m
-3

 generally yields diurnal 

depth estimates similar to those from turbulent dissipation 

measurements, the threshold difference method with the threshold 0.01 

kg m
-3

 has become the de facto standard for many MLD studies. 

However, in ocean-climate studies, where the focus is on the variability 

in MLD averaged over periods of months and longer, and threshold 

values in excess of 0.125 kg m
-3

 are more commonly used for monthly 

mean data (cf. Table 1 in Kara et al. 2000a).  

  3.1.2.2. Step-function least squares regression method 

 Problems with profile approximations have led to the formulation of 
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customized curve-fitting algorithms for oceanic profiles, including the 

use of least squares linear approximations (Papadakis 1981; Freeeland 

et al. 1997) and “form oscillators” (Papadakis 1985). Papadakis (1981) 

used a three-segment linear fit and the Newtonian approximation 

method to file a minimum variance solution to the general MLD 

problem; Freeland et al. (1997) used a two-segment least squares 

approach to obtain a time series of winter MLD at Ocean Weather 

Station P (50
o
N, 145

o
W) in the northeast Pacific. The two-segment case 

(Fig. 3-1(c)) can be solved analytically and is useful for pre-CTD data. 

The three-segment case requires special techniques (e.g., Papadakis 

1985) and solutions can be stable. 

 Two-segment approach seeks a least squares approximation to a 

steplike water density, f (z), such that 
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where za is a near-surface depth; D is the estimated MLD; zb = 200-500 

m is an arbitrary depth below the depth of seasonal mixing; and σθ1, σθ2 

are constant potential densities for the mixed layer and intermediate 

layer, respectively. Minimizing the integral  
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leads to three equations for σθ1, σθ2, and D with the solution  
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which can be solved numerically. Two-segment approximations are 

computationally stable. Increasing the number of segments or “steps” 

can improve the approximation to the profile data but typically leads to 

greater complexity. The quality of the least squares fit varies from 

profile to profile depending on the structure of the underlying layering. 

  3.1.2.3. Integral-depth scale method 

 A simple estimate of the MLD is the integral depth scale (Fig. 3-1(d)) 

[also called the trapping depth by Price et al. (1986)]: 
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where, as in the previous section, za and zb are a near surface depth and 

an arbitrary reference depth, and σθb = σθ(zb), σθa = σθ(za) (cf. Freeland 

et al. 1997). Here,  
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is the buoyancy (Brunt-Väisälä) frequency, g is the acceleration of 

gravity, and ρ0 is a reference density. Unlike the threshold methods, 

which often require only the upper portion of a density profile, the step-

function and integral-depth approaches require specification of a deep 

reference density that is generally much deeper than the MLD. 
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Table 3-1. Examples of Criteria used to define the MLD from a threshold 

method, for which the MLD is the depth at which temperature T or potential 

Density σθ change by a given threshold value, ΔT or Δσθ relative to the one at 

a reference depth (Zref). 

Author and Area Studied Profiles MLD Threshold Criterion Zref 

De Boyer Montegut 

(2004), Global Ocean 

Ind ΔT = 0.2°C, 

Δσθ = 0.03 kg m-3 

Δσθ = σθ (T+ ΔT,S) - σθ (T,S) with ΔT = 0.2°C 

10 m 

2.5 m 

10 m 

Sprintall and Roemmich 

(1999) 

Ind ΔT = 0.2°C, 

Δσθ = ΔT·∂σθ/∂T with ΔT = 0.1°C, 

10 m 

Kara et al. (2000),  

Global Ocean 

Ave ΔT = 0.8°C, 

Δσθ = σθ (T+ ΔT,S) - σθ (T,S) with ΔT = 0.8°C 

10 m 

Monterey and Levitus 

(1997), Global Ocean 

Ave ΔT = 0.5°C, 

Δσθ = 0.125 kg m-3 

0 m 

Brainerd and Gregg 

(1995), Pacific Ocean 

Ind Δσθ = 0.05 to 0.5 kg m-3 0 m 

Sato et al. (2004),  

North Pacific 

Ind ΔT = 0.5°C, 

Δσt = ΔT·∂σθ/∂T with ΔT = 0.5°C 

0 m 

Sato et al. (2006), 

Subtropical gyres 

Ind ΔT = 0.5°C, 

Δσθ = σθ (T+ ΔT,S) - σθ (T,S) with ΔT = 0.5°C 

10 m 

Suga et al. (2004), North 

Pacific 

Ind Δσθ = 0.125 kg m-3 10 m 

Thomson and Fine (2003), 

North Pacific 

Ind Δσθ = 0.01 to 0.03 kg m-3 2.5 m 

Weller and Plueddeman 

(1996), North Pacific 

Ind Δσθ = 0.03 kg m-3 10 m 

Narvekar and Kumar 

(2006), Indican Ocean 

Ind Δσθ = 0.2 kg m-3 0 m 

Obata et al. (1996), Global 

Ocean 

Ave ΔT = 0.5°C 0 m 

Ohno et al. (2004), North 

Pacific 

Ind Δσθ = 0.125 kg m-3  

Thompson (1976),  

North Pacific 

Ind ΔT = 0.2°C 3 m 

Spall et al. (2000),  

North Atlantic 

Ind ΔT = 0.5°C 0 m 

Foltz et al. (2003), 

Tropical Atlantic 

Ind ΔT = 0.5°C 0 m 

Iwasaka et al. (2006), 

Western North Pacific 

Ind Δσθ = 0.125 kg m-3 0 m 

Rao et al. (1989),  

Indian Ocean 

Ind ΔT = 0.1°C, 10 m 
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Figure 3-1. Schematic diagram with estimation of MLD (D) for different 

methods for the density profile (a) threshold difference method with standard 

density step Δσθ (z) = σθ (z) - σθ (0) = 0.01 kg m
-3

; (b) threshold gradient 

method for ∂σθ /∂z = 0.01 kg m
-4

; (c) two segment least squares method and (d) 

integral depth scale (Thomson and Fine, 2003). 
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Table 3-2. Selected definitions for mixed layer depth and other upper-ocean 

features. Dγ (Price et al. 1986), is analogous to the integral depth scale. 

Author Name Definition 

Price et al. (1986) Trapping depth, Dγ Dγ = ΔT-1 ∫ T dz ( zl < T < z) 

Peter et al. (1989) Mixed layer depth, MLD 
Δσθ = 0.01 kg m -3   (relative to z = 0 
m) 

Schneider and Muller (1990) Mixed layer depth, MLD 

Δσθ = 0.01 kg m -3  (relative to z = 2.5 

m) 

Δσθ = 0.03 kg m -3  (relative to z = 2.5 
m) 

Wijffels et al. (1994) 
Mixed layer depth, MLD; 

Top of thermocline, TTC 

Δσθ = 0.03 kg m -3  (relative to z = 2.5 

m) 

∂σθ /∂z = 0.01 kg m-4 

Brainerd and Gregg (1995) Mixed layer depth, MLD 

Δσθ = 0.005-0.5 kg m -3 (relative to z = 2.5 

m) 

∂σθ /∂z = 0.0005-0.05 kg m-4 

Smyth et al. (1996a,b) 
Diurnal mixed layer, DML; 
Upper-ocean layer, UOL 

Δσθ = 0.01 kg m -3    

Δσθ < 22 kg m -3     (Top of 

pycnocline) 

Weller and Plueddemann 

(1996) 

Mixed layer depth, MLD; 

   Isopycnal layer depth, ILD; 

   Seasonal thermocline depth, 
STD 

ΔT = 0.01℃      (relative to z = 

2.25m) 

Δσθ = 0.03 kg m -3  (relative to z = 10 

m) 
Δσθ = 0.15 kg m -3  (relative to z = 10 

m) 

Wijesekera and Gregg 

(1996) 

MLD 
  MLD1 

  MLD2 

  MLD3 

Δσθ = 0.01 kg m -3   (relative to z = 0 

m) 

∂σθ /∂z = 0.01 kg m-4 

∂σθ /∂z = 0.25 kg m-4 

∂S /∂z = 0.01 psu m-1 

Skyllingstad et al. (1999) MLD 
Δσθ = 0.01 kg m -3   (relative to z = 0 
m) 
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3.2. Defining a proper method in the East Sea 

3.2.1. Definition of the mixed layer depth 

We defined the MLD using the threshold method with the finite difference 

criterion, which has been shown to give a more stable MLD than the gradient 

criterion (Brainerd and Gregg, 1995). In addition, Thomson and Fine (2003) 

showed that this method better approximated the “true” MLD as compared 

with integral and regression methods. We computed the MLD from individual 

profiles as where a parameter value (temperature, salinity, density) differed 

from the near surface reference depth by more than the chosen value. Note 

that the temperature was applied with an absolute difference value, marking 

any temperature increase or decrease greater than the threshold as the end of 

the mixed layer. Linear interpolation between observation levels (Suga et al., 

2004) was carried out to estimate the accurate depth at which the difference 

criterion was reached. The density can be a better parameter than the 

temperature in estimating a vertically homogeneous mixed layer. However, 

spatial as well as temporal coverage was lacking for density profiles of the 

East Sea (Figure 2-7). The number of density profiles was less than half the 

number of temperature profiles in the East Sea (Figure 2-1). Table 3-3 shows 
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that previous studies have generally used temperature-based MLD (MLDT) 

for the East Sea (e.g., Shim and Kim, 1981; Jang et al., 1995; Furey and 

Bower, 2005; Trusenkova et al., 2005). These results indicated that 

temperature is a possible alternative parameter for estimating the MLD, as 

there is nearly complete seasonal coverage of temperature in the East Sea. 

Considering previous studies and data coverage, we used the MLDT as the 

MLD estimator. We also estimated the density-based MLD (MLDD) for 

comparison with the MLDT. 

3.2.2. Choosing threshold value 

We chose the criterion values (the threshold value and reference depth) 

carefully as they can have a strong influence on studies of the mixed layer 

heat or salinity budgets, which are highly dependent on the MLD (e.g., Foltz 

et al., 2003; Yoshida and Hoshimoto, 2006). Recently, the threshold ΔT = 

0.2°C and reference depth of 10 m have been widely applied for the global 

and the regional ocean to define the MLD (e.g., dBM04; D’Ortenzio et al., 

2005). This method provides a useful criterion that avoids diurnal variability 

of the mixing layer but keeps the longer-term variability of the mixed layer, 

considering a practical observation level. When the diurnal mixing layer 
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occurs, it appears close to the surface and observation instruments are 

deployed to the seawater; these measurements often include some noise in the 

first few meters (dBM04). Price et al. (1986) noted that temperature variations 

can reach 1 or 2°C in SST within the first 1–2 m during light winds and solar 

warming. Figure 3-2 shows that diurnal variations of vertical temperature 

structure in upper ocean on 10 June 2000 nearshore of Korean coast at 

129.20°E / 37.62°N obtained by XBT probes. We also used this criterion and 

found that it was more reliable in estimating MLD in the East Sea, as 

presented below. First, visual checks were carried out for a representative 

sample of randomly selected temperature profiles with ΔT = 0.2°C and ΔT = 

0.5°C at the same reference depth of 10 m (Figure 3-3). The visual check 

results show that ΔT = 0.2°C was a better estimator of the MLD and more 

sensitive to reflecting seasonal variations of the mixed layer than ΔT = 0.5°C. 

For comparison purposes, we also calculated MLD based on the density 

criterion with the threshold Δσθ corresponding to a fixed ΔT = 0.2°C, 

following Levitus (1982) and dBM04 as follows: 

Δσθ = σθ(T10 + ΔT, S10, P0) - σθ(T10 , S10, P0)               (3.6) 

where T10 and S10, the temperature and salinity values at the reference depth of 
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10 m, respectively, and P0, the pressure at the sea surface, are used to compute 

the surface potential density and remove the non-negligible effects of the 

compressibility of seawater (Schneider and Müller, 1990). The profiles were 

interpolated linearly to a 1 m depth resolution for all the observations, 

because the sampling depths are not uniform and the average vertical 

resolution of the profiles varies with data source: OSD (29 m), MBT 

(20 m), XBT (27 m), CTD (4 m), and PFL (18 m). 

The nonlinearity of MLD calculations from individual and averaged 

profiles is a well-known problem. Some studies reported considerable 

differences between the individual-profile-based MLD and the average-

profile-based MLD in the Northern Pacific Ocean (e.g., Suga et al., 

2004; Ohno et al., 2004) (Fig. 3-4). We compared the MLD estimated 

from averaged profiles with the MLD estimated from individual 

profiles; the relative differences between these estimates indicated that 

the former was generally 24% shallower than the latter (Fig. 3-5). This 

result is similar to that for the global estimation. Integrating individual 

profiles into the averaged profile yielded a more smoothed temperature 

structure for some local areas that were prone to exaggerated MLD 
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estimations. Therefore, in this study we used individual profiles to 

estimation of the MLD  
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Figure 3-2. Diurnal change of vertical temperature structure in upper ocean on 

June 2000 nearshore of the Korean coast (129.20°E / 37.62°N) obtained by 

XBT probes. 
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Figure 3-3. Visual check of estimating MLD from individual profiles (top 

panel) and distribution of MLDs (bottom panel) in a 0.5° by 0.5° grid box, 

located in the East Sea (131.5°E, 37°N) for the months of December (38 

profiles), January (16 profiles), and April(71 profiles), during winter and at 

the end of spring restratification. The two MLD criteria are ΔT = 0.2°C (blue 

circle) and 0.5°C (red circle) from 10m reference depth.  
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Table 3-3. Examples of Criteria used to define the MLD in the East Sea. 

Author Zref Definition 

Shim and Kim (1981) 0 m ΔT = 0.3℃ 

Jang et al. (1995) 2 m Δ T = 0.2℃ 

Kim et al. (2000) 0 m Δ T = 0.5℃ 

Talley et al. (2003) 0 m 
Visual inspection of temperature structure  
under low surface oxygen saturation 

Trusenkova et al. (2005) 0 m 
Δ T = 0.5℃ > surf. Temp. 8℃ 

Δ T = 0.2℃ < surf. Temp. 8℃   

Furey and Bower (2005) 0 m Δ T = 0.1℃ 

Kang and Mooers (2005) 10 m 
ΔT = 0.8°C 

Δσθ = σθ (T+ ΔT,S) - σθ (T,S) with ΔT = 0.8°C 

Kawamura et al. (2007) 0 m Δσθ = 0.02 kg m-3 
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Figure 3-4. The horizontal distribution of the MLD differences between the 

MLDs based on the Argo floats and WOA01 data for March. The warm/cold 

color circles show that the Argo MLDs are larger/smaller than the 

climatological MLDs, respectively. The larger the area of a symbol, the larger 

the MLD difference (Ohno et al., 2004). 
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Figure 3-5. Relative difference between MLD estimated from the average 

profile, and average of MLDs estimated from individual profiles. 
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Chapter 4. Seasonal variability of the MLD in the East Sea 

 

4.1. Spatial distributions and seasonal variations of the MLD  

To examine basin–scale spatial distribution of MLD in the East Sea, 

we produced the annual mean field of MLD (Fig. 4-1a) by averaging–

the monthly means. The most distinct feature of the distribution is that 

the MLD is greater (> 35 m) south of 38°N and north of 41°N, and 

smaller (25–35 m) between these latitudes. Latitudinal distribution (Fig. 

4-2b) of the MLD along 135°E clearly shows this pattern: shallower 

mixed layer near the SPF and deeper mixed layer south and north of the 

SPF, except near the coasts. The band of shallow mixed layer between 

38°–41°N can be attributed to relatively strong upper ocean 

stratification near the SPF where warm and saline waters meet colder 

and fresher waters from the northern East Sea. Annual–mean MLD 

averaged over the East Sea is greater than 30 m. MLD maxima around 

60 m are found between 132°–136°E and 41°–43°N. Other large values 

are found in the region centered at 139°E and 47°N. A local deep mixed 
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layer (35–40 m) is identified in the region near 130°–131°E and 37°N, 

which corresponds to the Ulleung warm eddy (UWE) region.  

Seasonal variability of the MLDs is larger ( > 100 m) over the region 

between 130°–137°E and 41°–44°N and near the Japanese coasts in the 

southern East Sea (– 80 m), while smaller ( < 30 m) in the central 

regions including the SPF (Fig. 4-2a). The spatial pattern of seasonal 

variability is basically consistent with the spatial pattern of the annual 

mean MLD, because both spatial distributions strongly depend on the 

MLD distribution in winter. Months in which the maximum MLD 

appears in the climatological year have some spatial diversity (Fig. 4-

2b), ranging from November to March. The dominant months are 

January and February, occupying more than 90% of the entire domain, 

while some local areas show December and March. Near the Russian 

and Japanese coasts, maximum MLDs typically appear in February. 

To provide an overview of MLD seasonal variation in the East Sea, a 

relative frequency histogram (Fig. 4-3) was computed for each season. 

The histogram reveals that the MLD distribution is clearly skewed for 



 58 

all seasons, implying that the median may be a better representative 

value for each season than the mean. The median MLD for the entire 

East Sea changes seasonally: summer has the smallest (12 m) and 

winter the largest (60 m), while spring and fall have moderate values 

(about 40 m). Summer has the smallest spread and allmost all (96% of 

the total) MLDs are 10–15 m, indicating small spatial variation of the 

MLD. In the East Sea the summer MLD can be shallower  than 10 m 

(Shim and Kim, 1981; Trusenkova et al., 2005). However, in our 

climatoloy the summer MLD is between 10 and 20 m (Fig. 4-4). It is 

due to the reference depth (10 m) used in this study to avoid diurnal 

variability of the ML and include more profiles with low vertical–

resolution datasets for determining MLD. Therefore, the estimated 

summer MLD in this study can be considered as an upper bound of 

summer MLD in the East Sea. Winter, on the other hand, has the largest 

spread (10–300 m), implying large spatial variation. Spring MLD has a 

larger spread (10–230 m) than that of fall, which is caused by the 

amount of asymmetry.   
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From May to August, the MLD remains shallower than 20 m in most 

parts of the East Sea (Fig. 4-4) due to spatially uniform stronger solar 

radiative heating together with weaker wind, resulting in small spatial 

variation. In September when wind begins to strengthen the MLD starts 

to deepen. The deepening occurs first in the southern East Sea. In 

particular MLD off the Japanese coast is deeper than in other areas; 

possible causes are discussed in Chapter 5. This deeper MLD in the 

southern area continues to exist until November. In December, deep 

MLDs (> 40 m) start to develop in most of the East Sea except the SPF 

region where the mixed layer still remains shallower (20–40 m).  

In February, the deepest mixed layers are found in the offshore area 

between 41°–42°N and 132°–137°E, in the northern East Sea. Our 

climatological bin–averaged MLD in the winter convection area 

exceeds 200 m. However, most individual samples of MLDs (92%) in 

the convection areas (132°–136°E and 41°–43°N) in winter (December 

to February) were less than 200 m, and only 1% were greater than 500 

m (Fig. 4-5). Afterwards, in April the MLD becomes shallower than 40 
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m. In the central part of the East Sea during winter, MLD is relatively 

shallow and shows insignificant seasonal variability; to the north and 

south of this winter MLD is relatively deep. Around the winter 

convection areas, the northern Korean coast, and the Japanese coast, 

further deepening of the MLD occurs after January, reaching its 

maximum in February. For most other areas the maximum occurs 

during January or February. The MLDs rapidly shoal through the 

springtime (March to May) to less than 20 m in summertime (June to 

August) over the whole basin due to strong heating and weak wind. As 

the winter monsoon strengthens, the MLD develops over the entire East 

Sea accompanied by significant local deepening. 

We calculated monthly median deviations of MLDs to evaluate the 

range of the MLD estimations for each grid box containing at least 

three values (Fig. 4-) as follows (see also dBM04): 

 

The αdev remains small (less than 15 m) over nearly the whole basin 



 61 

from June to October. Beginning in November it becomes larger, 

reaching its maximum of up to 200 m in the winter convection area. 

The winter convection regions are known as the most variable because 

of the irregular intensity and occurrence of the winter convection 

process (Senjyu and Sudo, 1994; Seung and Yoon, 1995). The SPF 

shows relatively small values, consistent with the fact that MLDs near 

the SPF remain small year round, with annual amplitude of less than 

20 m. 
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Figure 4-1. (a) Annual mean MLD obtained from the monthly means, and (b) 

its latitudinal variation along 135°E. 
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Figure 4-2. (a) Maps of the difference between maximum MLD, and (b) 

minimum MLD and month in which the MLD is the maximum. 
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Figure 4-3. Frequency histogram of MLD in each season: (a) winter 

(December–January–February), (b) spring (March–April–May), (c) summer 

(June–July–August), and (d) fall (September–October–November). Median 

(thick lines) and mean (dotted lines) for each season are also plotted.
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Figure 4-4. MLD climatology estimated from individual profiles with a 

temperature difference criterion of ΔT = 0.2°C from near–surface value (10m). 
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Figure 4-5. Number of MLD profiles in the deep convection area (132°–

136°E and 41°–43°N) during winter (December–January–February).
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Figure 4-6. Monthly median deviation of temperature–based MLD estimated 

by at least three values per grid.  
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4.2. Difference between the MLDT and the MLDD 

 

Although MLDT climatology is considered a “good proxy” of the 

mixed layer, density is still the most relevant parameter for producing 

MLD climatology. Therefore, despite the lack of density profiles, we 

produced the MLDD which is defined by the threshold Δσθ, 

corresponding to a fixed ΔT decrease of 0.2°C at a depth of 10 m for 

the regions where both temperature and salinity profiles were available 

(Fig. 4-7). The MLDD climatologies show features consistent with the 

MLDT for most regions and most months. Fig. 4-8 presents the 

differences between MLDT and MLDD, which are not significant for 

most East Sea regions and most months. During late spring to early fall, 

the MLDT almost coincides with the MLDD over the whole East Sea in 

terms of spatial distribution. Most of the differences are less than 10 m 

except for some regions in wintertime. MLDT is generally deeper than 

MLDD and noticeable differences of more than 40 m are found mainly 

along the Russian and Japanese coasts from late fall (November) to 

early spring (March). The greatest discrepancy between MLDT and 
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MLDD appears near the Russian coast in March, reaching up to around 

60 m. Although the differences do not have any large–scale coherent 

structure, they seem to appear persistently along both the Russian coast 

and the North Korea coast. Because of their patchy nature, we need 

more data to investigate spatio–temporal variations of the differences 

and their causes. 
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Figure 4-7. Same as Figure 4-4, but for a variable density Δσθ criterion 

corresponding to a fixed ΔT decrease of 0.2°C (no kriging). 
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Figure 4-8. Difference between the MLDT and the MLDD (MLDT–MLDD). 
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4.3. Comparison of methodology between average profile and    

individual profile 

The definition of the MLD can be arbitrary and based on temperature 

or density. Table 3-1 gives an example of the multiplicity of criteria 

used to determine the MLD using the threshold method, for which the 

MLD is the depth at which temperature or potential density changes by 

a given threshold value relative to the one at a near-surface reference 

depth. Most often the choice of these two crucial values is rather 

arbitrary. However, Sprintall and Roemmich (1999) used a visual 

examination of thousands of profiles in choosing their criterion, and 

Brainerd and Gregg (1995 ) studied the oceanic mixed layer in great 

detail using the Advanced Microstructure Profiler, from which they 

could estimate the length scale of turbulent overturns and the 

dissipation rate of turbulent kinetic energy. In work by Kara et al. 

2000b, the optimal criterion value of 0.8°C was deduced through 

statistical comparisons of ocean weather station observations with good 

long-term monthly time series with the Levitus climatology. Lastly, 

Levitus, 1982 chose a value of 0.125 kg m
-3

 in density, as it 
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corresponds to the water mass characteristics of Subtropical Mode 

Water in the North Atlantic. Only a few previous studies have produced 

a global MLD climatology (Levitus, 1982; Monterey and Levitus, 

1997; Kara et al., 2003a). The latter two were based on the Levitus 

World Ocean Atlas of 1994, and their estimation was based on already 

averaged and interpolated profiles. It seems more appropriate to 

produce the MLD from each individual profile than from a heavily 

smoothed climatology. Estimating the MLD from individual profile has 

already been used in regional studies, such as the Indian Ocean, North 

Pacific Ocean, and Mediterranean Sea (Rao et al., 1989; Suga et al., 

2004; D’Ortenzio et al., 2005).The nonlinearity of MLD calculations 

based on individual and averaged profiles is a well-known problem, 

and many researchers have noted the differences in results based on 

these two profile types (e.g., Suga et al., 2004; dBM04). dBM04 

reported that MLDs based on the averaged-profile climatology 

(Levitus’ data) were globally 25% shallower than MDLs based on 

individual profiles. Fig. 4-9 shows comparison of the released MLD 
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climatologies that are estimated different MLD definition and types of 

profile. Spatial patterns are analogues with our climatology, but severe 

differences revealed in the deep MLD region such as the south of 

Vladivostok and the Japanese coast. Therefore, it is important to check 

the nonlinearity of MLD calculations in the East Sea  

To analyize the differences in the East Sea, we first calculated 

monthly averaged temperature profiles for each box (0.5° mesh box) 

using our dataset because the averaged profiles of previous studies 

were calculated from larger grid sizes (1° or 2°; e.g., Levitus, 1982; 

Monterey and Levitus, 1997; Kara et al., 2003; Suga et al., 2004). We 

then compared the MLD estimated for this averaged profile with the 

average of the MLDs estimated from individuals profiles, using the 

same criterion of ΔT = 0.2°C and reference depth of 10 m. 

The relative differences between MLD estimated from the averaged 

profiles and average of MLDs estimated from individual profiles 

showed that the former was generally 24% shallower than the latter 

(Figure 4-10). This result is similar to that of dBM04. However, 
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detailed features are worth describing as in some regions the MLDs 

were deeper by the averaged profiles than by the individual profiles in 

certain months and locations. Figure 4-11 shows the profiles contained 

in each grid for 131.5°E, 37°N; 132°E, 41.5°N; and 137°E, 37.5°N in 

February. Near the SPF (Figure 4-11(a)), the MLD from the averaged 

profile was about 50 m, while the averaged MLD from individual 

profiles was about 75 m; this is an example of the regular feature, in 

which the former was shallower than the latter, for most grid boxes and 

most months. Averaging the individual profiles included the averaged 

profile, which obtained more implicit gradients than the individual 

profiles with explicit gradients. During formation of the deep mixed 

layer in wintertime, a small temperature criterion, such as ΔT = 0.2°C, 

is apt to underestimate the MLD for the averaged profile. The averaged 

profile may not clearly reflect the deepening of the mixed layer in 

September due to strong near-surface stratification, which would lead 

to a shallower estimated MLD climatology. On the other hand, applying 

a large temperature threshold, such as ΔT = 0.5°C or Δσθ = 0.125 kg m
-1

, 
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for the individual profile may result in overestimation of the MLD at 

the beginning of the spring restratification (Suga et al., 2004). 

 In the regions affected by cold water, along the Russian shelf, 

offshore from Vladivostok, and along the northeastern coast of Korea, 

temperature profiles had low vertical gradients from early winter to 

early spring. For example, Figure 4-11(b) shows the profiles in the 

near-shore area off the northeastern coast of Korea, where gradients 

ranged from 0.2°C to 0.5°C between the surface and 600 m. Integrating 

these profiles into the averaged profile yielded an almost homogenous 

temperature structure from the surface to the bottom which was prone 

to overestimation of the MLD by more than 200%, compared with the 

MLD based on individual profiles. Moreover, a threshold ΔT larger 

than 0.2°C with this type of averaged profile would also result in 

serious overestimation. In the case presented in Figure 4-11(c), the 

profiles from the near-shore area off the western coast of Japan had a 

gradient range of 0.2°C to 0.8°C between the surface and 150 m. Here, 

the MLD of the averaged profile was overestimated by 62% compared 
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to that estimated from individual profiles due the smoothed temperature 

gradient.  
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Figure 4-9. Comparison of the MLD climatologies in the East Sea with 

different MLD definition and types of observation profile. (a) Kara et al. 

(2000) used reference depth 10m, ΔT = 0.8°C , and averaged profile, (b) 

dBM04 used reference depth 10m,  ΔT = 0.2°C, and individual profile, and 

(c) Levitus and Montray (1997) used reference depth 0 m, ΔT = 0.5°C, and 

averaged profile. 



 79 

 

Figure 4-10. Relative MLD difference (average of MLDs based on individual 

profiles – MLD from averaged profiles) using the same criterion ΔT = 0.2°C 

for both computations. Also the monthly mean difference is marked on each 

plot. 
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Figure 4-11. Ensemble of profiles contained in each grid box at (a) 131.5°E, 

37°N, (b) 132°E, 41.5°N, and (c) 137°E, 37.5°N for the month of February. 

The thick profile is the averaged profile. Open circles show the MLD of the 

individual profiles; the red circle is the MLD for the averaged profile, the red 

square is the median of all MLDs, and the red diamond is the mean of these 

profiles. 
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Chapter 5. Discussions 

 

5.1. Relationship between atmospheric foring and the MLD 

 The responses of the ML to atmospheric forcing are products of 

dynamic and thermodynamic interaction between ocean and 

atmosphere. To see the overall monthly changes of MLD we show, in 

Fig. 5-1, basin–averaged MLD, together with atmospheric forcing 

averaged over the entire East Sea. The basin–averaged MLD reaches its 

maximum in February and rapidly decreases until August, after spring 

restratification starting in March. In early fall, increased wind deepens 

the mixed layer. The annual–mean MLD is 35 m, a maximum (75 m) in 

February, and a minimum (13 m) in Jun or July.  

In particular, geographic location and the high spatio–temporal 

variability of atmospheric forcing are most likely to control the 

distribution and variability of the MLD in the East Sea. Siberian 

outbreaks, which are cold and dry, result in high heat losses from the 

sea surface and subsequently seem to produce these deep mixed layers 

near the Russian and Japanese coasts. There are some main synoptic 
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winter weather conditions over the East Sea (Doorman et al, 2004) (Fig. 

5-2). Most frequently occurring is Cold Asian Air (CAA) flowing off 

Russia. Adiabatic descent in the lee of the Russian coastal mountains 

warms the air mass 10 –15 °C, dramatically reducing sea surface 

sensible heat loss. At the same time, extension of the Siberian High 

clears the sky, all owing to maximum solar radiation. The strongest heat 

fluxes are during the less frequently occurring Very Cold Siberian Air 

Outbreak (VCSAO) events. The air mass flows from a similar direction 

as the mean, but expansion of the Siberian High causes the air 

temperature to be much colder and creates a quasi-isothermal layer 

extending from the surface to above the height of the Russian coastal 

mountains. The combination of 10 –15°C colder air, faster winds, and 

marine sheet clouds results in about twice the net heat loss from the sea 

surface as the mean condition decreases the net sea surface heat loss. A 

statistical study was done on the VCSAO events over the East Sea 

based upon the ECMWF analysis for 1991 –2002. While an average 

VCSAO events occurred in the months of November–March with pf 
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them occuring in December–February. For the composite ‘‘average’’ 

VCSAO event surface air temperature was - 2 °C colder than during the 

non-event period over the entire East Sea. The VCSAO composite net 

heat loss was 18% larger than the average non-event period, with the 

greatest difference occurring in the center of the East Sea (Fig. 5-2).  

Here we describe seasonal and spatial variation of the atmospheric 

forcing (wind stress and surface heat flux) that could affect MLD 

changes in the East Sea and subsequently affect near–surface 

stratification. Atmospheric forcing in January and July, representing 

winter and summer conditions, are presented in Fig. 5-3. In January, the 

wind stress (0.17±0.04 N m
–2

) is greatly enhanced (almost four times 

larger than in July) over the whole East Sea, with dominant southward 

or southeastward direction (Fig. 5-3a). In July a northward or 

northwestward monsoonal wind dominates over the entire basin (Fig. 

5-3b); the wind stress is nearly uniform and weak (0.04±0.01 N m
–2

). 

During January the strongest wind stresses, up to 0.24 N m
–2

,
 
appear off 

Vladivostok where a coastal orographic gap induces cold air outbreaks 
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(Dorman et al., 2004), forming East Sea proper water (Kawamura and 

Wu, 1998).  

The net heat flux (Fig. 5-3 and 5-4) also experiences a significant 

seasonal variation over the entire East Sea. Maximum heating (up to 

175 W m
–2

) of the ocean occurs in July, while maximum cooling (up to 

–450 W m
–2

) occurs in January. In January, as a typical winter month, 

the net heat flux reaches –200 to –400 W m
–2

 in the central East Sea. A 

local maximum cooling (< –325 W m
–2

) extends southward from 

Vladivostok. In contrast, the July net heat flux over the whole East Sea 

is positive (meaning heating of the ocean) and is limited to a narrrow 

range of 150 to 175 W m
–2

. Summer net heat flux is dominated by solar 

radiation that induces strong heating of the ocean surface (Dorman et 

al., 2005; Hirose et al., 1996; Na et al., 1999). Like the wind stress 

pattern, the net heat flux in July also has nearly uniform spatial 

distribution. In September when wind begins to strengthen the MLD 

starts to deepen. The deepening occurs first in the southern East Sea. In 

particular the MLD off the Japanese coast is deeper than in other areas. 
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This deeper MLD in the southern area continues to exist until 

November. 

MLD maxima are found in the winter deep convection regions and 

the high surface salinity regions between 132°–136°E and 41°–43°N 

(Fig. 5-5). Other large values are found in the region centered at 139°E 

and 47°N where both wind stress and surface cooling are relatively 

strong in winter (Fig. 5-3 and 5-4). In particular deep MLDs (> 100 m) 

form off Vladivostok. In February the MLD reaches maximum, 

exceeding 200 m. In this region, the outbreak of Siberian cold air 

induces winter convection, which leads to deep homogeneous layer 

(Senjyu and Sudo, 1994, Seung and Yoon, 1995, Talley et al., 2003, 

Park et al., 2005). Talley et al. (2003), using late winter observations 

from 2000 and 2001, suggested that deep convection in the northern 

area of the East Sea, linked with very cold air outbreaks, forms well–

mixed layers in the region south of Vladivostok (Fig. 5-5). Winter 

convection is believed to take place sporadically. Due to highly 

localized and episodically formed convection events, only a few 
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profiles have detected deep winter mixed layers (Fig. 5-6). Also, since 

severe weather conditions may lead to local convection but prevent 

shipboard measurements, the monthly mean MLDs estimated in this 

study could be underestimated due to possible sampling bias, 

especially in winter. Therefore, the presented winter MLDT in the 

convection areas can be considered a lower limit. A similar shallow 

bias in the Labrador Sea was also found in a climatology by Lorbacher 

et al. (2006). 

The homogeneous interior of the UWE, together with winter cooling, 

seems to be primarily responsible for this large MLD. Gordon et al. 

(2002) observed a thick well mixed layer in the warm eddy near 

Ulleung Basin (UB) in January 2000. From late spring to fall the UWE 

carries a thermostad layer within its core between upper (seasonal) and 

lower (permanent) thermoclines. As the seasonal thermocline layer 

above the thermostad layer erodes by surface cooling, the deep MLD 

forms within the UWE in wintertime, and is subsequently capped by 

surface heating in spring, re–forming the surface thermocline above the 
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core. Shin et al. (2005) proposed that atmospheric cooling produced a 

homogeneous layer in the core of the UWE (Fig. 5-7). 

Interestingly,  the annual–mean MLD in the EKWC region along 

the Korean coast is smaller than in the near–shore branch region along 

the Japanese coast by 10 m or more, although both regions are occupied 

by strong currents. There are two possible reasons for the smaller MLD 

near the EKWC: (1) weaker wind (Fig. 5-3 and 5-4), and (2) shallower 

thermocline maintained by the cold and relatively fresh subsurface 

current (North Korea Cold Current, NKCC) underlying the EKWC 

(Yun et al., 2004).
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Figure 5-1. Seasonal variation of MLD (solid line), ECMWF net heat flux 

(dashed line), and QuikSCAT wind stress (dotted line) averaged over the 

whole East Sea. Units are 1 m for MLD, 10 W m
–2

 for net heat flux, and 10
–2

 

N m
–2

 for wind stress. Annual mean values of 35 m, –48 W m
–2

, and 0.086 N 

m
–2

 have been removed before plotting. 
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Figure 5-2. Schematic diagram on the role of Japanese coastal mountains 

during (a) cold Asian air and (b) very cold Siberian air moving over the East 

Sea (Dorman et al., 2004). 
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Figure 5-3. (a, c) Seasonal wind stress (N m
–2

) and (b, d) net heat flux (W m
–2

) 

in January and July which are calculated from ERA40 monthly climatology 

during 1961–2000 and from QuikSCAT monthly climatology during 1999–

2007. The wind stress magnitude is estimated using scalar averaging. 
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Figure 5-4. Spatial distribution of the long-term monthly mean net heat flux 

(in W m–2). Positive value indicates that the sea gains heat from the air 

(Hirose et al., 1996) 
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Figure 5-5. (a,b,c and d) Winter convection and brine rejection profiles in 

offshore of the southern area of Vlasivostok (Talley et al., 2003) and (e) Mean 

distribution of salinity at the depth of 10 m in February averaged data from 

data set of Japan Oceanographical Data Center from 1930 to 1990 (Kim and 

Kim, 1999). 

e 
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Figure 5-6. Temerature, sigma-theta, and salinity profiles in the offshore of 

Bladivostok between 132°–136°E and 41°–43°N during February and March 

were derived from CREAMS project. 
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Figure 5-7. Temperature and salinity vertical cross-sections of UWE from 

1992 to 1993 (Shin et al., 2005).
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5.2. Shallow MLD in the sub-polar front region 

 

Seasonal evolutions of the MLD were more apparent at the northern 

and southern sides of the sub-polar front (SPF). Also, the strongest 

seasonality was found in the deepest MLD areas, with weak seasonality 

along the SPF. The SPF extends from the southwest to the northeast in 

winter–spring and trends in the opposite sense during summer. The SPF 

migrates significantly to the north in summer and is found at ~41.5°N 

over the western Japan Basin (JB) (<135°E). Park et al. (2007) 

demonstrated that the strength and meridional position of the SPF 

undergoes strong seasonal variations as well as distinct year-to-year 

variations (Fig. 5-8) 

We suggested that stratification and subduction around the SPF can be 

maintained by the strong thermal contrast associated with convergence 

of the colder waters in the northern part and advection of warm water 

carried by the EKWC. Furey and Bower (2005) found a similar shallow 

winter mixed layer band along the SPF based on synoptic temperature 

data of the southeastern East Sea (Fig. 5-9). They attribute the shallow 
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mixed layer to a strong vertical density gradient maintained by 

advection of warm and saline water by the East Korean Warm Current 

(EKWC). Furthermore, meso-scale fronts exhibit strong lateral 

contrasts at 1–10 km scales, with large frontal density gradients 

supporting intense, largely geostrophic, surface-trapped jets (Craig et al. 

2004). Instabilities associated with these strong flows can radiate near-

inertial internal waves and produce eddies, making frontal-zone regions 

of energetic, small-scale activity. These instabilities, modulated by 

atmospheric forcing (e.g., by strong winds, surface buoyancy loss) can 

also produce strong vertical exchanges that rapidly inject weakly 

stratified ML waters into the pycnocline, a process referred to as 

“subduction” (Fig. 5-10).  

On the other hand, Lapeyre et al. (2006) and Fox–Kemper et al. 

(2008) have recently pointed out that during times of weak air–sea 

fluxes, lateral dynamics become a leading order and tend to restratify 

the mixed layer through ageostrophic slumping of lateral buoyancy 

gradients. Thomas and Ferrari (2008) suggest that wind–induced 
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friction open dominates frontogenesis in the modification of the 

stratification of the upper ocean.  

Therefore, the stratification and the subduction associated with 

complex dynamic process of frontogenesis near SPF counteracts the 

mixed layer deepening by cold outbreak, resulting in the shallow mixed 

layer.  
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Figure 5-8. (a) and (b) Spatial patterns of the first and the second EOF modes 

of SST gradient (℃/km), (c) and (d) their time-varying amplitude 

(dimensionless), and (e) and (f) power spectrum of the amplitudes. The 

superimposed red line in (a) and (b) is the 2000-m isobaths (Park et al. 2007). 
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Figure 5-9. Mixed layer depth defined as 0.1℃ different from surface 

temperature. Station locations are marked as black dots, or as white circles. If 

white circles, then MLD is at bottom; If black dot, then MLD is above bottom.  

(a) September 1992 survey, representing the summer MLD pattern. (b) 

February 1993 survey, representing winter mixed layer depths (Fuery and 

Bower, 2005). 
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Figure 5-10. Sections across the Subpolar Front occupied in (left) May 1999 

and (right) January 2000. Sections depict (top to bottom) eastward velocity, 

potential temperature, salinity and log10 chlorophyll fluorescence, with 

potential density contoured at 0.1 kg m-3 intervals in the background. Marks 

along the bottom of each panel indicate SeaSoar profile positions (Criag et al., 

2004). 
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5.3. Discrepancy between the SST minimum and the 

MLD maximum in the southern area of the East Sea 

MLD in the northern area reaches its maximum mostly in February 

when the SST is the lowest. For the annual SST minimum component 

phase in the East Sea ranges from 1.4 months in the north to 2.1 months 

in the south (Park et al., 2005) (Fig. 5-11). The latest phases (≈2.1 

months) occur in the Korea Strait and the eastern side of the Yamato 

Basin. Park et al. (2005) proposed that south of the SPF are 

characterized by a relatively deep mixed layer in summer (Chu, 2001; 

Kim and Kim, 1999), hence high thermal inertia (Yan et al ., 1990), 

weak winds in winter (Park et al., 2003), and a continual supply of 

warm water from the TWC. Compare with north of the SPF, these 

conditions are conducive to a relatively later minimum SST and a 

smaller amplitude. However,the maximum MLD in the southern area 

coincides with the northern area and occurs one or two months earlier 

(in January or most of February) than the minimum SST does (see, Fig. 

4-2 and 4-4)  

To look at the seasonal marches of MLD and SST, we used the PWP 
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one dimensional mixed layer model (Price at al., 1986) (Fig. 5-12). 

When we forced the model using the NCEP/NCAR (National Centers 

for Environmental Prediction/National Center for Atmospheric 

Research) monthly–mean atmospheric data (heat flux, freshwater flux, 

and wind stress) ( Kalnay et al., 1996) starting from September, the 

maximum MLD and the minimum SST occur in the same month 

(March) in both areas. This suggests that other processes including 

advection or mixing also may contribute to timing of the maximum 

MLD in the East Sea. ERA40 atmospheric forcing also gives the same 

result with the NCEP/NCAR data, with slightly different values of the 

maximum MLD and the minimum SST. Interestingly the modeled 

MLD reaches its maximum later by one or two months than the 

observed MLD. In addition to the limitation of one dimensional model 

that does not have advection processes, it is probably due to the 

monthly–mean forcing that does not adequately resolve the timing of 

the maximum cooling and wind stirring. 

There are a few previous studies that show earlier occurrence of the 
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deepest MLD, compared with minimum SST, in the North Pacific 

Ocean. Oak et al. (2007) analyzed temperature and salinity data from 

Argo profiling floats and find that MLD reaches a maximum than 

mixed layer density does in mid–latitude North Pacific. Ohno et al. 

(2009) also find that, based on a monthly mean MLD climatology from 

Argo data, the maximum MLD tends to occur one month before the 

mixed layer density reaches its maximum in the mid–latitude North 

Pacific, while they tend to occur simultaneously in higher latitudes. 

Iwamaru et al (2010) further confirm the maximum MLD leads the 

minimum SST by one or two months in the Kuroshio Extension in one–

third of the winters. Ohno et al (2009) speculate that the different 

timing would be caused by eddy–related horizontal processes that tend 

to raise the main thermocline, giving earlier MLD maximum. They also 

suggest that horizontal advection or mixing in regions with strong 

horizontal mixed–layer density gradient can prevent further mixed 

layer deepening if the shoaling by the processes exceeds the deepening 

by surface cooling especially when the cooling is small such as late 



 104 

winter (March). For the East Sea, more quantitative analysis in detail is 

necessary to clarify the different timing, and is planned as future 

research topic. In the southern area, the shallow and strong permanent 

halocline maintained by the strong Tsushima Warm Current (TWC) 

limits further deepening of the mixed layer after January, while the SST 

continues to decrease due to cooling until March. This may explain, at 

least in part, why there is difference in timing between maximum MLD 

and minimum SST in the southern area. 
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Figure 5-11. (a) Amplitude (℃) and (b) phase of the annual component of SST. 

Phase is converted to the deciaml month at which the SST minimum occurs 

(Park et al., 2005).
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Figure 5-12. Seasonal changes in the MLD (black lines) and SST (blue lines) 

from the one–dimensional PWP model forced by NCEP/NCAR reanalysis 

atmospheric forcing (heat flux, freshwater flux, and wind stress) for the 

northern area (134˚E, 41.5˚N, solid lines) and the southern area (134˚E, 

36.5˚N, dashed lines). 
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5.4. Barrier layer in the East Sea 

 

In the East Sea, we found that temperature-based MLDs are similar 

overall to density-based MLDs (when defined as in Section 4.2). This 

implies that salinity is a less important factor than temperature in 

determining the MLD distribution except in areas near some coasts 

such as the Russian and Japanese coasts. Along the Russian and 

Japanese coasts considerable differences between MLDT and MLDD are 

found from late fall through early spring (Fig. 5-13). This implies 

presence of a barrier layer (BL) which defines a layer separating the 

bottom of the mixed layer from the top of the isothermal layer (Lukas 

and Lindstorm, 1991). Many studies have demonstrated the importance 

of salinity in controlling stratification and MLD in mid-to-high 

latitudes, forming a barrier to entrainment and turbulent mixing of cold 

thermocline water into the surface mixed layer and preventing 

downward mixing of momentum (e.g., Vialard and Delecluse, 1998; 

Kara et al., 2000b). The formation and erosion of the BL has been 

studied extensively in the open ocean and regional seas (e.g., Chu et al., 
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2002; Sato et al., 2004, 2006; dBM07; Thadathil et al., 2007) (Fig. 5-

14).  

However, none of the earlier studies have addressed the existence 

and distribution of the BL in the East Sea. Fig. 5-13 shows examples of 

BLs formed near the Russian and Japanese coasts during winter. Near 

the Russian coast, a thick BL (130 m) exists associated with the low 

salinity surface water, making a halocline within the isothermal layer. 

The fresher surface water is believed to be supplied by the fresh water 

discharge from the Amur River (Seung and Yoon, 1995; Kim and 

Seung, 1999) that has the four largest discharge rate amongst northern 

Eurasian rivers (Fig. 5-15). On the other hand, the low salinity in the 

upper ocean near the Japanese coast could be maintained either by 

Changiang river discharge (Senjyu, 1999) or heavy precipitation 

induced by the summer and winter monsoons (Trusenkova et al., 

2005b) (Fig. 5-16). Chu et al. (2001) demonstrated that low salinity 

water exist along the Japanise coast during late Fall and early spring. A 

significant BL starts develope along the Japaneses coast nn September, 
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peaking in March. According to Senjyu et al. (2006), the low salinity 

water from the East China Sea spreads into the East Sea in summers 

with a large Changjiang discharge, the Tsushima Channel-averaged 

salinity fell to below 33.8 psu in August and recover more than 34.2 

psu in December. On the other hand, Trusenkova et al. (2005b) 

suggested that monthly precipitation, based on the Global Precipitation 

Climatology Project (GPCP, Huffman et al., 1997) data averaged for 23 

years from 1979 through 2001, is relatively heavier along the Japanese 

coast than the rest of the East Sea from September through April. 

Therefore, we think that precipitation may seem to be a considerable 

forcing for the freshening in this region. Lukas (2001) presented that 

salinity variations in the North Pacific subtropical gyre may be related 

to the net freshwater flux variability using the observed subsurface 

salinity data and meteological data. Likewise in terms of the freshwater 

cycle variability of upper ocean salinity has been shed light on in the 

global ocean, but the East Sea has been rarely studied before regarding 

this issue. In this study, we cannot investigate further the BL’s spatio-
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temporal patterns and its formation mechanisms mainly, because the 

governing processes of BL requires information on the three-

dimensional structure of the upper ocean temperature and salinity fields, 

three-dimensional flow and its vertical shear, local surface forcing, and 

turbulent mixing profile. 



 111 

 

Figure 5-13. Example of a BL formed along the Russian coast and 

Japanese coast. Temperature and salinity profiles are measured by CTD (a) 

On 15 march 1999 south of Vladivostok and (b) On 11 February 2001 around 

the Noto peninsula (137.83E, 37,97N).
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Figure 5-14. Seasonal maps of the difference between MLDT and MLDD, 

representing seasonal averages over January to March (JFM), April to June 

(AMJ), July to September (JAS), and October to December (OND). Positive 

values correspond to barrier layer thickness (BLT), while negative values 

corresponds to compensated layer thickness. Grid points where the layer 

thickness is less than 10% of the maximal depth are shown in light grey. 

White areas represent grid points with no observat ion or only 1 month 

observation during the season (dBM2007). 
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Figure 5-15. Surface map of salinity and section map of temperature, salinity, 

and sigma-theta (solid line in surface map) from CREAMS project on March 

2000.
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Figure 5-16. Surface map of salinity and section map of temperature, salinity, 

and sigma-theta (solid line in surface map) from World Ocean Data Base 2005 

on February and March.
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 5.5. A relationship of the MLD to chlorophyll–a concentration 

A relationship of the MLD near the SPF to chlorophyll–a (Chl–a) 

concentration is investigated as an example of application of the current 

MLD climatology. For example, spring and fall blooms in temperate 

seas are related to seasonal changes in the MLD, in the East Sea, the 

spring bloom starts in February–March, when the critical depth (CRD) 

becomes equal to the MLD, and the fall bloom appears in November–

December when the MLD becomes equal to the CRD (e.g., Kim et al., 

2000; Kim et al., 2007) (Fig. 5-17). Fig. 5-18 shows basin–scale 

distributions of winter (December, January, and February) mean MLD 

and 10–year winter–mean Chl–a from SeaWiFS. We find that overall 

good agreement in spatial distribution between the ML and Chl–a 

concentration. The shallower ML near the SPF roughly matches with 

elevated Chl–a, while relatively low Chl–a concentration in the Ulleug 

Warm Eddy (UWE) corresponds to deep ML (up to 70 m). It can be 

explained that, in winter, a relatively favorable light condition for 

phytoplankton growth within shallower winter ML contributes to the 
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elevated Chl–a concentration, but detailed analysis is required to 

confirm the relation and is beyond of our scope. In summary, the good 

correspondence in distribution between the MLD and the Chl–a in 

winter suggest that the MLD climatology is important in understanding 

the spatial pattern of phytoplankton dynamics in the East Sea. 
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Figure 5-17. (a) Seasonal wind stress (solid line) from QuikSCAT and MLD 

(dotted line) data obtained from FNMOC, (b) KODC bimonthly mean nitrate 

at standard depths, and (c) Sea WiFS chlorophyll concentration at the central 

part of the East Sea (Kim et al., 2007). 
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Figure 5-18.  Horizontal distributions of winter (December–January–

February) mean MLD and winter mean SeaWiFS chlorophyll–a (mg m
–3

). 
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Chapter 6. Summary and Conclusion 

 
 

This study presented a synoptic description of MLD variation over 

the entire East Sea based on a new MLD climatology that was 

estimated by a recently developed approach using most of the available 

in situ profiles for the East Sea from various sources. The climatology 

indicates that MLD variations of the East Sea are characterized not only 

by a strong seasonal cycle, ranging from 10 ~ 20 m in summer to up to 

400 m in winter, but also by significantly large amplitudes of the 

maxima and standard deviation. Abrupt and local deepening along the 

near coastal area for the winter and early spring in the northern part of 

the East Sea was also identified, showing the clear development and 

decay of the MLD at the northern and southern sides of the SPF.  

MLD maxima are found in the winter deep convection regions and the 

high salinity intermediate water regions between 132°–136°E and 41°–

43°N. ML deepening during fall occurs first along the Japanese coast. 

In regions affected by strong warm currents, MLDs were shallower 

than those to either side of these areas. There are two possible reasons 

for the smaller MLD near the EKWC: (1) weaker wind and (2) 

shallower thermocline maintained by the cold and relatively fresh 

subsurface current underlying the EKWC. A deep MLD formed during 
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fall and winter along the Japanese coast due to geographical differences 

in the winter monsoon intensity. The strongest seasonality was found in 

the deepest MLD areas with weak seasonality along the SPF and the 

Korean coast. We suggested that stratification and subduction around 

the SPF can be maintained by the strong thermal contrast associated 

with convergence of the colder waters in the northern part and 

advection of warm water carried by the EKWC. Strong, but less 

pronounced seasonality was observed along the Japanese coast and in 

the Ulleung Basin. The homogeneous interior of the UWE, together 

with winter cooling, seems to be primarily responsible for the deep 

MLD. Pronounced seasonality of wind stirring and surface cooling due 

to monsoons are primarily responsible for strong seasonality of the 

MLD in the East Sea.  

On the annual average, the East Sea MLD has a reversed bowl-

shaped distribution: smaller (~ 20 m) in the central region including the 

SPF and larger (up to 60 m) both in the southern and northern East Sea. 

This distribution reflects strong influence of atmospheric forcing in the 

southern and northern East Sea, while importance of ocean 

stratification in the central East Sea. However, spatial inhomogeneity of 

the seasonal variability is likely controlled by ocean itself including 

major current systems such as Ulleung warm eddy, the nearshore 

branch of the Tsushima Current, the East Korean Warm Current, and 
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the North Korean Cold Current.  

The temperature based MLDs show no significant difference (mostly 

less than 20 m) from the density based MLDs for all seasons except 

winter when the difference becomes significant especially along the 

Japanese coasts in the southern East Sea and in the deep convection 

region. Although the MLDT cannot account for all the East Sea 

condition, it allows us to construct a robust MLD variability statistics 

that is not possible to obtain using the density profiles only which have 

poor spatial coverage for the East Sea. We, however, need to account 

for the salinity effects for MLD estimation in some regions during late 

fall to early spring because BLs with thickness of up to 60 m develop 

mainly along Japanese and Russian coasts. They related with the 

presence of low-salinity water in the upper layer. Possible candidate 

sources of the low-salinity water are considered as a combination of sea 

ice meltwater and Amur River discharge in the northern East Sea and a 

effect of heavy rainfall along the near-coastal area of Japan. 

This study also revealed relative differences between the MLD 

estimated from the averaged profiles and the average of MLDs 

estimated from individual profiles; the former was about 24% 

shallower than the latter. Therefore, when using the averaged profile to 

compute the mixed layer, we should have a thorough understanding of 

the regional characteristics associated with the structure of sea water 
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column.  

The results of this study help clarify the features of the East Sea. The 

MLD climatology has primarily importance for validating and 

improving mixed layer parameterizations for ocean general circulation 

models of the East Sea and can also be very useful in studies of 

biological activities (e.g., chlorophyll blooming) and chemical 

processes (e.g., CO2 exchange) in the East Sea. Further research using 

numerical models that consider all possible atmospheric forcing and 

oceanic processes in the East Sea are needed to gain a more 

quantitative understanding of the relationship of MLD variation with 

atmospheric forcing or oceanic processes. 
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