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v

Because its characteristics resemble those of global oceans, the East Sea (Japan 
Sea) has long been studied and explored. Marine expeditions in the East Sea date 
back to the mid-1800s, and investigations of some important aspects of its ocean-
ographic characteristics, especially water masses and surface circulation, were 
begun in the early 1900s. With the advent of computer resources as a powerful 
tool for numerical model simulations, together with modern methods of investi-
gation such as satellite altimetry, Argos drifters, ARGO floats, and moored cur-
rent measurements, the study of the East Sea has accelerated during the past two 
decades. In particular, major scientific achievements have flourished since the 
late 1990s. Six special issues of major international journals were published from 
1999 to 2009 containing results from international programs and workshops dedi-
cated to the East Sea. Two important events contributed to this scientific advance-
ment: CREAMS and PAMS. CREAMS (Circulation Research of the East Asian 
Marginal Seas) began in 1993 as a comprehensive observational program organ-
ized by scientists from Japan, Korea, and Russia, the three countries bordering the 
East Sea. Many joint international cruises have been carried out over the entire 
East Sea, thus accelerating our understanding of the Sea. Joint cruises are still 
ongoing, and CREAMS is now an official program of the North Pacific Marine 
Science Organization (PICES). The special issues mentioned above were publi-
cations of results from CREAMS that were presented in related workshops and 
symposia. PAMS is an acronym for Pacific-Asian Marginal Seas and refers to a 
biennial workshop that provides a venue for scientists to present knowledge and 
share ideas about PAMS, and promote international cooperation in PAMS. The 
first workshop convened in 1981 with the initial name of JECSS (Japan and East 
China Seas Study), and its first 10 years PAMS exclusively focused on the physi-
cal and chemical oceanography of the East Sea and the East China Sea. The region 
of interest eventually broadened to include other northwestern Pacific marginal 
seas, and its name was changed to PAMS/JECSS in 1993 and finally to PAMS 
in 2009. Regular PAMS workshops have subsequently led to the publication of 
papers in 11 special issues, including books.

Preface



Prefacevi

One of the major scientific topics relating to the East Sea oceanography is its 
own thermohaline circulation, similar to that occurring in the North Atlantic. Sill 
depths of the straits connecting the East Sea with adjacent seas and the North 
Pacific are shallower than 200 m, and subsurface waters below about 300 m 
constitute the Proper Water of the East Sea, first named by the famous Japanese 
oceanographer, Prof. Michitaka Uda in 1934. The Proper Water and intermedi-
ate water masses occupy more than 90 % of the East Sea water volume. They are 
formed in the northern East Sea, discharged to the south, and modified within the 
East Sea. Another unique property of the East Sea is its high biological produc-
tivity, especially in its southwestern part, the Ulleung Basin, where the nutrient-
depleted Kuroshio branch, the Tsushima Warm Current, prevails. The primary 
productivity in the Ulleung Basin is as high as that of the ocean’s major upwelling 
regions. Coastal upwelling, large- and meso-scale circulation are thought to play 
a role in maintaining this high productivity. Thus the East Sea is an ideal place to 
address the calibration of a wide range of proxies for ocean ventilation and pro-
ductivity based on present oceanic conditions, as well as down-core records of the 
past. The evidence for rapid changes of physical and biogeochemical properties in 
the East Sea is compelling. Despite its long history of observations and studies, a 
comprehensive understanding of the ongoing changes and future projections of the 
East Sea is yet to be provided.

This book was written as a monograph summarizing current knowledge in the 
various field of oceanography of the East Sea, with the editors’ hope that it will 
provide a useful compilation of previous important studies on each topic, and thus 
serve as a reference for anyone interested in the East Sea as well as providing 
motivation for more in-depth, future studies.

The book consists of 18 chapters, covering physical oceanography in Chaps. 
2–5, chemical oceanography in Chaps. 6–9, biological and fisheries oceanog-
raphy in Chaps. 10–15, and geological oceanography in Chaps. 16–18, together 
with a general introduction and details of the CREAMS program in Chap. 1. Each 
chapter serves as a stand-alone article addressing a specific topic in the form of a 
single scientific paper, including its own list of references. Interdisciplinary dis-
cussions of processes, such as physical-biological coupling, are somewhat scat-
tered throughout various chapters. Editors and authors of each chapter have made 
a special effort to include prior publications exhaustively, though not completely, 
especially non-English papers. A list of abbreviations and a subject index will help 
readers to understand terminology specific to the East Sea and to use this book as 
a reference handbook. Readers are also recommended to refer to Chaps. 1 and 4 
for topographic features and names, and basin- and meso-scale upper circulation 
features of the East Sea, which are often mentioned in other chapters.
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Chapter 1
General Introduction

Kyung-Ryul Kim, Sang Hoon Lee, Kyung-Ae Park, Jong Jin Park,  
Young-Sang Suh, Dong-Kyu Lee, Dong-Jin Kang and Kyung-Il Chang

© Springer International Publishing Switzerland 2016 
K.-I. Chang et al. (eds.), Oceanography of the East Sea (Japan Sea),  
DOI 10.1007/978-3-319-22720-7_1

Abstract The East Sea (Japan Sea) is a semi-enclosed marginal sea surrounded 
by the East Asian continent and Japanese Islands in the northwestern Pacific. It is 
topographically isolated from the North Pacific which allows only a small portion 
of the Kuroshio penetrating into the sea. In spite of its small basin size of about 
106 km2 and semi-isolated topography, many unique open ocean processes have 
been observed and identified, especially the existence of its own thermohaline 
circulation. Early oceanographic survey in the East Sea dates back to mid-19th 
century followed by numerous basin- or subbasin-scale regular and/or process-
oriented observations conducted by surrounding countries, independently or coop-
eratively, and also by overseas countries. The advent of satellite-tracked drifters 
and floats and the availability of various satellite-derived products have greatly 
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contributed to understanding and finding important oceanographic processes. 
Mooring technology used in the East Sea has made progress for establishing some 
long-term local and global time-series stations.

Keywords History of survey · Topography · Observations · CREAMS · East 
Sea (Japan Sea)

1.1  Geography and Topography

The East Sea is a semi-enclosed marginal sea surrounded by the East Asian con-
tinent and the Japanese Islands (Fig. 1.1; Chough et al. 2000). The East Sea is 
connected with the Pacific Ocean through four shallow straits, i.e. the Korea 
(140 m deep), Tsugaru (130 m deep), Soya (55 m deep), and Tatarsky (12 m deep) 
straits. The northern and eastern margins of the sea are characterized by slopes 
which are relatively straight and steep, compared to those of the southern and 
western margins. The southern and western margins include several submarine 
topographic highs (plateau, ridge, and bank) (Fig. 1.1). According to ETOPO1 
dataset (http://www.ngdc.noaa.gov/mgg/global/global.html), average depth of the 
East Sea is about 1650 m and the maximum depth is about 3800 m. There are 
three deep basins (the Ulleung, Japan, and Yamato basins) separated by subma-
rine  topographic highs (the Korea Plateau, Oki Bank, and Yamato Rise) that rise to 
within about 500 m of the sea surface (Fig. 1.1).

The Ulleung Basin in the southwestern part of the sea is a deep,  bowl-shaped 
depression (2000–2300 m deep) delimited by continental slopes of the Korean 
Peninsula and the southwestern Japanese Islands on the west and south, 
 respectively, and by the Korea Plateau and the Oki Bank on the north and east, 
respectively (Fig. 1.2). Its basin floor deepens to the northeast and is connected 
to the Japan Basin through the Ulleung Interplain Gap (UIG) between the South 
Korea Plateau and Oki Bank. The Japan Basin in the northern part of the sea is 
about 700 km long and 200–300 km wide, trending NE–SW. The basin floor is 
3500–3800 m in depth and the deepest area is located between Russia and the 
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31 General Introduction

southwestern part of Hokkaido. In the southeastern part of the sea, the Yamato 
Basin trending NE–SW has an average water depth of 2500–2700 m. The basin 
floors of the Japan and Yamato basins are rather smooth and flat, except for several 
submarine seamounts and hills that rise up to about 2000 m above the surrounding 
seafloor (Fig. 1.1).

In the western part of the sea, the Korea Plateau is a topographically rugged 
feature with 1000–1500 m of relief (Fig. 1.1). It is divided into two components 
(i.e. the South Korea Plateau and North Korea Plateau) by the indenting Japan 
Basin (Chough et al. 2000). The South Korea Plateau consists of numerous ridges, 
seamount chains, and intervening troughs/basins (Lee et al. 2002). It is divided 
into a western part (called the Gangwon Plateau) and an eastern part (called the 
Ulleung Plateau) by the Usan Trough (Fig. 1.2). In the central part of the sea, a 

Fig. 1.1  Major physiographic features of the East Sea. EKB East Korea Bay; JB Japan Basin; 
KS Korea Strait; NKP North Korea Plateau; NP Noto Peninsula; OB Oki Bank; PGB Peter the 
Great Bay; SKP South Korea Plateau; SS Soya Strait; TaS Tatarsky Strait; TsS Tsugaru Strait; UB 
Ulleung Basin; UIG Ulleung Interplain Gap; YB Yamato Basin; YR Yamato Rise
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volcanic topographic high (Yamato Rise) is parallel to the long axis of the Yamato 
Basin (Fig. 1.1). The Yamato Rise consists of a few topographic highs, separated 
from each other by transverse depressions. The prominent Kita-Yamato Trough, 
a NE–SW-trending longitudinal depression, divides the Yamato Rise into a north-
western component (the Kita-Yamato Bank) and a southeastern component (the 
Yamato and Takuyo banks). In the southeastern margin of the sea, the Toyama 
Deep-Sea Channel, a prominent submarine channel (about 750 km long), runs to 
the abyssal Yamato and Japan basins (Fig. 1.1; Nakajima et al. 1998). Detailed 
physiographic features of the East Sea are described in Chap. 16.

1.2  History of Hydrographic Surveys

Ocean science in the East Sea was initiated by its surrounding countries in the 
mid-19th century. In 1859, the Russian Navy conducted the first systematic hydro-
graphic surveys including water temperature, density, and currents in the East 

Fig. 1.2  Bathymetric features of the southwestern part of the East Sea. Bathymetry in meters. 
HB Hupo Bank; HT Hupo Trough; NUIS North Ulleung Interplain Seamount; Smt. Seamount; 
UE Usan Escarpment; UIG Ulleung Interplain Gap; UT = Usan Trough

http://dx.doi.org/10.1007/978-3-319-22720-7_16
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Sea. After World War II, with increased interest in this area, the Soviet Academy 
of Sciences began intensive investigations of the East Sea in 1950s and the Far 
Eastern Regional Hydrometeorological Research Institute has carried out large-
scale surveys since its establishment in 1950 (Danchenkov et al. 2006).

Japan carried out systematic ocean and fisheries investigations in the East Sea 
from the 1920s until 1945. In 1932 and 1933, Uda conducted the first simulta-
neous, basin-scale, oceanographic surveys in the East Sea, including deep water 
investigations, with two research vessels and more than 50 fisheries vessels 
(Danchenkov et al. 2006), and he suggested a schematic diagram of the current 
system and a water mass classification (Uda 1934). Regular ocean surveys by 
Japanese governmental agencies or local prefectures are still continuing at pre-
sent. The Japan Meteorological Agency (JMA) has been conducting seasonal 
ocean observations around Japan to monitor ocean variation and climate change. 
The most prominent observation line is the PM-line maintained by JMA’s Maizuru 
Marine Observatory. Physical, chemical and biological oceanographic factors, 
such as water temperature, salinity, dissolved oxygen, nutrients, chlorophyll  
a and zooplankton, have been observed in every season since 1972. The Japan 
Coast Guard also monitors ocean variation in the East Sea, focusing on tides,  
currents, and ocean pollution, and operates  the Japan Oceanographic Data Center 
which collects and provides oceanographic data and information. Much effort on 
ocean observation has been made by the Fisheries Research Agency as well as pre-
fectural fisheries experimental stations in order to carry out research on ocean eco-
systems and manage fishery resources.

Korean hydrographic surveys began with the establishment of the National 
Fisheries Research and Development Institute (NFRDI). NFRDI started as the 
Fisheries Experimental Station in 1921, and ever since has carried out NFRDI 
Serial Oceanographic Observations (NSO). NSO is the only integrated ocean 
observation program that regularly monitors the physical, chemical, and biological 
states of the Korean Seas. NSO was initially conducted for the purposes of collect-
ing information on fishing grounds and monitoring the ocean state. It began in the 
1920s with 6 observation lines that were surveyed occasionally from 2 to 6 times 
a year; in 1935, 14 observation lines covered the entire sea regions around Korea 
and extended up to 100 miles from the coast (Fig. 1.3).

In 1961, to get a better understanding of the complicated ocean structure and 
variability of ocean properties around the Korean Peninsula, NFRDI reorganized 
the NSO and increased the number of observation lines from 14 to 22 with 175 
stations. After adding an additional 3 lines in the 1990s, the NSO is now com-
posed of 25 observations lines with 207 stations, and 8 of these lines with 69 sta-
tions are situated in the East Sea (Fig. 1.4). Through long-term observations, the 
NSO now gives users much important information on climate change in the East 
Sea. It also supports operational oceanography for prediction of oceanic variabil-
ity and prevention of natural disasters, and provides the basis for assessing the 
status of ecosystems in this area. The NSO data are released through the Korea 
Oceanographic Data Center website (http://kodc.nfrdi.re.kr), which is operated by 
NFRDI.

http://kodc.nfrdi.re.kr


6 K.-R. Kim et al.

1.3  CREAMS Program

CREAMS, an acronym for “Circulation Research of the East Asian Marginal 
Seas”, began in 1993 as a Japan-Korea-Russia international research program to 
understand water mass structure and circulation in the East Sea. CREAMS com-
prised analyses of historical data, field observations, numerical modeling, and 
laboratory experiments by scientists from Japan, Korea, and Russia in joint collab-
oration. From its inception, Prof. M. Takematsu, and Prof. Jong-Hwan Yoon at the 
Research Institute for Applied Mechanics, Kyushu University led the CREAMS 
program and were enthusiastically joined by Dr. Yuri Volkov at the Far Eastern 
Regional Hydrometeorological Research Institute, Russia, and Prof. Kuh Kim at 

Fig. 1.3  Stations for NSO (1921–1960)
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Seoul National University (SNU), Korea who played essential roles in CREAMS’s 
successful operation. The initiation of CREAMS marked one of the most impor-
tant turning points in East Sea studies.

1.3.1  Important Findings Before CREAMS

Prior to the CREAMS era, most of our knowledge of East Sea hydrography 
mainly originated from the famous report of Uda (1934), who analyzed physical 
and chemical data acquired in the entire East Sea, even though there had also been 

Fig. 1.4  Stations for NSO (1961–present)
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some reports by Russian scientists in the early 20th century. In the early 1930s, 
Uda, mobilizing 53 vessels, explored the seas around Korea and found that the 
entire East Sea was filled with waters of relatively uniform physicochemical char-
acteristics. Deep water in the East Sea being completely isolated from the North 
Pacific has lower temperature and higher dissolved oxygen content than the same 
depth levels in the North Pacific (Fig. 1.5). Below about 300 m, water has a nearly 
constant temperature of 1.0 ℃. Uda (1934) called this abundant cold water mass 
“Japan Sea Proper Water” (JSPW), which makes up about 86 % of the East Sea 
(Yasui et al. 1967). The high oxygen indicates that the East Sea is a place of very 
rapid ventilation at depth.

Uda (1934) also observed that these cold waters are very high in dissolved oxy-
gen (DO), with concentrations over ~250 μm. The Russian Vytiaz expedition, 
 carried out in the East Sea during the early 1950s, further confirmed Uda’s ear-
lier observation (Fig. 1.6), strongly implying the existence of an active ventilation 
process in the East Sea, although few details were known about where and how 
such cold waters are formed in winter and under what conditions. This was later 
quantified by several tracer studies (e.g. Tsunogai et al. 1993) showing that turno-
ver time in the East Sea is of the order of 100 years, which is at least one order of 
magnitude smaller than that of the oceanic conveyor-belt system (Broecker and 
Peng 1982).

However, based on the first Conductivity-Temperature-Depth (CTD) obser-
vations, Gamo and Horibe (1983) showed that there are structures in temper-
ature and salinity within the JSPW, even though the range of variations is very 
small, strongly indicating that the JSPW is not a single water mass, as previously 
thought, but consists of several water masses such as Deep Water and adiabatic 
Bottom Water  (Fig. 1.7).

(b)(a)

Fig. 1.5  Horizontal distributions of temperature (left) and dissolved oxygen (right) at 1000 m 
depth in the East Sea and the Pacific Ocean (data from Locarnini et al. 2010; Antonov et al. 
2010; Garcia et al. 2010). The presence of cold and high-oxygen waters in the East Sea is clearly 
seen. a Potential temperature, b dissolved oxygen
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1.3.2  CREAMS Studies

Figure 1.8 shows CTD and chemistry stations together with locations of moorings, 
deployment positions of satellite drifters and towed Acoustic Doppler Current 
Profiler (ADCP) lines, carried out in the summer of 1993. Although the locations 

Fig. 1.6  Profiles of dissolved oxygen obtained during Uda’s study and the Russian Vityaz study

Fig. 1.7  The first CTD 
profile taken in the East 
Sea, clearly showing several 
structures such as deep water 
and bottom water within 
so-called JSPW (redrawn 
from Gamo and Horibe 1983)
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of hydrographic stations and moorings have changed slightly each year due to 
some restrictions, it should be recognized that CREAMS studies have provided a 
rare opportunity to carry out precise measurements of salinity, temperature, and 
chemical tracers as well as long-term current meter mooring deployment in an 
extensive manner, in all major basins of the East Sea, for the first time in more 
than 60 years since Uda’s investigation. Previously, as part of the Cooperative 
Study of the Kuroshio, hydrographic surveys, organized by the Intergovernmental 
Oceanographic Commission, were conducted mainly in the southern warm region 
of the East Sea in 1965–1970. However, for the purposes of CREAMS the north-
ern cold region has been the area of main interest. In particular, deep stations and 
long-term current data became available for the first time in this region.

1.3.2.1  Important Discovery I: Oceanic Structures

The first important discovery during CREAMS studies was confirmation of 
mid-depth salinity and dissolved oxygen minima, reminiscent of typical oceanic 
structures, at deep stations in the Japan Basin, as shown in Fig. 1.9. However, 

Fig. 1.8  Cruise map of the 1993 CREAMS expedition with stations of previous studies
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it is remarkable to note that the ranges of variation, when compared with those 
observed in the open ocean (Östlund et al. 1987), are so small in the East Sea, 
being one order of magnitude smaller in temperature, and even two orders of 
magnitude smaller in salinity, with a salinity minimum represented by a differ-
ence of only 0.002 psu. Based on the θ-S (potential temperature-salinity) analysis 
as shown in Fig. 1.9, new names such as Central Water, Deep Water, and Bottom 
Water were proposed to identify these different water masses within the so-called 
JSPW (Kim et al. 1996).

It was also fascinating to examine the first long-term time series of  currents 
taken in the Japan Basin, as shown in Fig. 1.10 (Takematsu et al. 1999). At 
nominal depths of 2000 and 3000 m, low-passed currents were very weak until 
November, but suddenly strong currents of 15–20 cm s−1 began to fluctuate with 
a time scale of a few weeks to months, lasting through the following spring. It is 
surprising that even with such extremely weak vertical stratification with frequent 
very strong horizontal currents up to 20 cm s−1 in deep waters, the vertical struc-
tures shown in Fig. 1.9 have been maintained.

1.3.2.2  Important Discovery II: Dramatic Structural  
Changes in the East Sea

Secondly, and more importantly, CREAMS studies confirmed dramatic structural 
changes in the East Sea, as reflected in the profiles of properties such as tem-
perature, salinity, and dissolved oxygen shown in Fig. 1.11. The profiles show  

Fig. 1.9  Vertical profiles 
of potential temperature (θ), 
salinity (S), and dissolved 
oxygen (O2) at the northern 
Japan Basin. According to the 
θ-S diagram (inset), central 
water (CW), deep water 
(DW), and bottom water 
(BW) could be defined
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that temperature has gone up as much as 0.1–0.5 ℃ in the upper 1000 m and by 
0.01 ℃ below 2000 m during the last 30 years, increasing the heat content below 
500 m at a rate of 0.54 W m−2.

During this warming period, DO went through a drastic change in such a way 
that the oxygen minimum depths deepened from a few hundred meters in the late 
1960s to below 1500 m in the mid-1990s. This deepening of oxygen minimum 
depths was accompanied by decreases in DO concentrations of up to 20 μm in 
deep waters, as noted earlier by Gamo et al. (1986). Nevertheless, it is very 

Fig. 1.10  Time series of currents at nominal depths of 2000 m and 3000 m taken in the central 
part of the Japan Basin (41° 29.7′ N, 134° 21.4′ E) at a depth of 3500 m from August 1993 to 
July 1995 (Redrawn from Takematsu et al. 1999)

Fig. 1.11  Changes in profiles of potential temperature and dissolved oxygen (DO) in the Japan 
Basin during the last 30 years. Average profiles of dissolved oxygen in the 1930s and early 1950s 
are also shown. Property changes such as warming of deep waters and a drastic change of DO 
structures in the East Sea, since sometime during the 1950s, are clear. Some data are from earlier 
studies in the area (Redrawn from Uda 1934; USSR AOS 1957; Gamo and Horibe 1983; Sudo 
1986)
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important to note that DO concentrations instead increased during the same period 
at intermediate depths above the oxygen minimum. The first continuous salinity 
profile in the East Sea, obtained in the late 1970s with a CTD (Gamo and Horibe 
1983), did show a salinity minimum depth shallower than 800 m, so this depth has 
essentially doubled since then. Average profiles of DO in the 1930s and 1950s, 
also shown in the figure, clearly show similarity in profiles in those two decades, 
strongly implying that the changes started sometime during the 1950s.

It has been shown (Kim and Kim 1996; Kim et al. 1999) that changes in tem-
perature, salinity, and DO profiles in the East Sea are due to a change in its ven-
tilation system. The application of an advection-diffusion model (Craig 1969) to 
oxygen profiles, in particular, resulted in an apparent ‘net production’ of oxygen 
despite ‘actual consumption’ in the Central Water, strongly supporting an active 
injection of fresh surface waters into intermediate-water depths occurring at the 
present time. This has been further supported by chlorofluorocarbon (CFC) meas-
urements, as shown in Fig. 1.12, showing CFC ages no younger than 20 years for 
the deep waters. According to a moving-boundary box model (MBBM), developed 

Fig. 1.12  Profiles of CFC-
11 (diamond) and CFC-12 
(circle) at a station in the 
central Japan Basin. The  
CFC ratio age is also shown 
in the figure. The CFC ratio 
ages (square) of the waters 
deeper than 1000 m are 
no younger than 20 years 
(Redrawn from Kim et al. 
2001)
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to describe these changes and calibrated with CFCs and tritium results (Kang 
et al. 2003), bottom water formation appears to have ceased since the mid 1980s 
(Fig. 1.13).

There have also been some claims that the conveyor-belt in the East Sea has 
slowed down recently (e.g. Gamo 1999). The cessation of bottom water formation, 
however, is only a part of the whole story occurring in the East Sea. The results 
from the MBBM clearly show that the overall ventilation system in the East Sea 
is still very active, and that the decrease of bottom water formation is counterbal-
anced by the enhancement of intermediate water formation. The immediate conse-
quence of this shift is a fast expansion of oxygen-rich Central Water in mid-depths 
in recent years (Kim et al. 1999). The historic temperature data in the Japan Basin 
also show that the depth of the 0.15 ℃ isotherm, the boundary between Central 
Water and Deep Water at the present time, started to deepen sometime in the early 
1950s (Kim et al. 2002a) as shown in Fig. 1.14.

1.3.3  Globalization of East Sea Studies

1.3.3.1  The Birth of CREAMS-II

At the fourth CREAMS workshop held in Vladivostok, February 12–13, 1996, it 
was recommended that CREAMS be expanded to a CREAMS-II phase beginning 

Fig. 1.13  Structural changes with time estimated from a moving-boundary box model. The model 
predicts that bottom water will disappear completely in 2040 (Redrawn from Kang et al. 2003)
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in 1998, inviting new research programs and scientists from abroad including par-
ticipants from the US, and a new name for the East Sea “JES (Japan/East Sea)” 
was also introduced in the field mainly by American scientists. A new program 
in the US was initiated that supported approximately 15 US investigators to make 
detailed observations and develop models of the East Sea circulation during the 
period 1999–2003.

The development of future research programs in the East Sea and the collabo-
ration between scientists in the countries studying the East Sea were the topics 
of two days of discussion at the 5th CREAMS Workshop, held in Seoul on April 
28–29, 1998. Nearly 50 scientists from Korea, Japan, Russia, and the US attended 
the meeting, and a number of important discussions took place that were centered 
on short-term and long-term plans for the exploration of the East Sea and how this 
exciting work could best be carried out. In addition, since all of these countries 
are also members of PICES (North Pacific Marine Science Organization), there 
were several important discussions of the relationship of PICES to this expanded 
research effort in the East Sea.

1.3.3.2  CREAMS/PICES EAST (East Asian Seas Time Series)-I Program

As the countries involved in East Sea research are all members of PICES, the pos-
sibility that PICES might be able to help in some aspects of coordinating research 
in the East Sea was discussed and it was generally agreed that PICES might be 

Fig. 1.14  Changes in the depths of the boundaries between CW and DW, and DW and BW over 
time, estimated from the historical data. Volume changes of water masses over time, calculated 
from the linear relationship between depth and area of the East Sea (Redrawn from Kim et al. 
2002a)



16 K.-R. Kim et al.

able to provide important help to East Sea researchers, especially in the area of 
obtaining permission for scientific work to be carried out across the various EEZ 
(Exclusive Economic Zone) boundaries of the East Sea.

As a result of discussions that took place at the PICES 6th Annual Meeting in 
Busan in October of 1997, the PICES Science Board formally recognized the sci-
entific value of the work in CREAMS and approved the development of stronger 
ties between PICES and CREAMS. The final important step in accomplishing this 
endeavor took place during the First CREAMS/PICES workshop on EAST (East 
Asian Seas Time Series)-I, held at SNU, in April, 2005. Later that year, an official 
CREAMS/PICES study of the East Sea was approved under the PICES umbrella 
and an International Advisory Panel was officially formed, strongly implying that 
the East Sea has the potential to become one of the world’s most active regions 
of international cooperation in oceanographic research. Under the scope of the 
CREAMS/PICES umbrella, the Korean EAST-I project, funded by the Ministry of 
Oceans and Fisheries, was officially launched in 2006, and has been continuing for 
the last 7 years as two consecutive 5-year programs.

1.3.3.3  IPCC 4th Report and Nobel Peace Prize, 2007

The global nature and importance of the East Sea studies were unequivocally con-
firmed during the publication of the IPCC (Intergovernmental Panel on Climate 
Change) 4th report (IPCC 2007). In Chap. 5 of this prestigious report on climate 
change, titled “Oceanic Climate Change and Sea Level”, the dramatic physico-
chemical changes in the East Sea observed during CREAMS studies were pre-
sented as a representative example occurring in the Pacific Ocean summarized as 
follows:

The marginal seas of the Pacific Ocean are also subject to climate variability and change. 
Like the Mediterranean in the North Atlantic, the Japan (or East) Sea is nearly completely 
isolated from the adjacent ocean basin, and forms all of its own waters beneath the shal-
low pycnocline.

Because of this sea’s limited size, it responds quickly through its entire depth to surface 
forcing changes. The warming evident through the global ocean is clearly apparent in this 
isolated basin, which warmed by 0.1℃ at 1000 m and 0.05℃ below 2500 m since the 
1960s. Salinity at these depths also changed, by 0.06 psu per century for depths of 300 to 
1,000 m and by -0.02 psu per century below 1,500 m (Kwon et al. 2004).

These changes have been attributed to reduced surface heat loss and increased surface 
salinity, which have changed the mode of ventilation (Kim et al. 2004a). Deep water pro-
duction in the Japan (East) Sea slowed for many decades, with a marked decrease in dis-
solved oxygen from the 1930s to 2000 at a rate of about 0.8 μmol kg-1 year-1 (Gamo 
et al. 1986; Minami et al. 1998). However, possibly because of weakened vertical strati-
fication at mid-depths associated with the decades-long warming, deep-water production 
reappeared after the 2000-2001 severe winter (e.g., Kim et al. 2002b; Senjyu et al. 2002; 
Talley et al. 2003).Nevertheless, the overall trend has continued with lower deep-water 
production in subsequent years.

http://dx.doi.org/10.1007/978-3-319-22720-7_5
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Furthermore, the approximately 1000 scientists involved in preparing this 
report were awarded half of the Nobel Peace Prize in 2007. Prof. Kuh Kim as 
a leading author for the East Sea was one of the winners, who shared the Peace 
Prize.

1.3.4  Concluding Remarks

The East Sea is a unique site: most of the physical, chemical, and biological pro-
cesses that occur anywhere in any ocean occur also in the East Sea. The southern 
portion of the East Sea is subtropical most of the year, and the northern sector 
behaves as a localized subpolar sea with ice-cover in winter. Strong frontal mix-
ing along a subtropical-subpolar frontal boundary and deep convection are two 
processes that do not take place in close proximity to each other in most of the 
world’s oceans, but are active at the same time within a few degrees of latitude and 
longitude in the East Sea. The occurrence of a large variety of physicochemical 
processes within a relatively small geographic region makes the East Sea an ideal 
laboratory for improving our general oceanographic knowledge.

The most important legacy of CREAMS studies is that many important “Big 
Questions in Oceanography,” especially those associated with recent climate 
change, can be addressed, clearly, demonstrating the value of the East Sea as a 
miniature ocean despite its regional character. Continuing this legacy should be a 
big task for the coming generation involved in East Sea research.

1.4  Recent Observational Programs

1.4.1  Surface Drifters

World ocean currents have been estimated using ship drift data logged by sailors. 
But since few merchant ships crossed the East Sea, basin-wide measurements of 
surface current in the East Sea were rare and usually estimated from shipborne 
hydrographic surveys until the development of satellite tracked drifters (Niiler 
et al. 1987, 1995). The Surface Velocity Program (SVP) drifter has a spherical sur-
face buoy and a holey-sock drogue centered at 15 m depth. Satellites determine 
locations of the drifters and transmit them along with sea surface temperature. The 
first satellite tracked drifter entering the East Sea was deployed by the Woods Hole 
Oceanographic Institution in the East China Sea in 1988 (Beardsley et al. 1992). 
In 1990 a few more drifters were deployed in the East Sea by the Korea Institute 
of Ocean Science and Technology (KIOST) to study coastal currents and eddies 
in the Ulleung Basin (Lie et al. 1995). SNU deployed two drifters in the northern 
East Sea in 1994 (Yang 1996), and air deployments of drifters with a very small 



18 K.-R. Kim et al.

drogue (Compact Meteorological and Oceanographic Drifter) were carried out in 
1992–1996 by the US Navy in the subpolar frontal area.

Small numbers of SVP drifters were released regularly by various investi-
gators from Pusan National University, KIOST, SNU, NFRDI, and the Japan 
Hydrographic Office beginning in 1996. SVP drifters and mini-meteorolog-
ical drifters were extensively deployed bimonthly during 1998–2001 in the 
southern East Sea through the JES Program sponsored by the Office of Naval 
Research (Lee et al. 2000; Lee and Niiler 2005). From 2003 to 2006, the Korea 
Hydrographic and Oceanographic Administration (KHOA) deployed SVP drift-
ers bimonthly in the Korea Strait to study the East Korea Warm Current (Lee and 
Niiler 2010). A total of 325 drifters have been deployed in the East Sea and all 
data are archived in the Global Drifter Center (ftp.aoml.noaa.gov).

1.4.2  Argo (Array for Real-Time Geostrophic Oceanography)

The primary goal of the international Argo program is to create an observation net-
work in the global ocean using more than 3000 free-drifting profiling floats that 
measure the temperature and salinity of the upper ocean (http://www.argo.net). 
The observation network is dedicated to detecting climate variability of large-scale 
temperature and salinity, as well as currents, on seasonal to decadal time-scales, to 
delivering information required for calibration of satellite measurements, and to 
providing input data for initialization and constraint of climate models (Freeland 
et al. 2010). The Argo network is clearly distinguished from previous subsurface 
measurements by its global coverage and especially the effort made to sample both 
the northern and southern hemispheres without bias. As of 2013, with more than 
3600 floats active, over 10,000 profiles per month are being delivered by the Argo 
float array. This unprecedented amount of data is having a large impact on ocean 
state estimation and on sea surface temperature forecasting skill (e.g. Balmaseda 
et al. 2007; Fujii et al. 2008).

The predecessor of the Argo float was originally developed to measure deep 
currents in a Lagrangian way (Davis et al. 1992; Davis and Zenk 2001); it is known 
as the Autonomous Lagrangian Circulation Explorer (ALACE). In 1996, Prof. 
Riser at the University of Washington (UW) tested the first float equipped with a 
temperature sensor in the East Sea; it was named Profiling-ALACE (PALACE). 
Two PALACE floats deployed at 350 and 1000 m have successfully collected tem-
perature profiles for several years. The East Sea is a confined, bowl-shaped basin 
with average depth of 1700 m, resembling open oceans in many aspects (Kim 
et al. 2002b; Talley et al. 2003). Hence the East Sea has become a good test loca-
tion for newly developed autonomous floats. In 1999, UW deployed 36 profiling 
floats at 800 m, equipped with CTD sensors, in the northern part of the East Sea. 
These profiling floats named Autonomous Profiling Explorer floats are nowadays 
the most widely used floats in the Argo program. The reliability and accuracy of 
their CTD sensors (the same sensors used in the present Argo floats) have been 

http://www.argo.net
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quantitatively tested using data from shipboard CTD observations (Park and Kim 
2007). Furthermore, an Argo float with optical sensors was tested in this marginal 
sea in spring 2000 to observe the development of a phytoplankton bloom, demon-
strating the possibility of a bio-geo-chemical Argo float (Perry and Rudnick 2003).

Under the Korean Argo program initiated in the year 2000, about 10–30 floats 
have been deployed every year in the East Sea, the Northwestern Pacific, and the 
Southern Ocean by KIOST and the Korea Meteorological Administration (KMA). 
It is noted that KIOST had started to deploy profiling floats in 1998. The total 
number of Argo floats contributed by Korea and registered in the Argo Global 
Data Assembly Center reached more than 230 in 2012 (personal communication 
with Drs. Kang and Suk in KIOST). About 14,000 temperature and salinity pro-
files have been obtained from the Korean Argo floats and UW floats in the East 
Sea during 1998–2012, comparable to the total number of shipboard CTD profiles 
taken by Korean institutions in the East Sea during the last 50 years.

Such large amounts of high-quality Argo data have stimulated much oceano-
graphic research aimed at understanding East Sea circulation as well as contribut-
ing to the international Argo program. Since the East Sea is a region with both 
the highest density of Argo data in the world (especially the Ulleung Basin where 
more than 100 profiles have been obtained within a 0.5° × 0.5° bin) and numerous 
regularly taken accurate shipboard measurements, the quality of Argo data passing 
the Argo Delayed-Mode Quality Control (DMQC) procedure could be statistically 
quantified using the East Sea Argo data for the first time (Park and Kim 2007; 
Thadathil et al. 2012). According to Park and Kim (2007), after the proper DMQC 
procedure the one-standard deviation error in salinity is about 0.003 psu, compara-
ble to the manufacturer’s stated accuracy. However, they also noted the importance 
of recent shipboard measurement in order to calibrate Argo data in the East Sea 
where significant salinity trends exist. Another notable contribution is to develop 
a method to process Argo trajectory data and thereby estimate deep currents (Park 
et al. 2005a). Deep currents can be calculated from the successive surface posi-
tions of drifting Argo floats. Without a proper correction of unknown drifts for half 
an hour to a few hours at the sea surface, the estimated deep currents may contain 
large uncertainty. Park et al. (2005a) provided a way to correct for the unknown 
surface drifts and to quantify the errors in the deep currents by using abundant 
Argo float data in the East Sea. Their method has become a standard procedure 
to treat trajectory data in the international Argo community, especially for floats 
using the Argos satellite system. However, for floats using the Iridium satellite sys-
tem, the method is no longer applied because the unknown surface drift during 
satellite communication is very small.

Argo floats have also been utilized to answer scientific questions in the East 
Sea. Their trajectory data help reveal comprehensive deep circulation patterns 
in the East Sea. It has been found there is remarkable inter-basin dependency of 
the deep currents: weaker mean and eddy kinetic energy in the Ulleung Basin, 
stronger mean kinetic energy in the eastern Japan Basin, and stronger eddy kinetic 
energy in the western Japan Basin (Danchenkov and Riser 2001; Choi and Yoon 
2010; Mooers et al. 2006; Park and Kim 2013). Specific deep circulation patterns 
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around the Ulleung Basin and possible linkage between the Ulleung and Yamato 
basins have also been suggested by Argo float trajectory data (Park et al. 2004b, 
2010). Details of deep circulation in the East Sea will be described in Chap. 4. 
Application effectiveness of Argo float data can be maximized by using them in 
conjunction with historical hydrographic data. Minobe et al. (2004) constructed 
time series of three dimensional temperature maps through the optimal interpola-
tion method, using historical CTD and Argo float data. Minobe et al. (2004) and 
Na et al. (2012) showed interannual and decadal variability of upper ocean tem-
perature in the East Sea. Also, Lim et al. (2012b) compiled expendable bathyther-
mograph (XBT), CTD, and Argo float data, reporting climatology of the mixed 
layer depth in the East Sea. Details about long-term variability of temperature 
and patterns of mixed layer depth in the East Sea will be described in Chap. 3. 
Additionally, Argo float data together with historical shipboard measurements and 
satellite data have been assimilated into the Modular Ocean Model (Ver. 3) by 
means of the three-dimensional variational method, providing reanalysis of tem-
perature, salinity, and velocity fields in the East Sea (Kim et al. 2009b).

The Korean Argo program has been very successful. As already described, 
Argo float data in the East Sea are contributing greatly both to improving Argo 
float data processing and to answering valuable scientific questions regarding East 
Sea circulation and variability. Moreover, even though the Korean Argo program 
has deployed many floats in this marginal sea where a lot of fishing activities take 
place and the continental margin potentially threatens the floats’ operation, the 
average lifetime of Korean Argo floats is about 3.6 years in the East Sea, longer 
than the global Argo float average of about 3.1 years.

At present, the Korean Argo program is in its second decade. As with the inter-
national Argo program, its future evolution will be fuelled in part by its success 
during its first 10 years. The next phase of the Argo program is heading toward 
sustaining data coverage and quality as well as employing multidisciplinary sen-
sors. An appropriate sampling strategy covering the entire East Sea and utilizing 
additional sensors will broaden Argo float applications, including surface layer 
sampling, ocean mixing, and biogeochemical impacts of climate variability, which 
will prominently improve our understanding of the East Sea.

1.4.3  Moored Current Observations

The existence of deep convection and associated thermohaline circulation in 
the East Sea has long been recognized from tracer distributions (e.g. Gamo and 
Horibe 1983), and circulation of a specific water mass has also been inferred 
qualitatively from tracer distributions (e.g. Senjyu and Sudo 1993). Nevertheless, 
quantitative descriptions of deep circulation and deep currents have been largely 
unavailable until recently, mainly due to the characteristic homogeneity of the 
East Sea’s water properties. Moored current measurements have been conducted 
since the late 1980s to quantify deep currents and to better understand the ocean 

http://dx.doi.org/10.1007/978-3-319-22720-7_4
http://dx.doi.org/10.1007/978-3-319-22720-7_3
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dynamics, a major finding being that deep water in the East Sea is not stagnant but 
has energetic movements (e.g. Takematsu et al. 1999).

Current measurement moorings deployed in the East Sea can be classified 
into two categories, one, at deep locations, has a taut-wire mooring line equipped 
with current meters and other sensors for measuring physical properties (e.g. Kim 
et al. 2009a), and the other has an upward-looking ADCP mounted inside a spe-
cifically designed bottom mount at shallow locations to protect the mooring from 
fishing activities (Perkins et al. 2000). The taut-wire moorings themselves fall into 
two categories, surface moorings and subsurface moorings. The surface moor-
ing is used for measuring biogeochemical parameters together with surface cur-
rents above the shallow ( ~200 m deep) pycnocline (Son et al. 2014). Most of the 
moored current measurements in the East Sea aim to measure deep currents below 
the pycnocline using subsurface moorings. In a few cases, an upward-looking 
ADCP mounted on a subsurface float at around 100–200 m has also been used 
to measure upper-layer currents (Chang et al. 2004; Kim et al. 2009a). This sec-
tion introduces a brief history of moored current measurements in the Korea Strait 
using bottom-mounted ADCPs and in the East Sea using subsurface moorings. 
Except for the Korea Strait, coastal current measurements at depths shallower than 
500 m are not included in this review.

Since the Korea Strait is the inflow channel of the Tsushima Warm Current, the 
quantification of mass and material transports through the Korea Strait, together 
with their temporal variability, has been recognized as an important contributor 
to the shaping of the oceanographic environment of the East Sea and its changes 
(e.g. Kim et al. 2013). Direct current measurement efforts in the Korea Strait date 
back to the 1920s: measuring currents at a number of locations in the Korea Strait 
for about 25 h by manually lowering and recovering current meters from a ship 
(Nishida 1927). Attempts at estimating volume transport through the strait have 
been made using sea level difference (Yi 1966), submarine cable voltage measure-
ment (Kim et al. 2004b), and an ADCP mounted on a passenger ship (Fukudome 
et al. 2010). Intense fishing and trawling activities had hindered long-term moored 
current measurements in the Strait until the first usage of trawl-resistant bottom 
mounts (TRBM) (Perkins et al. 2000). Twelve bottom-mounted ADCPs inside the 
TRBMs were deployed along two sections across the full-breadth of the Korea 
Strait for 10 months from May 1999 to March 2000 with a turnaround of moor-
ings in October 1999 (Teague et al. 2002). Although trawl scrapings were found 
on TRBM surfaces, the TRBMs turned out to be very effective in protecting the 
instruments from trawl fishing activities. Only one mooring could not be recov-
ered during the mooring turnaround. The failure of the recovery was not due to 
the fishing activities because the mooring responded to acoustic interrogation, and 
it is thought to have sunk into the sticky muddy bottom (Perkins et al. 2000). The 
data successfully recovered from these moorings in the Korea Strait have been 
exploited in quantifying the volume transport with its high- and low-frequency 
variability (Jacobs et al. 2001; Teague et al. 2002) and converting the submarine 
cable voltage to section-averaged volume transport (Kim et al. 2004b).
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Moored current observations using subsurface moorings were first made in 
1985–1986 for 58–198 days at a number of locations deeper than approximately 
1000 m in Toyama Bay and the Yamato Basin (Kitani 1987; Yamada 1999). Three 
subsurface moorings deployed in the Yamato Basin carried 3–5 current meters 
on each mooring from 680 m down to about 100 m above the seabed. Maximum 
speed of the near-bottom currents reached 13.7 cm s−1, and barotropic fluctuations 
of subsurface currents and inertial motions were noted (Kitani 1987). This was fol-
lowed by moored current measurements in the Yamato Basin and eastern Japan 
Basin by various Japanese institutions including the Japan Sea National Fisheries 
Research Institute and Maritime Safety Agency, collaborating in some cases with 
Russian and Korean institutions (Senjyu et al. 2005; MSA Reports 1995–2007). 
From reports and journal papers we can trace the moored current measurement 
activities in the Yamato Basin only until 2005.

The pioneering deployment of subsurface current meter moorings in the Japan 
Basin, where deep convection and water mass formation occur, was made about 
20 years ago in August 1993 as a CREAMS activity (see Sect. 1.3.2). Current 
measurements at 7 locations in the Japan Basin exhibited energetic deep currents 
with barotropic fluctuations and strong seasonality (Takematsu et al. 1999). Since 
then, moored current measurements have flourished in investigations of deep 
Japan Basin currents and circulation. After the pioneering mooring work in the 
Japan Basin, moored current measurements in it were followed by those of various 
Japanese institutions in collaboration with Russian institutions, until about 2003 
(Senjyu et al. 2005; MSA Reports 1995–2007). As far as we know, no mooring 
work in the Japan Basin has been documented since then.

In the Ulleung Basin, the first long-term subsurface current meter mooring was 
deployed in 1996 as a collaborative work of SNU, KIOST, and the Woods Hole 
Oceanographic Institution (Chang et al. 2002). The mooring location, designated 
EC1, was in the UIG, a choke point where deep water exchange occurs between 
the Japan and Ulleung basins. The mooring at EC1 has been in operation since 
1996, hence it is the longest-duration deep current monitoring station in the East 
Sea. It usually carries current meters at three depth levels, between 300 and 500 m, 
between 1300 and 1500 m, and below 1900 m. At times, additional current meters, 
including ADCPs, have been installed to measure the full-depth currents (Kim 
et al. 2009a). It became one of the OceanSITES stations in 2012 (http://www.oc
eansites.org). Initial results from the mooring at EC1 revealed a mean southward 
deep flow of about 2.0 cm s−1 (Chang et al. 2002), indicating deep water discharge 
from the northern Japan Basin to the Ulleung Basin. Later studies suggested 
a possible outflow on the other side of the UIG (Park et al. 2004b; Teague et al. 
2005). An array of 5 moorings was deployed in the UIG from November 2002 to 
April 2004 to investigate the circulation in the UIG, and the resulting measure-
ments revealed an asymmetric two-way circulation consisting of a broad and weak 
inflow to the Ulleung Basin in the western UIG and a narrow and strong outflow 
called the Dokdo Abyssal Current at the eastern boundary of the UIG (Chang et al. 
2009). The net deep water transport below 1800 m was almost negligible.

http://www.oceansites.org
http://www.oceansites.org
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For two years between 1999 and 2001, an unprecedented set of mooring 
observations was accomplished as part of the US JES program, in collabora-
tion with research projects of Korea and Japan. These observations, from an 
array of 16 current meters and 23 pressure-gauge equipped inverted echo sound-
ers (PIES) moored near the seabed at depths greater than 1000 m, revealed upper 
and deep circulation features of the Ulleung Basin (Chang et al. 2004; Mitchell 
et al. 2005; Teague et al. 2005). Red snow crab fishing activities by Korean fish-
ermen are widespread in the Ulleung Basin at about 40 locations with depths 
ranging from 500 to 2000 m. Before deploying the instruments, Korean and US 
scientists involved in the mooring work had a meeting with the local crab fisher-
men to adjust mooring locations to avoid conflict with the crab fishing activities. 
Prearrangement of mooring locations in consultation with local fishermen turned 
out to be very effective in enabling successful recovery of the moored instruments. 
Among the 39 instruments only 2 PIESs were lost (Mitchell et al. 2005). One of 
them was later found adrift at the surface and recovered (Dr. Jae-Hun Park, per-
sonal communication), indicating that the one loss was not due to crab fishing.

Based on the compilation of mooring data at 55 locations acquired prior to 
2000, Senjyu et al. (2005) proposed a schematic abyssal circulation map, which 
was later corroborated by mean current distributions based on multi-year trajecto-
ries of subsurface floats (Choi and Yoon 2010; Park and Kim 2013). Moored cur-
rent measurements have certainly contributed to better understanding of the deep 
circulation and other currents, together with their dynamics (e.g. Yoshikawa 2012). 
But more observational efforts are required to answer some unresolved issues, 
such as the quantification of deep water transport in the Japan Basin, the interac-
tion of the East Korea Warm Current and the North Korea Cold Current, the cou-
pling of upper and deep currents and their response to air-sea interaction in the 
Japan Basin. Moored current measurements will remain useful for advancing our 
understanding of ocean dynamics in the East Sea. Finally it should be emphasized 
that the success of mooring operations relies heavily on participation of well-
trained personnel and experienced technical experts.

1.4.4  Satellite Oceanography

Satellites have amazing capabilities to observe diverse oceanic features in the East 
Sea from space. Since the launch of Sea Satellite (SeaSAT) in 1978, a variety of 
satellite data have been used in oceanographic studies of the East Sea. From satel-
lites we have been able to obtain multiple oceanic variables, such as sea surface 
temperature (SST) from infrared sensors on near-polar-orbiting and geostation-
ary satellites, sea level and significant wave height from altimeters, near-surface 
winds from scatterometers and passive microwave sensors, chlorophyll-a concen-
tration and suspended particulates from ocean color sensors, and high-resolution 
Synthetic Aperture Radar (SAR)-observed variables such as near-surface winds, 
oil spills, waves, and internal waves for diverse scientific applications.
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Of the many oceanic parameters measured from satellites, SST is the most fun-
damentally important for East Sea research. Prior to the quantitative use of SST, 
there were a few studies using infrared images qualitatively to distinguish oce-
anic fronts and to confirm existence of the East Korea Warm Current (Huh 1982; 
Kim and Legeckis 1986). Substantial use of satellite-derived SST data in the East 
Sea was initiated with the installation of High Resolution Picture Transmission 
ground stations for the acquisition of near-polar-orbiting National Oceanic and 
Atmospheric Administration (NOAA) satellite data. In Korea, the first ground sta-
tion for oceanography was installed at SNU’s Research Institute of Oceanography 
and the second at NFRDI in November 1989. A similar ground station was estab-
lished at KIOST in 1998. A portable antenna system was also installed on a ship 
of KHOA in December 2002. Although KMA has operated the ground station for 
NOAA satellites, the Advanced Very High Resolution Radiometer (AVHRR) data 
had been utilized as auxiliary imagery data to support weather forecasts till 1990s.

Until now, a number of studies have been performed to investigate spatial and 
temporal variability of SST, the subpolar front, sea ice in the Tatarsky Strait, and 
the annual cycle of SST and its relation to bathymetry and wind forcings, using 
the copious NOAA-series data from NOAA-9 to NOAA-19 (e.g. Park et al. 2004a, 
2005b, 2006, 2007). Accuracies of SSTs from NOAA-series satellites were deter-
mined by comparison with in situ measurements from surface drifters (e.g. Park 
et al. 1994, 1999). To overcome significant bias errors like underestimation (over-
estimation) of satellite SST in winter (summer) and skin-bulk temperature differ-
ences, regional optimization of SST for the East Sea has been accomplished by 
deriving new coefficients in the SST algorithm for each satellite (e.g. Park et al. 
1999, 2008a, 2008b).

The Next Generation Sea Surface Temperature (NGSST) product from Tohoku 
University has facilitated the use of satellite SST data for scientific research, input 
data for numerical models, and many other applications in the East Sea. It is com-
posed of SSTs from NOAA/AVHRR, Meteorological Satellite (MTSAT)-series 
geostationary satellites, and Advanced Microwave Scanning Radiometer-Earth 
Observation System (AMSR-E) combined through optimal interpolation, and was 
distributed to the scientific community for the Global Ocean Data Assimilation 
Experiment project until October 2011 (Guan and Kawamura 2004). Now a vari-
ety of SST data sets for studies of the East Sea can be obtained from overseas 
institutions such as the National Aeronautics and Space Administration (NASA)/
Jet Propulsion Laboratory, NOAA’s Satellite and Information Service, and so 
on. However, such datasets have long been based on low-resolution Global Area 
Coverage data for the global ocean. Thus, SSTs with more accuracy and higher-
resolution (about 1.1 km) should be continuously and consistently produced to 
support the scientific community conducting the East Sea research.

There have been scatterometers such as SeaSAT in 1978, the European Remote 
Sensing (ERS)-1 in 1992, and ERS-2 in 1995, but substantial use of wind data for 
studies of the East Sea began in September 1996 with the NASA Scatterometer 
(NSCAT). NSCAT winds were compared with calculated winds based on atmos-
pheric pressure maps (Na et al. 1997), and utilized to understand Ekman transport 
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and wind stress curl in the East Sea (Lee 1998). During a recent decade, satellite 
scatterometer winds have been used to investigate spatial and temporal variability 
of the near-surface wind field and wind stresses over the East Sea, their relations 
to changes in SSTs and contribution to heat flux, and as input data representing 
one of the surface forcings in numerous numerical models (e.g. Nam et al. 2005; 
Park et al. 2005b). Subsequent launches of the Quick Scatterometer (QuikSCAT) 
in 1999 and the Advanced Scatterometer (ASCAT) in 2006 have given us further 
opportunities to continue research projects using wind vectors over the East Sea 
at high spatial and temporal resolutions of about 25 km and 1–2 days, respec-
tively (e.g. Wentz and Smith 1999). However, wind vectors from scatterometers 
have been found to have many errors associated with a wind direction ambigu-
ity problem, uncertainty at low wind speeds, and a saturation problem at high 
wind speeds. Hence, careful use of the wind data is essential for East Sea studies. 
Considering the variety of active uses of near-surface wind fields employed hith-
erto, continuous and consistent launches of satellite scatterometers with high pre-
cision should be carried out to obtain longer time series of surface wind vectors.

One of the other remarkable applications of satellites is the determination of 
sea level or sea surface height by satellite altimetry. There have been many altim-
eters such as SeaSAT in 1978, Geodetic Satellite (GEOSAT) in 1985, TOPEX/
Poseidon in 1992, Jason-1 in 2002, Environmental Satellite (Envisat) in 2002, 
in 2002, and Jason-2 in 2008. In the East Sea, satellite-observed sea level data 
have been utilized in studies of the long-term trend of sea level associated with 
global warming, and its spatiotemporal variability related to mesoscale eddies 
(e.g. Choi et al. 2004; Kang et al. 2005). Sea level rise in the southern part of the 
East Sea (6.6 ± 0.4 mm year−1), obtained from 9 years of TOPEX/Poseidon data, 
was found to be about twice as large as the average rise rate of sea level in the 
global ocean (3.1 ± 0.4 mm year−1) (Kang et al. 2005). Very recently, KHOA 
has been partly using the Archiving, Validation and Interpretation of Satellite 
Oceanographic (AVISO) sea level data to construct monthly maps of sea surface 
currents based on geostrophic balance (http://www.khoa.go.kr).

SAR backscatter signals have been used to study diverse features of the coastal 
region in the East Sea since the 2000s. SAR data from ERS-2, RADARSAT-1/2, 
Envisat Advanced SAR (ASAR), TerraSAR-X, and Advanced Land Observation 
Satellite (ALOS)/Phased Array type L-band SAR (PALSAR) have been used to 
monitor features such as vector winds, internal waves, surface waves, and wave 
height and to understand their physical processes in the East Sea. Near-surface wind 
speeds in the coastal region have been estimated from backscattering cross sections 
using C-band Model (CMOD)-4, 5, CMOD-IFR2 of Institut Français de Recherche 
pour l’exploitation de la mer (IFREMER), and L-band wind models, and their 
errors with their potential causes have been discussed (Kim and Moon 2002; Yoon 
2008; Kim et al. 2010; Shimada et al. 2010; Kim and Park 2011; Kim et al. 2012). 
The signatures of eddies, fronts, filaments, currents, and sea ice on SAR images in 
the East Sea have been described (e.g. Yoon et al. 2007; Mitnik et al. 2009). Internal 
waves near the east coast of Korea have been studied using both in situ oceanic 
measurements and SAR images (Kim et al. 2005a, b; Gan et al. 2008).

http://www.khoa.go.kr
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Along with physical parameters measured from satellites, satellite ocean color 
data have been utilized to study the impact of changes in the physical environ-
ment on biological processes in the East Sea. Many research projects have been 
carried out to understand physio-biogeochemical processes by considering the 
variability of mixed layer depth and wind forcing using diverse satellite data 
from the Coastal Zone Color Scanner (CZCS), Sea-viewing Wide Field-of-view 
Sensor (SeaWiFS), Moderate Resolution Imaging Spectroradiometer (MODIS), 
and Medium Resolution Imaging Spectrometer (MERIS) of Envisat (Kim et al. 
2000; Yamada et al. 2004, 2005; Yoo and Kim 2004; Yamada and Ishizaka 2006; 
Kim et al. 2007; Jo et al. 2007; Yoo and Park 2009; Park et al. 2013). Recently, 
data from the Geostationary Ocean Color Imager (GOCI) satellite, the world’s first 
geostationary color-imaging satellite, has opened a new world of opportunities to 
study short-term variability of oceanic eddies and dynamic features in the upper 
ocean of the East Sea since 2010 (e.g. Lim et al. 2012a; Park et al. 2012).

The main advantage of satellite data derives from the simultaneous, extensively 
broad, and repetitive observations over the ocean. Considering the previous dif-
ficulties and limitations of in situ ocean measurements in the East Sea, satellite 
remote sensing is expected to support the scientific community through continuous 
and consistent monitoring of diverse oceanic phenomena with the help of increas-
ing numbers of satellites and new types of sensors with higher precision than ever 
before.
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Abstract The East Sea (Japan Sea) is strongly influenced by the Asian monsoon 
with prevalent northerly and southerly winds in winter and summer, respectively. It 
gains heat from April to August and loses heat in other seasons with annual net heat 
loss ranging from 25 to 108 W m−2. Extremely strong winds of severe Siberian cold-
air outbreaks typify the winter season from December to February, which occasionally 
results in cold bottom water formation. A spatially distinct pattern of wind stress curl 
during the outbreak periods appears south of Vladivostok and near East Korea Bay. The 
cold-air outbreaks result in significant surface heat losses through sensible and latent 
heat fluxes exceeding 500 W m−2, which was estimated to be even larger, as high as 
1000 W m−2, during a deep convection period in winter. Wintertime surface heat loss 
is also an important factor in deep penetration of frontal subduction, resulting in the 
formation of East Sea Intermediate Water found south of the subpolar front. Net heat 
loss at the sea surface in the East Sea is compensated by its warm inflow-outflow sys-
tem. Inflow of the Tsushima Warm Current through the Korea Strait (2.6 Sv), which is 
balanced with outflows through the Tsugaru Strait and the Soya Strait, exhibits large 
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volume transports in summer to autumn and small in winter to spring with a range of 
about 1 Sv (1 Sv = 106 m3 s−1). While the mean transport is larger in the Tsugaru Strait 
compared to that in the Soya Strait, the seasonal variability is larger in the Soya Strait.

Keywords Sea surface wind · Surface heat flux · Volume transport · Tsushima 
Warm Current · Korea Strait · Tsugaru Strait · Soya Strait · East Sea (Japan Sea)

2.1  Introduction

The East Sea has many characteristics similar to those of the global ocean and may 
be considered its miniature. There are remarkable atmospheric and oceanic forc-
ings such as wind forcing, surface heat flux at the air-sea interface, and boundary 
flux through straits, which have strongly affected the basin-wide surface-to-deep-
water circulations, formation and distribution of water masses, and many other 
properties of the East Sea. It is almost impossible to discuss substantial changes in 
water masses, currents, and circulations without a priori knowledge of the spatial 
and temporal variability of the fundamental forcing fields over the East Sea. Thus, 
in the following sections, we have attempted to review the previous literature and 
recent results on wind forcing (Sect. 2.2), surface heat flux (Sect. 2.3), and bound-
ary flux (Sect. 2.4). Section 2.5 is a summary, and a discussion of remaining issues.

2.2  Surface Wind

2.2.1  Accuracy of Satellite Scatterometer Wind Vectors

Satellite scatterometers have measured near-surface wind velocity vectors under all 
weather conditions with accuracy of less than 2 m s−1 in speed and 20° in direction 
and spatial resolution of 25 km (Jet Propulsion Laboratory 1998). Scatterometers 
such as NASA Scatterometer (NSCAT) of the ADvanced Earth Observing 
Satellite (ADEOS), SeaWinds of the Quick Scatterometer (QuikSCAT), and 
the Advanced Scatterometer (ASCAT) of Europe’s Meteorological Operational 
Satellite Program—A have been successfully operated with relatively high spatial 
and temporal coverage since September 1996.

Over the decade prior to the launch of satellite scatterometers in the 1990s, 
wind fields for the period 1978–1997 produced by Na et al. (1997), called ‘Na 
wind’ hereafter, was the most renowned in the scientific community and exten-
sively utilized for diverse studies in the seas adjacent to Korea (e.g. Kim and Yoon 
1996). Unlike automatic weather station (AWS) measurements, it is not based on 
direct measurements of wind vectors but on those indirectly calculated from the 
distribution of atmospheric pressure on daily weather maps using the Cardone 
model (Cardone 1969). The Na wind field has both similarity and dissimilarity to 
the scatterometer wind field. Comparing the two, the spatial structures are mostly 
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coherent on large basin-wide scales, but significant differences and energy loss are 
detected in the Na wind at spatial scales less than 100 km (Park et al. 2003).

Comparison of satellite scatterometer-derived wind speeds from NSCAT and 
QuikSCAT/SeaWinds with buoy-measured wind speeds reveals relatively small 
root-mean-squared (rms) errors with a range of 0.9–1.3 m s−1 in the East Sea; this 
meets the scatterometer mission error limit requirement of 2 m s−1 as shown in 
Fig. 2.1 (Ebuchi 1997; Lee 1998; Park et al. 2003; Kim et al. 2005). However, 
scatterometer wind directions show large rms errors of 15°–40° due to ambigu-
ity problems, random and systematic errors, and the uncertainty of geophysical 
model functions (Freilich 1997; Park et al. 2003). Regional biases of wind vec-
tors in the East Sea are large at low wind speeds in particular; these biases depend 
on wind speed and atmospheric stability in the marine-atmospheric boundary 
layer (MABL) (Park and Cornillon 2002; Chelton et al. 2004; Park et al. 2006a). 
In addition, scatterometers have saturation problems at high wind speeds causing 
an underestimation of wind speeds when compared with buoy measurements of 

Fig. 2.1  Comparison of satellite-derived winds with winds from three Japan Meteorological 
Agency (JMA) buoys in the seas adjacent to Korea: a NSCAT wind speed, b NSCAT wind direc-
tion, c QuikSCAT wind speed, and d QuikSCAT wind direction (from Kim et al. 2005)
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winds (Liu and Xie 2006). Since the oceanic near-surface wind field also plays an 
important role in the estimation of latent heat flux and sensible heat flux, it should 
be continuously produced with high quality to reduce uncertainty in the estimation 
of net heat flux in the East Sea.

Since a satellite scatterometer observes winds at relatively low resolution of 
about 25 km, scatterometer data are not readily applicable in coastal areas. By 
contrast, Synthetic Aperture Radar (SAR) can provide a high-resolution wind field 
even within 25 km from the coast (Fig. 2.2). In the East Sea, some studies have 
been performed to validate the SAR-observed winds by comparison with winds 
from moored buoys, AWS near the coast, and numerical models (Isoguchi and 
Kawamura 2007). Overall, the rms errors of wind speeds from C-band and L-band 
SARs meet the error limit of 2 m s−1 in the East Sea (Kim and Moon 2002; Kim 
et al. 2010, 2012; Kim and Park 2011). The high-resolution coastal winds of the 
East Sea are anticipated to promote deep understanding of physical and biological 
processes at the coastal areas.

2.2.2  Spatial and Temporal Variability of Near-Surface Winds

Figure 2.3 shows the distribution of monthly-mean wind vectors calculated using 
QuikSCAT data from 2000 through 2008. The scatterometer wind fields reveal 
detailed spatial structures with large spectral energy even at high wavenumbers 
(Lee 1998; Park et al. 2003). The monthly-mean speeds range from 3 to 12 m s−1 
over the basin. Overall, the speeds are larger during the wintertime, with val-
ues greater than 8 m s−1 beginning in November and reaching a peak in January 
(>10 m s−1), particularly south of Vladivostok and along the Primorye coast. 
Northwesterly cold-air outbreaks through Vladivostok in winter cause the forma-
tion of cold bottom water in the East Sea and drive a cyclonic circulation in the 
Japan Basin (e.g. Kawamura and Wu 1998; Chen et al. 2001; Chu et al. 2001; Kim 
et al. 2002; Dorman et al. 2004). Strong winds also appear over East Korea Bay 

Fig. 2.2  Distribution of wind speed (color scale in m s−1) and direction (arrow) off the east 
coast of Korea from a ALOS PALSAR, b QuikSCAT, and c ASCAT, on the same date (11 August 
2007), where the red box indicates the boundary of ALOS PALSAR observations (redrawn from 
Kim et al. 2012)
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(see Fig. 1.1) (Park et al. 2003; Nam et al. 2005). Southerly winds begin to blow 
in April, with lowest speeds of less than 5 m s−1 in June, and last into August 
(Fig. 2.3) when the wind direction changes from southerly to northerly. Northerly 
winds continue through fall and winter until March of the next year.

Northerly winds passing through the orographic gap near Vladivostok begin 
in October, become stronger at ~10 m s−1 in December, achieve greatest strength 
of about 12 m s−1 as cold-air outbreaks in January, and last, at ~8 m s−1, until 
February (Fig. 2.3). During such cold outbreaks, the 0 °C surface air isotherm 
extends well southward of 40°N, the surface heat losses in the center of the East 

Fig. 2.3  Spatial distribution of monthly-mean wind vectors from 9 years of QuikSCAT data for 
the period from 2000 to 2008 over the East Sea

http://dx.doi.org/10.1007/978-3-319-22720-7_1
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Sea can exceed 600 W m−2, and cloud streets with individual roll clouds cover 
most of the East Sea, extending from the Russian coast to Honshu (Dorman et al. 
2004). The average number of strong cold-air outbreaks per winter (November–
March) season is about 13, occupying 39 % of the winter period and contributing 
43 % of the net heat loss from the East Sea (Dorman et al. 2004). More details 
about the surface buoyancy flux are in Sect. 2.3.

Figure 2.4a shows the first EOF mode of 9-year QuikSCAT wind speed anom-
alies over the East Sea from 2000 through 2008, accounting for 44.3 % of the 
total variance. Overall, it represents the strong winds from the continental side 
to the offshore region during cold-air outbreaks in winter. The winds are spa-
tially shielded by mountainous land masses between Vladivostok and the north-
eastern part off the Primorye coast, producing low speeds in that region (Park 
et al. 2003). The time-varying amplitudes usually reach a peak in January each 
year (Fig. 2.4c). Large values over the southeastern region near the Japanese 
coast are related to relatively high wind speeds due to strengthening of unstable 

Fig. 2.4  a First and b second EOF modes of monthly-mean QuikSCAT wind speeds over the 
East Sea from 2000 to 2008, and c–d their time-varying amplitudes
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condition within the MABL (Park and Cornillon 2002; Chelton et al. 2004; Park 
et al. 2006a; Shimada and Kawamura 2006). The second EOF mode (Fig. 2.4b), 
explaining 10.1 % of the QuikSCAT wind variance, is dominant in the region 
between the Russian coast and Hokkaido from 40°N to 48°N in winter. The 
impact of such wind forcing on oceanic circulation has not been studied vigor-
ously and should be studied in the future.

2.2.3  Wind Stress and Its Curl

Nam et al. (2005) analyzed near-shore and off-shore wind stress and showed  typical 
amplitudes of wind stress off the east coast of Korea in the seasonal (>90 days), 
intra-seasonal (20–90 days), and synoptic (2–20 days) bands are 0.20, 0.03, and 
0.04–0.18 N m−2, respectively. The synoptic-band wind stress shows seasonal mod-
ulation by becoming stronger in winter (0.5–0.6 N m−2) than in summer. The wind 
stress curl causes a pair of positive and negative values on the left and right sides of 
the downwind air flow, owing to the intensification of winds through the orographic 
gap near Vladivostok (Kawamura and Wu 1998; Park et al. 2003; Dorman et al. 
2004; Nam et al. 2005; Shimada and Kawamura 2006). Another paired structure 
of positive/negative curl is found off Wonsan over East Korea Bay, for which the 
mechanism is similar to that south of Vladivostok, being driven by winds through an 
orographic gap between mountains (Park et al. 2003; Nam et al. 2005). Wind stress 
curl fields result also from accelerations and decelerations of wind as it blows over 
subpolar fronts in the central part of the East Sea (Shimada and Kawamura 2006).

The positive wind stress curl of the dipole structure occupying most of the East 
Sea in winter generates a large basin-wide cyclonic circulation (Yoon et al. 2005). 
The cyclonic wind stress curl in East Korea Bay may play an important role in the 
separation of the East Korea Warm Current (EKWC) (Kim and Yoon 1996; Yoon 
et al. 2005). Trusenkova et al. (2009) indicated that wind stress curl can be an addi-
tional factor forcing the Tsushima Warm Current (TWC) to branch off at the Korea 
Strait into the EKWC and the Offshore Branch. Sensitivity of the circulation to the 
different wind forcings has proved to be significant, which means the wind forc-
ing, along with surface buoyancy forcing, is substantial in determining the different 
patterns and magnitudes of the basin-wide circulation (Hogan and Hulbert 2000).

2.3  Surface Heat Flux

2.3.1  Comparison of Heat Flux Estimates

Heat flux estimates in the East Sea are available from several studies (Table 2.1). 
The surface heat fluxes are usually computed by means of bulk formulas using 
atmospheric and marine surface data at the air-sea interface. The net heat flux Qnet 
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is the sum of four components, Qnet = Qs + Qb + Qh + Qe, where Qs is the net 
shortwave radiation flux, Qb the net long wave radiation flux, Qh the sensible heat 
flux, and Qe the latent heat flux. Different parameterizations were used for each of 
these components. As a sign convention, positive (negative) heat flux components 
denote oceanic heat gain (loss).

Heat flux estimates in gridded boxes with 0.2°–2° resolutions based on differ-
ent bulk formulas and long-term averaged input variables show considerable differ-
ences (Table 2.1, Fig. 2.5). We have also compared those previous estimates with 
long-term mean heat fluxes from 1991 to 2001 produced by the European Centre 
for Medium-range Weather Forecast (ECMWF) model (Dorman et al. 2005), 
and from 1989 to 2009 obtained from the Objectively Analyzed air-sea Fluxes 
(OAFlux) project at the Woods Hole Oceanographic Institution (Yu and Weller 
2007). The annual climatological Qnet, winter Qh, and winter Qe from those esti-
mates all show negative values, indicating oceanic heat loss, with amplitudes rang-
ing 25–108, 79–144, and 124–172 W m−2, respectively. The long-term mean Qnet 
values from the ECMWF model, OAFlux products, Park et al. (1995), and Hirose 
et al. (1996) (HKY96 hereafter) all show similar values of about −50 W m−2 (cor-
responding to about 0.05 PW over the entire East Sea), which is about the same as 
the surface heat loss over the East China Sea (0.04 PW; Liu et al. 2010). Net heat 
losses in Kato and Asai (1983) and Kondo et al. (1994), however, are smaller rang-
ing from −35 to −25 W m−2. The other studies reported larger-magnitude esti-
mates between −108 and −70 W m−2, mainly due to their larger winter Qh or Qe 
(Ahn et al. 1997; Na et al. 1999 (NSL99 hereafter); Hong et al. 2005). The rela-
tively wide range of the long-term estimates may arise from differences of data-
sets used in the calculations, parameterizations used in the bulk formulas, temporal 
resolutions of input data (NSL99), and different time periods reflecting interannual 
variation of the fluxes. The range of interannual variation is from about −35 to 
−22 W m−2 with a peak-to-peak difference of –13 W m−2, according to a time 
series of annual mean Qnet from the OAFlux product (not shown); this implies that 
the flux discrepancies in Table 2.1 are not due to interannual variation of the heat 
fluxes. Summer Qh and Qe magnitudes are only about 1–6 and 11–33 % of their 
respective winter values, and the large heat loss in winter is caused by the dry and 
cold Siberian cold air mass sweeping over the warm sea surface.

2.3.2  Temporal Variations

The climatological annual cycles of heat fluxes obtained from the ECMWF model 
between 1991 and 2001 (Dorman et al. 2005) are shown in Fig. 2.5 together with 
those from the OAFlux products, HKY96, and NSL99. Also included are estimates 
from Dorman et al. (2004, 2005) based on highly accurate atmospheric datasets 
collected during surveys over the East Sea from research vessels. Mean Qnet val-
ues are positive from April to August with annual maximum heat gain between 
May and July, and negative from September to March with maximum heat loss 
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Fig. 2.5  Monthly-averaged heat flux components: a net shortwave flux (Qs), b net longwave flux 
(Qb), c sensible heat flux (Qh), d latent heat flux (Qe), e net heat flux (Qnet). Heat flux compo-
nents based on ECMWF model results between 1991 and 2001 are shown as solid lines, with 
shading to indicate standard deviations. Both the monthly mean values and standard deviations 
for ECMWF model results are taken from Dorman et al. (2005). Heat flux components estimated 
by Hirose et al. (1996), Na et al. (1999), Dorman et al. (2004, 2005), and from OAFlux products 
are indicated by open circles, closed circles, crosses, and triangles, respectively. f Monthly-aver-
aged heat flux components from ECMWF models results
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in December and January (Fig. 2.5). In summer, surface heat flux is dominated by 
shortwave (Qs) and longwave (Qb) radiations, while the heat loss components (Qb, 
Qh, Qe) show their annual minima due to reduced air-sea temperature differences 
and weak winds (Dorman et al. 2005). Major heat loss occurs in winter, especially 
through the latent (Qe) and sensible (Qh) heat fluxes. Heat losses due to sensible 
and latent fluxes between January and May estimated by NSL99 are larger than 
those from other estimates, yielding their larger net negative heat fluxes in those 
periods (see also Table 2.1).

The radiation components from the ECMWF model show large discrepan-
cies compared with those components from other estimates. The ECMWF model 
results are characterized by large Qs in summer and large heat loss through Qb 
in winter. The Qs in May 1999 (May 19–June 2) from Dorman et al. (2005) well 
matches the climatological Qs from the ECMWF model. On the other hand, the Qs 
value in July 1999 (July 19–August 11) shows a big discrepancy compared to the 
other climatological Qs. The largest monthly Qs values commonly occur in May 
due to the low cloud cover (HKY96). Compared to other estimates, the climato-
logical monthly Qb values from the ECMWF model and NSL99 have large-ampli-
tude annual cycles due to large heat losses in winter.

Statistically significant negative Qnet trends occurred for 1984–2004 over the 
regions around the Kuroshio and the Kuroshio Extension, including the East Sea 
(Li et al. 2011). The negative trend over the East Sea was about −10 W m−2/
decade based on the OAFlux (Yu and Weller 2007). The negative Qnet trend was 
ascribed to the negative trend of Qe due to an increase in the saturated specific 
humidity at the increasing sea surface temperature (Li et al. 2011). It should be 
noted that the trends based on a different dataset (National Oceanography Centre 
Southampton Flux Dataset v2.0, Berry and Kent 2009) show a negative trend in 
the southeastern East Sea, similar to the results from the OAFlux estimates, while 
a positive trend occurs in the northwestern East Sea.

The annual climatological Qnet over the East Sea is negative, the same as in 
western boundary current regions including the Kuroshio and the Kuroshio 
Extension (Han and Kang 2003; Li et al. 2011), meaning that, on average, the East 
Sea loses heat to the atmosphere. Further it implies that, under steady-state con-
ditions, the East Sea receives heat from the surrounding seas by means of heat 
transported by the TWC through the Korea Strait (Isoda 1999; Han and Kang 
2003). The estimated mean volume transport through the Korea Strait based on the 
surface heat flux is 2.20 Sv (HKY96), which is consistent with other independent 
estimates mentioned in Sect. 2.4.

2.3.3  Spatial Distribution

The spatial distribution of heat flux components shows significant spatial inho-
mogeneity especially in winter (HKY96). The long-term mean Qnet is nega-
tive over the East Sea except for a small region near the Russian coast, and its 
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spatial pattern is characterized by an increase in the heat loss toward the southeast 
(Fig. 2.6a). The large meridional difference in the Qnet field in winter (Fig. 2.6b) 
mainly determines the spatial pattern of the annual mean Qnet. And the winter-
time heat losses due to the Qe and Qh (Fig. 2.6e, h) mainly account for the spatial 

Fig. 2.6  Long-term annual mean heat flux components (left panel), and monthly mean heat flux 
components for January (middle panel) and for July (right panel). Qnet, Qe, Qh denote the sensi-
ble, latent, and net heat fluxes, respectively (Redrawn from Hirose et al. 1996)
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variation of the Qnet field. The spatial distribution of long-term mean Qb (not 
shown) is relatively homogeneous. The spatial variation of Qs is mainly deter-
mined by latitude and cloudiness, and the long-term mean Qs value is large (small) 
in the southwestern (northeastern) part of the East Sea (not shown).

2.4  Boundary Flux

2.4.1  Korea Strait

The Korea Strait is about 180 km wide and 330 km long with a sill depth of 
140 m. It is divided by Tsushima Island into a narrower (about 40 km) but deeper 
(about 220 m maximum) western channel and a wider (about 140 km) but shal-
lower (about 110 m maximum) eastern channel (Fig. 2.7). A number of continu-
ous observations since the late 1990s (Table 2.2) have revealed mean and temporal 
variations of the currents and transports in the Korea Strait (Chang et al. 2004 and 
references therein).

The TWC flows northeastward through the Korea Strait with a maxi-
mum speed near the center of the strait in its upstream region (to the south of 
Tsushima Island), while it splits into two branches in the downstream region (to 
the north of Tsushima Island, Fig. 2.8; see also Sect. 4.2). The core in the west-
ern channel is generally stronger than that in the eastern channel. A southwest-
ward countercurrent is observed in the lee of Tsushima Island and is explained as 
part of a current-induced island wake (Takikawa et al. 2005; Teague et al. 2005; 

Fig. 2.7  Bottom topography (2000 and 150 m contours) and straits in the East Sea. Squares and 
triangles denote major tide gauge stations and bottom-mounted ADCP sites, respectively (from 
Teague et al. 2006 and references therein)

http://dx.doi.org/10.1007/978-3-319-22720-7_4
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Fig. 2.8  Monthly averaged transports from May 1999 to March 2000, and averaged transport for 
the same period in the downstream region of the Korea Strait (to the north of Tsushima Island, 
Fig. 2.7) (from Teague et al. 2006). Units are 1 Sv = 106 m3 s−1. Each grid square is approxi-
mately 5-km across strait by 4 m in depth, except near the bottom where the depth dimension 
may be less

Table 2.2  Continuous observations in the straits

Straits Periods Methods References

Korea March 1998–present Cable voltage measurement 
across the Strait

Kim et al. (2004)

February 1997–present Vessel-mounted ADCP 
across the Strait (Camellia)

Takikawa et al. (2005)

May 1999–March 2000 Bottom-mounted ADCP 
across the Strait (LINKS 
program)

Teague et al. (2006)  
and references therein

February 2002–present High frequency radar 
around Tsushima Island

Yoshikawa et al. (2006)

Tsugaru November 1999–March 
2000

Vessel-mounted ADCP 
across the Strait

Ito et al. (2003)

April 2000–December 
2007

Vessel-mounted ADCP 
across the Strait

Kuroda et al. (2004)

Soya August 2003–present High frequency radar along 
the coast of Hokkaido

Ebuchi et al. (2006)
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Yoshikawa et al. 2010). Tidal currents in the Korea Strait, which are stronger 
than those inside the East Sea, have maximum speed about 50–70 cm s−1 (Isobe 
et al. 1994; Teague et al. 2002; Takikawa et al. 2003). The maximum subtidal 
current is about 100 cm s−1 (Teague et al. 2002; Takikawa et al. 2005).

Mean volume transport through the Korea Strait is estimated to be about 2.6 Sv 
from various observational data (Isobe 2008 and references therein); this is roughly 
one-tenth of the mean positive (northeastward) transport of the Kuroshio in the 
East China Sea (24.0 ± 0.9 Sv; Andres et al. 2008). Subinertial (2–10 days) varia-
bility is in the range of 2–3 Sv and shows amplification at the period of Helmholtz 
resonance (3–5 days) between the East Sea and the Pacific Ocean (Lyu et al. 2002). 
It is forced by atmospheric pressure disturbances because this subinertial period 
is too short for sea level inside the East Sea to respond isostatically, due to flow 
restrictions at the narrow and shallow straits (Nam et al. 2004; Lyu and Kim 2005; 
Park and Watts 2005; Kim and Fukumori 2008; see also Sect. 5.2). Seasonally, the 
volume transport is maximum from summer to autumn and minimum from win-
ter to spring, with monthly standard deviation of about 1 Sv (Fig. 2.8; Teague 
et al. 2002; Lyu and Kim 2003; Takikawa et al. 2005). Interannual variability was 
reported to be as strong as seasonal variability (Kim et al. 2004).

Large-scale wind forcing over the North Pacific is known to be mainly respon-
sible for the mean (Tsujino et al. 2008) and seasonal to interannual variability 
(Lyu and Kim 2005; Tsujino et al. 2008; Ma et al. 2012; see also Sect. 4.5). Local 
monsoonal wind forcing plays an additional role to modify the seasonal cycle of 
the TWC transport (Moon et al. 2009; Ma et al. 2012; Cho et al. 2013). It is nota-
ble that wind stress to the east of Soya Strait (over the Okhotsk Sea) was shown to 
be also important from the numerical modeling studies (Kim and Fukumori 2008; 
Tsujino et al. 2008).

The origin of the TWC is known to be the Kuroshio in the East China Sea 
(Nitani 1972; Lie et al. 1998) or the Taiwan Warm Current from the Taiwan Strait 
(Beardsley et al. 1985; Fang et al. 1991). Recent studies appear to agree that the 
contribution of the Kuroshio is larger in winter and that of the Taiwan Warm 
Current is larger in summer (Isobe 2008 and references therein). Cho et al. (2009) 
quantitatively showed that about 83 % of the volume transport through the Korea 
Strait is from the Kuroshio in winter and about 66 % comes from the Taiwan 
Warm Current in summer. Park et al. (2013) argued, however, that the branch cur-
rent west of Kyushu could be overestimated in numerical modeling studies due to 
complex flow patterns, and consequently the Taiwan Warm Current is responsible 
for more than half of the TWC transport throughout the year.

In delivering warm water from the south, the TWC transports heat through 
the Korea Strait into the East Sea. Isobe et al. (2002), using observational data, 
calculated annual mean heat transport through the Korea Strait to be 0.17 PW 
(1PW = 1015 W). A recent numerical modeling study showed that about 0.21 PW 
of heat should be transported through the Korea Strait, based on calculation of the 
oceanic heat budget over the East China Sea (Liu et al. 2010). These estimates 
are about one-tenth of the heat transport by the Kuroshio in the East China Sea 
(1.69 PW; Zhang et al. 2012).

http://dx.doi.org/10.1007/978-3-319-22720-7_5
http://dx.doi.org/10.1007/978-3-319-22720-7_4
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Fresh water from the East China Sea is also delivered by the TWC to the East 
Sea through the Korea Strait. Isobe et al. (2002) estimated the freshwater transport 
as to be 3.3 × 104 m3 s−1 and suggested that at least 70 % of total river discharge 
around the Yellow and East China Seas flows into the East Sea. The Changjiang 
discharge accounts for about 90 % of this total river discharge and exhibits large 
seasonal variations with maximum in July and minimum in January (Chen et al. 
1994). Salinity in the Korea Strait (both western and eastern channels) is corre-
lated with the Changjiang discharge at interannual time scales (Senjyu et al. 2006). 
Wind stress over the East China Sea also affects salinity variation in the Korea 
Strait, particularly in the western channel, by modifying currents in the Cheju 
Strait (Senjyu et al. 2009).

The TWC also transports nutrients and other materials that greatly affect bio-
logical productivity in the East Sea (Onitsuka et al. 2007; Kim et al. 2013). Direct 
estimates of material transports through the straits are sparse due to the lack of 
concentration and transport data. Repeated observations in the eastern channel 
showed high nutrient transports in summer and autumn (Morimoto et al. 2009) 
and large interannual variability (Morimoto et al. 2012). For a complete under-
standing of material transports in the Korea Strait, it is necessary to conduct 
hydrographic observations simultaneously in both the western and eastern chan-
nels. Observations at the western channel are particularly important as the current 
in the western channel is stronger than that in the eastern channel (Fig. 2.8) and 
water masses together with materials originating from the Yellow Sea and the East 
China Sea mainly pass through the western channel (Chung et al. 2000; Teague 
et al. 2002; Takikawa et al. 2005).

There is a water mass not delivered by the TWC: Korea Strait Bottom Cold 
Water (KSBCW), a cold (<10 °C) water mass found mainly in the bottom layer 
of the western channel originating in the northern region of the East Sea (see also 
Sect. 3.3.2). It is observed within 70 km of the Korean coast almost throughout 
the year (Johnson and Teague 2002; Kim et al. 2006). Using simultaneous tem-
perature and current data, Kim et al. (2006) showed that the bottom temperature of 
KSBCW decreased when the southwestward bottom current strengthened (maxi-
mum 15 cm s−1 of subtidal velocity). The KSBCW also exhibits interannual vari-
ations (Min et al. 2006; Na et al. 2010) associated with changes of upper water 
temperature, particularly in the southwestern region of the East Sea (Yun et al. 
2004; Na et al. 2010).

2.4.2  Tsugaru Strait and Soya Strait

The Tsugaru Strait is about 30 km wide and 110 km long (narrower and shorter 
than the Korea Strait) with a sill depth of 130 m (Fig. 2.7). The eastward outflow 
to the Northwestern Pacific through the Tsugaru Strait is a part of the TWC system 
in the East Sea and is called the Tsugaru Warm Current. Continuous observation of 
currents across the strait using a vessel-mounted Acoustic Doppler Current Profiler 

http://dx.doi.org/10.1007/978-3-319-22720-7_3
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(ADCP) (Table 2.2) has improved our understanding of the mean and temporal 
variations of the Tsugaru Strait throughflow. Tidal currents are well known to be 
strong with maximum speeds exceeding 100 cm s−1 (Onishi et al. 2004), com-
parable to or greater than those in the Korea Strait. Luu et al. (2011) pointed out 
that the tidal residual current is not negligible (up to about 30 cm s−1). Maximum 
subtidal current is about 130 cm s−1 near the middle of the strait where bottom 
depth is deeper than 200 m (Ito et al. 2003). Mean volume transport is estimated to 
be about 1.5 Sv (Toba et al. 1982; Onishi and Ohtani 1997; Ito et al. 2003; Nishida 
et al. 2003).

The Soya Strait is about 40 km wide and less than 20 km long with a sill depth 
of 55 m (narrowest, shortest, and shallowest among the three major straits). The 
southeastward (along the coast of Hokkaido, Fig. 2.7) outflow to the Okhotsk Sea 
through the Soya Strait is a part of the TWC system and is called the Soya Warm 
Current. Tidal currents are not strong compared to those in the Korea and Tsugaru 
Straits, and diurnal tidal constituents are dominant (Aota and Matsuyama 1987). 
Maximum subtidal currents are comparable to those in the Korea and Tsugaru 
Straits, being about 100–120 cm s−1 in summer and autumn (Matsuyama et al. 
2006; Ebuchi et al. 2006, 2009; Fukamachi et al. 2008, 2010). Mean transport is 
estimated to be about 1 Sv (Fukamachi et al. 2008) with large interannual variabil-
ity (Onishi and Ohtani 1997; Fukamachi et al. 2010).

In terms of mean volume transports, outflows through the Tsugaru and Soya 
Straits are balanced by the inflow through the Korea Strait, thus about 60–70 % 
of the inflow volume flows out through the Tsugaru Strait and the rest flows out 
through the Soya Strait (Na et al. 2009 and references therein). However, the 
annual range of the transport through the Tsugaru Strait (about 0.4 Sv; Nishida 
et al. 2003) appears to be about half of that through the Soya Strait (about 1 Sv; 
Fukamachi et al. 2008). Cho et al. (2009) conducted high-resolution numerical 
modeling in the Northwestern Pacific region and showed that near-steady seasonal 
transport through the Tsugaru Strait contributes to a seasonally-varying ratio of 
Tsugaru Strait outflow transport to that of the Soya Strait that is high in winter 
and low in summer (Fig. 2.9). Seung et al. (2012) applied Godfrey’s island rule 
(Godfrey 1989) with bottom friction and explained that the relatively small sea-
sonal variability of Tsugaru Strait transport is because the latitude of zero-wind-
stress curl over the North Pacific is located east of Hokkaido (between the Tsugaru 
and Soya Straits, see also Sect. 4.5).

The Tatarsky Strait is another strait, located in the northernmost region of the 
East Sea. Volume transport through this narrow (about 10 km) and shallow (about 
10 m) strait is known to be negligible because of the cyclonic recirculation (about 
2 Sv) associated with the Liman Current (Riser et al. 1999). The circulation near the 
Tatarsky Strait, however, could play a significant role in the freshwater budget in the 
East Sea, due to discharge from the Amur River (Yanagi 2002; Yoon and Kim 2009). 
Thus, a better knowledge of the circulation in the Tatarsky Strait may contribute to 
complete understanding of freshwater and salt budgets in the East Sea. Moreover, it 
could indirectly affect the inflow and outflow of the East Sea by altering surface cir-
culation in the northern region (Park et al. 2006b; Yoon and Kim 2009).

http://dx.doi.org/10.1007/978-3-319-22720-7_4
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2.4.3  Long-Term Variability

Interannual to decadal variability of the boundary transports appears to be as large 
as seasonal variability (about 1 Sv of volume transport; Kim et al. 2004; Lyu and 
Kim 2005; Morimoto et al. 2012), but, compared to seasonal variability, it is not 
well understood. Sea level differences (SLD) from tide gauge data (Fig. 2.7) could 
provide multi-decadal proxies for volume transport variations and allow simulta-
neous comparison of the transports at different straits. SLD across the Korea Strait 
showed a good linear relationship with the Korea Strait volume transport (Lyu and 
Kim 2003; Takikawa and Yoon 2005). In the case of the Tsugaru Strait, both SLD 
across the Tsugaru Strait (Nishida et al. 2003) and SLD between inside and out-
side the East Sea (Ito et al. 2003) agreed with the Tsugaru Strait transport varia-
tions. Along-strait SLD could also be used to estimate transport variations in the 
case of the Soya Strait (Fukamachi et al. 2008, 2010).

Long-term time series estimates can also be used to examine relationships 
between East Sea variability and larger-scale variability in the Northwestern 
Pacific (see also Sect. 3.4). The TWC may contribute as a link between upper-
ocean heat content variability in the East Sea and that in the Northwestern Pacific 
on a decadal time scale (Na et al. 2012). A physical-biogeochemical modeling 
study (Liu and Chai 2009) indicated that nutrient transport in the East Sea is con-
nected to large-scale changes in the Pacific Decadal Oscillation (PDO), which is 
thought to be related to TWC variability (Gordon and Giulivi 2004), and hence to 
Kuroshio variability in the East China Sea (Andres et al. 2009). During positive 
phases of the PDO, Kuroshio transport in the East China Sea tends to decrease and 
TWC transport to increase, which in turn delivers more buoyant subtropical water 
to the East Sea. The observed long-term increasing trend of inorganic nitrogen in 
the East Sea is also considered to have been mainly influenced by influx through 
the Korea Strait (Kim et al. 2013) rather than local nitrogen flux from atmosphere 
(Kim et al. 2011).

Fig. 2.9  Monthly mean 
transports and standard 
deviations in the Korea, 
Tsugaru, and Soya straits 
from 1994 to 2003 derived 
by a primitive-equation ocean 
circulation model simulated 
for 10 years (Redrawn from 
Cho et al. 2009). The vertical 
lines represent standard 
deviations in each month

http://dx.doi.org/10.1007/978-3-319-22720-7_3
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2.5  Summary and Discussion

We have given an overview of current knowledge of East Sea forcings such as 
wind field, surface heat flux, and boundary flux through the three straits connect-
ing to the open ocean. One of the dominant features of wind speeds in the East Sea 
is occasional outbreaks of very cold Siberian air. Such cold-air outbreaks through 
the orographic gap near Vladivostok have been studied intensively to investigate 
their impacts on the circulation in the basin. They play an important role in gener-
ating cold bottom water formation south of the Peter the Great Bay (see Fig. 1.1) 
through brine rejection during sea ice formation (Talley et al. 2003). In addition, 
they have a significant effect on the circulation of the cyclonic gyre in the Japan 
Basin. Wind stress curl and divergence fields in the path of cold continental air 
outbreaks are modified by wind-sea surface temperature coupling across the sub-
polar front due to changes in MABL stability.

In contrast with the cold-air outbreak through Vladivostok, the role of strong 
winds over East Korea Bay during the outbreak period has not been thoroughly 
studied. The winds are expected to control relatively small-scale cyclonic and anti-
cyclonic circulation and mesoscale eddies in the local region. In addition, the rela-
tionship between wind forcings and subpolar frontal dynamics should be further 
investigated (Yoshikawa et al. 2012). SST-wind coupling and its feedback mecha-
nisms near the frontal region have not been vigorously studied and need further 
studies. Year-to-year variation and long-term variability of wind forcing and its 
relation to climate change should be studied continuously. Issues related to climate 
change and local changes in wind forcings should be also considered further in the 
future.

The East Sea gains heat from April to August and loses heat in the other 
months. The annual mean net heat flux is negative with a large range of 
25–108 W m−2 according to previous estimates. The East Sea’s inflow–outflow 
system compensates for the net heat loss. The winter (December–February) net 
heat losses, which are important in deep water formation in the northern East Sea 
and frontal subduction along the subpolar front, range from 250 to 330 W m−2. 
Latent and sensible heat fluxes are mainly responsible for net heat losses in win-
ter due to the winter monsoon with intermittent strong cold-air outbreaks. The net 
loss becomes enhanced when cold and dry air sweeps over the warm sea surface 
south of the subpolar front; this results in spatial differences in net and latent heat 
fluxes in winter. In summer, the net heat flux is mainly determined by radiation 
components, with heat loss components, including long wave cooling, showing 
their annual minima. The summertime (June–August) net heat flux ranges from 90 
to 155 W m−2.

Heat flux estimates presented here share some common features, such as their 
seasonal variations, but there are also considerable quantitative differences in all 
heat flux components. Interannual variation and long-term trends of surface heat 
fluxes are poorly known in the East Sea, although many studies have documented 
long-term changes and variability of deep water masses that are mainly formed 
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in the northern East Sea during winter. It needs to be determined whether or not 
long-term variabilities of water properties and deep circulation are associated with 
varying surface air-sea fluxes. Atmospheric reanalysis products have been widely 
used to understand spatiotemporal variation of air-sea fluxes; they will also be 
very useful in the East Sea, but must be used with caution. Intercomparison of dif-
ferent products, and quantitative evaluation of the products based on in situ meas-
urements, are prerequisites in the use of any specific product.

There has been significant progress in understanding boundary flux in the East 
Sea since continuous monitoring started in the late 1990s or early 2000s, along 
with extensive studies of currents and circulation in the straits. Outflows through 
the Tsugaru and Soya Straits are closely linked with inflow through the Korea 
Strait (2.6 Sv) because of the semi-enclosed nature of the East Sea and negligible 
flow through the Tatarsky Strait. Seasonally, the inflow and outflows are gener-
ally large in summer to autumn and small in winter to spring with the range of 
about 1 Sv. Seasonal variability in the Korea Strait tends to be reflected more in 
the Soya Strait rather than in the Tsugaru Strait, although mean outflow through 
the Tsugaru Strait is larger than that through the Soya Strait (Fig. 2.9). The TWC 
system in the East Sea is controlled by large-scale and local wind forcing on time 
scales longer than a month. Interannual variability (comparable to seasonal vari-
ability) and decadal variability of the TWC system needs further study along with 
its relationship to Northwestern Pacific variability.

Material transports in the East Sea have been less studied than volume trans-
ports, because of limited observations. Although strongly related to volume trans-
port through the straits, other factors, such as intrusion of different water masses, 
alter material transport significantly. Moreover, comparison of material transports 
at different straits has been very limited. Thus, simultaneous observations at the 
straits including hydrographic and biogeochemical sampling is most needed for 
future progress in understanding boundary transports in the East Sea.
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Abstract We here review previous studies of spatiotemporal variability of  surface 
and subsurface water properties in the East Sea (Japan Sea), including (1) sea 
surface temperature (SST) and mixed layer depth (MLD), (2) water masses, and 
(3) their long-term variability. Intra-annual, annual, and interannual variability 
of SSTs and SST-front structures are introduced together with a description of 
regionally adapted SST calibration methods. The MLD has distinct spatial patterns 
in its seasonal variability, which is determined by atmospheric forcing as well as 
advection effects. Water masses in the East Sea are listed in a comprehensive man-
ner, covering not only subsurface water masses (e.g. Intermediate Waters) formed 
in the northern part of the sea but also near-surface water masses (e.g. Tsushima 
Warm Water) mostly originating from outside the sea. Where previous studies are 
available, we attempt to describe the definition, formation, and fate of the various 
water masses. Also, in terms of climate change in the East Sea, long-term vari-
ability found in the water masses or water properties is presented and its possible 
relationship with interannual to decadal variability of atmospheric forcing and heat 
content in the North Pacific is also considered.
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3.1  Introduction

Measurements of physical properties, such as temperature and salinity, are funda-
mental components of oceanography; they have a longer history and wider spatial 
coverage than any other kinds of measurements in the East Sea. These property 
measurements have been conducted using various instruments, such as shipboard 
instruments (bottle and Conductivity-Temperature-Depth profiler), moored instru-
ments, satellite imagery, and autonomous floats. Such diverse instruments have 
enabled us to secure long-term datasets over most of the East Sea, helping to 
reveal detailed characteristics of water masses, spatial structure of water proper-
ties, and even their long-term variability in the East Sea. In this chapter, we intro-
duce spatial, climatological, long-term variation of water properties near the sea 
surface as well as the underlying layers. Surface properties, including sea surface 
temperature (SST), frontal structure, and the surface mixed layer, are described in 
Sect. 3.2. Also, various kinds of water masses in the East Sea are introduced in 
Sect. 3.3 and climate-scale variability of surface and subsurface water properties 
is reviewed in Sect. 3.4. Finally summary and remaining questions are provided in 
Sect. 3.5.

3.2  Sea Surface Temperature and Mixed Layer Depth

SST patterns, like thermal fronts, are a response to atmospheric forcing as well 
as an important driver of atmospheric circulation. The ocean having a large heat 
capacity strongly influences climate variability. Hence surface-layer heat content 
(including the mixed layer), rather than just SST, becomes an important variable in 
terms of understanding air-sea interaction. The mixed layer is defined as the ver-
tically well-mixed layer near the sea surface that can be formed both by atmos-
pheric buoyancy or frictional forcing and by ocean mixing processes resulting 
from surface/internal wave breaking, Langmuir circulation, and ocean currents, 
etc. The mixed layer is one of the important components in understanding the oce-
anic role in the Earth’s climate system, because it is an air–sea exchange conveyor 
of heat and momentum. Major oceanic biological and chemical processes that 
play crucial roles in Earth’s climate also occur in the mixed layer (Falkowski et al. 
1998). Mixed layer variability is fundamentally important information for under-
standing spatiotemporal variability of biogeochemical materials and for evaluating 
performance of numerical models (Lim et al. 2012).
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3.2.1  Sea Surface Temperature

SST is one of the most important geophysical variables in monitoring, diagnosing, 
understanding, and predicting diverse oceanic phenomena. SST data have long 
been used to detect and investigate temporal and spatial variability of mesoscale 
eddies, thermal fronts, and a variety of features in the East Sea.

Satellite SST images have revealed remarkable spatial and temporal variability 
of eddies and currents in the regions of the East Korea Warm Current (EKWC) 
along the east coast of Korea and the Tsushima Warm Current (TWC) in the 
southern East Sea (see Chap. 4) (Kim and Legeckis 1986; Isoda and Saitoh 1993; 
Park and Chung 1999). The spatial scale of the mesoscale eddies tends to become 
smaller as one goes north due to changes in the vertical structure of water prop-
erties and the spatial variation of internal Rossby deformation radius (Park and 
Chung 1999; Park et al. 2012).

SSTs in the East Sea have large annual variations, the difference between sum-
mer and winter being approximately 20 °C in the northern region and 15 °C in the 
southern region (e.g. Nakayama 1951). The annual cycle accounts for 88–96 % of 
the total SST variance in the East Sea, which is a larger percentage than that of 
the North Pacific Ocean (Yashayaev and Zveryaev 2001; Park et al. 2005). There 
are large north-south SST differences of about 16 °C (−1 to 15 °C) in winter 
and 10 °C (16–26 °C) in summer (Fig. 3.1). After onset of the winter monsoon, 
the cold SST anomaly first occurs in the north to northwestern boundary from 
Tatarsky Strait to Peter the Great Bay (PGB) (see Fig. 1.1) in November with a 
minimum SST value of 6–8 °C (Chu et al. 2001). Large amplitudes of the annual 
cycle (>11 °C) are found in the PGB, East Korea Bay, and south of the Siberian 
seamount in the western Japan Basin; these are related to cooling centers and deep 
convection sites of bottom-water formation (Kawamura and Wu 1998; Kim et al. 
2002; Talley et al. 2003; Park et al. 2005). Spatial disparity of SST cooling gener-
ates an asymmetry of seasonal SST variations, which creates a semiannual compo-
nent of SST variability with a relatively large amplitude of about 2 °C, about 20 % 
of the annual cycle’s amplitude, in the northern region of the East Sea (Park and 
Chung 1999; Park and Lee 2014).

3.2.2  Surface Front

Oceanic fronts are accompanied by intensified spatial distinctions of hydrographic 
properties such as temperature, salinity, and biogeochemical properties (Fedorov 
1986). The East Sea is a miniature version of the global ocean, and there are well-
developed surface fronts in the central region of the East Sea where cold northern 
and warm southern water form an SST thermal boundary called the subpolar front 
(SPF) (Moriyasu 1972; Kim and Legeckis 1986; Kubota 1990). The main portion 

http://dx.doi.org/10.1007/978-3-319-22720-7_4
http://dx.doi.org/10.1007/978-3-319-22720-7_1
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of the SPF is mostly located approximately along 40°N between 132.3°E and 
138°E, and bifurcates at both its eastern and western ends with strong seasonality 
(Fig. 3.2). Elevated variability of the SPF is attributed mainly to mesoscale eddies 
at the frontal region (Park et al. 2007). The spatial structure of the SPF shows 
strong seasonality associated with temporal variations of a warm eddy off the 
east coast of Korea, surface cooling due to Siberian cold air south of Vladivostok, 
and bifurcation of the TWC west of the Tsugaru Strait (Belkin and Cornillon 
2003; Park et al. 2004, 2007). Spatial variability of wind forcing produces a sig-
nificant meridional shift of the SPF by generating, in November, a northwestern 
SPF branch called the North Korean Front. The most conspicuous part of the SPF 

Fig. 3.1  Monthly distribution of SST in the East Sea extracted from SST climatology of the 
global ocean from NOAA/AVHRR data by NASA/JPL
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is topographically trapped at the northern edge of the Yamato Rise, where steep 
bathymetry stabilizes the fronts (Kubota 1990; Park et al. 2007). Other fronts 
also develop along the Primorye coast (as a remarkably robust shelf-slope front), 
the western coast of Sakhalin Island, and the southeast coast of Korea between 
the EKWC and prevailing upwelling in summer (Kim and Kim 1983; Isoda and 
Saitoh 1993; Belkin and Cornillon 2003) (Fig. 3.2). Fronts induced by the TWC 
are clearly distinguishable most of the time, however they are sometimes fuzzy in 
the mean frontal map due to strong seasonal to interannual variability of the TWC 
in the southern part of the East Sea.

In addition to seasonality, the SPF in the central part of the East Sea shows 
significant year-to-year variations in strength. The magnitude of the SPF gradient, 
with a maximum of about 0.12 °C km−1 between 136°E and 138°E, has dominant 
year-to-year variability in the eastern portion because of a strongly varying sea-
sonal cycle (Park et al. 2007). The SPF modifies the sea surface wind field across 
the interface between the regions south and north of the frontal zone (Shimada 
and Kawamura 2006). Year-to-year variations of the SPF in the East Sea may 

Fig. 3.2  Spatial distribution 
of magnitudes of SST 
gradients. The thick lines are 
contours at 0.03 °C km−1 
(inset). Schematic diagram of 
the classified SST fronts in 
the East Sea. Representative 
fronts are numbered 1 to 9. 
The grey lines are 2000 m 
contours. Paths of the TWC 
are superimposed in brown. 
Abbreviations are KS Korea 
Strait; JB Japan Basin; SY 
Soya Strait; TS Tsugaru 
Strait; UB Ulleung Basin; and 
YR Yamato Rise (from Park 
et al. 2004) C
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be associated with other indices such as El Niño-Southern Oscillation (ENSO), 
Pacific Decadal Oscillation (PDO), and other long-term oscillations (Gordon and 
Giulivi 2004). Decadal variability of SSTs shows large amplitudes trapped near 
the SPF (Minobe et al. 2004). Further descriptions of long-term SST variability 
will be provided in Sect. 3.4.

3.2.3  Mixed Layer Depth

Spatiotemporal variability of atmospheric forcing (Dorman et al. 2004, 2005) most 
likely controls the distribution and variability of the mixed layer depth (MLD) in 
the East Sea. Jang et al. (1995), on the other hand, found that temporal change of 
the mixed layer in the Korea Strait in autumn is mainly controlled by advection 
rather than local air–sea interactions such as wind stress or buoyancy flux. Kim 
and Isoda (1998) described the MLD focusing on interannual variability over the 
entire East Sea using the World Ocean Atlas 1994 (Monterey and Levitus 1997) 
and long-term repeated hydrography along the PM line made since 1972 by the 
Maizuru Marine Observatory. Moreover there have been some recent studies of 
the MLD in the East Sea in terms of local water mass formation in specific years 
(Talley et al. 2003; Kawamura et al. 2007).

Lim et al. (2012) conducted, for the first time, a comprehensive analysis 
regarding seasonality of basin-wide MLD patterns in the East Sea. MLD clima-
tology obtained from historical hydrographic data revealed that the MLD under-
goes strong seasonal variation over the entire East Sea, ranging from 10 to 20 m 
in summer to more than 400 m in winter (Fig. 3.3). Pronounced seasonality of 
wind stirring and surface cooling due to monsoons is primarily responsible for this 
strong seasonality. Spatial distribution of the MLD in winter, showing inhomoge-
neous structure in the basin, exhibited a shallower MLD near the SPF (~40°N) and 
deeper MLD in both the southern and northern East Sea as shown in Fig. 3.3. The 
homogeneity of the summer MLD is clearly due to uniform heating, mostly by 
large-scale atmospheric radiative heat flux. On the other hand, spatial inhomoge-
neity of the seasonal variability is likely controlled by the ocean itself, including 
major current systems such as the Ulleung Warm Eddy, the Nearshore Branch of 
the TWC, the EKWC, and the North Korea Cold Current (NKCC) (see Chap. 4).

Temperature-based MLDs, mostly less than 20 m, show no significant differ-
ence from density-based MLDs for all seasons except winter when the difference 
becomes significant, especially near the Japanese coast in the southern East Sea 
and in the deep convection region. Although the temperature-based MLD does not 
represent all East Sea conditions, it allows us to construct MLD climatology cov-
ering nearly the whole East Sea, which is not possible when we use density pro-
files, because of their poor spatial coverage.

http://dx.doi.org/10.1007/978-3-319-22720-7_4
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Fig. 3.3  MLD climatology estimated from individual profiles with a temperature difference 
 criterion of ΔT = 0.2 °C from the near-surface value (10 m) (from Lim et al. 2012)
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3.3  Water Masses

Water masses have been introduced by identifying their water characteristics and 
specifying ocean processes responsible for creating large-scale water properties. In 
open oceans, most water properties are initially determined at the sea surface and 
subducted into the ocean interior through a process called ventilation. The venti-
lated water masses maintain their properties because the ocean interior is nearly 
adiabatic without internal sources of heat or freshwater capable of modifying the 
water properties. Therefore, water masses with specific properties are helpful for 
identifying flow paths from the sea surface to the interior as well as subsurface 
ocean circulation patterns.

More than 90 % of the East Sea is occupied by water colder than 5 °C (Yasui 
et al. 1967); this water must be formed in the northern part of the East Sea and 
then spread at depth into the whole East Sea area by a deep circulation which in 
turn affects the movement of the upper ocean. Water colder than 1 °C, which fills 
most of the subsurface East Sea, was called “Japan Sea Proper Water” (JSPW) by 
Uda (1934). JSPW is not a single water mass but consists of various water mass 
components (e.g. Nitani 1972; Senjyu and Sudo 1993; Kim et al. 2004). Based 
on CREAMS measurements (see Chap. 1.3), Kim et al. (2004) divided the JSPW 
into East Sea Central Water (ESCW), East Sea Deep Water (ESDW), and East 
Sea Bottom Water (ESBW). There are distinct intermediate waters with dissolved 
oxygen concentration higher than 250 μmol l−1 between JSPW and upper ocean 
water masses, such as East Sea Intermediate Water (ESIW) and High Salinity 
Intermediate Water (HSIW) (e.g. Kim and Chung 1984; Kim and Kim 1999). 
The upper ocean is mostly controlled by exterior water masses named Tsushima 
Warm Waters (TWWs) flowing from outside the East Sea through the Korea Strait. 
The interior water masses are known to be formed in wintertime, mostly in the 
northern part of the East Sea. The ventilation processes creating the water masses 
resemble those in the open oceans (Min and Warner 2005; Riser and Jacobs 2005). 
That is one of the reasons why the East Sea is called a “mini-ocean” (Ichiye 1984), 
“miniature ocean” (Kim et al. 2002; Talley et al. 2003) or “natural laboratory” 
(Kim et al. 2001b).

In the next two sections we will describe upper ocean water masses and their 
spatial patterns, and introduce various interior water masses in the East Sea such 
as those described in Table 3.1.

3.3.1  Upper Ocean Water Masses

3.3.1.1  Tsushima Warm Water

In marginal seas like the East Sea, it is also useful to name water masses origi-
nating outside the seas, especially when they have large-scale consistency. These 

http://dx.doi.org/10.1007/978-3-319-22720-7_1
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exterior water masses are often distinguished from resident water masses by their 
physical and chemical characteristics. There are two different kinds of exterior 
water masses in the East Sea: High Salinity Tsushima Warm Water (HSTWW) 
and Low Salinity Tsushima Warm Water (LSTWW), which together flow into the 
East Sea through the Korea Strait (e.g. Miyazaki 1953; Miyazaki and Abe 1960; 
Moriyasu 1972). These TWWs occupy the upper 100–200 m in the southern part 
of the East Sea with volume of approximately 8 × 104 km2 (Kitani 1987), playing 
a crucial role, together with atmospheric buoyancy forcing, in determining SST 
spatial patterns.

HSTWW is persistent throughout the year, although its temperature varies 
seasonally. It usually has temperature higher than 10 °C and salinity higher than 
34.3 psu. It is known that HSTWW derives from the Kuroshio in the East China 
Sea. On the other hand, LSTWW is only found in late summer and early autumn 
(August–October), occupying the upper 20–50 m above the HSTWW. Using 
chemical tracer analysis, Kim et al. (2001a) confirmed that LSTWW originates 
from Changjiang river discharge water. Indeed, the rainy season (June–August) 
in the East Sea does not match with the time period of LSTWW appearance. 
Moreover, the amount of local precipitation is not enough to produce the large 
volume of low salinity water found in the East Sea. Thus, most of the upper low 
salinity water in summer may come from LSTWW. By examining historical 
hydrographic data, Senjyu et al. (2006) showed that upper ocean salinity varia-
tion in the Korea Strait has a negative correlation with Changjiang river discharge, 
which tends to confirm the origin of the surface low salinity water in the East Sea.

By vertical convection in winter, TWW trapped in warm eddies (e.g. Ulleung 
Warm Eddy) of the southern East Sea often turns into a thick thermostad layer 
with a temperature of around 10 °C (7.8–11 °C) (Kim 1991). Such homogeneous 

Table 3.1  Definition of water masses in the East/Japan Sea (from Kim et al. 2004)

Water mass Potential 
 temperature (°C)

Salinity (psu) Dissolved 
 oxygen (μmol/1)

Remarks

Tsushima Warm 
Water

>10 >34.3 Primarily  
south of 41°N

East Sea 
Intermediate 
Water

1–5 <34.06 >250 Western Japan 
Basin, Ulleung 
basin

High Salinity 
Intermediate 
Water

1–5 >34.07 >250 Eastern Japan 
basin

East Sea Central 
Water

0.12–0.6 >34.067 Deeper limit at 
1500 dbar (DSM)

East Sea Deep 
Water

<0.12 34.067–34.070 Upper limit at 
1500 dbar (DSM)

East Sea Bottom 
Water

<0.073 34.070 Homogeneous 
mixed layer
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layers are capped by TWW advected from the Korea Strait during the follow-
ing spring and summer, and are commonly found in hydrographic measurements 
throughout the year (Fig. 3.4). Due to its resemblance with Mode Waters in the 
open oceans (e.g. North Pacific Subtropical Mode Water and Eighteen Degree 
Water in the North Atlantic), we name it Ten Degree Water (TDW) by personal 
communication with Dr. H-R Kim. However, variability and characteristics of this 
TDW have been largely unexplored.

Fig. 3.4  An example of hydrographic data obtained in the southwestern part of the East Sea. 
a The station map of shipboard CTD observation in September 2002. The red dot marks the 
 location of an example station, for which b T-S diagram, c potential temperature profile, and 
d salinity profile are shown. The colored broken boxes denote water masses, such as LSTWW 
(black), HSTWW (purple), TDW (green), and ESIW (blue)
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3.3.2  Intermediate Waters

3.3.2.1  East Sea Intermediate Water

There are two intermediate waters formed in the East Sea, ESIW and HSIW. They 
share similar density ranges, but occupy different geographical regions (Fig. 3.5). 
ESIW is characterized by temperatures ranging from 1 to 5 °C, salinity less than 
34.06 psu, and dissolved oxygen greater than 250 μmol l−1 as shown in Table 3.1. 
The subsurface salinity minimum layer was first noticed by Japanese scientists 
(Miyazaki 1952, 1953; Kajiura et al. 1958; Moriyasu 1972). However, Kim and 
Chung (1984) gave the name ESIW to this kind of low salinity water mass found 
in the Ulleung Basin underneath the TWW. They pointed out that the low salinity 
water with high oxygen concentration must be ventilated at the sea surface in the 
northern part of the East Sea. Kim and Kim (1999) showed the spatial distribution 
of ESIW properties (see Fig. 3.5) based on a quantitative definition of the water 
mass, using high resolution CTD and oxygen data. They revealed that the lowest 
salinity in the ESIW is located in the western Japan Basin, indicating a potential 
formation area of the water mass. The region west of the North Korean Front typi-
cally has a sea surface temperature of 2–3 °C in winter, and may be an outcrop-
ping area of ESIW with similar water properties in its core layer.

The formation process and origin of ESIW in the East Sea have been studied 
by many researchers (e.g. Senjyu and Sudo 1993; Seung 1997; Kim and Kim 
1999; Yoshikawa et al. 1999; Yoon and Kawamura 2002; Kawamura et al. 2007), 
although shipboard observations restricted to the western Japan Basin were 

Fig. 3.5  Horizontal distribution of salinity on the surface of σθ = 27.2 kg m−3 in a August, 1993 
and b July, 1994 (Redrawn from Kim and Kim 1999)
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insufficient for detailed examination of the ESIW formation area. Previous stud-
ies have consistently pointed out that ESIW is presumably formed off Vladivostok 
in the western Japan Basin. However, among models, ESIW core properties have 
significant differences, casting a doubt of the simulated formation process and 
area. Yoshikawa et al. (1999) reported strong subduction of ESIW occurred in 
their model near the PGB (41–42°N, 131–135°E; see Fig. 1.1), while Yoon and 
Kawamura (2002) presented a formation region west of 131°E. The most plausible 
formation process has been hypothesized by Yun et al. (2004), based on analysis 
of climatological hydrographic data. They noted that the ESIW subduction area 
in the northwestern part of the East Sea (similar to that of Yoon and Kawamura 
2002), where a large extent of surface low salinity resides before convection 
occurs, is a region of strong negative wind stress curl from December to February 
due to the orographic effect (Yoon et al. 2005). Thus, traditional subduction 
controlled by surface cooling and downward Ekman pumping (Stommel 1979; 
Luyten et al. 1983) or slantwise convection by wind forcing over an oceanic front 
(Thomas and Lee 2005; Lee et al. 2006) could produce ESIW with core tempera-
ture 2–3 °C and salinity less than 34.1 psu during winter.

Furthermore, origin of the ESIW low salinity water is still controversial. One 
traditional view is that the cold, fresh water flowing southward along the east 
coast of Russia from the Tartarsky Strait contributes to ESIW formation (e.g., 
Yoon and Kawamura 2002; Postlethwaite et al. 2005). The other possible source 
of the low salinity is LSTWW flowing through the Korea Strait in summer and 
reaching into the western Japan Basin (Yun et al. 2004). Both these low salinity 
waters are found around the presumed formation area at the sea surface, but it will 
be challenging to determine which low salinity water contributes most to ESIW 
formation.

ESIW formed in winter expands from the western Japan Basin southward 
along the east coast of the Korean Peninsula as well as eastward along the SPF 
(Fig. 3.5). Such spatial distribution patterns (Cho and Kim 1994; Shin et al. 2013) 
are roughly consistent with the mid-depth circulations shown in Park and Kim 
(2013). Yoshikawa et al. (1999) attempted to simulate subduction and circulation 
of intermediate waters by using a nudging model, suggesting 6–7 years travel time 
of the simulated ESIW from the formation site to the Ulleung Basin, an order of 
magnitude larger than the 6 month travel time inferred from Argo float trajectory 
data (Park 2002; Yanagimoto and Taira 2003). Such a discrepancy may be attrib-
uted to unrealistic mid-depth circulations in the model results when compared to 
the actual ones (Park and Kim 2013).

One can speculate that most of the ESIW may be eventually mixed with the 
water mass above, such as TWW, potentially affecting the upper ocean heat con-
tent. However, the mechanism of its demise remains undetermined. There are 
three possible mechanisms controlling the ESIW demise: radical transformation 
of the water mass near the coast and in the Korea Strait (Kim et al. 2006), outflow 
through the Tsugaru Strait (Park et al. 2008), and gradual mixing with the TWW 
in the East Sea interior.

http://dx.doi.org/10.1007/978-3-319-22720-7_1
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3.3.2.2  High Salinity Intermediate Water

Senjyu (1999) noticed the HSIW-like oxygen rich layer from historical hydro-
graphic data taken in 1969, regarding it as a boundary (not a water mass) between 
overlying and underlying water masses. However, by analyzing high resolution 
hydrographic data obtained from CREAMS expeditions, Kim and Kim (1999) 
showed that the high salinity water resided in the eastern Japan Basin as an actual 
water mass, called HSIW (temperature from 0.6 to 5 °C, salinity higher than 
34.075 psu, and dissolved oxygen greater than 250 μmol l−1) and suggested that 
HSIW is locally formed in winter. The HSIW formation area in the eastern Japan 
Basin is under the influence of large-scale positive wind-stress curl in winter, 
where cyclonic circulation is persistent throughout the year (Kim and Kim 1999; 
Park and Kim 2013). Watanabe et al. (2001) confirmed the existence of HSIW 
and suggested that its high salinity origin might be the HSTWW presumably out-
cropped and cooled near the Russian coast after the surface LSTWW was removed. 
In contrast to the southward subduction of ESIW below the TWW, HSIW is not 
likely to penetrate south of the SPF, but instead stay within the eastern Japan Basin, 
north of the SPF. It seems that HSIW formation resembles Warren-type water 
masses that are locally formed by disappearance of the seasonal thermocline dur-
ing winter (Warren 1972). Properties of HSIW are highly variable from one year to 
another (Kim and Kim 1999), yet keeping higher salinity than that of the adjacent 
ESIW. The large year-to-year variation is presumably related to changing atmos-
pheric and oceanic conditions of water formation (Kim et al. 2004).

3.3.2.3  North Korea Cold Water

The evolution and fate of ESIW have not been fully explored, but kindred water 
masses, North Korea Cold Water (NKCW) and Korea Strait Bottom Cold Water 
(KSBCW), presumably advected toward the coastal area from the ESIW pool, 
have been studied for the past few decades, since both water masses are often 
found along the east coast of Korea. NKCW is defined as water with salinity less 
than 34.05 psu and density of 26.9–27.2 kg m−3 (Park 1972; Lim 1983; Kim and 
Kim 1983; Kim and Chung 1984; Min 1994; Cho and Kim 1998; Kim 1999). 
Cho and Kim (1994) pointed out that ESIW flows into the Ulleung Basin along 
two different paths: one is along the east coast of Korea and the other is along the 
isobaths west of the Korea Plateau. The water mass on the former path is called 
NKCW and is carried by the NKCC originally named by Uda (1934). NKCW is 
noticeable in April near the Sokcho coastal area (see Fig. 1.2), flowing southward. 
Such flow is clearly observed over a period of 6–7 months from April to October 
and is most pronounced in August (Yun et al. 2004). The spatial distribution of 
NKCW has a distinct pattern of repeated extension and contraction normal to the 
coastline, with a periodicity of one year. Since the NKCC as a strong deep west-
ern boundary current quickly transports the NKCW along the coast, its minimum 
salinity is usually lower than that of the offshore ESIW.

http://dx.doi.org/10.1007/978-3-319-22720-7_1
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3.3.2.4  Korea Strait Bottom Cold Water

The resident cold water in the East Sea intrudes into the Korea Strait; it is then 
called KSBCW, colder than 10 °C, and found near the western trough of the strait. 
KSBCW was first reported by Nishida (1926) and its origin and variability have 
been studied for many years (Lim and Chang 1969; Cho and Kim 1998; Isobe 
1994; Park et al. 1995; Kim et al. 2006; Min et al. 2006). KSBCW intruded from 
May to January with two minima in bottom temperature, corresponding to maxi-
mum southwestward bottom currents in August/September and December/January, 
respectively (Kim et al. 2006).

Kim and Kim (1983) and Lim (1983) showed that KSBCW is an extension of 
NKCW by tracing the salinity-minimum and oxygen maximum layer. KSBCW 
is usually found on the sloping bottom away from the deepest topography in the 
Korea Strait. A rotating hydraulic model successfully reproduced such behavior 
of the KSBCW, suggesting a mechanism of connectivity with NKCW (Park et al. 
1995). In addition, it is also plausible that the interior ESIW could spill into the 
Korea Strait when it shoals sufficiently to extend over the sill (~150 m depth) at 
the mouth of the Korea Strait (Yun et al. 2004).

3.3.3  Central Water, Deep Water, and Bottom Water

For waters colder than 1 °C, the vertical profile of salinity looks almost homo-
geneous in traditional measurements (Uda 1934). However, more than 60 years 
after Uda’s observations, CTD measurements with high precision obtained dur-
ing CREAMS expeditions revealed that this cold water consists of several dif-
ferent water masses, as in the open ocean. The salinity of those water masses 
varies at the third decimal place in psu. Figure 3.6 shows vertical structure details 
of temperature, salinity, and oxygen concentration at depths below 200 m. Such 
expanded views of salinity profiles exhibit an interesting minimum at around 
1500 m, called the Deep Salinity Minimum (DSM), which was revealed for the 
first time in the CREAMS observations. This DSM is found in the entire Japan 
Basin as well as the Ulleung and Yamato Basins (Kim 1996; Min 2002; Kim 
et al. 2004). The DSM is regarded not as a certain water mass, but as a boundary 
between water masses, similarly as in the open ocean. ESCW, which has relatively 
weak vertical gradients in salinity and oxygen concentration, lies between the 
intermediate waters and the DSM, and ESDW lies between the DSM and ESBW. 
ESBW, which was first noted by Japanese scientists (Suda 1932; Nitani 1972), has 
nearly uniform potential temperature in a 1000 m thick layer above the ocean bot-
tom (below 2500 m in Fig. 3.6). It is arguable whether the uniform temperature is 
a distinct water mass or just a homogeneous layer produced by adiabatic mixing 
(Talley et al. 2006). However, after formation of the densest bottom water in the 
East Sea in 2001 (Kim et al. 2002), the homogeneous layer has been regarded as a 
distinct water mass.
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It is speculated that ESCW may be formed through open-ocean convection 
south of Vladivostok (Senjyu and Sudo 1993, 1994; Seung and Yoon 1995; Choi 
1996), where cyclonic circulation and a strong heat flux center (Kawamura and 
Wu 1998) reside in winter. ESBW, on the other hand, is possibly convected at the 
continental shelf slope near the PGB through the slope convection process accom-
panied by brine rejection during sea ice formation; this may be a way to create 
dense water in the East Sea (Ponomarev et al. 1991; Vasiliev and Makashin 1992; 
Talley et al. 2003).

In Fig. 3.6, the oxygen profile exhibits a minimum at around 2000 m which is 
different from the DSM depth. Such an oxygen minimum layer was reported by 
Gamo et al. (1986), but at a shallower depth. A vertical advection-diffusion model 
with an oxygen consumption process reproduced the oxygen minimum when 
weakened formation of ESDW was prescribed (Kim and Kim 1995; Kim 1996). 

Fig. 3.6  Vertical profiles 
of potential temperature, 
salinity, and dissolved oxygen 
at 42°N, 136°E below 200 
dbar taken in the summer of 
1995. Arrows indicate depths 
of minima for dissolved 
oxygen and salinity (from 
Kim et al. 2004)
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This result supports the idea that deepening of the oxygen minimum results from 
a response of the East Sea to climate change (e.g. Kim et al. 1996, 2004; Gamo 
1999). Details about long-term variation of water masses follow below.

3.4  Long-Term Variability of Water Properties

Understanding the long-term variability of water properties is an essential step 
for predicting future changes in the East Sea. Furthermore, the East Sea with its 
resemblances to open oceans has been regarded as a natural laboratory for stud-
ying ocean response to global climate change. Since the East Sea has a much 
shorter response time to a given climate forcing than the open ocean, investigating 
long-term changes in the East Sea has important implications for understanding 
global ocean change. During the past several decades, the East Sea has experi-
enced radical changes in water masses and upper ocean structures. In this section, 
we review previous studies of long-term variability in the East Sea and their possi-
ble relationships with North Pacific and atmospheric variability, although detailed 
mechanisms responsible for the variability still remain undetermined.

3.4.1  Water Masses in Change

A remarkable warming in the East Sea has occurred below 500 dbar since 1969 
(e.g. Kim et al. 1996, 2001b; Kim and Kim 1996; Kwon et al. 2004), the rate of 
which is comparable to rates observed in the world ocean (Levitus et al. 2001). 
Accompanying the warming trends, dissolved oxygen concentration continued to 
decrease in the deep and bottom waters, and increase between 700 and 1500 m 
(Gamo et al. 1986; Kim et al. 1996, 2004; Kim and Kim 1996; Chen et al. 1999; 
Gamo 1999). Also, salinity has had an increasing trend at 500 and 800 m, and 
decreasing trend at 2500 m since 1965 (Minami et al. 1999; Park and Kim 2007). 
These observed changes of temperature and dissolved oxygen concentration have 
been interpreted as being consistent with a substantial shoaling of the ventilation 
system, from deep and bottom water ventilation to mid-depth ventilation (Kim 
and Kim 1996; Riser et al. 1999). Kang et al. (2003) attempted to quantify these 
changes using a simple box model, suggesting, by a linear extrapolation of volume 
decrease, the possibility of ESBW disappearance by the year 2050. It should be 
noted that occasional convection of the ESBW was detected in winter 2000/2001 
(Kim et al. 2002; Senjyu et al. 2002).

In the past, a water mass called the Upper Portion of the Japan Sea Proper 
Water (UPJSPW), which also has a high oxygen concentration, was introduced 
by Sudo (1986) and Senjyu and Sudo (1993) based on hydrographic data in July 
1969. With careful comparisons between the 1969 data and CREAMS data, Min 
(2002) and Kim et al. (2004) investigated similarities and differences between 
UPJSPW and ESCW, and concluded they had distinctly different characteristics 
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in terms of their water properties and depth ranges. Such dissimilarities between 
water masses in the 1960s and in the 1990s may result from modification of the 
thermohaline circulation by climate change in the East Sea, although it is not cer-
tain that UPJSPW in 1969 (Senjyu 1999) has been altered into HSIW and ESCW 
(Kim et al. 2004; Min and Kim 2006) at present.

Understanding the physical processes responsible for such a water mass tran-
sition is far from complete. However, Kwon et al. (2004) diagnosed a change in 
the vertical mode of ventilation during the past few decades by using a simple 
inverse model. The inverse model suggested that ESDW and ESBW contractions 
during the 1990s resulted from warming of their properties as well as changes 
of the deep circulation, while HSIW and ESCW expansion were mainly due to 
changes of fresh water fluxes at their surface outcrops. Such a long-term change 
in water masses contains not only a trend-like variation, presumably associated 
with global warming (Kim et al. 1999), but also decadal-scale variability. Minami 
et al. (1999) and Watanabe et al. (2003) noted bi-decadal oscillations (~15 years) 
of oxygen, phosphate, and water temperature below 2000 m in the Eastern Japan 
Basin and the Yamato Basin which were synchronized with those in North Pacific 
Intermediate Water, indicating that forcings (atmospheric buoyancy flux or advec-
tive flux by the Kuroshio) which drive such water mass variability in the East Sea 
and the North Pacific might be closely related.

A numerical experiment performed by Park (2007) suggested that the combined 
effect of atmospheric cooling and intensification of the upper ocean current could 
have produced the cold and salty deep convection observed during 2000–2001, hence 
suggesting that the advection of warm, salty water through the Korea Strait is also an 
important factor controlling the East Sea thermohaline circulation. This warm and 
salty TWC is responsible for net heat loss to the atmosphere in the East Sea (Hirose 
et al. 1996; Han and Kang 2003), and salt carried by the current could play an impor-
tant role in deep water formation off Vladivostok (Gamo et al. 1986; Sudo 1986; 
Senjyu and Sudo 1994; Seung and Yoon 1995; Yoshikawa et al. 1999). Also, Takikawa 
and Yoon (2005) found a ~15 year oscillation in volume transport estimated from sea 
level difference across the Korea Strait, which has a similar period to the variability of 
physical and chemical properties in the deep water (Watanabe et al. 2003).

On the other hand, Cui and Senjyu (2010) suggested that interdecadal oscil-
lation, with about 20-year periodicity, of the dissolved oxygen concentration at a 
depth of 1000 m had a positive correlation with the Arctic Oscillation (AO)  index, 
tightly linked with cold air outbreak activity (Isobe and Beardsley 2007). Thus, 
a combination of oceanic heat/salt advection and atmospheric forcing is clearly a 
major controller of long-term water mass variation in the East Sea.

3.4.2  Interannual and Decadal Variation of the Upper Ocean

Long-term variability or trend found in deep waters of the East Sea is  inevitably 
linked with upper ocean variability, because surface property conditions immediately 
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before water mass formations mainly determine the characteristics of the ventilated 
water masses. Furthermore, spatiotemporal variability of the upper ocean strongly 
affects the distribution and evolution of marine biota; it also forces the marine 
atmospheric boundary layer, thereby affecting the climate system. In this section, we 
reference numerous journal articles reporting on upper ocean variability in the East 
Sea with timescales longer than a year and discussing possible mechanisms.

3.4.2.1  Upper Ocean Temperature

There have been many research publications on SST variability in the East Sea, 
on diverse time scales at annual, interannual, and decadal frequencies (Miita and 
Tawara 1984; Watanabe et al. 1986; Isoda 1994; Gamo 1999; Park and Chung 
1999; Park and Oh 2000; Kim et al. 2001b, 2004; Minobe et al. 2004; Takikawa 
and Yoon 2005). Interannual SST variability is characterized by energetic variabil-
ity south of the SPF in the western region of the East Sea, which has a high cor-
relation (Pearson’s correlation r > 0.7) with sea level pressure (SLP) in winter over 
the western North Pacific (Minobe et al. 2004). In addition, the interannual vari-
ability is coherent with adjacent atmospheric systems such as the Aleutian Low 
and the Siberian High as well as tropical climate systems such as El Niño and La 
Niña. Park and Chu (2006) showed a positive correlation between SST and sur-
face air temperature, which is probably due to intensive ocean-atmosphere inter-
action in wintertime. Park and Oh (2000) and Hong et al. (2001) suggested that 
SST anomaly variations with interannual timescales were closely related to ENSO 
events such that El Niño (La Niña) events generated ‘cold (warm) summer’ and 
‘warm (cold) winter’ SST conditions. On the other hand, Minobe et al. (2004) sug-
gested a possible mechanism through which the energetic interannual SST mode 
in the western part of the East Sea might result from a complex combination of 
ocean advection and wind forcing: southward propagation of temperature anom-
alies through alongshore wind driven coastal waves and northward advection of 
these anomalies by the EKWC. Also, Chang et al. (2004) and Talley et al. (2006) 
pointed out that variability of temperature in the upper 200 m is mainly governed 
by the TWW flowing through the Korea Strait.

According to Minobe et al. (2004), the decadal mode of dominant SST variabil-
ity is likely to be caused by the East Asian winter monsoon due to SLP variabil-
ity of the Siberian High related to the AO and the North Atlantic Oscillation. Yeh 
et al. (2010) suggested that decadal fluctuations of SST in the East Sea are mainly 
associated with the variable advection of cold air in winter and consequent heat 
loss. Indeed, large-scale atmospheric patterns such as the AO have a significant 
correlation with cold air outbreak activity over the East Sea in wintertime (Isobe 
and Beardsley 2007). Nevertheless, the process generating decadal SST variability 
is not as simple as anomalous oceanic cooling driven by local atmospheric forcing. 
Na et al. (2012) revealed that spatial patterns of the decadal mode and the warm-
ing mode of upper ocean heat content were similar to each other, and their most 
energetic features were found in the eastern part of the East Sea near the SPF. 
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The Complex Empirical Orthogonal Function (CEOF) structures of upper ocean 
 temperature are comparable from the sea surface to 300 m, and maximum vari-
ances are found at around 100 m depth (Minobe et al. 2004) as shown in Fig. 3.7. 
Na et al. (2012) also confirmed those patterns by the cyclostationary EOF method. 

Fig. 3.7  Spatial patterns of the decadal CEOF mode of water temperatures. Contours indicate 
CEOF amplitudes (°C), and the confidence interval (CI) is given at the top of each panel. Dark 
(medium) gray shading indicates the region where correlation coefficients are higher than 0.7 
(0.5) between the temperature and principal component time series. The amplitudes are also indi-
cated by the length of the arrows according to the scale in the respective panels. Phases are indi-
cated by the direction of the arrows: an arrow pointing to the right indicates 0° phase, an arrow 
pointing to the top of the page is 90°, etc. (phase increases in the direction of arrow rotating 
counterclockwise). The direction of phase increase is the direction of phase propagation (from 
Minobe et al. 2004)
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The spatial inhomogeneity and subsurface variance maximum of the decadal mode 
imply that decadal migration of upper ocean circulation in the East Sea could be 
an important factor controlling decadal SST variability, together with the local air-
sea heat exchange.

Upper ocean temperature variability in the East Sea is likely part of a profound 
feedback system affecting the regional weather and climate system. When cold, 
dry air from the Siberian continent flows over the warm East Sea, an internal 
marine boundary layer develops in the atmosphere with offshore fetch by extract-
ing large amounts of heat from the ocean surface (Khelif et al. 2005; Shimada and 
Kawamura 2006, 2008). Hence, the SST condition significantly influences wind 
direction and speed, turbulent heat flux, and precipitation over the East Sea (Hirose 
and Fukudome 2006; Hirose et al. 2009). Furthermore, Yamamoto and Hirose 
(2008, 2009, 2011) demonstrated that mesoscale SST features help improve simu-
lation not only of developing cyclones in the northwestern Pacific but also of the 
regional winter atmospheric circulations associated with cold air outbreaks over 
the eastern coast of the Eurasian Continent. Also, Seo et al. (2014) exhibited that 
the SST variability in the East Sea can have a far-reaching and strongly non-linear 
impact on large-scale atmospheric circulation over the North Pacific.

3.4.2.2  Sea Surface Height

The accumulation of multi-year satellite altimetry data has allowed investigations 
of spatial patterns and interannual-decadal variations of upper ocean circulation 
over the East Sea. Choi (2004) studied non-seasonal variability of sea surface 
height (SSH) using EOF analysis of merged TOPEX/Poseidon and ERS-1/2 altim-
eter data and identified dominant patterns of intraseasonal and interannual vari-
ations of SSH in the East Sea. Such basin-wide oscillations related to variability 
of the SPF are correlated with sea level changes near the Korea Strait, implying 
a close linkage with path variations of the TWC. Satellite SSH data also revealed 
biennial variability over the Yamato Basin (Hirose and Ostrovskii 2000). Similar 
oscillations were found in the transport of the TWC (Toba et al. 1982) and in SST 
variation along 134°E (Isoda 1994), although dynamical relationships among 
them are unclear. The biennial variability might be an event-like pattern induced 
by slowly moving eddies or an internal basin mode of the East Sea (Hirose and 
Ostrovskii 2000; Gordon and Giulivi 2004). From a different point of view, Senjyu 
et al. (1999) documented interannual (2.8 years) variability of sea levels simul-
taneously oscillating at the Japanese coast (both inside and outside the East Sea) 
and, based on a positive correlation with the East Asian winter monsoon index, 
suggested that the SSH variability can be attributed to anomalous heat loss associ-
ated with cold air outbreaks.

Gordon and Giulivi (2004) reported that SSH decadal-scale variability 
within the East Sea is associated with the PDO, suggesting that negative PDO 
leads to warmer SST and then higher SSH through the steric effect. Kang et al. 
(2005) hypothesized that decadal variability of SSH might be attributed to that 
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of heat content anomaly in the upper 300 m of the Pacific Ocean (Levitus et al. 
2001) flowing into the East Sea interior, as well as meridional migration of the 
EKWC/TWC and mesoscale eddies, thus emphasizing the importance of oceanic 
processes (currents and waves passing through straits) in transferring climate vari-
ability in the open ocean into the marginal sea. The long-term sea level trend over 
the entire East Sea, determined from analyses of satellite altimeter and tide gauge 
data (Kang et al. 2005, 2008), is 5.4 ± 0.3 mm year−1, much larger than the global 
rates of 3.1 ± 0.4 mm year−1 from Cabanes et al. (2001) and 2.8 ± 0.4 mm year−1 
from Cazenave and Nerem (2004). Long-term variability of SSH in the East Sea is 
mainly due to steric height change in the upper layer of the southern region, which 
is correlated with the heat anomaly pattern in the Pacific Ocean. Kang et al. (2005) 
hypothesized that the long-term variation of sea level in the Pacific penetrated into 
the East Sea via the TWC.

3.5  Summary and Remaining Questions

In this chapter, we have introduced spatial and temporal variations of water proper-
ties in the East Sea, together with water masses identified in previous studies. SST, 
SST-front structures, and the MLD in the East Sea all show remarkable seasonality 
related to ocean circulation and local atmospheric buoyancy forcing. In particular, the 
spatial structure of the SPF varies due not only to mesoscale eddies near the frontal 
region, but also to atmospheric wind forcing affecting migration of the EKWC/TWC. 
The strong subpolar SST front near 40°N hinders winter development of the surface 
mixed layer, thereby contributing to spatial inhomogeneity of MLD patterns.

The East Sea consists of various water masses, some of which are transferred 
from outside the marginal sea while others are formed within. The distinct exterior 
water masses are LSTWW presumably originating from diluted Changjiang river 
water, and HSTWW derived mainly from Kuroshio water in the Pacific. Those 
two exterior waters significantly influence water mass formation, especially ESIW 
and HSIW. The interior water masses are diverse, but most of them are formed in 
the northern part of the East Sea, TDW being an exception. TDW is a layer with 
nearly uniform water temperature (around 10 °C), analogous to mode waters in the 
open ocean; it is often found around the Ulleung Basin in the southwestern part 
of the East Sea. Among the interior water masses, there are two remarkably dif-
ferent intermediate waters in the East Sea, HSIW and ESIW. Both of these inter-
mediate waters have similar density ranges, but their salinities and geographical 
locations are different. HSIW with high salinity and high oxygen concentration is 
trapped within the eastern Japan Basin where it is formed in wintertime. On the 
other hand, ESIW with a salinity minimum is subducted southward into the per-
manent thermocline and extends to both the southern part of the East Sea and the 
eastern part along the SPF front. Some of the ESIW is transported to the Korean 
coastal region, contributing to NKCW along the east coast of Korea and KSBCW 
in the Korea Strait.
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Below the intermediate waters, there are ESCW, ESDW, and ESBW which 
have been recently identified in high precision hydrographic data from the 
CREAMS observations. Valuable datasets obtained from CREAMS revealed 
not only circulation patterns of deep waters but also long-term changes of those 
water masses. It has been found that water mass characteristics in the 1990s differ 
from those in the 1960s.The depth ranges of intermediate water and ESCW have 
been expanding for several decades, while those of ESDW and ESBW have been 
continuously shrinking, although occasional formation of ESBW was evident in 
2000/2001.

Long-term variability of the East Sea is likely affected by inflows through the 
Korea Strait as well as local and remote atmospheric forcing. Cold air outbreak 
activity in winter, which has a significant correlation with larger scale atmospheric 
patterns like the AO, induces low frequency variability of SST. Although statisti-
cal correlations with atmospheric patterns have been reported, a detailed physical 
process leading to the spatiotemporal variability of the SST with interannual time-
scales is still uncertain. Also, highly energetic variability near the SPF suggests 
that upper ocean current meandering, presumably driven by flow instability, local 
atmospheric forcing and inflow transport, is one of the important factors control-
ling long-term variability of upper ocean properties. Likewise, analysis of SSH 
data in the East Sea presents statistically significant correlations with local (mon-
soon index) and remote (PDO index) atmospheric variability as well as variability 
in the Korea Strait. Decadal variability of SST, heat content, and SSH in the East 
Sea is evidently synchronized with variability in the North Pacific. However, it is 
still unclear whether large-scale atmospheric patterns such as the AO simultane-
ously force the East Sea and the Pacific or whether variability in the Pacific propa-
gates into the East Sea.

Remaining issues regarding spatiotemporal variability of water proper-
ties in the East Sea are mostly related to understanding the dynamical processes 
involved. The following are relevant questions. How are the intermediate waters 
formed? Where are they destroyed? Why and how have water masses in the East 
Sea changed with decadal timescales? What controls the interannual-decadal vari-
ability of upper ocean temperature? Although some hypotheses on these ques-
tions have been suggested in previous studies, many detailed processes are still 
uncertain. Answers to these questions will enable us to determine how the East 
Sea will evolve in the future and how such evolution of physical states affects the 
biogeochemical environment of the East Sea as well as the regional climate sys-
tem. From the viewpoint of a miniature ocean, our understanding of East Sea vari-
ability should facilitate foreseeing future changes of the global ocean. To achieve 
these goals, it is obvious that long-term and large-scale comprehensive observa-
tions should be maintained in the East Sea.
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Abstract Recent basin-wide direct observations of near-surface circulation in the 
East Sea (Japan Sea), using satellite technology, reveal new circulation features. The 
East Korea Warm Current and Eastern Branch, originating from the Tsushima Warm 
Current, join to form the East Sea Current in the interior of the southern East Sea 
after leaving the coast. The formation mechanisms of the East Korea Warm Current 
and the Eastern Branch are diverse and their detailed dynamics are discussed in this 
chapter. The East Sea Current then exits the East Sea mainly through the Tsugaru 
Strait and this new current system is well reproduced by numerical models. The 
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Nearshore Branch and the North Korea Cold Current are only observed in summer 
months (May–August) and reversal of the North Korea Cold Current during winter 
is observed by the drifters. Mesoscale eddies are prevalent in the southern East Sea. 
They congregate in meridional bands and eddies are born, grow, propagate, and decay 
in a band determined by the vorticity of the mean flow. Many anticyclonic eddies in 
the Ulleung Basin (a negative vorticity zone) have life spans longer than one year, 
being sustained by kinetic energy received from the meandering mean flow. Deep 
water in the Japan Basin circulates cyclonically, and part of it penetrates into the 
southern Ulleung and Yamato basins through the channels and gaps. Deep cyclonic 
circulation in the Japan Basin appears to have strong mean currents of 4–8 cm s−1 
along the perimeter of the basin and slow flows of 1–3 cm s−1 in the basin’s inte-
rior. In the Ulleung Basin the deep flow is weak and highly variable with alternating 
cyclonic and anticyclonic sub-basin-scale cells. Deep circulation in the Japan Basin 
shows a distinct seasonal cycle with maximum speed in March and minimum speed 
in November. The seasonal variation of deep currents is not strong in the Ulleung 
and Yamato basins but the dominant variability is found to be in the 5–60-day period 
band. The deep circulation may be formed by cold-water convection rather than sur-
face wind forcing, but the driving mechanism of the deep circulation is one of the 
unknown issues in the East Sea. Numerical simulations with realistic topography and 
forcing, high resolution, and lateral boundary conditions produce pictures of the cir-
culation with many of the features observed in the entire East Sea, and they provide 
an opportunity to understand the dynamical processes of the East Sea circulation in 
detail. Numerical models with data assimilation have also been attempted success-
fully to interpret the near-surface and deep circulations in the East Sea.

Keywords Circulation · Currents · Dynamics · Numerical models · East Sea 
(Japan Sea)

4.1  Introduction

Maps of ocean near-surface circulation were historically drawn by compiling ship-
drift data logged by sailors. Ship-drift data from merchant ships on the East Sea 
were scant and most of the information on the basin-scale surface circulation was 
based on hydrographic data. Uda (1934b) first performed basin-wide hydrographic 
surveys in the East Sea and was able to draw a current map which, until recently, 
was used extensively. Determination of the absolute current from hydrographic or 
Acoustic Doppler Current Profiler (ADCP) data has spatial and temporal limitations 
such as infrequent sampling, insufficient coverage by shipboard observation, and 
difficulty of defining a reference-level velocity in the shallow coastal sea. But basin-
wide absolute current observations have been performed using recently developed 
satellite remote sensing technology. Sections 4.2 and 4.3 describe mean and tem-
poral variations of East Sea near-surface circulation, including mesoscale eddies, 
based on 325 satellite-tracked drifters deployed mostly in 1996–2008, and satellite 
measurements of sea surface temperature (SST) and sea level anomaly (SLA).
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The existence of the thermohaline circulation (THC) or the conveyor-belt sys-
tem has often been referred to as one of the oceanic characteristics of the East Sea 
(Gamo 1999; Kim et al. 2001). As in the North Atlantic, the THC of the East Sea 
consists of deep-water formation processes (see Chap. 3 and references therein), 
interior upwelling processes, surface return flows (Park 2007), and deep circula-
tion. The upwelling processes are largely unknown, however, mass balance con-
siderations cast doubt on significant upwelling occurring across the 1800 m depth 
level in the central Ulleung Basin (UB) (Chang et al. 2009). Section 4.4 describes 
deep currents directly observed by Argo or Argo-type floats and current meter 
moorings in the East Sea as a branch of the THC, followed by a short review of 
the THC strength. Parking depths of the floats ranged from 700 to 800 m, but they 
are regarded as representing currents at 800 m since vertical current shear is weak. 
Water at 800 m depth corresponds to East Sea Central Water according to Kim et al. 
(2004a). The moored current measurements have been carried out mainly between 
700 m depth and near the seabed. The history of float and moored current observa-
tions in the East Sea is introduced in Chap. 1. Water mass formation and character-
istics of subsurface water masses with their variability are detailed in Chap. 3.

As described in Chap. 3, water masses in the East Sea are usually divided into 
three layers: the upper, intermediate, and deep layers. It is not clear whether cir-
culation patterns also change from one water mass to another. Observations indi-
cate that coupling between the upper layer occupied by Tsushima Warm Water 
(TWW) and the underlying layers is very weak, whereas that between the interme-
diate and deep layers is much stronger (Kim et al. 2009a). In fact, some observed 
deep currents show a weak bottom-trapped nature extending up to the intermediate 
layer, and are very different from the overlying currents carrying the TWW (Kim 
et al. 2013). Weak coupling between the upper and underlying layers can also be 
inferred dynamically from the fact that currents carrying the TWW are driven by 
inflow and outflow, whereas the underlying layers, nearly homogeneous in the ver-
tical and much denser than the overlying layer, are isolated within the East Sea 
basin. The region north of the subpolar front, referred to as the cold-water region, 
is occupied by water colder than the TWW. In the cold-water region, the coupling 
between the upper layer and the underlying layers is not clear, but it seems to be 
stronger than that in the TWW region because of weaker stratification, especially 
in winter when the cold water-region loses much buoyancy through intense cool-
ing (e.g. Seung and Yoon 1995a). Overall, the circulation in the East Sea may be 
divided largely into two regimes, the upper-layer circulation carrying the TWW 
and the underlying deep-layer circulation. It is noted, however, that the cou-
pling between them, though weak, should be further quantified in future studies. 
Section 4.5 discusses some fundamental dynamical issues relating to upper- and 
deep-layer circulations in the East Sea, based on recent studies.

Early studies on dynamical processes in the East Sea employed numerical mod-
els with idealized and simple topography and coastline configurations. Although 
the simple models did not simulate realistic circulations and other phenomena in 
the East Sea, they have contributed to our understanding of the East Sea’s circula-
tion dynamics. With increasing computational resources since the 1990s, realis-
tic configurations with real topography, time-varying meteorological forcing, and 

http://dx.doi.org/10.1007/978-3-319-22720-7_3
http://dx.doi.org/10.1007/978-3-319-22720-7_1
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improved open boundary conditions have appeared in modeling studies of the East 
Sea circulation. They have simulated realistic surface and sub-surface circulations, 
thereby expanding our understanding of the East Sea. Furthermore, sensitivity 
experiments of various numerical configurations have expanded our understand-
ing of the relationship between small-scale phenomena and large-scale circula-
tion in the East Sea. Numerical modeling has also advanced into an operational 
ocean forecast system. As ocean observational data have increased with advanc-
ing observing technology such as Argo floats, satellite remote sensing, and so on, 
ocean data assimilation techniques have been applied to numerical models in the 
East Sea. Section 4.6 describes numerical circulation models and data assimilated 
models which help us to understand observed circulation features of the East Sea.

4.2  Near-Surface Circulation

4.2.1  Mean Surface Current

Based on historical hydrographic data and current data from shipboard ADCPs, 
earlier studies (e.g. Katoh et al. 1996; Cho and Kim 2000) have suggested that 
the Tsushima Warm Current (TWC) entering into the East Sea splits into three 
 currents: (1) The East Korea Warm Current (EKWC) flows along the eastern 
coast of Korea and enters the UB. (2) The Nearshore Branch follows the northern 
coast of Japan all the way up to the Tsugaru Strait. (3) The Offshore Branch flows 
into the Yamato Basin (YB) but its path is not as well defined as the other two 
branches. However, recent deployments of satellite-tracked drifters have revealed 
different mean flow patterns in the East Sea after the TWC passes through the 
Korea Strait (Lee and Niiler 2010a). More than 50 % of the time, drifters passing 
through the western channel of the Korea Strait followed the EKWC path along 
the Korean coast. The EKWC meanders after entering the UB and organizes itself 
into a broad East Sea Current after merging with the flow from the eastern channel 
of the Korea Strait (Eastern Branch) (Fig. 4.1; Lee and Niiler 2005). The EKWC 
behaves like Arruda et al.’s (2004) simple model in which eddies are generated 
by a meandering current and the mean current exits through the Tsugaru Strait. 
Most of the time, the current in the eastern channel of the Korea Strait (Eastern 
Branch in Fig. 4.1) flows along the coast of Japan either up to the Oki Bank or to 
the Noto Peninsula and then joins the East Sea Current (Fig. 4.1). In summer only, 
the Nearshore Branch of the TWC develops along the coast of Japan. The East Sea 
Current (Lee and Niiler 2005) is the broad current that the EKWC and Eastern 
Branch form after leaving the respective coasts of Korea and Japan. The naming 
of this new current is needed to address the observed features: that the EKWC 
becomes a strong mean current in the middle of the southern East Sea and that the 
Eastern Branch, most of the time, enters the YB after leaving the coast of Japan. 
This broad mean current system has also been reproduced well by recent high 
 resolution numerical models (Luneva and Clayson 2006; Clayson et al. 2008). 
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More detailed descriptions of the southern East Sea surface circulation, including 
an historical view of the branching of the TWC, are found in Sect. 4.5.2.

In the northern East Sea, no distinctive year round mean current is observed 
except the Liman Current which flows southward along the Siberian coast down to 
Vladivostok (Fig. 4.1). The Liman Current, first described by Uda (1934a), derives 
from the freshwater flux related to ice melting in the Tatarsky Strait and from the 
wind drift (Martin and Kawase 1998; Park et al. 2006). Although the North Korea 
Cold Current (NKCC) appears, from numerical model simulation, throughout the 
seasons with seasonal transport variation (Kim and Min 2008), it is only during 

Fig. 4.1  Schematics of the surface circulation of the East Sea based on satellite tracked drifters. 
Dotted lines represent the current observed only in summer months (May–August)
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summer that it has been observed from drifters. From over 325 drifters that were 
mostly deployed in the southern East Sea, only a few crossed the subpolar front 
between the warm-energetic southern East Sea and the cold-less-energetic north-
ern East Sea (Fig. 4.2), and thus there were not many drifter observations in the 
northern East Sea from which a mean circulation can be defined.

4.2.2  Variability of the Surface Current  
and the Subpolar Front

The subpolar front divides the East Sea into two regions: (1) the energetic south-
ern East Sea with large eddy kinetic energy (EKE) in which a strong mean flow 
enters the basin and exits through the Tsugaru and Soya straits, and (2) the calm 
northern East Sea with small EKE in which no distinctive year-round mean flow is 
found (Fig. 4.2). Historically the NKCC has been regarded as a year round mean 
current along the coast of North Korea (e.g. Kim and Min 2008). But large sea-
sonal changes including a reversal of the NKCC have been observed (Yang 1996; 
Lee and Niiler 2005; Yoon et al. 2005). The subpolar front is observed year round 
nearly along 40°N in the northeastern East Sea (Fig. 4.1), but a separate front with 
characteristics similar to the subpolar front is found in the middle of the south-
ern East Sea, formed by the reduced transport of warm water through the Korea 
Strait in spring (Lee and Niiler 2005). The subpolar front inferred from analyzing 
Lagrangian observations of individual float tracks may differ from the subpolar 
front described in Chap. 3, but it represents well the boundary between the less 
energetic northern East Sea and the energetic southern East Sea, formed by warm 
water inflow from the East China Sea through the Korea Strait.

Fig. 4.2  Square root of eddy 
kinetic energy at the sea 
surface from surface drifter 
data (Redrawn from Lee and 
Niiler 2005)
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The EKWC, after leaving the coast, forms various circulation patterns in the 
UB, depending on eddies and separation location from the coast (Katoh et al. 
1996; Mitchell et al. 2005b). Three patterns from drifter tracks are recognized 
for the flow entering the East Sea through the western channel of the Korea Strait 
(Lee and Niiler 2010a): (1) Flow with large negative vorticity gains more nega-
tive vorticity from the deepening topography and so turns clockwise. It then joins 
the flow from the eastern channel of the Korea Strait and flows along the coast of 
Japan up to the Oki Spur (Tsushima Warm Current Pattern). (2) When the flow 
has mean speed over 55 cm s−1 with large positive vorticity, potential vorticity 
conservation applies and the EKWC follows the isobaths first along the coast and 
then along a topographic feature north of Ulleungdo (Ulleung Island) (Inertial 
Boundary Current Pattern). After entering the northern UB, the flow becomes 
an inertial meandering jet similar to a western boundary current. (3) The EKWC 
with small negative vorticity follows the southeastern coast of Korea up to 38°N 
(Ulleung Eddy Pattern) and meanders through the UB after entering it. Branching 
of the flow after passing through the western channel of the Korea Strait is found 
to occur only 15 % of the time; thus splitting or branching of the TWC at the 
entrance of the East Sea reported in hydrographic surveys and in theoretical stud-
ies is possibly attributable to the fact that the flow in each channel of the Korea 
Strait chooses a separate path.

Contrary to previous studies, the Nearshore Branch along the Japan coast and 
the NKCC along the North Korea coast are observed only in summer months 
(Lee and Niiler 2005). A northward NKCC along the coast up to the area west 
of Vladivostok in winter months is a surprising new observation. This reversal of 
the NKCC was observed from drifters (Yang 1996) and it has also shown up in a 
numerical model (Yoon et al. 2005). The Liman Current is assumed to be a year 
round current, but those far northern areas are too remote to aquire enough meas-
urements for studying surface circulation.

4.2.3  Coastal Upwelling

The TWW along the east coast of Korea is carried by the northward flowing 
EKWC south of the subpolar front of the East Sea. The North Korea Cold Water 
(NKCW), originating from the western Japan Basin (JB) and carried by the 
NKCC, occupies the lower layer below the TWW with the permanent thermocline 
between them. In summer (June–August), the TWW includes the Low Salinity 
Tsushima Warm Water and High Salinity Tsushima Warm Water (HSTWW) (see 
Chap. 3), and the water column exhibits a three-layer structure. Due to the north-
ward flowing EKWC and southward flowing NKCC underneath the EKWC (Byun 
and Seung 1984; Chang et al. 2002), isopycnals (isotherms) slope upward towards 
the coast. Subsurface isotherms further shoal and outcrop at the sea surface in 
summer when southerly winds prevail, and the surfacing of subsurface isotherms 
can occur in a few days (Byun 1989). Hence, coastal upwelling in the east coast 

http://dx.doi.org/10.1007/978-3-319-22720-7_3
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of Korea occurs due to the combined effects of the background current (EKWC) 
and upwelling-favorable southerly winds (An 1974; Seung 1974; Lee 1983; Byun 
and Seung 1984; Lee and Na 1985). The source of cold waters upwelled to the sea 
surface can be either the HSTWW or the NKCW depending on the intensity of the 
upwelling (Kim and Kim 1983; Lee and Na 1985; Byun 1989; Lee et al. 1998).

The summertime southerly wind has been shown to be correlated with SST 
(Lee 1983; Lee et al. 2003b). Surface cold waters, however, have been fre-
quently observed in a localized region, the Gampo-Ulgi area (GU area) (Fig. 4.3), 
although the southerly wind prevails along the entire east coast of Korea in sum-
mer. In the GU area, 80 % of southerly wind events caused the SST to drop more 
than 1.0 °C (Lee et al. 1998), and the SST decrease resulting from an upwelling-
favorable wind occurs in 3–18 h (Lee et al. 2003b). Other factors responsible for 
localized upwelling in the GU area include steeply sloping isopycnals towards the 
coast due to an approach of the EKWC, local diverging topography, separation of 
the EKWC near Gampo, and the degree of stratification (Byun and Seung 1984; 
Lee and Na 1985; Lee et al. 1998, 2003b). Mean SST drops in the GU area during 
summer upwelling events are about 3.0–4.0 °C (Lee 1983; Lee et al. 1998) with 
a maximum SST drop of 12.2 °C in 1978 (Lee 1983) and an even bigger drop 
of 14.0 °C in 1997 at Gampo (Lee et al. 2003b). When strong winds (3–6 m s−1) 
persisted for at least 3 days, upwelling events occurred, and the events persisted 
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Fig. 4.3  Satellite images of a sea surface temperature from NOAA on 20 July 2013 and 
b chlorophyll a on 21 July 2013. Surface cold waters along the east coast of Korea including 
the Gampo-Ulgi area due to coastal upwelling can be seen. Coastal high chlorophyll water off 
Gampo-Ulgi area can also be seen together with offshore advection of cold and high-chlorophyll 
coastal water due to the East Korea Warm Current
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for 3–33 days (Lee 1983). Byun (1989) applied a 3-layer model of upwelling 
(Csanady 1982) and showed that wind impulse, the time-integrated wind stress, 
during upwelling events in 1982 and 1983 ranged from 10 to 40 m2 s−1, which 
corresponds to a wind blowing for 5–20 days with speed of 4 m s−1.

In eastern boundary upwelling regions, significant correlations are often 
found between an upwelling-favorable wind and other variables than SST, such 
as coastal sea level and alongshore current (e.g. Smith 1974). On the other hand, 
coastal sea level is poorly correlated with wind in the GU area (Lee et al. 2003b) 
indicating other factors affecting the subtidal sea level variability (e.g. Lyu et al. 
2002; Cho et al. 2014). Subtidal current fluctuations representing EKWC varia-
tion were also shown to be only marginally correlated with local wind (Lee et al. 
2003b). Coastal upwelling in the GU area also occurred in spring (Byun and 
Seung 1984; Hyun et al. 2009).

The GU upwelling area often forms a semi-circle of cold water, with a radius 
of about 10–20 km from the coast to the upwelling front (Byun 1989). Satellite-
derived SST images also showed that upwelled cold water in the GU area pro-
trudes to the northeast (Byun 1989; Lee et al. 1998).

Seung (1984), using a simple 2-layer numerical model, suggested several pos-
sible upwelling centers, other than the GU area, along the east coast of Korea, 
due to coastal geometry. The satellite image in Fig. 4.3 clearly shows that coastal 
cold waters due to upwelling are also found in other coastal areas, which has been 
poorly documented. A report was given of an observation of the appearance of 
unusually cold surface water in the mid-east coast of Korea, north of the GU area, 
caused by the most intense southerly winds for the past 10 years resulting from a 
large-scale atmospheric condition (Park and Kim 2010).

Coastal upwelling at the east coast of Korea has important local and basin-
scale consequences in terms of biogeochemical aspects (see Chap. 10). Locally, 
the GU upwelling area in summer is characterized by high primary production 
(Han et al. 1998), high chlorophyll fluorescene (Lee and Kim 2003), high zoo-
plankton abundance (Lee et al. 2004), relatively low detritus percentage, high 
values of vertically integrated planktonic carbon, high percentage of particulate 
organic carbon and nitrogen in total suspended matter, and low ratio of particu-
late organic carbon to chlorophyll a (Yang et al. 1998) compared to those in off-
shore regions and in other seasons. The upwelled water in the area also has high 
dissolved oxygen content, low pH, and high alkalinity (Lee and Kim 2003). The 
oxygen rich upwelled water observed in 2001 suggests its origin from the NKCW 
rather than either the Japan Sea Proper Water or the TWW, at least in 2001 (Lee 
and Kim 2003).

Coastal waters with high productivity due to coastal upwelling are drawn off-
shore by large-scale circulation set by the EKWC and/or the mesosale circulation 
of the Ulleung Warm Eddy (UWE), resulting in enhanced biological productivity 
in the UB (Onitsuka et al. 2007; Hyun et al. 2009; Yoo and Park 2009) (Fig. 4.3). 
Without the coastal upwelling, the nutrient-depleted EKWC acted to decrease 
chlorophyll concentration in the middle of the UB (Son et al. 2014). Hence, the 
coastal upwelling together with surface circulation would be an important factor in 

http://dx.doi.org/10.1007/978-3-319-22720-7_10
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making the UB the most productive basin among the three basins of the East Sea 
(Yamada et al. 2005; Kwak et al. 2013).

Consecutive hydrographic data support the highly-variable nature of the coastal 
upwelling (Byun 1989; Lee and Kim 2003). On the other hand, time series data 
to reveal the multiple scale variability is scarce, partly due to heavy fishing activi-
ties in the coastal areas. More observational efforts are required to delineate the 
spatial and temporal structure of the upwelling and to unravel the physics behind 
the coastal upwelling. Also biogeochemical and ecosystem responses to coastal 
upwelling have not yet been fully addressed, although many studies have pointed 
out the importance of the coastal upwelling in maintaining high primary produc-
tivity in the UB. Even a qualitative description of coastal upwelling in coastal 
regions along the east coast of Korea other than the GU area is lacking.

4.3  Mesoscale Eddies

4.3.1  Characteristics of Eddies

The East Sea is one of the most eddy-rich regions of the world ocean (Ichiye and 
Takano 1988). In particular, many warm and cold eddies are found near the UB 
(Lie et al. 1995; Lee and Niiler 2005), and eddies in this region can be classified 
into three groups (Lee and Niiler 2010b): (1) coastal eddies along the Korean 
coast, (2) frontal eddies along meanders of the inertial boundary current, (3) UWE 
and Dok Cold Eddy (DCE). The UWE and DCE are clustered mostly in the neg-
ative and positive relative vorticity areas, respectively (Fig. 4.4). The UWE has 
the largest size (126 × 194 km) and longest mean life (171 days). Although the 
mean propagation direction of the UWE is southeastward, it sometimes moves 
northward along the Korean coast due to an oscillating EKWC (or subpolar front) 
meander and leaves the UB to enter the northern East Sea (Shin et al. 2005). The 
UWE originates from the EKWC and forms from a southward flow related to 
anticyclonic circulation around Ulleungdo (Tanioka 1968; Mitchell et al. 2005b). 
Arruda et al. (2004) argued that the UWE may not be related to instabilities but 
instead may be due to the effects of the meridional gradient of planetary vorticity 
(β) and nonlinearities. Temporal evolution of the UWE is presented in Sect. 4.3.2. 
When the EKWC is weak and linear, there is no eddy formation, in agreement 
with this observation.

The DCE is located south of Dokdo throughout much of the year (Fig. 4.5). 
The DCE is generated through an instability process, followed by a retreat of the 
subpolar front, when a large-amplitude meander pinches off between Ulleungdo 
and Dokdo (Mitchell et al. 2005a). The DCE is typically about 60 km in diameter 
and its center was observed between 130.5°E and 132°E from June 1999 to July 
2001. After formation from the subpolar front, the DCE stays southwest of Dokdo 
for 1–6 months before propagating westward toward Korea where it merges with 
the EKWC, or is engulfed in a southward meander of the subpolar front. When the 
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Fig. 4.4  Distribution and propagation of eddies plotted on a colored background of mean rela-
tive vorticity (see color bar). Four meridional bands of mean relative vorticity and three groups of 
eddies are demarcated by dotted lines and green lines, respectively (from Lee and Niiler 2010b)

Fig. 4.5  Average dynamic height over a 2-yr deployment in the Ulleung Basin. The mean posi-
tions of the EKWC, Ulleung (Warm) Eddy, Subpolar Front, and the Dok Cold Eddy are labeled. 
The white diamonds, from left to right, are Ulleungdo (Ulleung Island), Dokdo (Dok Island), and 
a seamount that reaches within 500 m of the surface (from Mitchell et al. 2005a)
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DCE approaches the Korean coast, the EKWC diverts eastward around it, suggest-
ing that DCEs play an important role in the path of the EKWC.

Two to four warm eddies always exist in the YB (Isoda 1994; Morimoto et al. 
2000) (Fig. 4.6). Warm eddies are generated in spring around the Oki Islands 
due to the flow over the bottom topography around the Oki Bank. After separat-
ing from the Oki Bank, the warm eddies move eastward along the Japanese coast 
or offshore from the Japanese coast. While they are moving, the warm eddies 
sometimes coalesce with neighboring warm eddies or split into multiple eddies. 
The warm eddies move continuously eastward from the Noto Peninsula in win-
ter-spring with mean speeds of 0.5–2 cm s−1, reaching the northwestern coast  
of Japan in the following winter. In there they typically split into two or three 
small eddies, and decay within a few months.

The presence of mesoscale eddies and their migration in the upper layer results 
not only in strong upper layer currents with associated low-frequency variabil-
ity at a fixed location (Kim et al. 2009a) but also deep current fluctuations below 
1000 m (Takematsu et al. 1999b) and excitation of topographic Rossby waves 
(Kim et al. 2013). Anticyclonic mesoscale eddies, like the UWE in the East Sea, 
also interact with near-inertial waves funneling near-inertial motions to the deep 
layer below the eddies (Park and Watts 2005) and reflecting near-inertial waves 
within the thermostad of the eddy (Byun et al. 2010) (see Chap. 5.4).

Fig. 4.6  Schematic 
illustration of the movement 
process of warm eddies in 
the southeastern East Sea. 
Thin contour lines indicate 
the horizontal distribution of 
annual mean temperature at 
100 m depth (Redrawn from 
Isoda 1994)

http://dx.doi.org/10.1007/978-3-319-22720-7_5
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4.3.2  Evolution of the Ulleung Warm Eddy

The horizontal distribution of temperature and salinity at a depth of 200 m is well 
suited for identifying warm eddies in the southwestern East Sea (Shin et al. 2005). 
In April 1993 the UWE (WE92) had a size of approximately 150 km east-west and 
170 km north-south at 200-m depth (Fig. 4.7). The surface homogeneous layer of 
10 °C (Ten Degrees Water, see Sect. 3.3.1) and 34.2 psu inside the UWE was pro-
duced by vertical convection from sea-surface cooling in winter, and deepened to a 
maximum of about 250 m in early spring. The homogeneous water displays posi-
tive oxygen and negative salinity anomalies relative to the surrounding thermo-
cline water, indicative of formation from winter mixed layer water (Gordon et al. 
2002). The deep homogeneous layer is a characteristic of a warm eddy that win-
ters in the East Sea (Shin et al. 1995) and in the Kuroshio Extension (Tomosada 
1986; Yasuda et al. 1992). From April to September, WE92 shrunk about 20 km in 
the east-west and about 80 km in the north-south directions (Fig. 4.7). The thick-
ness of the homogeneous layer was also reduced to depths between 70 and 150 m. 
When the EKWC and the warm eddy converged around Ulleungdo, the EKWC 

Fig. 4.7  Temperature (°C) and salinity (psu) vertical cross-sections in (upper) April and (lower) 
September 1993 (Redrawn from Shin et al. 2005)

http://dx.doi.org/10.1007/978-3-319-22720-7_3
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supplied water of high temperature and salinity to the UWE; the EKWC flowed 
around the edge of the UWE in spring (Fig. 4.7) and gradually expanded into the 
inner portion during summer and fall.

Eddies are important to biological productivity, because of their association 
with upwelling of subsurface water. One of the mechanisms responsible for nutri-
ent input into the euphotic zone is uplifting of the nutricline by cyclonic eddies, 
known as “eddy pumping,” which results in enhanced primary production inside a 
cyclonic eddy (Falkowski et al. 1991). High primary productivity in the East Sea 
during late spring and early fall appears to be sustained by the interaction between 
eddies and wind, as well as other factors such as coastal upwelling and terrestrial 
nutrient input during the rainy season (e.g. Hyun et al. 2009).

4.4  Thermohaline Circulation

4.4.1  Rates of Water Mass Formation

The strength of the ocean’s THC is often represented by a zonally integrated 
meridional streamfunction (MOC, meridional overturning circulation). The MOC 
can be calculated from full-depth hydrographic observations along latitude lines 
(Talley et al. 2003), numerical model results (Balmaseda et al. 2007), and direct 
observations (McCarthy et al. 2012). In the East Sea, it is difficult to calculate the 
MOC using hydrographic data, because the properties of thick deep water masses 
are almost homogeneous with little spatial density contrast. According to the 
meridional streamfunction based on numerical model results driven by climato-
logical forcing, there exists a closed streamfunction similar to the Atlantic MOC 
although the East Sea’s inflow-outflow system complicates the upper streamfunc-
tion field (Yoshikawa et al. 1999). Model-derived maximum East Sea MOC trans-
port is about 0.6 Sv (1 Sv = 106 m3 s−1), and below 1500 m the maximum value 
is about 0.15 Sv.

The water mass formation rate may set the strength of the THC (Kuhlbrodt 
et al. 2007). The formation rate of the Upper Portion of the Japan Sea Proper 
Water (UPJSPW) lying in the 400–1000 m depth range was estimated to be 0.48 
and 0.38 Sv, respectively, based on hydrographic data (Senjyu and Sudo 1996) 
and numerical model results forced by climatological forcing (Kawamura et al. 
2007). Box models constrained by observed chemical tracers yielded two dif-
ferent total formation rates of subsurface water masses below 600 m prior to the 
1960s: 0.65 Sv (Postlethwaite et al. 2005) and 1.41 Sv (Jenkins 2008). After the 
1960s, both estimates decreased to 0.27 Sv, which is about a 60–80 % reduction 
of the formation rate for those water masses; this was ascribed to the slow-down 
of the East Sea THC (Gamo 1999). A study using a moving boundary box model 
(MBBM) also suggests a decline in Bottom Water formation in 2000 compared 
with that in 1960 (Kang et al. 2003). However, the total formation rate of East 
Sea Central, Deep, and Bottom Waters in 2000, 0.49 Sv, remained the same as 
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that in 1960 in the MBBM, suggesting a change from bottom water formation to 
upper water formation without any significant reduction of the total formation rate 
of sub-surface water masses.

4.4.2  Deep Currents and Circulation

One distinctive characteristic of the East Sea is the prevalence of spatially homo-
geneous deep waters below the pycnocline. Density-based dynamic calculation is 
thus impractical and would give misleading values for the deep currents. Studies 
of subsurface circulation of the East Sea have benefited from tracer distributions, 
numerical modeling, moored current measurements since the late 1980s, and 
deployments of floats since 1995. Compilations of data from the floats and moored 
current measurements allow construction of mean circulation maps for the entire 
East Sea (Senjyu et al. 2005; Choi and Yoon 2010; Park and Kim 2013). Two-
year long continuous moored current and bottom pressure measurements between 
1999 and 2001 revealed details of the UB deep circulation (Teague et al. 2005). 
Schematic circulation maps suggested by previous studies are shown in Fig. 4.8.

The subsurface currents below the pycnocline are characterized by weak verti-
cal shear and barotropic fluctuations (Takematsu et al. 1999a; Senjyu et al. 2005; 
Chang et al. 2009). A limited number of full-depth current measurements from 
about 40 m to near the seabed shows that while low-passed subsurface current 
fluctuations below the pycnocline are coherent, the fluctuations of upper currents 
above 200 m are poorly correlated with those below the pycnocline (Kim et al. 
2009a, 2013).

4.4.2.1  Mean Currents

Figure 4.9 shows bin-averaged mean currents at 800 m, together with EKE, with 
bin size of 0.5° in both longitude and latitude based on a compilation of float data 
from 1999 to 2010 (Park and Kim 2013). Also Fig. 4.10 shows mean currents at 
82 locations measured at the deepest depth level of each mooring (below 1000 m 
except at 4 locations: U1, U6, Y16, Y17) by current meter moorings between 1986 
and 2007. The mooring periods mostly exceed 6 months except at 7 locations (U1, 
U6, U14, from YB15 to YB18). The deep current map shown in Fig. 4.10 has been 
updated from previous studies (Chang et al. 2002; Senjyu et al. 2005; Teague et al. 
2005) by adding more data available from various sources (MSA Reports 1995–
2007; Jang 2011; Baek et al. 2014; Lee and Chang 2014). The eddy/mean kinetic 
energy ratio is superimposed on the mean current vectors at 800 m in Fig. 4.9b, 
and denoted by colored circles at mooring locations in the UB in Fig. 4.10b.

The mean features of the deep circulation are a basin-scale cyclonic circulation 
in each of the three deep basins (Fig. 4.8a), with strong currents along the basins’ 
peripheries and weaker flows in the basins’ interiors (Figs. 4.9a, 4.10). Strong 
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cyclonic recirculation cells are found in the eastern JB and in the western YB (Choi 
and Yoon 2010; Park and Kim 2013). The deep circulation of the UB is complex 
with alternating cyclonic and anticyclonic sub-basin-scale cells (Fig. 4.8c) (Teague 
et al. 2005; Choi and Yoon 2010). Localized anticyclonic circulation at 800 m 
is found over the Korea Plateau (Park et al. 2004), seamounts over the Yamato 
Rise (Choi and Yoon 2010), and a seamount between Oki Bank and Yamato Rise 
(Choi and Yoon 2010) (Fig. 4.8b). Also observed is the flow at 800 m through a 
gap between the Oki Bank and the Yamato Rise, with mean volume transport of 
1.83 Sv below 200 m according to numerical model results (violet solid arrows in 

Fig. 4.8  Schematic deep circulation maps of a abyssal layer based on moored current meas-
urements (from Senjyu et al. 2005), b 800 m layer based on trajectories of floats. Red and vio-
let lines are drawn based on the float data, and dotted lines indicate the inferred continuation of 
subsurface currents (from Park et al. 2010), and c two-year average dynamic pressure field at 
1000 dbar with corresponding geostrophic current vectors determined by bottom pressure and 
current measurements (from Teague et al. 2005)
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Fig. 4.8b) (Park et al. 2010). It is argued that this throughflow in the gap is partly 
fed by the anticyclonic circulation over the Korea Plateau and an outflow from the 
UB (Park et al. 2010).

Space-time vector-averaged current in the entire East Sea based on float data 
at 800 m is about 2.5 cm s−1, but mean current speeds in the strong recircula-
tion cells reach 4–6 cm s−1 in the eastern JB and 7–8 cm s−1 in the western YB 
(Choi and Yoon 2010). The magnitude of deep currents at 800 m shows interbasin 

Fig. 4.9  0.5° × 0.5° bin-averaged currents at 800 m computed from float data compiled between 
1999 and 2010. Superimposed (color) are a eddy kinetic energy and b ratio between eddy kinetic 
energy and mean kinetic energy, based on the same data (Redrawn from data provided by Dr. 
Jong-Jin Park)

Fig. 4.10  a Mean abyssal currents based on long-term moored current measurements conducted 
in the Japan and Yamato basins between 1986 and 2007. b Expanded view of mean abyssal cur-
rents in the Ulleung Basin denoted by a box in (a). Ratio between eddy kinetic energy (EKE) and 
mean kinetic energy (MKE) in log scale is also shown as colored dots in (b). GP, UB, UE, UIG, 
UP denote Gangwon Plateau, Ulleung Basin, Ulleung Escarpment, Ulleung Interplain Gap, and 
Ulleung Plateau, respectively. For the detailed explanation of topographic features, see Sects. 1.1 
and Chap. 16

http://dx.doi.org/10.1007/978-3-319-22720-7_1
http://dx.doi.org/10.1007/978-3-319-22720-7_16
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differences, strongest in the JB and weakest in the UB (Choi and Yoon 2010; Park 
and Kim 2013) with maximum volume transports below 800 m (assuming no 
velocity shear below 800 m) in the JB, YB, and UB of about 10, 2.0, and 0.4 Sv, 
respectively (Choi and Yoon 2010).

Mean current speeds at deeper depths from mooring data range from 0.1 to 
8.2 cm s−1 (Fig. 4.10), and strong currents with speeds higher than 4.0 cm s−1 
were observed on the northwestern slope region of the YB (from Y26 to Y29) 
and the western slope region of the UB (U7, U8) which constitute the western 
boundary currents of the cyclonic circulation. The strong current on the eastern 
boundary of the JB (J18) is part of a deep cyclonic recirculation cell, and strong 
currents following the southeastern slope of the Ulleung Interplain Gap (UIG) 
(U23, U26) are due to the Dokdo Abyssal Current (DAC) (Chang et al. 2009). 
The Korea Plateau splits into the Ulleung Plateau to the east and the Gangwon 
Plateau to the west with the deep (>2000 m) and narrow (~10 km) Usan 
Escarpment in between (see Fig. 1.2 for topographic features in the UB). Moored 
current measurements at this passage (K2) show a relatively strong mean north-
ward flow of about 4.5 cm s−1 (Baek et al. 2014), indicating that part of the deep 
water entering the UIG from the western JB bifurcates into two branches, one 
branch flowing back to the JB through the Usan Escarpment and the other branch 
entering the UB. A weak southward abyssal flow observed at K1, north of moor-
ing K2, is thought to be due to the cyclonic penetration of abyssal waters near the 
northern side of the Usan Escarpment, according to Hogan and Hurlburt (2000). 
Over the Gangwon Plateau, northward abyssal currents are observed which cor-
respond to the western rim of the anticyclonic deep circulation over the entire 
Korea Plateau (Park et al. 2004; Teague et al. 2005). At U1 and U2, a short dis-
tance to the west from the northward currents over the Gangwon Plateau, abyssal 
currents in a depth range of 800–1200 m show an opposite direction, south or 
southeastward. The southward deep currents at U1 and U2 are thought to origi-
nate from the area farther north, merging with the deep cyclonic circulation in the 
UB to form the strong western boundary current observed at U7 and U8. A mean 
southward current is also observed at around 450 m at U6 (Jang 2011).

Analysis of float data indicates that the deep currents generally follow poten-
tial vorticity contours (f/H contours, where f is the local Coriolis parameter and 
H is the depth.) in the JB (Choi and Yoon 2010). On the other hand, the topogra-
phy-following characteristics of deep currents are less clear in the UB (Choi and 
Yoon 2010) and floats at 800 m tend to move toward shallower depths (Park and 
Kim 2013).

Evidence of cyclonic penetration of deep waters from the JB into the UB 
through the UIG was provided by both float data and moored current measure-
ments (Park et al. 2004; Teague et al. 2005; Choi and Yoon 2010). Deployment 
of an array of five mooring across the UIG revealed that the abyssal flow through 
the UIG shows a two-way circulation, weak, broad southwestward flows in the 
western UIG and strong, narrow northward flows of the DAC in the eastern UIG 
(Chang et al. 2009). The mean speed of the DAC at 2000 m is about 7.9 cm s−1 
with a maximum recorded current speed of about 33.9 cm s−1. Kim et al. (2013) 

http://dx.doi.org/10.1007/978-3-319-22720-7_1
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showed that the DAC extends from the bottom up to 300 m depth, while the upper 
currents, above 200 m, flow to the south or southwest opposite to the DAC. While 
the inflow transport towards the UB through the UIG below 1800 m is about 
0.15 Sv, the net volume transport is negligibly small with high temporal variability 
(Chang et al. 2009). It suggests an insignificant upwelling of deep water across 
the 1800 m depth level. On the other hand, other transport estimates from 250 m 
to the bottom or from 800 m to the bottom, based on numerical model results and 
float data, yielded a net inflow transport of about 0.3–0.4 Sv (Teague et al. 2005; 
Choi and Yoon 2010). The inflow transports below 250 m based on the models are 
estimated to be 0.68 Sv (Teague et al. 2005) and 1.0 Sv (Park et al. 2010). The for-
mation rate of the East Sea Deep Water below 1500 m determined by box models 
constrained by chemical tracers (Postlethwaite et al. 2005; Jenkins 2008) is about 
4–5 times smaller than the directly observed transport below 1800 m in the UIG, 
suggesting a different generation mechanism of deep currents besides that of deep 
water-formation (see Sect. 4.5.4) and implying that the water mass formation rate 
may not represent the strength of the East Sea THC.

4.4.2.2  Temporal Variability

While the mean speeds of deep currents range 0–8 cm s−1, temporal varia-
tion of these currents is large and instantaneous current speeds reach as high as 
30–50 cm s−1 below 2000 m (Takematsu et al. 1999a; Chang et al. 2009). EKE 
provides insights into the variability of currents, although it is often difficult to 
identify the source of variability. EKE from full-depth moored current meas-
urements in the UB from about 40 m depth down to 1500 m or deeper ranges 
from 1.5 to 440 cm2 s−2, and it sharply decreases at around 300 m depth near 
the permanent pycnocline (Kim et al. 2009a, 2013; Jang 2011). EKEs of deep 
currents below the pycnocline computed from mooring data at discrete loca-
tions range from 0.8 to 19.7 cm2 s−2 with the ratio between EKE and mean 
kinetic energy (MKE) ranging from 0.5 to 497 in the UB (Chang et al. 2002, 
2009; Teague et al. 2005; Kim et al. 2013). EKE of deep currents in the JB 
shows a similar range (Takematsu et al. 1999a). In the UB, low EKE/MKE ratios 
occur in regions of strong mean currents such as the DAC (U25, U23), on the 
western continental slope (from U7 to U9), over the Korea Plateau where the 
strong anticyclonic circulation exists (U3), and in the Ulleung Escarpment (K2) 
(Fig. 4.10b).

While the surface EKE based on surface drifters is low in the JB, except in a 
narrow band along the Primorye coast, EKE computed from the float data within 
0.5° bins at 800 m exhibits the highest EKE (~15 cm2 s−2) in the western JB (Fig. 
4.9a) where a strong dipole structure of wind-stress curl in winter is located (Park 
and Kim 2013). Apart from the western JB, EKEs are generally high (~5 cm2 s−2) 
in the interior of the UB and YB, and the eastern JB where mean currents are 
weak. The EKE/MKE ratio from the float data shows a high ratio in the UB and 
along the boundary of the dipole wind-stress curl in winter (Fig. 4.9b).
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Moored current measurements in the East Sea show a distinct seasonal vari-
ation of deep currents in the JB (Takematsu et al. 1999a) with maximum veloci-
ties (~4.4 cm s−1) in March and April and a minimum in November (~2.3 cm s−1) 
(Choi and Yoon 2010). The estimation of monthly mean velocities at 800 m using 
the float data from the JB also shows a clear seasonal signal with a maximum 
(~3.5 cm s−1) in March and a minimum in November (~2.3 cm s−1) (Choi and 
Yoon 2010). On the other hand, mooring data indicate that the seasonal variability 
of deep currents is not obvious in the UB and YB, showing double current speed 
maxima, one in January and the other in July/August (Chang et al. 2002; Choi and 
Yoon 2010). The monthly mean velocities from float data at 800 m in the UB and 
YB also show reduced annual amplitude with poorly defined seasonal variation in 
the UB and YB (Choi and Yoon 2010).

The integral time scale of the measured deep currents ranges from 3 to 30 days, 
indicating the dominant time scales of deep current fluctuations. Intraseasonal var-
iability of deep currents has been documented in the UB (Chang et al. 2002, 2009; 
Kim et al. 2013) with a period range of 10–60 days, and also in the YB with a 
shorter timescale of 2–10 days (Senjyu et al. 2005). Kim et al. (2013) showed that 
the variability of the DAC in the eastern UIG on timescales of 10–20 days is con-
sistent with the propagation of topographic Rossby waves associated with warm 
events in the upper layer resulting from eddying processes and/or meandering of 
the TWC.

4.5  Dynamical Aspects

4.5.1  How Is the Tsushima Warm Current Driven?

The question of how the TWC is driven has long been an interesting theoretical 
problem. There are some studies showing that volume transport of the TWC is 
related to sea level difference between the interior and exterior of the East Sea 
(Toba et al. 1982; Ohshima 1994; Tsujino et al. 2008). On larger spatial and 
temporal scales, the TWC can be thought of as linked essentially to the wind-
driven ocean circulation in the North Pacific, outside the East Sea. This idea was 
first explored by Minato and Kimura (1980). They considered a barotropic, lin-
ear dissipative, wind-driven ocean connected on the west to a shallow marginal 
sea through narrow inflow and outflow channels, and successfully showed that 
the transport through the marginal sea is driven by the large-scale wind field. 
However, the resulting volume transport was greatly overestimated because of 
many simplifications. The most serious of these may have been the neglect of 
the large barrier effect arising in the shallow inflow and outflow channels. In a 
similar way, Nof (1993) considered the same problem as one of geostrophic 
adjustment of buoyant Kuroshio water injected through a narrow gap into the 
marginal sea filled with deep, motionless denser water. Later, he also considered 
various other models applicable to the TWC (Nof 2000): a one-and-a half layer 
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numerical model (Bleck and Smith 1990), Godfrey’s island rule (Godfrey 1989), 
and Nof’s (1993) β-controlled formula. All these models, except for the island 
rule, are non-linear and neglect the barrier effect. They all give a transport of 
about 10 Sv, much larger than the measured value of about 2.5 Sv (Teague et al. 
2002; Takikawa et al. 2005; Fukudome et al. 2010). These studies indicate that 
non-linear effects are not important in controlling the volume transport through 
the marginal sea. Instead, the overestimation of volume transport may be induced 
by the neglect of the barrier effect arising in shallow channels, as it is in the study 
of Minato and Kimura (1980). Indeed, Seung (2003) has obtained a transport of 
about 2.5 Sv by applying the island rule, taking a bottom friction into account 
with a reasonable bottom friction coefficient. Hence, he parameterizes the barrier 
effect simply as bottom friction. According to Yang et al. (2013), the barrier effect 
includes the form drag associated with bottom pressure torque, generation of 
cross-isobathic flow by horizontal friction, and northward shifting of the forcing 
region affecting the through flow. All these facts indicate that the TWC is essen-
tially driven by the oceanic wind field, and its volume transport is largely con-
trolled by the barrier effect arising in the inflow and outflow channels. In fact, it 
can be understood that the downstream sea level drops occurring in the inflow and 
outflow channels are consequences of the barrier effect. Zheng et al. (2010), how-
ever, suggest a different view that the TWC becomes stronger and flows closer 
to the Japanese coast as the Kuroshio becomes stronger, based on a numerical 
experiment.

The volume transport of the TWC undergoes a seasonal variation with maxi-
mum in summer-fall and minimum in winter (Teague et al. 2002; Takikawa et al. 
2005; Fukudome et al. 2010). An interesting feature about it is that the seasonal 
variation of outflow volume transport appears to be larger in the Soya Strait than 
in the Tsugaru Strait (Nishida et al. 2003; Fukamachi et al. 2008). This problem is 
addressed by Seung et al. (2012) with a simple linear barotropic model. As in the 
steady problem, they use the island rule with bottom friction taken into account. 
In the steady problem, only one outflow channel with only one island is consid-
ered. The island rule with multiple islands and multiple frictional channels gives 
somewhat different results from the case with a single island and two channels. 
They show that the volume transport through a channel is determined not only by 
the circulation around the adjacent two islands created by the oceanic wind field 
off those islands, which is the case if there is no bottom friction, but also by those 
around the neighboring islands further away. Note that the latter does not occur 
if only one island (two channels) is considered, even in the presence of bottom 
friction. Hence, the volume transport through each channel (strait) of the East 
Sea is determined by a linear combination of two components of circulation: one 
is the circulation around Honshu/Kyushu created by the oceanic wind field east 
of Honshu/Kyushu, and the other is the circulation around Hokkaido created by 
the oceanic wind field east of Hokkaido. For example, the transport through the 
Tsugaru Strait (Q23) is the sum of two components Q23,12 and Q23,34 associated, 
respectively, with the wind fields off Honshu/Kyushu and Hokkaido (Fig. 4.11). 
In the same manner, the transport through the Soya Strait (Q45) is the sum of the 
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two components Q45,12 and Q45,34 (Fig. 4.11). According to the model, the differ-
ent behavior in seasonal variation of volume transports between the Tsugaru and 
Soya Straits is due essentially to the fact that the wind-stress curl off Hokkaido 
changes its sign from negative in summer to positive in winter, the latter fact being 
associated with the large seasonal fluctuation of zero-stress-curl latitude east of 
Hokkaido.

Fig. 4.11  Formation of volume transports through the Tsugaru and Soya Straits (thick horizontal 
arrows) in summer and winter by the circulations (arrowed circles) induced by wind fields off 
Honshu/Kyushu (Q23,12 for Tsugaru Strait and Q45,12 for Soya Strait) and Hokkaido (Q23,34 for 
Tsugaru Strait and Q45,34 for Soya Strait). The arrowed circles Q23,12 and Q45,12 are thicker in 
summer than in winter because they are larger in summer than in winter (from Seung et al. 2012)
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4.5.2  How Are the Branches of the Tsushima Warm  
Current Formed?

As described in Sect. 4.1, the TWC has traditionally been believed to split into 
three branches after entering the East Sea: the Nearshore Branch, the Offshore 
Branch, and the EKWC. In a series of numerical experiments, Yoon (1982a, b) 
has found that the EKWC is formed by western intensification and the Nearshore 
Branch is constrained by shallow bottom depth to flow along the Japanese coast. 
Later, Kawabe (1982) has shown that the Offshore Branch is induced by the coast-
ally-trapped waves associated with the seasonal variation of TWC volume trans-
port. It is already noted in Sect. 4.1 that the Nearshore and Offshore Branches are 
not usually identifiable separately and instead there seems to be only one broad 
current especially notable in summer, referred to as the Eastern Branch (Fig. 4.1). 
The hypothesis that the EKWC is a western boundary current is problematic in 
explaining formation of the Eastern Branch and seasonal variability of the EKWC 
which is strongest in summer and weakest in winter (cf. Lee and Niiler 2010a). 
Suppose that the EKWC is a western boundary current; then, seasonal variability 
of the EKWC requires that Rossby waves cross the East Sea basin very quickly, in 
a time shorter than a few months, which is not possible. Also, the Eastern Branch 
cannot exist if any pressure disturbance on the eastern boundary propagates west-
ward by Rossby waves and hence disappears. The hypothesis of topographic trap-
ping is possible, but it will be limited to a very narrow Japanese coastal region 
where the isobaths are discontinuous at some locations. The questions that follow 
are about how the EKWC and the Eastern Branch are formed and how their sea-
sonal variabilities arise.

Recently, Spall (2002) has proposed an idea that the Eastern Branch is induced 
by the buoyancy difference between TWW and the other water in the East Sea, 
although he does not consider the seasonal variability. The buoyancy of the TWW 
is carried along the Japanese coast relatively quickly by Kelvin waves. It is trapped 
along the coast by the effect of local thermal damping, and would otherwise be 
propagated westward by Rossby waves. Hence the Eastern Branch can be present 
in both deep offshore and shallow coastal areas. This idea may be extended fur-
ther in explaining the seasonal variations of the EKWC and the Eastern Branch if 
we take the local buoyancy forcing into consideration as an additional factor, as 
shown by Seung and Kim (2011). In the latter model, the East Sea basin is sub-
ject to seasonally-varying local buoyancy forcing, with larger buoyancy in summer 
than in winter, while the western and eastern boundaries are respectively affected 
by less buoyant water originating from the north and more buoyant water origi-
nating from the south. Hence, this model indicates that the seasonal variation of 
the EKWC and the Eastern Branch is induced by both local and remote buoyancy 
forcing.

It can be argued that the EKWC is driven by the inertia of the TWC incident 
upon the East Sea basin with seasonally-varying strength. In order to demonstrate 
this possibility, Seung (2005a) has considered an incident inertial jet initially in 
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contact with the bottom and injecting into a deep basin by crossing a depth dis-
continuity. The grounded portion changes its flow direction being trapped over the 
shallow bottom while the ungrounded portion continues to flow by virtue of the 
inertial effect, hence resulting in the branching. Arruda et al. (2004) also share the 
same view in explaining the formation of the UWE. Eddies are usually expected 
to migrate due to the β-effect and to be advected by mean currents. Hence, the 
quasi-stationary characteristics of the UWE had long been an enigma. According 
to Arruda et al. (2004), the UWE owes its presence to the force balance in the 
area surrounding it. The stationary UWE exerts a southward force, referred to as 
β-induced force, because of latitudinal difference of the Coriolis force arising from 
the flow within the UWE. This β-induced force is balanced by the northward iner-
tial force exerted by the TWC injecting into the East Sea basin. Hence this study 
presumes that the EKWC results from the inertia of the injecting TWC.

There are some other studies suggesting that the branching is locally triggered. 
Cho and Kim (2000) have proposed an analytical model suggesting that branching 
is caused by the creation of negative vorticity induced by intrusion of the Korea 
Strait Bottom Cold Water (KSBCW) along the western side of the Korea Strait 
in summer (see Chap. 3). Ou (2001) has shown that two current axes, one along 
the coast and the other along the outcrop of the buoyant layer, are generated when 
a single-axis current enters a deep basin after passing through a shallow channel 
subject to bottom friction. Both observations (Teague et al. 2002) and fine-resolu-
tion numerical models (e.g. Kim 2007) show that the branching begins just south 
of Tsushima Island, indicating that the branching mechanism is more or less simi-
lar to that of a jet split by an obstacle. An interesting question that follows is how 
far such locally-triggered branching is maintained under the effect of Earth’s rota-
tion. In conclusion, the dynamics associated with formation of the TWC branch 
currents are not yet definitely clear.

4.5.3  What Is the Role of Local Forcing?

The East Sea is strongly affected by local forcing, both of wind and buoyancy 
(Hirose et al. 1996; Yoon and Kawamura 2002). Strong northwesterly winds pre-
vail in winter. At some locations, such as off Vladivostok, winds are orographi-
cally funneled becoming stronger than elsewhere (see Chap. 2). Such strong 
outbreaks of cold and dry continental air cause intense surface cooling that can 
lead to deep water formation (Seung and Yoon 1995a), as well as small-scale 
intense wind-stress curl. In the warm-water region, the behavior of the surface cur-
rents carrying TWW depends mostly on the volume transport through the inflow 
opening, whereas in the cold-water region, the current forms a closed cyclonic 
circulation, as observed by Isobe and Isoda (1997), with its strength depend-
ing on the magnitude of local forcing, as numerically demonstrated by Hogan 
and Hulbert (2000). Indeed, a simple linear analytical model proposed by Seung 
(1992) seems to be revealing. In the presence of inflow and outflow alone, western 
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intensification predominates and most of the basin looks like the warm-water 
region. In the presence of local forcing alone, the basin-scale cyclonic gyre pre-
dominates and the whole basin looks like the cold-water region. This is because 
the local wind stress curl is generally positive and local surface cooling induces 
a vortex stretching of the upper layer. In the presence of both effects, the inflow-
outflow and the local forcing, there appears a front separating the warm-water and 
cold-water regions in such a way that the two effects compete with each other. The 
relative importance of one effect compared to the other determines the separation 
latitude and the position of the front. In this simple model, however, the Eastern 
Branch does not appear because both bottom topography and buoyancy difference 
between TWW and the basin water are ignored. Additionally, it is questionable 
whether the local wind forcing in the cold-water region can induce any circula-
tion intruding beneath the surface currents through the mechanism of ventilation 
proposed by Luyten et al. (1983). This problem has been addressed by Seung 
(1997) with the conclusion that the wind-forced circulation indeed pushes the 
lateral boundary of the surface currents southward, in agreement with the results 
described above, but hardly intrudes beneath the surface currents. Nevertheless, 
this study does not consider bottom topography, which may be an important factor 
in determining the circulation underlying the surface currents.

4.5.4  How Is the Deep Layer Circulation Driven?

As described in Sect. 4.3, the deep circulation flows cyclonically along the iso-
baths, often shows oscillatory and eddy-like features, is stronger in winter than in 
summer in the JB, and occasionally becomes stronger after an event of deep water 
formation. Holloway et al. (1995) have attempted to explain the formation of 
deep currents in terms of the eddy-topography interaction, the so-called Neptune 
effect. However, the results depend strongly on the parameterization coefficient 
of the interaction. On the other hand, Hogan and Hulbert (2000) have suspected 
that baroclinic instability is a candidate mechanism for deep current generation, 
although it was not explicitly shown to be so in their numerical experiments. In 
these explanations, the energy of deep currents is assumed to come ultimately 
from disturbances generated in the upper layer, and any effect of buoyancy forc-
ing, such as deep water formation, is ignored. Recent numerical experiments (e.g. 
Kim 2007) with horizontal resolution comparable to, but vertical resolution more 
refined than, that of Hogan and Hulbert (2000) give nearly the same pattern of 
deep currents as that observed. However, the numerically obtained deep currents 
appear much weaker than those observed. It seems that numerical models are 
not yet complete enough to reproduce either the process of downward momen-
tum transfer or realistic deep water formation. Based on the fact that most geos-
trophic contours are closed on themselves in the deeper part of the East Sea and 
that even weak forcing can generate strong abyssal currents over the closed geo-
strophic contours (Rhines and Young 1982), Seung (2005b, 2012) has discussed 
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the possible roles of wind and deep water formation in generating deep currents. 
In winter, vertical stratification becomes very weak in some areas by intense sur-
face cooling. If these areas, though not large, are over the closed geostrophic 
contours, the surface wind may be effective in generating deep currents (Seung 
2005b). Deep water formation is equivalent to a volume source and can give rise 
to a source-driven circulation in the deep layer. If this happens in an area of slop-
ing bottom, the pressure disturbances associated with the volume source propa-
gate rapidly as topographical waves along the isobaths, resulting in deep currents 
(Seung 2012). However, it is known that the intensity of deep water formation 
has been decreasing in recent decades (e.g. Gamo et al. 2001; Kim et al. 2004a), 
implying that the resulting convection is not deep enough, while the deep currents 
are still present. Yoshikawa (2012) has addressed this problem with an idealized 
numerical model. He considers a three-layer ocean with sloping bottom, and sup-
poses that winter convection reaches only to the intermediate layer. In the bottom 
layers, there still occurs a cyclonic circulation along the isobaths, created by the 
interaction between eddies generated during the process of water mass conversion 
and bottom topography. The strength of the circulation is found to depend on the 
volume of water mass conversion. This study indicates that deep water formation 
is the most probable candidate for the generation of deep circulation, although the 
detailed mechanism of it is not yet completely clear. Recently, Park et al. (2013) 
suggest that geothermal heating, being about twice that of a typical abyssal plain, 
is yet another possible candidate driving force for the deep circulation.

4.6  Numerical Modeling Studies of Circulation

4.6.1  Numerical Simulations

Early versions of realistic numerical models were configured on the Arakawa 
B-grid which gives better performance when the horizontal resolution is coarse. 
Seung and Kim (1993) applied Cox’s (1984) model to simulate the circula-
tion in the East Sea. Its horizontal grid size was 0.2° in both latitude and longi-
tude and the number of vertical grid cells was 23, which was a high resolution 
model for that time. Surface temperature and salinity were restored by observed 
values from the Japan Oceanographic Data Center. The model was forced by sur-
face wind stress from Na et al. (1992) and by constant inflow and outflow. At the 
open boundary, salinity and temperature were nudged by observed values from the 
National Fishery Research and Development Institute of Korea. Typical features of 
the circulation in the East Sea, such as the Nearshore Branch, EKWC, NKCC and 
so on, were reproduced in this model.

Seung and Kim (1997) applied the Miami Isopycnic Coordinate Ocean Model 
(MICOM; Bleck et al. 1992) to estimate the time scale of renewal of the upper 
intermediate water in the East Sea. Though their model has low horizontal resolu-
tion of 0.5° and only 4 vertical layers, it is noteworthy in applying an isopycnic 
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coordinate model for the first time with realistic meteorological forcing and open 
boundary conditions. They investigated the formation of intermediate and deep 
waters and could estimate that the renewal timescales for upper intermediate water 
and for the whole water mass are about 10 and 81.4 years, respectively. From their 
numerical study, the renewal timescale for the whole water mass is comparable to 
that of Kim and Kim (1996) based on their moving box model and observations.

Kim and Seung (1999) also applied the MICOM but increased the horizon-
tal resolution to 0.2° and vertical layers to 10 to investigate the formation and 
movement of East Sea Intermediate Water (ESIW). They resolved realistic sur-
face currents in the East Sea such as the TWC and the separation of the EKWC. 
In particular, they reproduced the formation of ESIW by winter convection off 
Vladivostok and its southward extension along the Korean coast into the UB.

With the Geophysical Fluid Dynamics Laboratory Modular Ocean Model 
Version 2 (GFDL-MOM2) z-coordinate model, Kim and Yoon (1999) set up a 
relatively high resolution numerical model with horizontal resolution of 1/6° 
and 19 vertical levels forced by seasonally varying inflow and outflow, monthly 
mean meteorological wind stresses, Haney-type heat flux, and restored freshwa-
ter flux. They resolved well the surface and intermediate circulations in the East 
Sea in terms of seasonal variation as well as the mean features of the Nearshore 
Branch, EKWC, and NKCC. It is noteworthy that Kim and Seung (1999) and 
Kim and Yoon (1999) could reproduce the general circulation of the East Sea 
comparable to the observed one. Those models had higher resolution than the 
previous numerical models, and reproduced the branching of the TWC and sup-
pressed separation of the EKWC to the south of 38°N, in agreement with obser-
vations. In particular, both models resolved intermediate waters in the East Sea 
such as the NKCC and ESIW in terms of their formation and extension.

Yoon and Kawamura (2002) applied the same model as that of Kim and Yoon 
(1999) except using the European Centre for Medium-range Weather Forecasts 
(ECMWF) wind forcing which resolves a more realistic dipole structure for the 
wind stress curl produced by the orographic effect off Vladivostok. Their model 
resolved the ESIW, UJSPW, and the High Salinity Intermediate Water although 
its salinity was lower and its temperature higher than the observed values. In par-
ticular, the model results suggested that UJSPW is formed off Vladivostok by deep 
convection in winter and is advected by the current near the base of the convection 
to intrude below the ESIW layer.

A model intercomparison experiment was conducted by Lee et al. (2003a) 
between RIAM Ocean Model (RIAMOM; Lee and Yoon 1994) and Geophysical 
Fluid Dynamics Laboratory Modular Ocean Model (GFDL MOM1, version 1.1). 
Their work was the first intercomparison study of East Sea circulation models, 
although only two models may not be enough to assess the models’ performances. 
Basically, the two models have similar numeric schemes such as assuming hydro-
static and Boussinesq approximations, applying the Arakawa B-grid system, and 
so on, but RIAMOM has a free surface while MOM assumes a rigid-lid without 
a free surface. Both models have the same horizontal grid size of 1/6° and the 
same 19 uneven vertical levels and were forced by the monthly mean inflows 
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and outflows, Haney-type heat flux, and monthly mean wind stresses from the re-
analyzed ECMWF data. Although both models successfully reproduced the gen-
eral circulation features of the East Sea, such as the Nearshore Branch, EKWC, 
and NKCC, they showed a tendency to overestimate (underestimate) temperature 
(salinity) below 50 m compared to the observed values of the Generalized Digital 
Environmental Model (GDEM) climatology. Nevertheless, it was shown that 
RIAMOM has better performance in producing a realistic East Sea flow field.

Coarse resolution models have had trouble reproducing the general circula-
tion of the East Sea, particularly, the overshooting of the EKWC. To resolve this 
defect of the models, Holloway et al. (1995) introduced “topostress” to parameter-
ize the eddy-topographic interaction in the East Sea which was poorly resolved 
in the coarse resolution models. They used the Modular Ocean Model (MOM, 
Pacanowski et al. 1991) which is very similar to that used by Seung and Kim 
(1993). Its horizontal resolution was 1/5° and the number of vertical levels was 25. 
By exploring sensitivity to an eddy parameter, the general circulation in the East 
Sea was improved, and in particular the overshoot of the EKWC was reduced or 
eliminated, bringing results close to the observations in the East Sea. It is interest-
ing to compare their results with Hogan and Hurlburt’s (2000) exploration of sen-
sitivity to horizontal resolution, which will be introduced next.

With realistic configurations of the East Sea, a few experiments have been con-
ducted on model sensitivities to horizontal resolution and mixing parameterization. 
Hogan and Hurlburt (2000) investigated numerical performance in reproducing 
the East Sea surface circulation, in relation to horizontal resolution and bottom 
topography by applying the Naval Research Laboratory’s Layered Ocean Model 
(NLOM). In particular, it is noteworthy that Hogan and Hurlburt (2000) applied, 
for the first time, an Arakawa C-grid model which gives better performance in 
high horizontal resolution models (Haidvogel and Beckmann 1999). Hogan and 
Hurlburt (2000) demonstrated the sensitivity of the circulation in the East Sea to 
various horizontal grid sizes from 1/8° to 1/64°. In addition, the impacts of the 
bottom topography and surface wind forcing were discussed. From various simu-
lations, they recommended that the high resolution model with at least 1/32° hori-
zontal grid size is required to resolve the realistic separation of the EKWC from 
the Korean coast and to generate sufficient baroclinic instability to produce eddy-
driven cyclonic deep mean flows. Their results also suggest that the separation 
latitude of the EKWC depends on the spatial structure of the wind stress curl and 
bottom topography as well as the model’s horizontal grid size. In particular, the 
problems of EKWC overshooting and too-weak deep circulation, which are com-
monly noted in previous numerical studies in the East Sea, were discussed in this 
study. The sensitivity to the surface wind stress forcing was presented by Hogan 
and Hurlburt (2005) in more detail. Hogan and Hurlburt (2006) applied Hybrid 
Coordinate Ocean Model (HYCOM) with a 1/25° horizontal grid and 12 layers to 
reproduce the intra-thermocline eddies reported by Gordon et al. (2002) in the East 
Sea and suggested three mechanisms for the formation of those eddies.

Lee et al. (2011) conducted a sensitivity experiment to study tidal effects on 
intermediate waters in the East Sea. They applied the RIAMOM, improving the 
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horizontal grid resolution to 1/12° and increasing the number of vertical levels to 
50, compared to 1/6° and 19 levels used by Lee et al. (2003a). Their study showed 
that direct inclusion of tide-induced processes significantly improves the repre-
sentation of intermediate water mass properties and circulation in the East Sea. 
Figure 4.12 shows that the case with tides reproduces well the main ESIW features 
on the meridional section along 131°E. In addition, the domain-averaged tempera-
ture and salinity biases in their model were reduced considerably and the wind-
driven southwestward flow along the coastline in the upper layer was enhanced, 
because of tidal mixing and internal tide processes. Their results represent the first 
approach to a discussion of tidal effects on the East Sea circulation.

Recently, numerical models in the East Sea have advanced to produce results 
comparable to observations. Luneva and Clayson (2006) and Clayson et al. (2008) 
simulated deep convection in the East Sea during the winters of 1999–2000 and 
2000–2001 with an eddy-resolving model having high horizontal resolution. They 
used the University of Colorado version of the Princeton Ocean Model (POM; 
Kantha and Clayson 2000) with 6 km horizontal resolution and 38 depth levels 
(11 sigma levels in the upper 100 m and 27 z-levels at the shelf break and in the 
deep sea). They showed realistic surface and deep circulations, comparable with 
the observed surface and deep circulation reported by Lee and Niiler (2005), 
Takematsu et al. (1999a), Senjyu et al. (2005), and Teague et al. (2005). In par-
ticular, these studies attempted to explain the observed characteristics of the deep 
East Sea circulation by numerical modeling. Luneva and Clayson (2006) analyzed 
the effect of seasonal surface flux variability on the abyssal current and a possible 
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Fig. 4.12  The meridional section of potential temperature along 131°E for a without tide, b 
with M2 and K1 tides, and c the GDEM climatology. Contour interval is 1.0 °C, and thick con-
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mechanism for a weakening of the bottom drag coefficient due to turbulent mixing 
during the winter ventilation of the East Sea. Using the same model, Clayson et al. 
(2008) suggested that a vertical coupling between the upper and lower circulations 
can enhance deeper mixing through downwelling in a localized region.

Most numerical models, including those with realistic configurations, have 
assumed the hydrostatic approximation. To study the dynamics of the subpolar 
front in the East Sea, however, Yoshikawa et al. (2012) adopted a non-hydrostatic 
numerical model. Since the non-hydrostatic model computes vertical motion 
dynamically, it can represent the effect of wind stress and surface cooling on ageo-
strophic vertical motion and frontal subduction at the frontal region. Though the 
model employed a simple configuration with a rectangular domain and flat bottom, 
its results reproduced vertical motion by wind-generated internal gravity waves 
and subduction by surface cooling, which were confirmed by comparing with 
observational results (Lee et al. 2006)

4.6.2  Data Assimilation and Forecasting Systems

Over the last decade, interest in ocean forecasting systems has grown with 
increase in computing power as well as improving ocean observing systems such 
as satellites, Argo, CREAMS programs, and so on (see Chap. 1). Ocean data 
assimilation has been regarded as an essential technique in developing an ocean 
forecast system, since it initializes the ocean model with a sufficient amount of 
available data, thereby improving the forecasting performance. Ocean data assim-
ilation also provides diagnostic tools for understanding oceanic and climatic 
conditions.

Initially, ocean data assimilation was applied to the East Sea by introducing 
nudging terms to the 3 dimensional temperature and salinity fields to reproduce 
realistic circulations and allow investigation of intermediate water formation and 
circulation processes (Seung and Yoon 1995b; Yoshikawa et al. 1999).

Hirose et al. (1999) applied the approximate Kalman Filter (Fukumori and 
Malanotte-Rizzoli 1995) to assimilate TOPEX/Poseidon altimeter data into a 1.5-
layer, reduced gravity model. The formulation of the model is the same as that 
of Kim and Yoon (1996). The horizontal grid resolution is 1/6°. Though it is not 
a 3-dimensional model, it was a first attempt to apply a data assimilation tech-
nique. It was shown that their model was improved by data assimilation method, 
especially south of the subpolar front. The approximate Kalman Filter was also 
applied to the RIAMOM by Hirose et al. (2007) to develop an operational fore-
casting system for the East Sea. The model configuration is similar to Lee et al.’s 
(2011) eddy-resolving model but the number of vertical levels is 36. The model is 
forced by realistic in/outflow and daily meteorological forcing from the ECMWF. 
Temperature and salinity at the boundary are taken from the results of You and 
Yoon’s (2004) 1/6° Pacific Ocean model while the velocity is diagnosed from 
the density field by the thermal wind relationship under the constraint of total 
volume transport in the Korea Strait measured by a ferryboat ADCP (Takikawa 
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et al. 2005). Satellite measurements of SST and sea surface height (SSH) were 
assimilated into the model while surface salinity was restored to the climatologi-
cal monthly mean. It was shown that their data assimilation system improves sub-
surface mesoscale variability as well as surface circulation in the East Sea. It is 
remarkable that averaged root-mean-square SST error between their best estimates 
and the radiometer data is only 1.2 °C.

Kim et al. (2009b) implemented a three-dimensional variational method  
(3D-Var; Weaver and Courtier 2001) to an East Sea circulation model. They 
adopted GFDL-MOM3 for their eddy-resolving circulation model of the East Sea. 
The longitudinal horizontal grid varied from 0.06° at the western boundary to 
0.1° in the east of 130°E in order to resolve a realistic EKWC, but latitudinal grid 
spacing was fixed to 0.1°, and the number of vertical levels was 42. Surface heat 
flux was calculated by the bulk formula with realistic meteorological variables 
from ECMWF, while the surface salinity was restored to the observations from 
the World Ocean Atlas. For the velocity through the Korea Strait, the barotropic 
velocity was given by the volume transport monitored by a submarine cable (Kim 
et al. 2004b). Satellite measurements of SST and SSH anomaly were assimilated, 
together with temperature profiles, into the model. Through comparison between 
model results and observations, it was shown that the assimilation system enables 
the model to reproduce realistic mesoscale eddy variability such as the UWE and 
the DCE as well as the mean circulation of the East Sea (Fig. 4.13). In particular, 
seasonal variation of the NKCC was well reproduced: a strong southward NKCC 
in summer and its weakening in winter, consistent with results from hydrographi-
cal observations (Kim and Kim 1983).

Fig. 4.13  Snapshot of sea surface height and currents on 24 February 1999 produced by a 
3-dimensional variational data assimilation system. UWE and DCE respectively denote the Ulle-
ung Warm Eddy and Dok Cold Eddy (Redrawn from Kim et al. 2009b)
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Recently, numerical models of the East Sea, incorporating the data assimila-
tion technique, have advanced to become operational ocean forecast systems. 
RIAMOM (Hirose et al. 2007) has already been applied to the East Sea opera-
tional ocean forecast system for the first time in the East Sea, which is available 
online (http://dreams-i.riam.kyushu-u.ac.jp/vwp/html/model_info.html).

4.7  Summary and Discussion

Various direct observations using satellite technology in the southern East Sea 
have revealed new near-surface circulation features. The EKWC and Nearshore 
Branch, after respectively leaving the coasts of Korea and Japan, join in the area 
east of the UB and form a broad mean current system named the East Sea Current 
(Lee and Niiler 2005). The East Sea Current, which exits the East Sea through the 
Tsugaru Strait, is well reproduced by numerical models (e.g. Clayson et al. 2008) 
and by an analytical solution in a simplified box model of the East Sea (Arruda 
et al. 2004). The Nearshore Branch, which is historically described as an along-
shore current following the coast of Japan from the eastern channel of the Korea 
Strait to the Tsugaru Strait, is only observed in the summer season (May–August). 
The path of the flow passing through the western channel of the Korea Strait is 
found to be determined by the vorticity of the flow before entering the East Sea 
and branching of the current only occurs less than 15 % of the time. A reversal of 
the NKCC is also observed, and a southward alongshore NKCC is only observed 
during summer months (May–August). But these observations of NKCC are based 
on statistically insufficient drifter observations in the area due to deployment dif-
ficulties near North Korea.

It is found that eddies in the southern East Sea congregate in meridional 
bands determined by the sign of the mean flow vorticity, i.e. the anticyclonic and 
cyclonic eddies are born, grow, propagate and decay in the mean negative vorticity 
band and in the mean positive vorticity band, respectively. A relatively high num-
ber of anticyclonic eddies in the UB (negative vorticity zone) are found to have 
life spans longer than one year, being sustained by receiving kinetic energy from 
the meandering mean flow.

After its formation in the JB, deep water circulates cyclonically in the JB, and 
part of it penetrates cyclonically into the southern UB and YB through abyssal 
channels and gaps (Senjyu et al. 2005; Chang et al. 2009). Hence, the deep cir-
culation of the East Sea is characterized by cyclonic circulation in each of the 
deep basins with strong currents of 4–8 cm s−1 along the perimeter of each basin 
and sluggish flows of 1–3 cm s−1 in the basins’ interiors. Deep circulation in the 
UB is weakest and highly variable with alternating cyclonic and anticyclonic sub-
basin-scale cells. Strong cyclonic recirculation cells with spatial scales of about 
200 km exist in the eastern JB and the western YB. Deep currents in the JB show 
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a distinct seasonal cycle with their respective maximum and minimum speeds in 
March and November. The seasonal variation of currents, however, is not obvi-
ous in the UB and YB. Instead, energetic temporal variability on timescales of 
5–60 days is dominant.

The East Sea circulation is classified into two regimes: upper-layer circulation 
generated by bifurcation of the TWC entering the basin, and deep-layer circula-
tion driven by local forcing and isolated in the basin. Most studies agree that the 
TWC is essentially driven by the oceanic wind field in the North Pacific, and its 
volume transport is largely controlled by the barrier effect arising at the inflow 
and outflow channels. The different behavior in seasonal variation of volume 
transports in the Tsugaru and Soya straits has been ascribed to sign changes of 
the wind stress curl off Hokkaido (it changes from negative in summer to posi-
tive in winter, due to the large seasonal fluctuation of the zero-stress-curl lati-
tude east of Hokkaido), although there are not yet enough studies supporting this 
explanation. The formation mechanisms of the EKWC and the Eastern Branch, 
both being branch currents of the TWC, are diverse, as reviewed in Sect. 4.5.2. 
There is an indication that seasonal variation of the EKWC and Eastern Branch 
is due to the combined effect of local and remote buoyancy forcing, although 
this explanation does not find further supporting studies. There are many studies 
suggesting that the upper-layer circulation in the cold-water region is suscepti-
ble to local wind and buoyancy forcing, which are favorable for a basin-wide 
cyclonic gyre.

In the early phase of numerical studies in the East Sea, idealized simple mod-
els were introduced. Though those simple models did not simulate realistic cir-
culations in the East Sea, they have provided valuable tools for understanding 
the dynamics of the East Sea circulation. With the advance of computational 
power, it has become possible to perform realistic numerical simulations with 
high resolution, real topography, meteorological forcing, and lateral boundary 
conditions. These realistic simulations have (1) given us pictures of what the cir-
culation looks like in the entire East Sea, which is insufficiently revealed by the 
observations, (2) expanded our understanding of the extent to which numerical 
configurations, such as small-scale parameterization, bottom topography, and 
horizontal/vertical resolution, affect a model’s ability to represent the East Sea 
circulation, (3) provided a tool to study dynamical processes in the East Sea cir-
culation. As ocean observational data have increased abundantly with advanc-
ing observing technologies such as Argo floats, satellites, and so on, ocean data 
assimilation techniques have been applied to numerical models in the East Sea. 
The approximate Kalman Filter and 3 D-Var methods have been applied to cir-
culation models of the East Sea, resulting in operational forecast systems for the 
East Sea.

Despite extensive efforts of direct current measurements by current meter 
moorings and tracked floats since the 1990s, as well as studies based on hydro-
graphic properties and numerical modeling, the thermohaline circulation and 
associated subsurface circulation of the East Sea remains somewhat elusive. 
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Especially, following issues have been identified as important processes that 
need to be addressed through more observational efforts and analytical/numerical 
modeling.

•	 An overarching question is whether or not the East Sea MOC is slowing down, 
while studies using chemical tracers have reported a decline in the formation of 
deep waters (Gamo 1999; Jenkins 2008). This may be answered by combining 
numerical modeling and long-term choke-point monitoring of currents.

•	 The driving mechanism of the deep-layer circulation is one of the least known 
problems. Presently, deep-water formation seems to be a more probable candi-
date than surface wind. Overall, there are still a number of issues to be resolved 
in order to understand well the circulation dynamics of the East Sea.

•	 Cyclonic penetration of deep waters from the JB to the UB and YB is a major 
conduit for oceanic climate signals to travel southward to the UB and YB from 
their origin in the JB. The climate signals would appear in the JB first, so it is 
important to examine the variability of this circulation. It is unclear what causes 
the observed inter-basin difference of seasonal and intraseasonal variation of 
deep currents. Interannual and longer term variations have not been adequately 
documented.

•	 It is an open question why the deep circulation of the UB is weakest among 
three deep basins, while mesoscale eddy activities in the UB are vigorous.

•	 Also required is an improved understanding of the coupling of upper and deep 
circulations, and of the role of surface processes such as air-sea flux and mes-
oscale eddies on the deep circulation.
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Abstract High-frequency variability captured by recent observations in the East 
Sea (Japan Sea) is summarized; it includes basin-scale oscillations, internal tides, 
near-inertial oscillations, and nonlinear internal waves. Observational and theoreti-
cal/numerical studies have been conducted on non-isostatic sea level response to 
atmospheric pressure forcing within the East Sea at periods of a few days to tens 
of days. Semidiurnal water temperature oscillations and their surface signatures 
are often markedly enhanced along and off the east coast of Korea due to propaga-
tion and refraction of internal tides generated at the Korea Strait shelf break; this 
has implications for the properties of water masses (e.g. intermediate water) and 
circulation (particularly off the Russian coast) in the East Sea, particularly from 
late summer to early winter. Research on heterogeneous and stochastic near-iner-
tial oscillations in the open basin and coastal areas off Korea and Japan has shown 
a clear seasonal cycle in surface inertial motions, and interactions of near-inertial 
waves with mesoscale circulation, bathymetry, coastal trapped waves, and coastal/
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bottom boundaries. Observations of nonlinear internal waves and their packets at 
near-inertial and semidiurnal intervals, have suggested generation by both semi-
diurnal internal tides and wind-induced near-inertial waves. Investigation of high-
frequency variability in the East Sea is far from closed, and the several results 
introduced in this chapter raise many questions rather than provided answers. A 
general presumption of stationary characteristics of such high-frequency vari-
ability under changing climate conditions needs to be tested; this requires long-
term time series observations with high temporal sampling rates at relevant spatial 
resolutions.

Keywords High-frequency variability · Basin-scale oscillations · Internal tides ·  
Near-inertial oscillations · Nonlinear internal waves · East Sea (Japan Sea)

5.1  Introduction

Over the past two decades, our understanding of high-frequency variability in 
the East Sea has significantly improved. This is largely due to advances in ocean 
observing technology, e.g. long-term or temporary surface and subsurface moorings 
with high sampling rates, numerous surface drifters and profiling floats, intensive 
measurements with pressure-sensor-equipped inverted echo sounders (PIESs), and 
better utilization of satellite radar altimetry and synthetic aperture radar (SAR) data 
(see Chap. 1). High-frequency processes, with periods of tens of days to a few days, 
diurnal and semidiurnal frequencies, and frequencies close to the local inertial and 
buoyancy frequencies, include (but are not limited to) basin-scale sea level or pres-
sure oscillations, surface and internal tides, near-inertial (NI) oscillations, and non-
linear internal waves (NLIWs). In this chapter, we review past (but mostly recent) 
findings on some (though not all) of such high-frequency processes in the East Sea.

5.2  Basin-Scale Oscillations

Being connected to the Pacific Ocean through three narrow and relatively shal-
low (<150 m) straits (the Korea, Tsugaru, and Soya Straits, Fig. 5.1), the East 
Sea as a semi-enclosed deep (mean depth 1,700 m) basin has inherent basin-scale 
sea level oscillations that are primarily driven by high-frequency (periods gener-
ally less than 15 days) atmospheric pressure forcing. Water exchange between 
the East Sea and the North Pacific is hindered by the narrow straits, and sea level 
response within the basin to high-frequency atmospheric pressure forcing departs 
from the well-known inverted barometer (IB) effect, i.e. 1 hPa decrease in atmos-
pheric pressure raises sea level by 1 cm with no phase lag. Such non-isostatic sea 
level responses within the basin drive subsurface pressure difference between the 
basin and the North Pacific, and are imprinted in the variability of volume trans-
port (VT) across the straits, as in the Mediterranean Sea (Garrett 1983; Garrett and 
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Majaess 1984; Candela et al. 1989; Candela 1991; Le Traon and Gauzelin 1997). 
From records of submarine cable voltage difference between Busan, Korea and 
Hamada, Japan, Lyu et al. (2002) showed strong 3–5-day band transport varia-
tions through the Korea Strait. They calculated a Helmholtz-like resonance at a 
period of 3.12 days using a simple analytic model, and interpreted an abrupt drop 
of coherence between sea level and atmospheric pressure at periods of 3–5-days as 

Fig. 5.1  The PIES (black triangles) and current meter (black circles) array in the East Sea. 
Coastal tide-gauge stations (stars) were used to estimate mean sea level. White (open) triangles 
indicate PIES sites where little or no data were obtained. Bathymetry data are from two- minute-
resolution global sea floor topography (from Smith and Sandwell 1997) and are contoured at 
500-m intervals (from Park et al. 2006)
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the non-isostatic sea level response to atmospheric pressure forcing. Most VT vari-
ations through the straits, as well as sea level averaged over the basin or mean sea 
level (MSL) of the East Sea, could be reproduced using the model.

Observations of atmospheric and subsurface pressures, sea levels, and VT sup-
port non-isostatic sea level response to atmospheric pressure, as the analytic model 
suggests. Due to the resonance, atmospheric pressure variability dominantly drives 
changes in bottom pressure (BP) within the East Sea, flows (and VT) into or out of 
the East Sea and MSL, at periods of 2–10 days. Strong 2–10-day band fluctuations 
were observed in (1) BP in the southwestern East Sea ranging from 0.1 to 0.3 dbar 
(Nam et al. 2004a; Park and Watts 2005a; Park et al. 2006), (2) VT through the 
straits ranging from 1 to 3 Sv (Lyu and Kim 2005), and (3) MSL from both tide-
gauge (TG) sea levels around the coast and satellite altimeter-derived (TOPEX/
Poseidon; TP) sea surface height within the basin ranging from 10 to 30 cm (Lyu 
et al. 2002; Nam et al. 2004a; Lyu and Kim 2005).

It is particularly important to understand basin-scale oscillations within a semi-
enclosed basin like the East Sea at such short periods, less than the 20–70 day 
resolvable periods from satellite altimeters, since they can produce substantial 
aliasing error in the altimetry data because of trackiness errors between crossing 
and neighboring tracks (Nam et al. 2004a; Park et al. 2006; Xu 2006; Xu et al. 
2008). In this section, we review the results of observational studies on basin-scale 
high-frequency oscillations, and an analytic model with its application.

5.2.1  Observations

Time series of BP measured at 23 PIES sites within the East Sea (triangles in 
Fig. 5.1) are markedly correlated (correlation coefficients > 0.95) and nearly 
identical during the two-year experiment (June 1999–June 2001) (Park and Watts 
2005a; Park et al. 2006). Although the BP measurements cover only the south-
western East Sea they could be used as a proxy for MSL all over the East Sea at 
periods longer than 2 days, due to the rapid adjustment of sea level disturbances 
(Nam et al. 2004a; Park and Watts 2005a; Park et al. 2006). The MSL estimate 
formed by averaging sea levels observed at coastal TG stations (21 sites including, 
but not limited to, the sites shown in Fig. 5.1; stars) shows high (~0.8) coherences 
and near-zero phases with the BP time series (Nam et al. 2004a) in spite of poten-
tial coastal effects on TG sea levels (Lyu and Kim 2005). Barotropic oscillations 
with periods longer than 2 days are uniform and in phase throughout the basin 
and account for the observed common mode among all the PIES pressure records 
(Park et al. 2006).

Both the BP common mode in the southwestern East Sea and the TG MSL 
exhibit dominant fluctuations at periods in the 2–15-day band which are highly 
correlated with atmospheric pressure (Nam et al. 2004a; Park and Watts 2005a; 
Park et al. 2006), in contrast to the BP record in the open North Pacific at a nearby 
site (35.6°N, 148.4°E, during 2004–2005) where virtually no BP response was 
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observed similar to atmospheric pressure forcing at periods shorter than 10 days—
the IB effect (Fig. 5.2, Park et al. 2006). Multiple coherence analyses of VT, TG 
MSL, and BP with atmospheric pressure and wind stress revealed that atmospheric 
pressure is the most significant forcing for VT, BP, and MSL in the 2–15 day band 
(Park and Watts 2005a; Lyu and Kim 2005). This dominant role of atmospheric 
pressure forcing in driving VT, BP, and MSL high-frequency variability has been 
examined and applied as a correction to satellite altimetry data.

5.2.2  Analytic Model and Applications

The barotropic response of the East Sea to atmospheric pressure forcing was 
examined by Lyu et al. (2002), Park and Watts (2005a), and Lyu and Kim (2005) 
using a model where the East Sea is considered as a deep flat-bottomed basin con-
nected to the open ocean through only three straits. Since the East Sea is deep 
(~1700 m) and its horizontal length scale is small enough (~1000 km) for baro-
tropic waves to travel around the basin within several hours or less, subsurface 
pressure (P) and the MSL (η0) are considered spatially uniform and its local 
change (∂η0/∂t) can be expressed as a sum of three VTs across the straits (Qi 
where i = K for Korea Strait, i = T for Tsugaru Strait, and i = S for Soya Strait) 
divided by the horizontal area (A0), i.e., A0(∂η0/∂t) = ∑Qi. Three momentum 

Fig. 5.2  Variance-preserving power spectra of mean bottom pressure of five sites (Pbot, red 
line) and mean subsurface pressure (Pss, blue line) within the East Sea exhibit high energy in 
the 5–10 day period band. In contrast, little energy occurs in that same period band for a one-
year bottom pressure record collected in the North Pacific near 35.6°N, 148.4°E (Pbot@NP, black 
line). Also shown is the power spectrum for atmospheric pressure averaged over the Ulleung 
Basin (Patm, green line). The 95 percent confidence factors are (0.69, 1.60) for Pbot, Pss, and Patm, 
and (0.60, 2.00) for Pbot@NP (from Park et al. 2006)
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equations in the along-strait directions, are ∂Qi/∂t = −(Ai/ρ) (∂P/∂x) − λi Qi 
where Ai, ρ, and λiQi are respectively cross-sectional area of each strait, constant 
water density, and linearly parameterized bottom friction as a geostrophic control 
(Toulany and Garrett 1984; Wright 1987). Atmospheric pressure forcing (Pa) is 
exerted in the form of a hydrostatic balance: P = Pa + ρgη0 where g is the gravity 
acceleration.

This simple linear system with five equations (the four plus mass conservation 
equation) and five unknowns can be solved for MSL, VT, and BP as frequency-
dependent functions of Pa by taking all of them to behave as exp(iωt) where ω 
is frequency. The gains (in cm hPa−1 for η0 and Sv hPa−1 for Qi) and phases for 
η0 and Qi relative to Pa well explain the observed behavior (Lyu and Kim 2005; 
Park and Watts 2005a) including important departures from the IB effect in the 
2 to 10-day band. Inverse Fourier transformed η0, Qi, and P time series show 
close agreement with the observations, e.g. the correlation coefficient for QK is 
0.75 (Lyu and Kim 2005). Lyu et al. (2002) and Park and Watts (2005a) obtained 
results on a Helmholtz-like resonance frequency of 0.32 cpd (period of 3.12 days) 
where gains and phases of η0 to Pa depart substantially from the IB response (gain 
1 cm hPa−1 and phase of 180°).

The impacts of such high-frequency basin-scale oscillations on satellite altim-
etry data are rather clear. The model removes atmospheric-pressure-driven fluc-
tuations better than the standard IB method, leaving residuals about 10 % smaller 
(Table 5.1). Since the two different corrections for atmospheric pressure effects 
on the altimetry data have maximum difference of up to 10 cm (variance 7.7 cm2, 
Table 5.1), the impact of the correction choice is substantial (Nam et al. 2004a). 
In further examining the non-isostatic sea level response to atmospheric pres-
sure within the East Sea, Inazu et al. (2006) found a zonally asymmetric struc-
ture, and using a model with realistic topography they successfully simulated sea 
level oscillations along the Japanese coast. They attributed the zonal asymmetry in 
the non-isostatic sea level response to the typical wavelength of the synoptic-scale 
atmospheric pressure system (several thousand kilometers) slightly larger than the 
spatial scale of the East Sea.

Table 5.1  Variance of East Sea mean sea level (MSL) with/without various corrections (from 
Nam et al. 2004a)

Sea levels with/without various corrections Variance (cm2)

TG
MSL

BP
MSL

T/P
MSL

T/P 
track

Observation 19.0 21.2 19.4 139.7

Analytic model 13.2

IB model 14.2

Analytic model minus IB model 7.7

IB model-corrected MSL 11.1 11.0 14.6 133.8

Analytic model-corrected MSL 9.2 9.6 12.4 123.5
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5.3  Surface and Internal Tides

Surface tides within the East Sea are known to be weak (<10 cm, compared 
to ~1 m in the neighboring marginal seas or mid-ocean, Morimoto et al. 2000) 
except in the shallow boundary straits, yet strong internal tides are often observed 
within the basin as well as surrounding coastal (shallow) areas. Such internal tides 
are often stochastic and rather unpredictable, while surface tides are still regular 
and much more predictable, as in other seas (Nash et al. 2012). Recent studies 
have revealed how internal tides in the East Sea propagate, interacting with mes-
oscale circulation and bathymetric features, and having an impact on water masses 
and circulation. In this section, we review recent studies on the generation and 
propagation/refraction of internal tides in the southwestern East Sea, and their 
effects on intermediate water and circulation in the northern East Sea.

5.3.1  Observations

It is well known that tidal currents (M2 is dominant among all tidal constituents) 
in the shallow Korea Strait are ten times larger than those inside the basin where 
the water depth increases sharply (Fig. 5.3). Substantial semidiurnal internal 
tides with 20 m vertical displacement are generated where strong M2 tidal cur-
rents interact with the shelf break between the Korea Strait and the deep basin, and 
propagate northward or northeastward into the basin (Park and Watts 2006; Park 
et al. 2006). Park and Watts (2006) suggested that the internal tides are generated 
at the western Korea Strait shelf break (35.5–35.7°N, 130–131°E) where the M2 
barotropic tidal currents normal to the shelf slope are strong, and where the bottom 
topography slope matches the internal wave characteristics.

Acoustic travel-times (τ) measured by the 23 PIESs (triangles in Fig. 5.1) were 
used to estimate isotherm depth displacements. Using the isotherm time series, 
along with surface tide signals provided by simultaneously-measured bottom pres-
sure, Park and Watts (2006) successfully observed the propagation of first-mode 
internal tides in the basin. Laterally restricted beam-like patterns of high internal 
tidal energy propagating from the shelf break were steered by the mesoscale circu-
lation in the vicinity of the shelf break. Lunar monthly maps of isotherm displace-
ment in the semidiurnal band (period from 11.50 to 12.92 h) or root-mean-squared 
semidiurnal internal tide amplitude were pertinent to mesoscale patterns resolved 
by maps of mean 5 °C depth (Park and Watts 2006; Park et al. 2006). For example, 
a northward propagating beam of strong semidiurnal internal tides was refracted 
significantly eastward when the Ulleung Warm Eddy (UWE) crossed its path 
(Case-I, most common), but was refracted westward when it encountered the Dok 
Cold Eddy (Mitchell et al. 2005) near the Korean coast (Case-II) (Fig. 5.4). When 
the Dok Cold Eddy was located in the vicinity of the shelf break in the Korea 
Strait, the beam weakened (Case-III, Fig. 5.4) as the thermocline rose and the 
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internal wave characteristic slope (function of wave frequency, inertial frequency, 
and buoyancy frequency) no longer matched the shelf-break slope.

Clear evidence for Case-II (westward refracting semidiurnal internal tides) 
was also provided from three SAR images taken on September 2, 1996 off the 
east coast of Korea (see Fig. 1 of Nam and Park 2008). The curvatures of NLIW 
packets (Group B in Nam and Park (2008)) detected in the southwestern East Sea 
from the SAR images suggested they were generated in the vicinity of the Korea 
Strait shelf break and propagated northward, refracting westward toward the east 
coast of Korea since the large amplitude NLIWs are slower in the colder water. 
Nam and Park (2008) examined the structure of water temperature observed off 
the coast and near the shelf break in August and October 1996 when cold (<5 °C) 
waters occupied the coastal region at 100 m depth. The structure explained why 

Fig. 5.3  Model-predicted tidal-current ellipses for the M2 tide are superimposed on a model-
predicted co-tidal (solid lines) and co-range (dashed lines together with colored map) chart in 
the Korea Strait and Ulleung Basin. Note the factor of 10 difference in scales for the tidal ellipses 
north (black) and south (blue) of the Korea Strait shelf break. The co-tidal lines are in increments 
of 15° (counter-clockwise rotation around the amphidromic point). The co-range lines and color 
bar are in increments of 0.1 m. The 0.05-m contour is also drawn (from Park et al. 2006)
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the internal tides were generated 1.0–3.5 days prior to the time the images were 
taken and why they showed westward refraction instead of the more usual east-
ward refraction. It also provided a good explanation for intermittent modulations 
of semidiurnal temperature oscillations which had been observed off the east coast 
of Korea (Lie et al. 1992).

Fig. 5.4  Lunar monthly maps of mean 5 °C depth (upper panel) and rms semidiurnal internal 
tide amplitude (lower panel) during days a 166.5–284.5, b 314–432, and c 520.5–638.5. Contour 
intervals are 20 and 0.5 m, respectively. Dates are days since 0000 UTC 1 Jan 1999. Solid trian-
gles indicate PIES sites (from Park and Watts 2006)
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In contrast to semidiurnal internal tides, diurnal internal tides cannot freely 
propagate within the East Sea since it is located north of the diurnal critical lati-
tude (~30°N) where inertial frequencies are higher than the diurnal frequencies. 
Park and Watts (2006) noted that diurnal internal tidal energy was mostly trapped 
along the slope and shelf off the Japanese coast and not propagated northward.

5.3.2  Models and Applications

A simple geometric optics model was useful for simulating the propagation of the 
semidiurnal internal tide from the Korea Strait shelf break into the basin. The first-
mode internal tide phase speed (C1) can be calculated as a function of stratification, 
and the wave front propagation can be simulated, along with the current field (U) 
to include the additional effect of horizontal current shear, by calculating the dis-
tance a wave front advances (Δd) in a time step (Δt), Δd = Δt(C1 + │U│cos ϕ) 
where ϕ is the angle between U and the wave propagation direction.

Park and Watts (2006) illustrated the essential roles of both mesoscale strati-
fication and horizontal current shear on internal tide energy propagation, which 
is consistent with the two-year-long PIES observations. The beam of semidiurnal 
internal tides refracted eastward (westward) when a warm (cold) eddy intersected 
their paths north of the Korea Strait shelf break. Westward refraction toward the 
east coast of Korea of NLIW packets in September 1996 could also be simulated 
by the same model (both with and without changes in bottom topography) under 
the condition of cold water intrusion into the western channel of the Korea Strait 
as observed from hydrographic measurements (Nam and Park 2008). The ray path 
for semidiurnal internal tides simulated by the model refracted primarily westward 
regardless of bottom topography as C1 decreased westward due to the presence of 
the cold water; this accounts for the observed SAR images, in contrast to the two-
year mean path derived from the PIES observations (eastward refraction due to 
the prevailing UWE) (Fig. 5.5). Once the ray paths refract westward they tend to 
refract severely toward the coast as the water depth becomes shallower in the west, 
thus further decreasing C1 (Fig. 5.5).

Extending the results of Park and Watts (2006) and Nam and Park (2008), the 
semidiurnal internal tides would ultimately reach the Russian coast in the northern 
East Sea (Case-I or two-year mean of the PIES observations, Fig. 5.5) unless they 
are significantly refracted westward toward the east coast of Korea (Case-II) or are 
suppressed on the shelf break near the generation area (Case-III). A recent mode-
ling study conducted by Lee et al. (2011) reveals that an inclusion of the M2 inter-
nal tides and resultant enhancement of turbulent mixing near the Russian coast 
modifies water masses in the northern East Sea (toward denser and fresher water) 
and affects the entire water mass in the intermediate layer of the East Sea so that 
the overall (domain-averaged) biases in temperature and salinity are improved 
considerably (see Fig. 4.12 in Chap. 4). In addition to tidal mixing effects on the 
intermediate water of the East Sea, they also found that coastal trapped diurnal 

http://dx.doi.org/10.1007/978-3-319-22720-7_4
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(K1) internal tides (north of the diurnal critical latitude) enhances wind-driven 
southward flow along the Russian coast (i.e. the Liman Current) in the upper layer 
via an internal-wave-induced setup. Most recently, Jeon et al. (2014) demonstrate 
seasonal variation of semidiurnal internal tides in the East Sea using simulation 
results from a data-assimilated model that includes tidal forcing of 16 major com-
ponents along open boundaries. Their simulation results indicate that the semidi-
urnal internal tides would be able to reach the Russian coast from late summer to 
early winter when energetic internal tides are generated due to enhanced stratifica-
tion near the generation region and propagate far from the generation region due to 
longer-wavelength induced less energy dissipation.

Fig. 5.5  Model simulated ray paths of semidiurnal internal tide (thick arrows) with a, c real and 
b constant (1500 m) bottom topography superimposed on color-contoured (scale bar in the up-
right) first-mode baroclinic phase speeds (C1) in a, b August and c October. Wave fronts (thin 
black lines) are drawn every 6 h. d Two-year mean (from June 1999 to June 2001) vertical dis-
placement of thermocline estimated from the PIES array data. PIES locations are shown as trian-
gles. Bottom topography contours are superimposed in (a), (c), and (d) (from Nam and Park 2008)
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5.4  Near-Inertial Oscillations

The Coriolis effects create circular motion on a rotating Earth (in the absence of 
other forces), so called inertial motion, and the energy travels from the sea surface 
to the ocean bottom and equatorward of the source region with a small frequency 
shift to NI band (Garrett 2001). Inertia-gravity waves in this band, or simply NI 
waves, are frequently generated at the base of the mixed layer, and inertial motions 
are often amplified after passage of an atmospheric disturbance (e.g. D’Asaro 
1985). They can propagate toward regions where their frequencies remain greater 
than the local inertial frequency, e.g. lower latitudes or regions of negative relative 
vorticity, where their energy can be transferred to the deep ocean (Kunze 1985; 
D’Asaro 1995; Lee and Niiler 1998; Garrett 2001). NI waves propagating through 
anticyclonic eddies are quickly dissipated at the bottom of the eddies (Kunze 
1995, 1998), penetrate through the eddies without energy loss (Park and Watts 
2005b), or are reflected back to the sea surface (Byun et al. 2010).

Although NI oscillations (manifested by particle movement inside an NI wave) 
are easily recognized as clockwise (anti-clockwise) rotating near-circular horizon-
tal currents in the northern (southern) hemisphere, with frequencies slightly higher 
than the local inertial frequency, they still have not been well observed with suf-
ficient resolutions in space and time, and their complex interactions with fronts, 
bathymetry, mesoscale circulations, and coastal boundaries have remained largely 
unexplored (Nam 2006). Nevertheless, recent progress in new observational tech-
niques has enabled us to understand key aspects of inertial motions, NI oscilla-
tions/waves, and their complex interactions with circulation and topography 
in open and coastal areas of the East Sea, and we describe that progress in this 
section.

5.4.1  Observations

Lagrangian observations with surface drifters or floats have been very useful in 
characterizing surface inertial motions in the East Sea (Park et al. 2004) and the 
global ocean (Park et al. 2005, 2009). Climatology of inertial currents obtained 
from satellite tracked surface drifter trajectories in the East Sea shows a clear sea-
sonal cycle having maximum amplitude in fall and somewhat patchy spatial pat-
terns (Fig. 5.6). Strong inertial motions in fall are primarily attributed to the fact 
that stronger winds are starting to blow but the surface mixed layer has not yet 
deepened as in other (open) oceans (Park et al. 2005). Although energy transfer 
from wind to oceanic inertial motion reaches its maximum in winter, the inertial 
energy is spread over the deep mixed layer, resulting in relatively weak surface 
inertial currents. Such stronger fall (than in spring) inertial motions are consistent 
with observations in the Korea Strait (Jacobs et al. 2001). In winter, the area of 
strong surface inertial motions becomes somewhat limited to the northwest region 
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(Fig. 5.6a) due to frequent changes in strength and direction of northwesterly mon-
soon winds under the orographic influence of the mountainous landmass near the 
coast (Nam et al. 2005b).

Deep NI oscillations are also heterogeneous and intermittent. Surface NI oscil-
lations as a major source of deep NI oscillation are themselves very patchy and 
their energy can reach the depths through various routes, making their spatio-tem-
poral distributions in the deep layer even more complicated. Long-term moored 
observations (Takematsu et al. 1999) showed strong deep NI oscillations mostly 
in the central part of the northern East Sea in the vicinity of the subpolar front, 
with a sharp peak at the inertial period (~18 h). Shcherbina et al. (2003) exam-
ined the full-depth current structure using lowered shipboard Acoustic Doppler 
Current Profilers (ADCPs), and they observed highly energetic downward propa-
gating NI waves in localized patches along the southern edge of the subpolar front. 
Basin-averaged net-upward energy flux found at depths between 500 and 2500 m 
was discussed, raising the possibility of topographic generation of NI waves 
(Shcherbina et al. 2003). Mori et al. (2005), analyzing data from moored current 
measurements, further described NI oscillations in the deep waters of the East Sea, 
showing the following results.

Fig. 5.6  Left climatological amplitudes of near-inertial motions obtained from satellite tracked 
surface drifter trajectories in 1990–2009. a–d Spatial distribution of near-inertial amplitudes 
averaged in 0.5° × 0.5° bins in a December–February, b March–May, c June–August, and d Sep-
tember–November. e Monthly-averaged near-inertial amplitudes over the East Sea. Right power 
spectra for zonal (solid line) and meridional (dashed line) components at nine bottom current-
meter sites, where the observed current records are long enough to have more than 20 segments 
of 512 data points (21.33 days) overlapped by 50 %. Vertical red and green lines indicate the 
local Coriolis frequency f and three spectral estimates closest to f and the spectral peak. a 2-year 
mean map of 5 °C depth (Z5) (contour interval 20 m). b 2-year root-mean-squared amplitude 
map of τi, that is the band-pass filtered, PIES acoustic travel-time τ in the near-inertial frequency 
bands (contour interval 10−5 s). Solid circles and triangles on the maps indicate bottom current-
meter moorings and PIESs, respectively (from Park and Watts 2005b)
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1. More energetic NI oscillations in the area south of the subpolar front, and the 
Tsushima Warm Current region,

2. A seasonal/annual cycle with wintertime intensification, and
3. Different temporal variations in the Yamato Basin where the NI oscillations are 

less energetic in spring and more energetic in summer.

Eulerian observations using PIES or moored current measurements in the south-
western East Sea (Fig. 5.1) are well suited to address interactions of NI waves with 
mesoscale circulation (Park and Watts 2005b; Park et al. 2006; Byun et al. 2010). 
Using the acoustic travel-times measured by the 23 PIESs and deep velocities 
measured by a current-meter array in the southwestern East Sea (Fig. 5.1), Park 
and Watts (2005b) demonstrated wintertime high amplitude NI oscillations which 
vary with observed interannual changes in mesoscale circulation. All spectra but 
one showed a blue shift, indicating that the NI energy originates from the north. 
The exception, having the highest NI energy, was located in the center of anticy-
clonic circulation (UWE); it showed a spectral peak at the local inertial frequency 
without the blue shift (Fig. 5.6). Long (16.5 month) moored current observations 
in the southwestern East Sea revealed two episodes of upward (energy) propagat-
ing NI waves when the mooring was located near the center of the anticyclonic 
circulation (UWE) as found by Byun et al. (2010). The upward energy propaga-
tion could be explained by the reflection of the NI waves within the thermostad of 
the eddy where the effect of vertical shear of subinertial currents is larger than the 
buoyancy effect in controlling the propagation of NI waves (Byun et al. 2010).

Recent observations near the east coast of Korea and the Japanese coast of the 
East Sea provided better ideas on such coastal NI oscillations. NI waves off the 
east coast of Korea have been observed propagating both upward and downward 
and both shoreward and seaward (Lie 1988; Kim et al. 2001, 2005a, b, c; Nam 
2006; Nam et al. 2007). Using long time-series data obtained between 1999 and 
2004 (Nam et al. 2005a), Nam (2006) identified three different mechanisms pri-
marily controlling NI current variability off the east coast of Korea: wind-induced 
surface inertial motion (53 %, 23 of 40 events), interaction with subinertial shear 
(30 %, 13 of 40 events), and forward or super-critical bottom reflection (17 %, 7 
of 40 events). Igeta et al. (2009) and Igeta et al. (2011) observed NI oscillations 
and NI waves propagating along a peninsula and a small island located on the 
Japanese side of the East Sea. The data suggested scattering and trapping of NI 
waves by the coast (Igeta et al. 2009) and a strong coastal current derived from the 
NI waves combined with coastal-trapped waves (Igeta et al. 2011). Furthermore 
Igeta et al. (2011) observed more complicated vertical structures and time varia-
tions of the strong current in fall than in winter, and attributed this to low-mode 
coastal-trapped waves strengthened by NI oscillations.

5.4.2  Generation and Propagation of Near-Inertial Waves

It is known that NI waves are typically generated at the base of the mixed layer 
after passage of any kind of atmospheric disturbances, e.g. storms, atmospheric 
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fronts, or tropical cyclones. An atmospheric disturbance imprints an inertial 
motion with a particular length scale determined by the translation speed and 
length scale of the disturbance (D’Asaro 1985). Once inertial motions are gener-
ated, spatially separated inertial currents differ in their oscillatory phase because 
of spatial variation of the local inertial frequency and relative vorticity. Such out-
of-phase inertial currents produce convergence or divergence of surface currents, 
generating vertical undulations of isotherm surfaces with near-inertial frequency, 
so-called NI waves. The propagation speed of an NI wave is primarily determined 
by the initial forcing scale, local inertial frequency, buoyancy frequency, and 
mixed layer depth (Park et al. 2009).

Although NI waves are best observed after the passage of a typhoon or local 
wind event, significant NI oscillations are occasionally observed without a clear 
local wind event, mostly in cases of upward propagating NI waves resulting 
from bottom reflection. Lie (1988) first observed NI waves of upward propaga-
tion (downward phase propagation) off the east coast of Korea, and suggested 
forward or super-critical bottom reflection of remotely-generated NI waves; this 
has been further investigated with comprehensive observations in the same area 
by Kim et al. (2005c) and Nam (2006). The possibility of detecting sea surface 
signatures of onshore propagating NI waves from space (SAR images) has been 
raised by Kim et al. (2005b) and further discussed by Kim et al. (2005a). They are 
concerned with distinguishing these NI-wave signatures from possible footprints 
of atmospheric lee waves which are more commonly seen in coastal SAR images; 
the interpretations are still under active debate since many undulations seen on the 
images are interpreted as sea surface signatures of katabatic-wind-induced coastal 
lee waves (Gan et al. 2008; Zheng 2005).

The significance of NI waves in the East Sea was first presented by Kim et al. 
(2001) where a few NLIW packets were observed off the east coast of Korea at NI 
(rather than semidiurnal or diurnal) period intervals. Such NI-period NLIW pack-
ets, not reported in other seas, were further examined by analyzing SAR-image 
data taken approximately 19 h after the passage of a typhoon eye across the coast, 
along with simultaneously collected current and water-property data (Nam et al. 
2004b, 2007).

5.5  Nonlinear Internal Waves

Internal waves are ubiquitous wherever strong stratification and tides (or winds) 
occur near bathymetric features. They often show (highly) nonlinear charac-
teristics; they are then called NLIWs (or solitary internal waves), and KdV-type 
theories have played the primary role in elucidating the essential features of the 
observations (Helfrich and Melville 2006). They are sometimes prominent features 
seen in optical and radar satellite imagery of coastal waters, propagating over sev-
eral hundred kilometers and transporting mass, momentum, and energy (Jackson 
2004). They can lead to turbulent mixing, thus fertilizing the local region, signifi-
cantly modifying the biology therein.
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Since they were first observed in May 1999 off the east coast of Korea using 
vertical arrays of thermistors and a bottom-mounted ADCP (Kim et al. 2001), 
NLIWs in the East Sea have been investigated using both in situ and satellite 
remote sensing observations. Though overall features are still largely unexplored, 
the observations, mostly off the east coast of Korea, have revealed some aspects of 
the generation and propagation/refraction of NLIWs.

5.5.1  Observations

Packets of NLIWs were reported for the first time in the area by Kim et al. 
(2001), who observed three such packets propagating shoreward with a speed 
of ~0.5 m s−1, based on moored observations off the east coast of Korea in May 
1999 (A-C in Fig. 5.7). Each packet contained a few NLIWs as a group, each 
having the shape of a solitary wave of depression (downward thermocline dis-
placement), with period of around 10 min. Simultaneously collected ADCP data 
showed consistent horizontal and vertical flows, e.g. oppositely-flowing horizon-
tal currents with an undulating high vertical shear zone at thermocline depths and 
abrupt downward and upward vertical flows. Isotherm displacement of individual 
NLIWs could be explained by the combined (or extended) KdV model (Kim et al. 
2001).

Such NLIWs, together with their packets, have been confirmed from a few sat-
ellite (mostly SAR) images combined with simultaneous time series observations 
from moorings (Jackson 2004; Nam et al. 2007; Nam and Park 2008). Nam et al. 
(2007) reported both shoreward and seaward propagating NLIW packets from a 
SAR image taken approximately 19 h after typhoon eye passage across the coast 
in September 2003. The SAR observations were consistent with temporal struc-
tures of water temperature observed by a mooring within the area at thermocline 
depths (Nam et al. 2004b, 2007). Nam and Park (2008) observed two pairs of 
NLIW packets from SAR images taken in September 1996; one on the western 
side of the southwestern East Sea and the other on the northern side. Using a geo-
metric optics model, they accounted for the surface manifestation of these NLIW 
packets by westward and eastward refractions of semidiurnal internal tides gen-
erated at the Korea Strait (see Sect. 5.3.2 and Fig. 5.5). Characteristic scales of 
NLIWs observed in the area are shown in Table 5.2 (Jackson 2004).

5.5.2  Generation and Propagation/Refraction  
of Nonlinear Internal Waves

The NLIW packets observed at two thermistor moorings and one bottom-mounted 
ADCP off the east coast of Korea had NI-period (~19 h rather than semidiur-
nal or diurnal tidal) intervals in contrast to those found in most other seas. For 
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Fig. 5.7  a A time series of 
temperature from a thermistor 
chain moored at 100 m depth 
off the east coast of Korea. 
Three cycles of steep leading 
edges at an interval of about 
19 h can be seen, mostly 
visible at the 25 and 35 m 
depth levels. b A 2-h time 
series of the temperature 
from 1:00 am to 3:00 am in 
Korea Standard Time, shows 
the solitary wave packet C. 
c A time series of isotherm 
depths from the temperature 
data for the same period 
as (b). The 10 °C isotherm 
(white line) represents the 
thermocline (from Kim et al. 
2001)

Table 5.2  Characteristic 
scales for NLIWs (solitons) 
along the east coast of Korea 
(from Jackson 2004)

Characteristic Scale

Amplitude factor −20 to −26 m

Long wave speed 0.5 ms−1

Maximum wavelength 1.5 km

Wave period 3–10 min

Surface width 180 m

Packet length 2.7 km

Along crest length >30 km

Packet separation 40–45 km
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this reason, wind-induced NI waves instead of internal tides are suggested as the 
source for generating NLIWs in the East Sea (Kim et al. 2001). Strong NI oscilla-
tions observed at a surface mooring, before a SAR image was taken (showing sur-
face manifestation of two NLIW packets, Fig. 5.8) and after a typhoon eye passed 
by (Nam et al. 2004b), also support the claim that these are wind-induced NLIWs 
of NI wave origin. Nam et al. (2007) pointed out sharp bathymetric features 
located 28 km off the coast (Fig. 5.8) as a location of NLIW generation based on 
a KdV model calculation along with observations from the moored and SAR sen-
sors. Moreover such suggestions of NLIW generation by wind-induced NI waves 
off the east coast of Korea are reasonable when considering the weak (~5 cm) 
barotropic tides in the East Sea.

However, internal temperature oscillations at tidal frequencies have also been 
observed off the Korean east coast; it is believed they have propagated from a 
remote area as the local barotropic tidal current is too weak to generate them (e.g. 
Lie et al. 1992). As shown in Sect. 5.3, NLIW packets with semidiurnal period 
intervals can reach the shallow regime when semidiurnal internal tides propagate 
northwestward from the source region (the shelf break in the Korea Strait) refract-
ing toward the east coast of Korea (Fig. 5.5, Case-II in Park and Watts 2006). Cold 
water in the coastal area can provide a wave guide to refract the NLIW packets 

Fig. 5.8  a ENVISAT SAR image taken on 22:10 (13:10 UTC) September 13, 2003, b backscat-
tering coefficients across the A–B and C–D sections, c high resolution (less than 50 m in space) 
bottom topography, and d eastward bottom slope in the coastal region off Donghae city. Surface 
signatures of highly nonlinear internal wave packets are marked with thick gray curves in (c). 
The region of sharply varying topography 28 km off the coast is noted with the symbol ‘S’ in (a, 
c and d). ESROB denotes location of the East Sea Real-time Ocean Buoy (from Nam et al. 2007)
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toward the coast (Nam and Park 2008) since they are generated in the shallow 
Korea Strait where tidal currents are strong (Park and Watts 2006; Park et al. 
2006). Thus, it is suggested that NLIWs off the Korean east coast have two ori-
gins—both wind-induced NI waves and semidiurnal internal tidal waves can reach 
this coast though their interactions with mesoscale circulations. The NLIWs gen-
erated by semidiurnal internal tides generally propagate longer distances (from the 
shelf break in the Korea Strait) than those generated by NI waves (generation on 
the local shelf off the coast).

5.6  Conclusion and Remaining Issues

In this chapter, we have introduced high-frequency variability recently observed 
in the East Sea, including basin-scale oscillations, internal tides, NI oscillations, 
and NLIWs. At periods of 2–10 days, due to Helmholtz-like resonance, sea level 
response to atmospheric pressure forcing is non-isostatic and departs from the 
standard IB response, driving flows (VT) in and out of the basin via the straits 
and producing strong basin-scale MSL and BP fluctuations. Semidiurnal temper-
ature oscillations can often be significantly enhanced as internal tidal beams are 
guided by mesoscale circulation as well as bathymetry along the ray path, refract-
ing either eastward or westward or being suppressed after generation at the shelf 
break in the western channel of the Korea Strait. In spite of a clear seasonal cycle 
in surface inertial motion (peak in fall), NI oscillations in the interior of the East 
Sea are generally heterogeneous and stochastic being shaped by the subpolar front, 
major currents, and mesoscale circulation, as well as the wind forcing. They are 
further complicated by NI waves interacting with coastal and bottom boundaries, 
coastal-trapped waves, etc. Coexistence of both wind-induced NI waves and semi-
diurnal internal tides enables us to see NLIW packets at NI as well as semidiurnal 
intervals off the east coast of Korea.

However, investigation of high-frequency variability in the East Sea is far from 
complete. A few results introduced in this chapter have raised more questions than 
they answered. Even though the analytic model introduced in Sect. 5.2.2 addresses 
relatively well basin-scale MSL (and BP and VT) oscillations in the East Sea as 
primarily forced by atmospheric pressure forcing, a more realistic simulation is 
still required to address effects of other forcings such as regional-scale winds, 
wind-stress curl forcing, and non-uniform oscillations due to local wind, interac-
tion with meso- and submeso-scale eddies, and coastal processes. In spite of some 
progress in understanding internal tides in the East Sea, further observational 
and theoretical works are particularly needed to address the potential seasonal 
cycle of tidal effects on circulation in the East Sea, and vice versa. Process stud-
ies would be helpful for better understanding of interactions between propagating 
internal tides and bathymetric features, fronts, meso- and submeso-scale eddies, 
winds, etc. Processes underlying highly variable (both in space and time) NI oscil-
lations and NLIWs in the East Sea still need further studies. Many hypotheses 
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on behaviors of NI waves and NLIWs under different conditions may be tested 
with the use of higher-resolution measurements, incorporation of more satellite 
data into comprehensive, simultaneous observations, and also process modeling 
studies.

The general presumption of stationary characteristics of internal tides/waves in 
the East Sea may need to be tested under changing climate conditions. For exam-
ple, the following questions are of interest. Is there significant long-term change 
within the basin in frequency, intensity, and duration of events of enhanced semi-
diurnal/diurnal or NI waves and associated generation of NLIWs? How do near-
surface warming and long-term changes in upper-ocean stratification affect the 
generation, propagation, and dissipation of internal tides/waves in the East Sea? 
Does the predictability of internal tides/waves in the basin vary with long-term cli-
mate change? To answer such questions, long-term time series observations with 
particularly high temporal sampling rates are obviously essential.
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Abstract Changing global temperatures may alter oceanic concentrations of both 
dissolved oxygen (DO), which reflects water quality, and nutrients, which are an 
essential factor for the growth and distribution of phytoplankton. The East Sea 
(Japan Sea) is often considered a “miniature ocean” and an ideal natural labora-
tory to estimate the impact of global climate change on the oceanic biogeochemi-
cal cycles, because of the East Sea’s physical dynamics. Thus, the monitoring of 
nutrients and DO concentrations in the East Sea may help predict the response of 
biogeochemical cycles in the global ocean to changing climate. We describe and 
discuss the history of studies on DO in the East Sea, the change in vertical struc-
ture of DO profiles, the trend of DO inventory in the bottom layer, and the con-
troversy regarding future projections of DO in the bottom water mass. We also 
summarize the history of nutrient measurements in the region, the general struc-
ture of vertical nutrient profiles, the horizontal nutrient distribution pattern on iso-
baric surfaces, the seasonal nutrient flux through the Korea Strait, and the recent 
debate on nutrient dynamics in the East Sea. The results of the studies we exam-
ine suggest that the processes controlling the structures and inventories of DO and 
nutrients in the East Sea are very sensitive to global climate changes.
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6.1  Introduction

The East Sea is a semi-enclosed marginal sea of the western North Pacific Ocean 
and has three relatively deep basins: the Ulleung Basin in the southwest, the 
Yamato Basin in the southeast, and the Japan Basin in the north (Fig. 1.1). The 
basins are separated from each other by the Yamato Rise located in the central 
region of the East Sea. The continental shelves are narrow except in the north-
ern region. The East Sea is connected to the North Pacific Ocean through shallow 
straits: the Korea Strait in the southwest (sill depth ca. 130 m) and the Tsugaru 
Strait in the northeast (sill depth ca. 130 m). It is also connected to the Okhotsk 
Sea  by even shallower straits in the north: the Soya Strait (sill depth ca. 55 m) and 
the Tatarsky Strait (sill depth ca. 50 m) (Fig. 1.1).

Annual mean water transport into the East Sea through the Korea Strait shows 
large interannual fluctuation with a mean value of 2.5 Sv. The East Sea has oce-
anic features such as a meridional overturning circulation, subpolar fronts, and 
mesoscale eddies. Thus it is frequently considered a “miniature ocean” and an 
ideal natural laboratory to study the response of oceanic processes to global cli-
mate changes (Kim et al. 2001).

Dissolved oxygen (DO) is one of the most commonly measured oceanographic 
parameters. The major sources of DO to the ocean are flux from the atmosphere 
through the air-sea gas exchange and in situ production by phytoplankton within 
the euphotic layer. The in situ respiration and remineralization of sinking organic 
matter (microbial respiration) are the two main processes that consume DO within 
the water column. Deep convection of surface water (meridional overturning) 
brings oxygen-rich surface water down to different layers of the ocean, depending 
on the density of the sinking water mass.

Recently, DO inventories in the interior of the ocean have declined significantly 
due to global warming and increased stratification of the upper-ocean (Shaffer 
et al. 2009; Keeling et al. 2010). Increased surface temperatures reduce the solu-
bility of oxygen in the surface mixed layer and increased stratification also sup-
presses the transport of oxygen-rich surface water into the interior of ocean. The 
expansion of the intermediate oxygen minimum layer (also called oxygen mini-
mum zone, OMZ) was conspicuous in the eastern tropical Pacific Ocean, the 
tropical Indian Ocean, and the tropical Atlantic Ocean during the past 50 years 
(Stramma et al. 2008). Models predict further decline of oxygen inventory (about 
1–7 %) over the next century. However, the global ocean (due to its vastness), 
takes a relatively long time to respond to changing climatic conditions and the 
change of DO concentration is relatively small (0.09–0.34 μmol kg−1), which is 
smaller than the precision of conventional oxygen measurement (Shaffer et al. 
2009; Keeling et al. 2010). Therefore, careful monitoring of DO concentration 
within the interior of the ocean is required to detect the response of the ocean’s 
DO inventory to global climate change (Joos et al. 2003).

Dissolved nutrients in seawater are an essential factor for the growth and 
 distribution of phytoplankton, which form the base of marine ecosystems and help 
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determine community structure through primary production (Glibert 1982). In the 
sunlit surface mixed layer, phytoplankton rapidly convert dissolved nutrients into 
particulate organic matter (POM), which is recycled by microorganisms and trans-
ferred to higher trophic levels or exported to the deep ocean as sinking particles 
(Eppley and Peterson 1979). Among the major elemental constituents of marine 
life, nitrogen (N) and phosphorus (P) are present in seawater in low concentrations 
and limit the growth of phytoplankton (Glibert 1982). Ammonium, nitrite, and 
nitrate are major forms of dissolved inorganic nitrogen, and phosphate is a major 
form of dissolved inorganic phosphorus. Therefore, the processes that regulate 
the transformations of N and P between dissolved inorganic nutrients and organic 
matter have been a major topic of ocean biogeochemistry. Low-nutrient surface 
waters, while sinking, show systematically lower nutrient concentrations than the 
surrounding water mass (Kim et al. 1991). This suggests that the vertical nutri-
ent profile can serve as a water mass tracer of sinking surface waters. Recently, 
there have been vigorous debates on whether there is a significant change in the 
relative abundance of dissolved inorganic nitrogen (DIN) over dissolved inorganic 
phosphorus (DIP) throughout the water column, and, if so, what mechanisms are 
responsible for this change (Kim et al. 2011; Kim and Kim 2013; Kim et al. 2013).

In this chapter, we describe the history of DO measurements in the East Sea; 
the changes in DO inventory in the East Sea during the last several decades; and 
the relationship between DO and global climate change. We also describe, with 
reference to the East Sea: the history of nutrient studies; the spatial and temporal 
distribution patterns of nutrients in this region; factors controlling nutrient concen-
trations and profiles; and related major research topics.

6.2  Dissolved Oxygen

6.2.1  History of DO Measurements

The first extensive investigation of DO concentration in the East Sea started during 
the 1930s (Uda 1934). This investigation revealed very high and uniform concen-
trations of around 250 μM (5.6 ml L−1) for waters below a few hundred meters 
over entire basins and suggested the presence of very fast ventilation in the East 
Sea (Uda 1934). DO was measured by Russian scientists in the northern part of 
the East Sea in the 1950s and in 1995 during the Vityaz and Lavrentyev expedi-
tions, respectively. DO measurements in the eastern Japan Basin and Yamato 
Basin in 1969, 1977, 1979, and 1984 showed changes in vertical DO profiles and 
bottom DO concentrations (Gamo et al. 1986; Chen et al. 1999). These changes in 
DO structure were probably caused by changes in bottom water formation in the 
northern Japan Basin (Gamo et al. 1986). DO concentration in the Ulleung Basin 
has been monitored continuously since 1961 by the National Fisheries Research 
and Development Institute (NFRDI) of Korea and others have also collected DO 
time series data (Kim et al. 1991; Shim et al. 1992), but most data were collected 
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at shallow depths (<600 m depth). High quality DO data from a spectrophometri-
cally modified Winkler method (Pai et al. 1993) and a DO sensor (Sea Bird model 
SBE13) were collected over the entire East Sea during the Circulation Research of 
the East Asian Marginal Seas (CREAMS) program as part of Korea-Russia-Japan 
international cooperative studies between 1993 and 1996, while most earlier data 
were measured by the Winkler method (Uda 1934; Gamo 2011). The CREAMS 
study reported an intrusion of surface water with high DO concentration between 
600 m and 1200 m (Kim et al. 2001) and confirmed the earlier observations by 
Gamo et al. (1986). During CREAMS II (1999–2000), basin-wide distributions of 
DO concentrations were examined as part of Korea-USA-Russia-Japan interna-
tional cooperative studies. From 2001 to 2012, DO concentrations were measured 
continuously in the Ulleung Basin and the western Japan Basin for the East Asian 
Seas Time Series-I (EAST-I) program as part of Korea-Russia cooperative studies 
(Kim et al. 2002; Kang et al. 2010a).

6.2.2  Vertical Structure of DO Profile

In general, from the 1930s to the late 1990s, DO concentrations in the East 
Sea were high (>300 μmol kg−1) within the surface layer (<200 m), and 
then decreased rapidly with increasing depth to the minimum value (ca. 
220 μmol kg−1) at about 1300 m (Fig. 6.1). DO concentrations increased 
slightly between 1300 and 2100 m, and then remained almost constant (ca. 
230 μmol kg−1) to the bottom layer (Fig. 6.1).

The shape of the DO profile during the late 1970s reflects the expected verti-
cal DO trend, with DO concentration controlled by the balance between air-sea 
exchange and/or biological production in the surface layer and microbial con-
sumption at depth (Fig. 6.1). The slight increase in DO concentration from the 

Fig. 6.1  Vertical profiles 
of dissolved oxygen (DO) 
concentration observed from 
the 1930s to the late 1990s 
in the East Sea (from Kang 
et al. 2004)
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oxygen minimum zone toward the bottom layer indicates the presence of an oxy-
gen supply mechanism to the deep layer, such as the formation of deep and bottom 
water in the East Sea (Kim et al. 2002; Kang et al. 2003).

During the late 1990s, the general shape of the vertical DO profile remained 
unchanged from that of the late 1970s (Fig. 6.1). However, the oxygen minimum 
layer was observed at a deeper depth than in the late 1970s, and the DO concen-
tration in the bottom layer decreased slightly. The most noticeable change in the 
vertical DO profile was the increase in DO concentration between 600 and 1200 m 
(ca. 237 μmol kg−1 at a depth of 1000 m). Since there was no biological produc-
tion at this depth, other mechanisms (such as an intrusion of oxygen rich surface 
water) must be responsible for the increase in DO concentration.

Along the Russian coast during winter, deep convection and/or brine rejec-
tion generate dense water masses, which sink down to the intermediate, central, 
and bottom layers and replenish oxygen in the interior of the East Sea (Kang 
et al. 2003; Postlethwaite et al. 2005). Thus the change in the shape of vertical 
DO concentration profiles is closely related to changes in the pathway of the sink-
ing oxygen-rich surface water. During the winter of 2001, the massive injection of 
oxygen-rich surface water into the bottom layer resulted in a sudden increase of 
DO concentration in the bottom layer (Kim et al. 2002). The changes in vertical 
structure of DO concentration were synchronized over different parts of the East 
Sea (Ulleung Basin, Yamato Basin, and Japan Basin), suggesting that this process 
may have influenced all basins within a short time, although it begins along the 
Russian coast.

6.2.3  Trend of DO Inventory in the Bottom Layer

A significant temporal change in DO inventory has been reported for the bot-
tom layer in the East Sea (Gamo et al. 1986; Chen et al. 1999; Kim et al. 2001). 
Gamo et al. (1986) reported a sharp decrease of bottom DO inventory as well as 
a decreasing trend in the thickness of the bottom adiabatic layer in the eastern 
Japan Basin and the Yamato Basin during the 1969–1984 period. DO concentra-
tions appear to have gradually decreased in the bottom adiabatic layer from the 
early 1930s to the late 1990s, suggesting a gradual warming of bottom water in 
the East Sea (Kim et al. 2001). Long-term monitoring of DO concentrations within 
the interior of the East Sea revealed a decreasing linear trend with temperature 
increases in the upper 1000 m layer (0.1–0.5 °C) and below 2000 m (0.01 °C) dur-
ing the 1950–2007 period (Chen et al. 1999; Minami et al. 1999; Kim et al. 2001; 
Gamo 2011). However, there were also interdecadal oscillations of DO concentra-
tions in the intermediate water mass (1000–1500 m) superimposed on the linear 
trend in the East Sea (Watanabe et al. 2003; Cui and Senjyu 2010).

The decrease of DO inventory in the bottom adiabatic layer has been attributed 
to the shift in the mode of deep water formation, from a bottom water formation 
mode in the late 1970s to an intermediate water formation mode in the late 1990s 
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(Kim et al. 2001; Gamo 2011). Other studies proposed that the periodic interdec-
adal changes in DO concentrations may be closely related to global scale fluctua-
tions of climate, such as the North Pacific Index (NPI), the monsoon index (MOI), 
and the Arctic Oscillation Index (AOI)  (Yasuda and Hanawa 1999; Gong et al. 
2001; Watanabe et al. 2003; Cui and Senjyu 2010).

6.2.4  Projecting DO Inventory in Relation to Climate Change

The expansion of the OMZ in the major oceans and the predicted continuous 
reduction of oxygen concentration in the next century have evoked great concern 
in the scientific community. There have been attempts to project the fate of DO 
concentration in the deep layer of the East Sea (Chen et al. 1999; Kang et al. 2003). 
Chen et al. (1999) projected that the deep water of the East Sea could become 
anoxic by the year 2200 based on the oxygen consumption rate, estimated from the 
mass balance method, the 1-D advection-diffusion model, and direct comparison of 
the 1950 and 1995 data, assuming continued stagnation of the deep water.

On the other hand, Kang et al. (2003) developed a Moving Boundary Box 
Model (MBBM), which describes the change of ventilation flux from the cold 
surface to East Sea Central Water (ESCW), East Sea Deep Water (ESDW), and 
East Sea Bottom Water (ESBW), respectively, and allows for structural change in 
relative size of each water reservoir (Fig. 6.2). The MBBM is based on several 

Fig. 6.2  A schematic illustration of the Moving Boundary Box Model for the East Sea. SW 
is Surface Warm Water, SC is Surface Cold Water, CW is East Sea Central Water, DW is East 
Sea Deep Water, BW is East Sea Bottom Water. D1, D2, D3, U1, U2, and U3 represent fluxes 
between boxes. Boundaries of CW/DW and DW/BW have been changed with time (from Kang 
et al. 2003)
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assumptions: (1) deep water originates only from cold surface water (SC); (2) total 
rate of deep water formation (sum of D1, D2, and D3; see Fig. 6.2) is the same 
as upwelling to the surface (U1), which remains constant with time although the 
individual rates of D1, D2, and D3 change; (3) Surface Warm Water (SW) and SC 
are equally divided in area and U1 occurs equally in SW and SC; (4) the ESBW 
formation rate (D3) decreases linearly from the year 1952 onward and is compen-
sated for by an increase of the CW formation rate, but D2 remains constant.

Kang et al. (2004) estimated convective oxygen flux from the surface into 
deep layers by multiplying the DO concentration in the surface layer and the bio-
logical oxygen consumption (also called oxygen utilization rate, OUR) in each 
water mass by comparison of the model results with the measured DO concen-
tration (Fig. 6.3). They also assumed that the OUR remained constant with time, 
while the convective fluxes changed with time as the deep water formation mode 
changed. The MBBM projected that the CW would expand and occupy about 
90 % of the deep water by the year 2020 because of changes in the deep water 
formation mode, but consequently the deep water will not become anoxic (Kang 
et al. 2004).

In contrast to models that assumed stagnation of deep water since the 1950s, 
several studies have reported episodic bottom water formation during the severe 
winter of 2000–2001 in the East Sea (Kim et al. 2002; Hahm and Kim 2008). This 
observation undermines one of the basic assumptions of the models, and also the 
models’ future projections of DO concentrations in the deep water. Clearly, contin-
ued monitoring of DO concentrations is required to better understand mechanisms 
controlling DO concentration in the East Sea.

Fig. 6.3  a Temporal variation of dissolved oxygen concentrations in deep water masses and 
best-fit lines for the observed dissolved oxygen of each deep-water mass obtained from the 
MBBM. Error bars and symbols represent the maximum/minimum value and the median value of 
measured historical data, respectively. Dashed lines represent model results showing the secular 
change of dissolved oxygen in the deep-water masses of the East Sea. b Temporal variation in 
oxygen inventories for each water mass in the East Sea, simulated by the MBBM (from Kang 
et al. 2004)
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6.3  Nutrients

6.3.1  History of Nutrient Studies

Since 1994, NFRDI of Korea has measured the concentration of certain nutrients 
(phosphate, nitrate, nitrite, and silicate) in the surface water (<100 m depth) of the 
East Sea. Nutrient concentration is periodically monitored at 69 stations along 8 
transects perpendicular to the coastline in the Ulleung Basin (data are available at 
http://kodc.nfrdi.re.kr/page?id=kr_index). The Japan Meteorological Agency also 
periodically monitors nutrient concentrations in the Japan Basin and Yamato Basin 
of the East Sea (data are available at www.data.go.jp). Since 1991, concentrations 
of phosphate, nitrate, nitrite, ammonium, and silicate along the near-costal region 
have also been regularly monitored (in February, May, August, and November) 
by the National Marine Environmental Monitoring Array (data are available at 
http://www.meis.go.kr). Individual studies have also reported nutrient concentra-
tions in various parts of the Ulleung Basin from the 1980s to the 1990s (Shim and 
Park 1986; Chung et al. 1989; Shim et al. 1992; Kim et al. 1991; Shim and Park 
1996; Moon et al. 1996; Cho et al. 1997; Yang et al. 1997; Han et al. 1998; Moon 
et al. 1998). However, all the nutrient measurements mentioned were restricted to 
the upper 1000 m of the Ulleung Basin, which spatially limits our understanding 
of nutrient dynamics to one region within the East Sea.

Full vertical profiles of nutrients were measured basin-wide over the entire East 
Sea through the international research program, CREAMS, during the 1993–1996 
period. During the CREAMS II expeditions (1999–2000), nutrient profiles of high 
spatial horizontal and vertical resolutions were obtained in summer and winter 
seasons over most of the East Sea (data are available at http://sam.ucsd.edu/onr_
data/hydrography.html). These data provided a breakthrough in our understand-
ing of nutrient dynamics in the East Sea (Talley et al. 2004; Kim and Lee 2004; 
Kim et al. 2010a; b). From 2000 to 2007, series of cooperative research surveys 
between Korea and Russia were conducted along the 132°E line in the Ulleung 
Basin and the western Japan Basin. Since 2007, these surveys have been suc-
ceeded by the EAST-I program. Nutrient data produced from EAST-I were used to 
understand the changes in N:P ratio and its influence on the composition of phyto-
plankton in the East Sea (Kim et al. 2010c; Kim and Kim 2013).

6.3.2  Spatial and Temporal Distribution of Nutrients

Generally, the conversion of dissolved nutrients into POM depletes nutrients in the 
surface euphotic layer and then nutrients increase below the surface mixed layer 
(SML) due to the degradation of sinking POM.

http://kodc.nfrdi.re.kr/page?id=kr_index
http://www.data.go.jp
http://www.meis.go.kr
http://sam.ucsd.edu/onr_data/hydrography.html
http://sam.ucsd.edu/onr_data/hydrography.html
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During summer in the Ulleung, Yamato, western Japan and eastern Japan 
basins, vertical nutrient distributions show that nitrate and phosphate are 
almost entirely depleted in the surface layer, followed by increases to about 
25 μmol kg−1 for nitrate and about 2 μmol kg−1 for phosphate down to about 
500 m depth (Fig. 6.4). Below 500 m, concentrations for both nutrients remain rel-
atively constant (Fig. 6.4). Silicate is also depleted almost completely in the SML; 
it then gradually increases to >80 μmol kg−1 at about 2000 m depth, and then 
remains constant down to the bottom (3500 m depth). Among basins, there were 
no large differences in vertical nutrient distributions at depths greater than 750 m 
(Fig. 6.4). However, there was a slight decrease in both nitrate and phosphate con-
centrations between 300 and 500 m in the eastern and western Japan Basins when 
compared to the Ulleung and Yamato Basins (Fig. 6.4).

During winter, nutrient concentrations in deep waters were similar to summer 
concentrations. However, nutrient concentration in surface waters showed large 
variations, with ranges 5.8–14.8 μmol kg−1 for nitrate, 0.45–1.16 μmol kg−1 
for phosphate, and 8.5–24.7 μmol kg−1 for silicate (Fig. 6.4). In the western 
Japan Basin, surface nutrient concentrations are higher than in the Ulleung and 

Fig. 6.4  Vertical profiles of nitrate, phosphate, and silicate in the Ulleung, Yamato, western 
Japan, and eastern Japan Basins during summer 1999 (upper) and winter 2000 (bottom)
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eastern Japan basins. The difference is probably related to deeper vertical mix-
ing in the western Japan Basin during winter, which decreases nutrient concentra-
tions between about 500 m and 700 m. Nutrient concentrations in deeper layers 
(>200 m) of the East Sea are higher than in the North Atlantic, and lower than in 
the North Pacific Ocean (Kim and Kim 2013).

During summer 1999, there are strong horizontal gradients in nutrient concen-
trations along isobaric surfaces at pressure levels less than 200 dbar (Fig. 6.5). 
Along the 50 dbar surface, nutrient concentrations in the western and eastern 
Japan basins are higher than in the Ullueng and Yamato basins. However, nutrient 
concentrations are elevated along the coastal region of the Korean Peninsula, prob-
ably because of frequent coastal upwelling in this region during summer (Lee and 
Kim 2003; Yoo and Park 2009; Rho et al. 2010).

Horizontal gradients along isobaric surfaces diminish as water column depth 
increases (Fig. 6.5). Nutrients concentrations along the 1500 dbar surface show no 
apparent difference over the entire East Sea.

Episodic events such as coastal upwelling, the passage of typhoons, and the 
presence of mesoscale eddies can modify the vertical structure of nutrient pro-
files in the surface layer (Son et al. 2006; Hyun et al. 2009). Hyun et al. (2009) 
reported that high nutrient inventories were maintained outside an anticyclonic 
eddy, whereas low and homogeneous water masses extended from the surface to a 
depth of 200 m in the middle of a warm eddy in the Ulleung Basin.

6.3.3  Factors Controlling Nutrient Concentrations  
in the Surface Layer

Recently, it has been suggested that the most of the primary production in the 
southern part of the East Sea could be supported by the nutrients transported 
through the Korea Strait (Lee and Rho 2013). The basin-wide distribution of 
the subsurface chlorophyll maximum was closely related to the High Salinity 
Tsushima Warm Water (HSTWW) passing through the Korea Strait during the 
stratified season (Rho et al. 2012). Nutrient flux through the Korea Strait is deter-
mined both by the amount of water passing through the Korea Strait and by the 
nutrient concentration of the water mass. Transport through the Korea Strait has 
been estimated by various methods (Na et al. 2009). Here, we will describe the 
nutrient concentration in the water passing through the Korea Strait and estimate 
its contribution to the nutrient inventory of the surface ocean.

Major factors controlling nutrient concentrations in the East Sea’s surface 
waters are (1) the input of nutrients through the Korea Strait in the southwest-
ern region; (2) the export of nutrients through the Tsugaru and Soya straits in the 
northern region; (3) atmospheric deposition; (4) processes within the East Sea, 
such as coastal upwelling (Yanagi 2002; Lee and Kim 2003; Onitsuka and Yanagi 
2005; Jenkins 2008; Jang et al. 2013).
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Fig. 6.5  Horizontal distributions of nitrate, phosphate, and silicate in the East Sea at the 50, 100, 
200, 500, and 1500 dbar isobaric surfaces
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Vertical cross sections of nutrient concentrations in the Korea and Tsugaru 
straits show that nutrients are almost depleted in the SML (<30 m) during the 
stratified season, whereas they are enriched below the SML (Fig. 6.6). Long-term 
time series measurements of nutrient concentrations have been conducted at sta-
tion M (34° 46′ 30″N, 129° 07′ 59″E) in the Korea Strait since 2006. Vertical nutri-
ent concentrations from March 2006 to January 2008 revealed strong seasonality 
throughout the water column (Fig. 6.7). Combined nitrate and nitrite concentra-
tions ranged approximately from 0.01 to 13.8 μM (4.0 ± 3.6 μM). Phosphate 
concentrations were approximately between 0.01 and 1.19 μM (with a mean of 
0.25 ± 0.27 μM). Silicate concentrations ranged approximately from 0.93 to 
29.1 μM (with a mean of 10.9 ± 6.4 μM).

Vertical cross sections of nutrient concentrations showed that nutrients 
were vertically homogenous, with relatively low nutrient concentrations dur-
ing the winter, when waters were well mixed (blue boxes in Fig. 6.7). During 
the winter, mean nutrient concentrations were around 8 μM for silicate, 4 μM 
for nitrate + nitrite, and 0.3 μM for phosphate. The concentrations of nutri-
ents contained in the water mass passing station M at about 100 m depth were 
approximately 800 mmol m−2 for silicate, 400 mmol m−2 for nitrate + nitrite, 
and 30 mmol m−2 for phosphate. Nutrient concentrations in the surface layer 
decreased when thermal stratification developed (Fig. 6.7).

Fig. 6.6  Vertical cross sections of nitrate, silicate, and phosphate in the Korea Strait (a–c) and 
the Tsugaru Strait (d–f) during summer 1999 (from Talley et al. 2004)
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Hydrographic conditions clearly showed the seasonality of water column struc-
ture in the Korea Strait. Temperature and salinity during the winter were around 
13–15 °C and 34.3–34.5, respectively (Fig. 6.7). During the stratified summer, sur-
face waters were warmer (temperatures > 17 °C) and less saline (30–33.5), simi-
lar to Changjiang Diluted Water (CDW). In contrast, bottom waters were cooler 
(about 13–15 °C) and more saline (about 34–34.5), similar to HSTWW (Rho et al. 
2010). Water masses below the HSTWW during the stratified season were cold 
(<10 °C) and saline (about 34.2 psu), similar to Korea Strait Bottom Cold Water 
(KSBCW) flowing out from the interior of the East Sea.

Fig. 6.7  Seasonal variation at station M (34° 46′ 30″N, 129° 07′ 59″E) in the Korea Strait, of 
a temperature (°C), b salinity(psu), c silicate (μM), d nitrate + nitrite (μM), and e phosphate 
(μM), from March 2006 to January 2008 (from Jang et al. 2013)
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During the stratified season, nutrient concentrations showed a two-layer struc-
ture. Nutrients were almost depleted in the surface layer (<40 m depth) and mean 
nutrient concentrations in the surface layer were approximately 4 μM for sili-
cate, 1 μM for nitrate + nitrite, and 0.1 μM for phosphate. High nutrient con-
centrations were observed in the lower layer (>40 m depth, red box in Fig. 6.7) 
and mean nutrient concentrations in the lower layer were about 16 μM for sil-
icate, 8 μM for nitrate + nitrite, and 0.6 μM for phosphate. This suggests that 
the surface water mass passing through the Korea Strait contained approximately 
160 mmol m−2 of silicate, 40 mmol m−2 of nitrate + nitrite, and 4 mmol m−2 
of phosphate; while the lower water mass contained 960 mmol m−2 for silicate, 
480 mmol m−2 nitrate + nitrite, and 36 mmol m−2 for phosphate. During the 
stratified season, total concentrations of nutrients in the water column at the Korea 
Strait were 1120 mmol m−2 for silicate, 520 mmol m−2 for nitrate + nitrite, and 
40 mmol m−2 for phosphate.

During winter, the water mass originating from the Kuroshio occupied the 
entire water column of the Korea Strait (100 m depth), with relatively low nutri-
ent concentrations. During summer, however, the water mass originating from the 
Kuroshio occupied the lower layer (>40 m depth) of the Korea Strait with higher 
nutrient concentrations. The upper layer (<40 m depth) of the Korea Strait was 
occupied by less saline CDW water with low nutrient concentrations. The total 
amount of nutrients contained in the water mass passing through the Korea Strait 
was higher during the stratified summer season than during the well-mixed winter 
season.

6.3.4  Major Research Topics Involving Nutrients

The East Sea is located downwind of northern China, the world’s biggest anthro-
pogenic N source over the last few decades. In the East China Sea, anthropo-
genic N flux into the surface ocean may be comparable to the riverine inputs of 
the Changjiang (Nakamura et al. 2005). A portion of the anthropogenic N emitted 
from China was transported to marginal seas in the northwest Pacific (Ohara et al. 
2007). Additional N flux from atmospheric deposition contributes approximately 
10–15 % of annual new production over the southern East Sea (Onitsuka et al. 
2009; Kang et al. 2010b).

One interesting problem regarding nutrient dynamics in the East Sea is whether 
the N inventory in the southwestern part of this sea has changed, and if it has, what 
might be the source of N into this region (Kim et al. 2011, 2013; Kim and Kim 
2013). Kim et al. (2011) argued that there was an increase in relative abundance 
of N to P in the southwestern region of the East Sea (Ulleung Basin) because 
of the enhanced atmospheric N input from China during the last three decades. 
They suggested that N flux via atmospheric processes enhanced integrated N* 
(N − RN:P × P, here RN:P is Redfield N:P ratio) from the surface to a depth of 
750 m, and that this increase may result in P-limitation instead of the traditionally 
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observed N-limitation of phytoplankton growth during the past decades (Kim et al. 
2011). In a later study, Kim et al. (2013) suggested that nutrients transported by 
ocean currents through the Korea Strait could be a more crucial factor for the fluc-
tuating ratio of dissolved inorganic nitrogen to phosphorus in the region.

The N:P ratio observed in the deep water showed no apparent seasonality in 
the entire East Sea region while there were large seasonal difference in the sur-
face layer, suggesting biological modification of the N:P ratio in the surface layer. 
During the CREAMS II and EAST-I cruises in the East Sea, observed N:P ratios 
were 8.7 ± 5.5 in the surface layer (<200 m), and 12.7 ± 0.14 in the deep layer 
(>200 m) (Fig. 6.8). Kim and Kim (2013) reported that the N:P ratios of the sur-
face water mass (<200 m) and the deep water mass (>200 m) in the Ulleung Basin 
and western Japan Basin were 7.0 ± 6.2 and 13 ± 1, respectively, during 2001–
2009. N:P ratios observed in the Ulleung Basin in March 2013 were 16.0 ± 3.0 
in the surface layer and 12.9 ± 0.31 in the deep layer (Fig. 6.8). Therefore, the 
N:P ratio in the surface layer may not be appropriate for the comparison of long-
term changes. There was no apparent temporal change in N:P ratio of the deep 
layer during last decade. Kim and Kim (2013) argued that there was no shift from 
N-limitation to P-limitation and predicted no increase of nitrogen within the water 
column caused by atmospheric nitrogen input in the next century. Time series of 
vertical nitrate + nitrite and phosphate concentrations show similar vertical struc-
tures and no apparent changes in nutrient concentration between July 1999 and 
March 2013 in the East Sea (Fig. 6.8). Nevertheless, there should be continuous 
monitoring of N:P ratios to detect any changes that may result from anthropogenic 
perturbation.

A fundamental but unanswered question is why the N:P ratio of the East Sea is 
much lower than the Redfield ratio. Yanagi (2002) noted that the N:P ratios of river-
ine sources and water masses passing through the Korea Strait were 16.4 and 16.6, 
respectively, although in the interior of the East Sea, the N:P ratio was low (11.3).  

Fig. 6.8  Vertical profiles of nitrate + nitrite, phosphate concentrations, and N:P ratio in the East 
Sea. Black symbols represent data used by Kim and Kim (2013). Red and blue circles respec-
tively indicate data collected over the entire East Sea during July 1999 and in the Ullueng Basin 
alone during March 2013
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He argued that this may be caused by a selective nitrogen removal process (such 
as denitrification) within the water column. Kim et al. (2012) also suggested the 
possibility of denitrification in the deep layer of the East Sea based on low N:P 
ratios (<12.4) and the occurrence of nitrite peaks despite high DO concentrations. 
Denitrification rates estimated by Kim et al. (2012) were similar to those measured 
in sediments near Dokdo (Dok Island) in the Ulleung Basin (Jeong et al. 2009).

In addition to denitrification, anaerobic ammonium oxidation (anammox) may 
be an important fixed nitrogen sink in marine sediments (Rysgaard et al. 2004; 
Dalsgaard et al. 2005; Engstrӧm et al. 2005; 2009; Nicholls and Trimmer 2009) 
and anoxic water columns (Dalsgaard et al. 2003; Kuypers et al. 2003; 2005). 
Anammox and denitrification measured in sediments collected from stations in the 
Korea Strait and the Dokdo shelf were about 0.35 nmole N ml−1 wet sediment 
h−1 for anammox and 1.1 nmole N ml−1 wet sediment h−1 for denitrification in 
the Korea Strait, and about 0.002–0.11 nmole N ml−1 wet sediment h−1 for anam-
mox and about 0.01–0.61 nmole N ml−1 wet sediment h−1 for denitrification on 
the Dokdo shelf. The contribution of anammox to the total N production increased 
with water column depth and showed a maximum value of 47 % at about 2200 m. 
This implies that anammox in sediments may play a large role in the removal of 
fixed nitrogen in the East Sea. It is also possible that the nitrogen loss (denitrifica-
tion and/or anammox) in surface sediments may be responsible for the nitrogen 
deficit in the overlying water column and for the low N:P ratio in the East Sea.

However, other studies argue against the occurrence of in situ denitrification in 
the interior of the East Sea because of the high DO concentrations in deep waters 
(Lee et al. 2009; Kim and Kim 2013). Kim and Kim (2013) proposed that the low 
N:P ratio in the deep layer of the East Sea may result from physical processes, 
such as rapid ventilation of the surface water mass with a low N:P ratio (<10) in 
the deep ocean. The low N:P ratio (<8) in surface waters during spring and sum-
mer could be related to the biological utilization of N and the presence of excess 
P in the surface water column (Kim et al. 2010c). Therefore, the relative contribu-
tions of various processes should be evaluated in future studies, to provide a better 
explanation for the low N:P ratios observed in the overlying water column.

6.4  Summary and Future Challenges

As changing global climate causes ocean warming and increases ocean stratifica-
tion, DO inventories may decline in the ocean interior. According to model predic-
tions, the DO inventory will decrease by 1–7 % over the next century. This decline 
will likely increase the area and volume of the OMZ; thus it may significantly 
impact macrofauna and also cause profound changes in biogeochemical cycling. 
The DO inventory of the ocean interior is controlled by two processes: (1) venti-
lation that supplies atmospheric gases to the ocean interior, including air-sea gas 
exchange, mixing between the surface mixed layer and the immediate subsurface 
layer, and circulation in the ocean interior; (2) utilization within the water column, 
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including biological consumption and microbial consumption in the degradation 
of sinking organic matter from the surface euphotic zone.

Changes in nutrient concentration in the ocean interior are tightly related 
to changes in DO. Recent reports on changes in the nitrogen content of the East 
Sea have kindled our interest in the sources and fates of nutrients in the East Sea. 
The relative importance of different nitrogen fluxes to the East Sea (atmospheric 
input and transport by advection through the Korea Strait) and resultant changes in 
nutrient dynamics are under vigorous debate. The mechanisms resulting in the low 
N:P ratios observed in the interior of the East Sea are also uncertain.

Because of the close relationship between nutrient concentrations and DO 
levels, understanding these processes is key to accurately projecting future DO 
inventories. It is also important to monitor DO concentrations continuously with 
increased precision, so that changes on the order of a few μmol kg−1 decade−1 
can be detected. To settle the ongoing debate on the nutrient dynamics in the East 
Sea, nutrient concentrations should be continuously monitored in the Korea Strait 
and interior of the East Sea, and atmospheric fallout must also be measured with 
high precision and accuracy. This may also provide a clue as to whether changes 
in DO concentration result from increased biological consumption within the 
water column, or from the decrease in deep water formation, or both.
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Abstract The East Sea (Japan Sea) is experiencing changes in water temperature, 
oxygen content, and deep water circulation pattern. These changes, in turn, have 
affected and will continue to affect carbon cycling in the East Sea, directly and 
indirectly. As the physical dynamics of the East Sea resembles that of the open 
ocean, studying inorganic and organic carbon cycling in the East Sea may improve 
our understanding of global carbon cycling, and consequently enable us to pre-
dict more accurately the response of the carbon cycle to global climate change. In 
our review of inorganic carbon cycling, we focus on the uptake of anthropogenic 
carbon by the East Sea and the shoaling of the saturation depths of the aragonite 
and calcite caused by acidification. The saturation depths for aragonite and cal-
cite in the East Sea have shoaled by about 80–220 and 500–700 m, respectively, 
compared to pre-industrial values. Anthropogenic CO2 in the bottom water of the 
Japan Basin ranged from 15 to 20 μmol kg−1. The largest water-column inventory 
of anthropogenic CO2, about 80 mol C m−2, was found in the Japan Basin. The 
uptake rate of anthropogenic CO2 decreased from 0.6 ± 0.4 mol C m−2 year−1 
during the 1992–1999 period to 0.3 ± 0.2 mol C m−2 year−1 during the 1999–
2007 period, potentially reflecting the slowing of deep water ventilation in the 
East Sea. In our review of organic carbon cycling, we focus on sinking particulate 
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organic carbon (POC) and dissolved organic carbon (DOC). Sinking POC flux in 
the East Sea generally reflected conspicuous events in biological production at the 
surface. Sinking POC flux in the East Sea was higher than in the nearby Kuroshio 
region. DOC concentration in the Ulleung Basin of the East Sea was higher than 
in the open oceans. The high content of the lithogenic component and low radio-
carbon content in sinking particles in deep waters suggests that the contribution 
of resuspended sediment, and potentially other allochthonous sources of organic 
carbon, is considerable in the East Sea.

Keywords Dissolved inorganic carbon · Anthropogenic CO2 · Carbon uptake ·  
Organic carbon · Biological pump · East Sea (Japan Sea)

7.1  Inorganic Carbon Cycling

7.1.1  Introduction

The use of fossil fuels for energy has caused a rapid increase in the concentrations 
of many greenhouse gases (such as CO2, CH4, and N2O) in the atmosphere since 
the industrial revolution (IPCC 2007). During the anthropocene (1800 to present), 
the rate of CO2 increase in the atmosphere is approximately equal to the rate of 
increase in the use of fossil fuels (Millero 2007). However, the amount of CO2 
remaining in the atmosphere is only about half of the total CO2 produced from 
anthropogenic activities. The rest has been absorbed by the ocean and the land car-
bon reservoirs (IPCC 2007). As the ocean contains about 50 times more carbon 
than the atmosphere (Sabine and Tanhua 2010), the capacity of the ocean to take 
up CO2 is especially critical for accurate predictions of future climate changes.

Although the East Sea is a semi-enclosed marginal sea of the western North 
Pacific Ocean at mid-latitudes, it is frequently referred to as a “Miniature Ocean” 
(Kim et al. 2001), because its physical dynamics, which include deep-water forma-
tion, eddies, subpolar front, and gyre circulation, resemble those of the open oceans 
(Talley et al. 2006). Of these processes, deep-water formation is particularly sig-
nificant in terms of atmospheric CO2 levels, because deep-water formation quickly 
transports anthropogenic CO2 from the surface to the interior (Park et al. 2006). 
This drawing down of CO2 is frequently referred to as the “Solubility Pump”.

Annual primary production in the East Sea is high and comparable to that of the 
upwelling regions (Kwak et al. 2013a). The rate of biological carbon removal (also 
called the “Biological Pump”) is likely to be high in the East Sea, and the East Sea 
may be an efficient reservoir for the uptake of anthropogenic CO2. These features, 
in addition to the sea’s ocean-like dynamics, make it an optimal location to study the 
response of the carbon cycle to climate change (Kim et al. 2001; Lee et al. 2011).

We begin this section with brief explanations of ocean carbonate chemistry and 
anthropogenic CO2 estimation methods, to help readers who are not familiar with 
these subjects. Then we describe the spatial features of inorganic carbon chemistry 
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in the East Sea and the dynamics of anthropogenic CO2 in this region. We end 
by discussing the important problem of ocean acidification, which has generated 
much recent interest.

7.1.2  Ocean Carbonate Chemistry

Ocean carbonate chemistry controls the pH (acidity/basicity) of seawater. 
Consequently, carbonate chemistry determines the buffering capacity of seawater 
and thus the seawater’s capacity to regulate atmospheric CO2 levels (Emerson and 
Hedges 2008).

When gaseous CO2 (CO2 (g)) dissolves in seawater, it exists as four distinct 
inorganic carbon species: aqueous CO2 (CO2 (aq)), carbonic acid (H2CO3), bicar-
bonate (HCO3

−), and carbonate (CO3
2−). Since it is difficult to distinguish CO2 

(aq) from H2CO3 analytically, they are usually combined and their concentration 
is expressed as H2CO3

* (=CO2 (aq) + H2CO3).
Chemical reactions among the inorganic carbon species in seawater may be 

summarized in three steps as follows:

where K represents the equilibrium constant, and the unit of inorganic carbon spe-
cies in the brackets is given as total concentration. [CO2 (g)] can be, and often is, 
replaced by pCO2, which is the partial pressure of CO2.

In order to determine the CO2 system, we need to know at least two variables. 
Since pCO2 and pH (= −log10[H+]) are easily influenced by biological activities, 
dissolved inorganic carbon (DIC) and total alkalinity (TA) are widely used to char-
acterize the oceanic CO2 system (Sarmiento and Gruber 2006). DIC and TA are 
defined as
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The concentrations of bicarbonate and carbonate can be estimated by combining 
the two above Eqs. (7.4 and 7.5) as follows:

Since CO2 species are interconnected through chemical reactions, if we know two 
variables among pCO2, pH, DIC, and TA, we can estimate the other two species 
using this set of Eqs. (7.1 to 7.7).

Note that we used simplified definitions of DIC and TA. For more detail, 
readers are referred to Sarmiento and Gruber (2006). Also note that programs 
such as CO2SYS are available for calculation of the undetermined variables 
(http://cdiac.ornl.gov).

DIC operates as a natural buffer and maintains seawater pH within relatively 
narrow limits. However, as pCO2 in the ocean’s surface increases (as increasing 
amounts of CO2 are absorbed by seawater), this buffering capacity will decrease, 
the ocean’s acidity will increase, and the ocean’s ability to act as a sink for atmos-
pheric anthropogenic CO2 will decrease.

7.1.3  Methods for Estimation of the Oceanic Anthropogenic 
CO2 Content

We briefly describe below the basic concepts of methods to distinguish the anthro-
pogenic CO2 from the DIC. More details are provided in Sabine and Tanhua (2010).

The first estimation of anthropogenic CO2 was carried out by Brewer (1978) 
and Chen and Millero (1979) using directly measured DIC and TA concentrations. 
This approach is based on the assumption that the ocean has been at steady state 
in terms of circulation and biological pump since preindustrial times. The basic 
concept is given as

where DICmea is the measured DIC concentration for a seawater sample, ΔDICbio 
represents the contributions of remineralization of organic matter and dissolution 
of CaCO3, and DICeq is the preformed preindustrial DIC concentration in equilib-
rium with the preindustrial atmospheric CO2.

However, this approach had large uncertainties and was not widely accepted 
(Shiller 1981). Later, Gruber et al. (1996) proposed an improved approach for esti-
mating anthropogenic CO2 (called the ΔC* technique). This approach reflects the 
fact that surface waters are in disequilibrium with the atmosphere (ΔDICdiseq) as 
follows:

(7.6)
[

HCO
−

3

]

≈ 2× DIC − TA

(7.7)
[

CO
2−
3

]

≈ TA− DIC.

(7.8)Cant = DICmea −�DICbio − DICeq,

(7.9)Cant = DICmea −�DICbio − DICeq −�DICdiseq = �C∗
−�DICdiseq.

http://cdiac.ornl.gov
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A different back-calculation approach known as the ‘TrOCA’ method (TrOCA = 
O2 + 1.2 · DIC − 0.6 · TA) was introduced by Touratier and Goyet (2004). This 
approach estimates anthropogenic CO2 from the difference between the measured 
TrOCA conservative tracer and the preformed TrOCA tracer. However, a study 
comparing observed data with modeling results (Yool et al. 2010) showed that the 
TrOCA method had substantial biases.

Various recent methods have been introduced to estimate the anthropogenic 
CO2. One new method, called the transit time distribution (TTD), is a time-depend-
ent tracer-based approach (Hall et al. 2004; Waugh et al. 2004, 2006; Tanhua 
et al. 2008). The TTD method is based on the fact that the surface concentration 
of anthropogenic CO2  propagates into the ocean interior, and assumes that the 
TTD in the ocean’s interior position is determined by the inverse Gaussian func-
tion (Waugh et al. 2003). Another approach, known as the extended multiple lin-
ear regression (eMLR), compares the observed carbon inventory changes between 
two cruises separated in time (Tanhua et al. 2007). The eMLR method takes advan-
tage of the exponential increase of anthropogenic CO2 and does not require many 
assumptions, unlike the back-calculation methods. Each method has its advantages 
and disadvantages, and there is no consensus on which method works best.

Note that anthropogenic CO2 data presented in Sect. 7.1.5 were estimated using 
the ΔC* and eMLR methods (Park et al. 2006, 2008).

7.1.4  Distribution of CO2 Variables (TA, DIC, and pH)

The highest concentration of TA in the surface layer (>2270 μmol kg−1) is 
observed in the southern East Sea (south of 40° N). This region is covered by the 
Tsushima Warm Water  (TWW), which enters the East Sea through the Korea 
Strait (Fig. 7.1a, c) and is characterized by a salinity maximum (Kim et al. 2004).

Since the concentration of TA in surface waters is significantly correlated with 
salinity (Lee et al. 2000), the distributions of TA and salinity in the surface layer of 
the East Sea are quite similar (Fig. 7.1a, c). Biological activities such as photosyn-
thesis and remineralization greatly influence pH and DIC. In surface waters, pH is 
high as a result of photosynthesis (Fig. 7.1b), whereas DIC is high in the interme-
diate/deep waters as a result of remineralization (Fig. 7.1d). Overall, the concen-
trations of TA and DIC increase gradually with increasing depth; conversely, pH 
decreases with increasing depth (Fig. 7.1b–d).

The increase in TA with depth (about 15 μmol kg−1) is mostly associated with 
the dissolution of CaCO3 in the water column and/or in sediments. However, the 
increase in DIC with depth (about 90 μmol kg−1) is not only because of the dis-
solution of CaCO3 but also because of remineralization (Fig. 7.1c–d). The increase 
in TA (about 15 μmol kg−1) caused by CaCO3 dissolution is equivalent to an 
approximately 7.5 μmol kg−1 increase in DIC (see Eqs. 7.4 and 7.5). Therefore, 
the rain ratio, which is the relative contribution of the effects of remineraliza-
tion (about 82.5 μmol kg−1) and CaCO3 dissolution (about 7.5 μmol kg−1) to 
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observed DIC increase, is approximately 11 (=82.5/7.5) in the East Sea. This esti-
mate for the East Sea is within the range for the global rain ratio (4–14) at the bot-
tom of the seasonal mixed layer (Lee 2001).

7.1.5  Dynamics of Anthropogenic CO2

The East Sea is connected to the western North Pacific Ocean via three shallow 
straits with depths less than 150 m (the Korea, Tsugaru, and Soya straits). The for-
mation of deep-water in the western Japan Basin is a key feature of the East Sea’s 
circulation (Kim et al. 2002; Talley et al. 2003). Another important feature is the 
sea’s weak vertical stability, relative to the open ocean and the other marginal seas 
(Kim et al. 2001). Both the deep-water formation system and the weak vertical sta-
bility are closely associated with the East Sea’s uptake of anthropogenic CO2 (Lee 
et al. 2011), and these two features combine to facilitate active and effective trans-
fer of surface waters laden with anthropogenic CO2 to the interior of the basin.

The highest concentrations of anthropogenic CO2 (about 50–55 μmol kg−1, 
using the eMLR method) were observed in the upper layer of the southern East 

Fig. 7.1  Meridional sections of a salinity, b pH, c total alkalinity (TA), d total dissolved inor-
ganic carbon (DIC) along 134o E in the East Sea (from Park et al. 2006). Dots indicate locations 
of measured data. The inset in a shows the path of the cruise track
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Sea (Fig. 7.2b). In the southern East Sea, where vertical stratification is strongly 
developed between surface waters and subsurface waters, anthropogenic CO2 is 
densely accumulated in the surface layer. However, the vertical gradient in anthro-
pogenic CO2 in the surface layer of the northern East Sea is relatively small 
because of active vertical mixing. In the Japan Basin, anthropogenic CO2 reached 
the bottom (about 3500 m) and levels of 15–20 μmol kg−1 were observed (Park 
et al. 2006). This feature is similar to that of the North Atlantic Ocean where 
anthropogenic CO2  penetrated to depths of around 3000 m or greater (Lee et al. 
2003). However, anthropogenic CO2 reaches only about 1500 m depth at similar 
latitudes in the North Pacific Ocean (Sabine et al. 2002). The largest water-column 
inventory of anthropogenic CO2 was found in the Japan Basin (Fig. 7.2b) with a 
mean value of 80 mol C m−2 (Park et al. 2006). This value is 2–3 times higher 
than the observed value of approximately 20–30 mol C m−2 in the adjacent North 
Pacific Ocean (Sabine et al. 2002). This large difference between the two basins is 
attributed primarily to deep-water formation.

Recent changes in dissolved O2 and temperature in the East Sea’s intermediate 
and deep waters indicate that the mode of deep-water formation has shifted from 
bottom to intermediate water formation, likely because of global warming and cli-
mate change (Kim et al. 1996; Gamo 1999; Kim et al. 2001; Kang et al. 2003; 
Chae et al. 2005). However, sudden bottom-water formation occurred in the Japan 
Basin in winter 2000–2001 (Kim et al. 2002; Talley et al. 2003). These findings 
imply that the ventilation system of the East Sea is sensitive to climate change 
(Kim et al. 2010).

The mean uptake rate of anthropogenic CO2 in the East Sea for the period 
of 1992–1999, estimated from observational data and the eMLR method, was 

Fig. 7.2  a Water column anthropogenic CO2 (Cant) inventory per unit area (mol C m−2) in the 
East/Japan Sea, as of 1999 (using the ΔC* method) and b Cant (μmol kg−1) in the section indi-
cated in the inset (using the eMLR method). The inset shows the amounts of Cant accumulated 
during the periods 1992–1999 (open circles) and 1999–2007 (solid circles) as a function of depth 
(using the eMLR method). The gray circles denote data within the anticyclonic eddies (Repro-
duced from Lee et al. 2011 with permission from The Royal Society of Chemistry)
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0.6 ± 0.4 mol C m−2 year−1. Surprisingly, however, from 1999 to 2007 the uptake 
rate fell (Fig. 7.2a) to 0.3 ± 0.2 mol C m−2 year−1 (Park et al. 2008), implying 
that anthropogenic CO2 was not accumulating efficiently in the water column 
(>300 m) during this period. The rapid and substantial reduction in the uptake rate 
of anthropogenic CO2 in the East Sea for the 1999–2007 period may have been 
caused by climate change and consequent slowing of water-column ventilation in 
the East Sea (Gamo 1999; Kim et al. 2001).

A key piece of evidence suggesting that water-column ventilation in the East 
Sea has slowed, is the progressive decrease in the water-column O2 inventory in 
the Japan Basin, the location of deep-water formation (Kim et al. 2002; Talley 
et al. 2003), assuming that O2 consumption by remineralization remained con-
stant. The rate of decrease in the water-column O2 inventory of the Upper Portion 
of the Japan Sea Proper Water (UPJSPW) (300–800 m) was two times higher for 
the period  1999–2007 than for the period 1992–1999 (Park et al. 2008). This layer 
covers about 80 % of the total anthropogenic CO2 accumulated in the East Sea 
since 1992. The discernible reduction in the water-column O2 inventory may be a 
response to the two-fold increase in the rate of heat content increase in this layer 
for the period of 1999–2007 relative to 1992–1999 (Park et al. 2008). The changes 
suggest that ventilation of the UPJSPW is weakening and consequently reducing 
the transport of anthropogenic CO2 from the surface to this layer.

In summary, the following consecutive processes are likely to provide evidence 
of the East Sea’s changes: warming and climate  change → increasing heat con-
tent → weakening of the water-column ventilation → decreasing water-column 
O2 inventory and reducing the transport of anthropogenic CO2 from the surface to 
the interior. However, more observational studies are required to elucidate the gov-
erning mechanism(s) in the future.

7.1.6  Acidification of Seawater and Saturation State 
of Aragonite and Calcite

When CO2 enters the seawater,  it reacts with the carbonate ion (CO3
2−) to pro-

duce the bicarbonate ion (HCO3
−):

Thus, the invasion of anthropogenic CO2 into the seawater results in the reduc-
tion of CO3

2− concentration, and consequently decreases the saturation state of 
both calcite and aragonite (Millero 2007). Seawater pH has decreased by about 
0.1 units during the anthropocene (IPCC 2007), and is expected to decrease by 
as much as about 0.4 units by the end of the 21st century (Caldeira and Wichett 
2003). Such a decrease in pH will cause a reduction of about 60 % in the CO3

2− 
concentration and, in turn, decrease the saturation states of aragonite and calcite in 
seawater (Feely et al. 2004; Doney et al. 2009).

(7.8)H2CO
∗

3 + CO
2−
3

↔ 2HCO
−

3
.
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The saturation states of aragonite (Ωara) and calcite (Ωcal) can be calculated as 
follows:

where [CO3
2−] and [Ca2+] are the observed carbonate and calcium concentrations, 

and Kara
sp  and Kcal

sp  are solubility products of aragonite and calcite, respectively.
The saturation depths (Ω = 1) of aragonite and calcite in the East Sea are 

approximately 400 and 1000 m, respectively (Fig. 7.3). The aragonite saturation 
depth in the East Sea appears similar to that of the mid-latitude North Pacific 
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3

]

[
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]
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3

]
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]
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,

Fig. 7.3  Meridional distributions of the degree of seawater saturation with respect to a aragonite 
and b calcite at the present time (solid lines), nominally along 134o E in the East Sea (from Park 
et al. 2006). The dotted lines denote the aragonite and calcite saturation horizons (Ω = 1) during 
the preindustrial era. The inset in a shows the path of the cruise track
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Ocean, whereas the calcite saturation depth in the East Sea appears to be about 
300–600 m deeper than in the mid-latitude North Pacific Ocean (Feely et al. 
2002). During the anthropocene, the saturation depths of aragonite and calcite in 
the East Sea have shoaled by approximately 80–220 and 500–700 m, respectively, 
compared to preindustrial depths of about 500 m for aragonite and about 1500 m 
for calcite (Fig. 7.3). These upward shifts in saturation depths are roughly five 
times greater than upward shifts observed in the mid-latitude North Pacific Ocean 
(Feely et al. 2002, 2004). Because anthropogenic input of CO2 is increasing, these 
dramatic changes in aragonite and calcite saturation depths in the East Sea will 
likely continue. Additionally, Kim et al. (2014) reported that surface waters in 
the Ulleung Basin of the East Sea have acidified by about 0.04 pH unit decade−1, 
which is approximately twice as fast as the global mean for acidification (0.02 pH 
unit decade−1). These data reiterate the need to regularly survey the CO2 variables 
(DIC, TA, pH, and pCO2) and collect the hydrographic data necessary for assess-
ing the impacts of human perturbations on the East Sea ecosystem and its carbon 
cycle.

7.2  Organic Carbon Cycling

7.2.1  Introduction

Organic carbon cycling in the ocean includes biological production in the sur-
face water, burial in the sediment, and intermediate processes that POC and DOC 
undergo from production to removal. Primary production in surface waters and 
processes in the sediment are discussed in detail elsewhere (see Chaps. 9 and 10). 
Here, the cycling of POC is discussed, with a focus on the sinking flux of POC 
and its potential link to primary production in surface waters and remineralization 
in the water column. Some interesting recent discoveries on DOC cycling are also 
briefly described.

7.2.2  Primary Production

Basin-wide primary production has been estimated based on satellite observation 
(Yamada et al. 2004, 2005). Yamada et al. (2005) provide a comprehensive data 
set of basin-wide primary production based on satellite data from 1998 to 2002. 
The southwestern part of the East Sea is reportedly the most productive (annual 
average primary production = 222 gC m−2 year−1) followed by southeastern 
part (191 gC m−2 year−1). There have been several attempts to explain the pro-
cesses behind the high primary production in the Ulleung Basin, including strong 
upwelling along the east coast of the Korean Peninsula (Hyun et al. 2009; Yoo 
and Park 2009). The middle of the Japan Basin showed the lowest annual primary 

http://dx.doi.org/10.1007/978-3-319-22720-7_9
http://dx.doi.org/10.1007/978-3-319-22720-7_10
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production, 161 gC m−2 year−1. It should be noted that interannual variability was 
high: for example, the maximum difference in primary production in the south-
eastern part was more than 25 gC m−2 during a 4 months study period, which 
is >40 % of the corresponding primary production in the least productive year 
(Yamada et al. 2005). Because of the high interannual variability, spatial variations 
in sinking POC flux obtained at different times must be interpreted with caution. 
Also note that recent studies suggest that subsurface production accounts for a 
considerable portion of primary production (Rho et al. 2012; Kwak et al. 2013b), 
and hence satellite-based results may provide a limited understanding of primary 
production.

7.2.3  Particulate Organic Carbon Flux

Sinking POC flux has been determined or estimated by several methods. In 
1984, five cylindrical sediment traps that directly collected sinking particles were 
deployed on a single mooring for two weeks near the Japanese coast in the Japan 
Basin (Masuzawa et al. 1989). Since then, time-series sediment traps have been 
deployed intermittently at several locations (Hong et al. 1997a, b; Suk 2002; 
Otosaka et al. 2004). Sinking POC flux and export production have also been 
estimated by indirect approaches: using the flux of radionuclides, stable isotopes 
of helium, oxygen consumption rate and the tritium-based ages of water masses 
(Hahm and Kim 2001; Kim et al. 2003; Hahm and Kim 2008; Kim et al. 2011).

Limited data on sinking POC flux at depths of about 1000 m suggests that sink-
ing POC flux tracks conspicuous events in biological production such as spring 
and fall plankton blooms (Fig. 7.4). Otosaka et al. (2004, 2008) reported time-
series (1–2 year duration) sediment trap results from the Japan Basin and the 

Fig. 7.4  Particulate organic 
carbon (POC) flux at 
~1000 m depth in the major 
basins of the East Sea (see 
text for references)
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Yamato Basin from 2000 to 2002. In the western Japan Basin and the Yamato 
Basin, high sinking POC flux was observed from March to April. In contrast, 
in the eastern Japan Basin the spring  bloom signal was not as distinct. The fall 
bloom signal was not as conspicuous as the spring bloom signal, except in the 
western Japan Basin where a large peak in POC flux was observed in November 
and December.

The annual average POC flux was 31 mgC m−2 day−1 in the western Japan 
Basin, 12 mgC m−2 day−1 in the eastern Japan Basin, and 24 mgC m−2 day−1 
in the Yamato Basin (Fig. 7.4 and Table 7.1). Sinking POC flux data are scarcer 
for the Ulleung Basin and mainly exist in technical reports such as, for exam-
ple, Suk (2002). According to Hong (1997; Hong et al. 2008a), the  sinking 
POC flux ranged between 16 and 37 mgC m−2 day−1 (with a mean value of 
23 mgC m−2 day−1) at a depth of 1000 m, at a station (located at 37º 00′N and 
131º 00′E) in the Ulleung Basin from April to September 1996. Preliminary 
results from a nearby station (37º 19’N, 131º 29’E), also in the Ulleung Basin, 
show that sinking POC flux from March 2011 to February 2012 ranged between 
3 and 53 with an annual mean of 20 mgC m−2 day−1 (unpublished data). Sinking 
POC fluxes in the East Sea are significantly higher than sinking POC fluxes in 
the nearby Kuroshio region, where values (normalized to the 2000 m depth) range 
between 1.8 and 7.7 mgC m−2 day−1 (Honjo et al. 2008 and references therein).

A question of interest is whether the observed sinking POC flux reflects the 
spatial variation in primary production. It is hard to explore the spatial variabil-
ity of sinking POC flux because of a lack of synchronous sinking POC flux data. 
However, when limited data at about 1000 m were analyzed, sinking POC flux in 
the western Japan Basin appeared higher than in the eastern Japan Basin or other 
major basins (Fig. 7.4 and Table 7.1). This result was inconsistent with satellite-
based productivity data that suggest the Ulleung Basin is the most productive 
region in the East Sea (Yamada et al. 2005). Further study is needed to determine 
whether this discrepancy was caused by temporal variability, or spatial variabil-
ity in biogeochemical processes such as degradation efficiency during the vertical 
transport of sinking POC.

Annual mean POC export flux from the upper 200 m layer in the 
Ulleung Basin, estimated by the 234Th/238U disequilibrium method, was 
161 mgC m−2 day−1 (Kim et al. 2011). The ratio of export to primary production 
(ThE ratio) was high (34 % annually), with an especially high value (48 %) in 
summer.

Export production was also estimated from the oxygen consumption rate, 
based on the tritium age of the water mass and apparent oxygen utilization in 
the western Japan Basin (Hahm and Kim 2008). An estimated 99 gC m−2 year−1 
(271 mgC m−2 day−1) was regenerated (adopting the Redfield ratio) between 200 
and 1600 m of the water column. This carbon regeneration value may be consid-
ered a minimum value for export production from the overlying water column, 
assuming that oxygen is used only for the degradation of sinking POC in this 
depth horizon (Hahm and Kim 2008).
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Another estimate of export production was obtained by examining 3He flux 
into the mixed layer from below (Hahm and Kim 2001). Using the relationship 
between nitrate and 3He concentrations, 3He flux was converted to nitrate flux, and 
this value, in turn, was converted to new production. According to this method, 
export production was 64 gC m−2 year−1 (175 mgC m−2 day−1) in the Ulleung 
Basin (and the corresponding f-ratio was 64/222 = 0.3).

Export production was also estimated by a box model using the oxygen and 
phosphorous budget (Kim et al. 2003). The estimated export production was about 
0.016 PgC year−1 (16 gC m−2 year−1 or 44 mgC m−2 day−1) for the entire East 
Sea.

Allochthonous POC may account for a considerable fraction of sinking POC 
in continental margin settings (Hwang et al. 2010). Allocthonous POC sources 
include riverine input, eolian input, and resuspension of sediment from the sea-
floor (and subsequent lateral sediment transport). Riverine input of POC is minor 
compared to autochthonous production in the East Sea (Hong et al. 1997b). The 
seasonal input of Asian dust (also known as yellow dust or Kosa) may be an 
important source of iron and ballast minerals (Jo et al. 2007). POC supplied from 
the resuspension of surface sediment on the shelf and the slope may also be sig-
nificant. An early study suggested that suspended POC concentrations on the east-
ern side of the East Sea (20–40 μgC L−1 in the upper layer and 10–20 μgC L−1 in 
the deeper layer) were comparable to suspended POC concentrations in other East 
Asian seas (Ichikawa 1982). However, the possibility for sediment resuspension 
was demonstrated by light transmission profiles: a dramatic decrease in light trans-
mission was observed in the bottom 100–200 m thick layers in the slope region 
of the Yamato Basin (Fujita et al. 2010). These bottom nepheloid layers (where 
light transmission is low) were associated with increased concentrations of total 
iron. Decreased light transmission was also observed in intermediate nepheloid 
layers in the Yamato Basin. Thus, it appears that the East Sea may be considerably 
influenced by resuspended sediment, perhaps because this sea has relatively strong 
deep currents (Takematsu et al. 1999).

In a study using U-Th radionuclides, Hong et al. (2008b) observed an approxi-
mately  40 % surplus of 230Th to the deeper trap in the western Japan Basin, sug-
gesting the contribution of particles from lateral advection to this site. Otosaka 
et al. (2008) observed that the Δ14C values of sinking POC at three stations in 
the Japan and Yamato Basins were significantly lower than expected, if the only 
source of POC was freshly produced organic matter in the surface water. Based 
on 14C isotope mass balance, Otosaka et al. (2008) estimated that allochthonous 
POC contributed up to 53 ± 15 % to sinking POC, with much higher contribu-
tions to deeper traps in the Japan and Yamato Basins. Deeper traps also had higher 
aluminum  fluxes compared to shallower traps, suggesting that the allochthonous 
POC originated from sediment resuspension (Otosaka et al. 2008). The correla-
tion between Δ14C values of sinking POC and Al concentration of sinking par-
ticles was weaker in the East Sea than at other locations (Hwang et al. 2010), 
suggesting either that the 14C-age of resuspended sediment is not homogeneous, 
or that there are other sources of allochthonous POC associated with lithogenic 



1837 Natural and Anthropogenic Carbon Cycling

particles such as Kosa, Asian loess, and particles from the Island Arc (Otosaka 
and Noriki 2005). Lithogenic matter collected in the sediment traps deployed at 
1000 m in the eastern part of the East Sea accounted for about 44 % of sinking 
particles (Otosaka and Noriki 2005). In the Ulleung Basin, the Al concentration 
of sinking particles increased slightly (4.2 to 4.9 %) from 1000 to 2000 m (Hong 
1997; Hong et al. 2008a), indicating that lithogenic material may account for an 
even higher proportion (50–60 %) of sinking particles in the southwestern part of 
the East Sea.

7.2.4  Particulate Organic Carbon Budget in the Water 
Column

The rate of organic carbon decomposition in the East Sea has mostly been esti-
mated indirectly, from the consumption rate of dissolved O2. Oxygen con-
sumption rates estimated by various methods agreed well with one another, 
and were in the range 1.1–1.4 μmol kg−1 year−1 below 2000 m (Chen et al. 
1996; Nakayama et al. 2007). Using the Redfield model for organic mat-
ter production/decomposition, the organic carbon decomposition rate would be 
10–13 mgC m−3 year−1, which corresponds to 10–13 gC m−2 year−1 between 
2000 and 3000 m. Considering the small decrease in DOC concentration in the 
deep layer, dissolved O2 can be assumed to be consumed mostly by hetero-
trophic decomposition of POC. The estimated regeneration rate of organic car-
bon appears somewhat high compared to the observed sinking POC flux at and 
below 2000 m (Table 7.2). The addition of POC from resuspended sediment may, 
in part, account for the discrepancy. However, this discrepancy shows that our 
understanding of the organic carbon budget is far from complete and underlines 
our need for more data.

Table 7.2  Production rates, fluxes, and burial rates of particulate organic carbon (POC) in three 
major basins of the East Sea. The values are given in gC m−2 year−1

Values are based on following references
aYamada et al. (2004)
bHahm and Kim (2008)
cHahm and Kim (2001)
dOtosaka et al. (2008)
eunpublished data
fHong et al. (1997a)

Western Japan Basin Yamato Basin Ulleung Basin

Primary production 161a 191a 222a

Export flux 99b 64c

Sinking POC flux at ~1000 m depth 11.2d 8.7d 7.4e

Sinking POC flux at deeper depths 6.3 (2746 m)d  
2.9 (2800 m)f

6.5 (2100 m)d 9.1 (2300 m)e
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7.2.5  Dissolved Organic Carbon Cycling

Compared to POC data, very limited data are available on DOC cycling in the East 
Sea, because studies on DOC have only just begun. A few recent studies suggest 
that DOC cycling in the East Sea may be different from DOC cycling in the major 
oceans (Kim and Kim 2010, 2013). This difference may stem from the much 
shorter time scale for deep water circulation in the East Sea, compared to deep 
water circulation in major oceans (Kim and Kim 2010, 2013). DOC concentra-
tions measured by a high temperature combustion oxidation method in the upper 
100 m along a north-south transect in the western part of the East Sea ranged 
between 60 and 83 μM; these values are comparable to DOC concentrations in the 
major oceans (Kim and Kim 2010, 2013). In contrast, DOC concentration in the 
deep Ulleung Basin between 200 and 1500 m ranged between 54 and 64 μM; this 
is higher than DOC concentrations observed in the Pacific and Atlantic Oceans 
(Kim and Kim 2010, 2013). The reason for this high DOC concentration in the 
deep water of the Ulleung Basin is not well understood. Kim and Kim (2010) 
suggest that a large portion of the semi-labile DOC is present in the deep water 
because of its distinctly short turnover time. Biological factors such as low effi-
ciency for bacterial degradation of DOC and/or refractory nature of some portion 
of DOC of terrestrial origin may contribute to high concentrations of DOC in the 
deep water in the Ulleung Basin. If, in addition to the Ulleung Basin, high DOC 
concentrations are confirmed in the other major basins of the East Sea, the East 
Sea’s capacity for carbon storage will be of great interest (Kim and Kim 2010). 
Further studies (using approaches such as molecular characterization of DOC and 
determination of 14C-age of DOC, for example) are needed to better understand 
DOC cycling in the East Sea.

7.3  Summary and Remaining Issues

Only a few studies have examined the inorganic carbon system in the East Sea. 
There is a special dearth of basin-wide examinations in this region. Sinking POC 
flux has been determined intermittently at a few locations. Studies of DOC have 
just begun and data for deep waters are limited to the Ulleung Basin. Interesting 
findings are summarized below:

•	 The highest concentration of anthropogenic CO2 was observed in the upper 
layer of the southern part of the East Sea. In contrast, in the northern part, active 
vertical mixing has transported anthropogenic CO2 into the sea’s interior.

•	 The largest water-column inventory of the anthropogenic CO2, about 
80 mol C m−2, was found in the Japan Basin. This is 2–3 times greater than in 
the adjacent north Pacific. Levels of anthropogenic CO2 in the bottom water in 
the Japan Basin range from 15 to 20 μmol kg−1.
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•	 The uptake rate of the anthropogenic CO2 decreased from 0.6 ± 0.4  
mol C m−2 year−1 during the 1992–1999 period to 0.3 ± 0.2 mol C m−2 year−1 
during the 1999–2007 period. This reduction may reflect the slowing of deep water 
ventilation in the East Sea.

•	 The saturation depths for aragonite and calcite in the East Sea have shoaled 
by about 80–220 m and 500–700 m, respectively, compared to pre-industrial 
values.

•	 Sinking POC flux (determined by direct particle collection at approximately 
1000 m depth) tracked conspicuous events in biological production at the sur-
face, such as spring and fall blooms.

•	 Sinking POC flux in the East Sea was significantly higher than in the nearby 
Kuroshio region.

•	 Both the high lithogenic content and the low radiocarbon content of sinking par-
ticles suggest that contributions from allochthonous sources of organic carbon 
(such as resuspended sediment) are considerable in deep waters.

•	 DOC concentration in the deep water of the Ulleung Basin was considerably 
higher than in the deep water of the open ocean. DOC concentrations are yet to 
be determined for other Basins in the East Sea.

The current understanding of carbon cycling in the East Sea is limited. Several 
interesting questions remain unanswered. Suggested topics for further research are 
listed below:

•	 The uptake rate of anthropogenic CO2 appears to have decreased in time (from 
1992 to 2007) and this rate needs to be monitored at regular time intervals to 
understand how the system is responding to changes in physical conditions at 
the air-sea boundary. A thorough examination of the CO2 variables, in associa-
tion with hydrographic data and other biogeochemical tracers (such as hydro-
fluorocarbons), must continue.

•	 As seawater acidification progresses, the shoaling of saturation horizons for cal-
cite and especially for aragonite, should be monitored. In addition, the potential 
physiological responses of phytoplankton (such as pteropods) should be studied.

•	 Sinking POC flux should be measured synchronously in the major basins, 
accompanied by satellite observations, to obtain basin-wide pictures of the bio-
logical pump system in the East Sea.

•	 Sinking POC flux data must be collected in the southwestern part of the East 
Sea, both to understand the mechanisms responsible for the high primary pro-
duction in this region, and to understand how this high production is transferred 
to the basin interior and to the seafloor.

•	 A high concentration of DOC was observed in the Ulleung Basin, suggesting 
that other major basins in the East Sea may also have high DOC concentra-
tions. Basin-wide examinations are needed to confirm DOC levels in all the 
basins, because high DOC concentrations have important implications in 
terms of carbon storage and the impact of deep water circulation on DOC 
cycling.
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•	 Potential causes for the observed high DOC concentration include: the rapid 
turnover of deep water, inefficient bacterial degradation, and/or the refractory 
nature of DOC. Future studies must seek to understand why DOC concentration 
in this region is significantly higher than in the open ocean, by using approaches 
such as molecular characterization of DOC and determination of its 14C-age.

•	 Carbon flux (in particulate and dissolved forms) through the Korea Strait must 
be determined to better understand the carbon budget in the East Sea.
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Abstract The activities of 228Th, 230Th, 234Th, 226Ra, 228Ra, 210Po, and 210Pb have 
been reported in the East Sea (Japan Sea) over the past few decades. The activities 
of thorium isotopes over the entire depth of the East Sea ranged from 0.4 to 8.3 dpm 
100 L−1 for 228Th, 0.06 to 0.37 dpm 1000 L−1 for 230Th, and 0.4 to 2.1 dpm L−1 for 
234Th. Thorium isotopes in the East Sea were used for determining the collection 
efficiency of sediment traps (using 230Th) and the annual vertical flux of particulate 
organic carbon (using 234Th). The activities of radium isotopes over the entire depth 
of the East Sea ranged from 0.3 to 11 dpm 100 L−1 for 228Ra and 6.4 to 16 dpm 
100 L−1 for 226Ra. Radium isotopes in the East Sea were used for determining the 
vertical eddy diffusion coefficient (using 228Ra) and the residence time of deep 
water (using 226Ra). The activities of 210Pb over the entire depth ranged from 4.4 to 
27 dpm 100 L−1, and the activities for 210Po over the entire depth ranged from 1.5 to 
11 dpm 100 L−1. The 210Pb and 210Po in the East Sea were used for estimating the 
residence time of trace elements in the dissolved, colloid, and particulate phases. In 
summary, U-series radioisotopes have provided useful information on various physi-
cal and biogeochemical processes in the East Sea.
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8.1  Introduction

The use of U/Th decay-series radionuclides as tracers has greatly increased our 
understanding of various oceanographic phenomena, such as water circulation 
(Broecker 1963), particle scavenging (Coale and Bruland 1985), marine export 
production (Cochran et al. 1995; Buesseler 1998), and the geochronology of 
marine sediments (Goldberg and Koide 1962; Koczy 1963).

U is conservative in seawater. So, in seawater, the activities of 238U and 234U 
are calculated using their relationships with salinity (Chen et al. 1986; Owens 
et al. 2011). Thorium isotopes (228Th, t1/2 = 1.9 year; 230Th, t1/2 = 7.5 × 104 year; 
234Th, t1/2 = 24.1 day) are very reactive to particles, and are therefore used to 
determine ocean scavenging of particles (Li et al. 1979; Coale and Bruland 1985; 
Cochran et al. 1995) and sedimentation rates (Goldberg and Koide 1962; Koczy 
1963). The short-lived 234Th has been used to determine the export of organic mat-
ter in the euphotic zone (Murray et al. 1989) and the residence time of colloids in 
the surface ocean (Baskaran et al. 1992; Moran and Buesseler 1992; Guo et al. 
1997). The long half-life of 230Th lends itself to open-ocean scale studies (Moran 
et al. 2001), and the moderate half-life of 228Th has led to its successful use in 
basin-scale-studies (Trimble et al. 2004).

Radium isotopes (223Ra, t1/2 = 11.4 day; 224Ra, t1/2 = 3.6 day; 226Ra, 
t1/2 = 1.6 × 103 year; 228Ra, t1/2 = 5.8 year) are very soluble in seawater and 
are used to determine the transport and mixing of seawater (Cochran 1992). The 
two radium isotopes with longer half-lives (228Ra and 226Ra) are used mainly for 
basin- and regional-scale studies, and the short-lived pair (223Ra and 224Ra) are 
used for coastal-ocean scale studies. Radium isotopes are also used extensively to 
determine the magnitude of submarine groundwater discharge (Kim et al. 2005; 
Moore et al. 2008). Radon (222Rn, t1/2 = 3.8 day) is a noble gas. Radon is used 
to determine air-sea gas exchange rates (Roether and Kromer 1978) and also to 
gauge submarine groundwater discharge in the coastal ocean (Kim and Hwang 
2002; Kim et al. 2011b).

210Po (t1/2 = 138 day) and 210Pb (t1/2 = 22.3 year), both of which are par-
ticle-reactive, are used to study particle scavenging in the ocean (Cherry et al. 
1975; Cochran et al. 1983; Fowler and Knauer 1986; Nozaki et al. 1997; 
Masqué et al. 2002). In addition, 210Pb is used to gauge the input of dust to the 
ocean (Settle et al. 1982; Turekian et al. 1989), while 210Po is used to estimate 
new production of the ocean because of its strong affinity for biota (Stewart and 
Fisher 2003).

In this chapter, we review studies on 228Th, 230Th, 234Th, 226Ra, 228Ra, 210Po, 
and 210Pb in the East Sea. We do not include U isotopes and 222Rn since directly 
measured data are not yet available for those isotopes in this region.
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8.2  Thorium Isotopes

The activities of 228Th ranged from 0.6 to 8.3 dpm 100 L−1 in the surface layer 
(0–200 m) and from 0.4 to 2.6 dpm 100 L−1 in the deep layer (below 200 m) 
(Fig. 8.1a). The maximum activity of 228Th showed in the subsurface layer  
(100–600 m) (Nozaki and Yamada 1987). The 228Th deficiency relative to 228Ra in 
the upper layer can be attributed to rapid scavenging of Th, and 228Th-228Ra was 
nearly in equilibrium below a depth of 500 m (Nozaki and Yamada 1987). Moon 
et al. (2000) suggested that the total activities of total 228Th over entire depths in the 
East Sea were higher than in the Pacific, due to higher activities of 228Ra in East Sea 
water. Vertical fluxes of 228Th increased from the Korea Strait toward the center of 
the East Sea, as 228Ra originates from the coastal and continental shelf sediments in 
the Yellow Sea, East China Sea, and the southern sea of Korea (Moon et al. 2000).

The activities of 230Th ranged from 0.06 to 0.34 dpm 1000 L−1 in the surface 
layer and from 0.14 to 0.37 dpm 1000 L−1 in the deep layer (Fig. 8.1b). The rela-
tively constant vertical distribution of 230Th in the bottom layer of the East Sea 
may be because of rapid mixing at the sediment-water interface (Nozaki and 
Yamada 1987). Hong et al. (2008a) reported the collection efficiency of the sedi-
ment trap at about 3000 m in the Japan Basin by comparing particulate 230Th 
fluxes with in situ production rate from decay of 234U, after subtracting for 230Th 
fluxes derived from detrital and atmospheric deposition. The calculated trap effi-
ciency was 142 ± 14 % or higher, due to significantly higher fluxes of authigenic 
230Th (from lateral inputs). The higher activities of 230Th relative to 228Th above 
500 m in the East Sea, compared to those below 500 m, may be due to additional 
inputs of Th, with lower 228Th/230Th ratios, from river, coastal sediment diagen-
esis, and/or eolian dust transport (Nozaki and Yamada 1987).
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Fig. 8.1  Vertical distributions of activities of a 228Th, b 230Th, and c 234Th in the East Sea 
(Redrawn from Nozaki and Yamada 1987; Moon et al. 2000). Station AN-7 is located at 
42o 49′N, 138o 06′E; AN-16 is located at 38o 17.5′N, 135o 29′E; AN-21 is located at 38o 40.6′N, 
132o 47.8′E. 96-PF-A4 is located at 38o 00′N, 133o 40′E; 96-PF-B10 is located at 40o 20′N, 
135o 00′E; 96-KS-A2 is located at 35o 47′N, 130o 10′E. The solid line in c represents 238U activi-
ties calculated using the relationship with salinity
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The activities of 234Th ranged from 0.4 to 2.1 dpm L−1 in the 0–800 m layer 
(Fig. 8.1c). Using 234Th-238U disequilibria, Moon et al. (2000) showed that 36.3 % 
of 234Th was removed by scavenging processes in the surface layer. Kim et al. 
(2011a) measured export fluxes of particulate organic carbon (POC) by multiply-
ing the POC/234Th ratio of the sinking particles by the flux through 100 m depth. 
The annual vertical fluxes of POC in the East Sea were about 161 mg C m−2 
day−1 with little seasonal variation, except for autumn, when vertical POC flux 
dropped to 49.3 mg C m−2 day−1.

8.3  Radium Isotopes

The activities of 228Ra ranged from 4.7 to 11 dpm 100 L−1 in the surface layer 
(0–200 m) and from 0.3 to 2.4 dpm 100 L−1 in the deep layer (200–3300 m) 
(Fig. 8.2a). Okubo (1980) reported that the activities of 228Ra in the East Sea were 
ten times higher than in the Pacific Ocean, because the East Sea receives large 
inputs of bottom sediments from the Yellow Sea, East China Sea, and the southern 
sea of Korea. The vertical eddy diffusion coefficient, estimated from the vertical 
distributions of 228Ra, was about 2.0 cm2 s−1.

The activities of 226Ra ranged from 6.4 to 10 dpm 100 L−1 in the surface layer 
and from 13 to 16 dpm 100 L−1 in the deep layer (Fig. 8.2b). The activities of 
226Ra in the surface layer were comparable to activities observed in the Korea 
Strait (7 dpm 100 L−1, Harada and Tsunogai 1986) and the western North Pacific 
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(8 dpm 100 L−1, Tsunogai and Harada 1980). Based on a 3-box model coupled 
with simultaneous equations for 226Ra and 14C, Harada and Tsunogai (1986) esti-
mated that the residence times of the deep water and of the entire water in the East 
Sea were about 300–400 years and 700–1000 years, respectively.

8.4  Lead and Polonium Isotopes

The activities of the truly dissolved (<10 kDa; hereafter referred to as dissolved), 
colloidal (10 kDa–0.45 µm), and particulate (>0.45 µm) phases of 210Pb ranged 
from 2.0 to 10 dpm 100 L−1, 3.3 to 13 dpm 100 L−1, and 0.8 to 3.7 dpm 100 L−1, 
respectively, in the surface layer (Fig. 8.3). The dissolved, colloidal, and particu-
late phases constituted 32–38 % (with a mean of 35 %), 39–53 % (with a mean 
of 48 %), and 11–26 % (with a mean of 17 %), respectively, of the total 210Pb 
(Kim and Kim 2012). Nozaki (1974) reported that the activities of total 210Pb 
in the deep layer ranged from 4.4 to 7.0 dpm 100 L−1 (with a mean of 5.7 dpm 
100 L−1), with nearly constant values below 500 m. The maximum activity of 
the total dissolved 210Pb (22 dpm 100 L−1) in surface waters was observed in the 
middle of the Japan Basin. This activity is comparable to that in the North Pacific 
(20 dpm 100 L−1, Nozaki et al. 1976) and the Kuroshio Current (27 dpm 100 L−1, 
Nozaki et al. 1990). Similar to other parts of the open ocean, the activity of total 
210Pb decreased with increasing depth in the East Sea (Bacon et al. 1988; Nozaki 
et al. 1990; Kim 2001; Chung and Wu 2005). Since the activities of 226Ra were 
within 10 dpm 100 L−1 in the surface layer of the East Sea (as mentioned in the 
previous section), these excess activities of 210Pb relative to 226Ra in the surface 
layer are likely due to inputs from the atmosphere (Nozaki 1974). Using a simple 
box-model and assuming a steady state condition, Nozaki (1974) estimated that 
the residence time of 210Pb in the East Sea is approximately 15 years.

The activities of dissolved, colloidal, and particulate 210Po ranged from 0.4 to 
2.7 dpm 100 L−1, 0.9 to 4.0 dpm 100 L−1, and 1.5 to 4.6 dpm 100 L−1, respec-
tively, in the surface layer (0–200 m) (Fig. 8.3). Of the total 210Po, the dissolved, 
colloidal, and particulate phases constituted 17–20 % (with a mean of 19 %), 
29–42 % (with a mean of 36 %), and 38–51 % (with a mean of 45 %), respectively 
(Kim and Kim 2012). Hong et al. (2008b) reported that the total 210Po activity in 
the deep layer (200–2000 m) ranged from 1.5 to 6.6 dpm 100 L−1. The lowest 
activities of total 210Po were observed in the subsurface layer (25–50 m) where the 
chlorophyll a maximum was also observed, suggesting effective biological uptake 
of 210Po. The highest activities of total 210Po were observed below the chlorophyll 
a maximum, probably because 210Po was released when phytoplankton decom-
posed (Hong et al. 2008b). In the dissolved and colloidal phases at all stations, 
210Po activities were lower than 210Pb activities. Particulate 210Po showed almost 
uniform activity over the entire depth. Similar to the open ocean, particulate 210Po 
activity was slightly higher than particulate 210Pb activity (Bacon et al. 1976; 
Chung and Craig 1983; Chung 1987; Chung and Finkel 1988).
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Yang et al. (1995) observed the activities of 210Po for the upper 100 m layer 
in the eddy region. In the periphery of the warm eddy, above the main thermo-
cline, the activities of 210Po were deficient relative to its parent, 210Pb. However, 
the station in the center of the warm eddy showed no excess of 210Po below 50 m. 
Yang et al. (1995) attributed this to the sinking of the warm surface water into the 
subsurface layer in this eddy region. The residence time of 210Po in the surface 
mixed layer in the warm eddy was 0.4 years, much shorter than at stations on the 
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periphery of the warm eddy (Yang et al. 1995). The residence time of 210Po in the 
upper 1000 m of the water column was about 4.0–5.5 years (Hong et al. 2008b).

Kim and Kim (2012) were the first to report the activities of truly dissolved, 
colloidal, and particulate phases of 210Po in the ocean using samples from the East 
Sea. Using a net residence time model, which accounts for biological uptake and 
remineralization, the residence times of 210Po in the upper 100 m layer were esti-
mated at 92 ± 41, 63 ± 14, and 166 ± 45 days for the truly dissolved, colloidal, 
and particulate phases, respectively (Kim and Kim 2012). The residence time of 
colloidal 210Po was several-fold longer than typical residence times (<10 days) for 
high-molecular-weight dissolved organic carbon and colloidal 234Th in the surface 
water. On the basis of this comparison, Kim and Kim (2012) suggested that 210Po 
turns over several times through the colloidal phase, perhaps together with other 
bio-reactive elements, before settling down from the upper ocean.
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Abstract Geochemical aspects of sediments in the East Sea (Japan Sea), includ-
ing spatial distributions of chemical elements and processes governing these 
distributions, are reviewed. The chemical composition of sediments in the East 
Sea shows distinct geographical and geomorphological variation and is greatly 
affected by water temperature and circulation pattern. The existence of a subpo-
lar front at around 38°N–40°N separates the East Sea into northern and southern 
parts. This separation is reflected by differentiation in the sediments, which are 
silica-rich, with low levels of organic carbon in the north and carbonate-rich with 
high levels of organic carbon in the south. The southern part of the East Sea, espe-
cially the southwestern East Sea, is characterized by high productivity and high 
sedimentation rate. Consequently, post-depositional diagenetic processes greatly 
influence the chemical composition of sediments in the south and southwest. As 
a result of such redox processes, sediments in the southern part of the East Sea 
are highly enriched in manganese oxides. Other important factors determining the 
distributions of chemical elements in sediment are chemical and biological pro-
cesses in the water column and the sediment’s proximity to continents. Generally, 
the chemical composition of coastal sediments, including upper slope sediments, 
in the East Sea is more influenced by the supply, transport, and preservation of 
detrital sediments than by diagenetic processes in the sediments. In contrast, the 
chemical composition of basin sediments is more influenced by post-depositional 
diagenetic and authigenic processes than by the supply, transport and preservation 
of detrital sediments.
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9.1  Introduction

Marine sediments are composed of minerals and organic particles supplied 
through fluvial, atmospheric, and hydrothermal pathways from continents, nearby 
islands, and overlying waters (Chester 2000). Sediments display considerable geo-
graphic variation, because the lithogenic and/or volcanogenic, biogenic and authi-
genic source particles may change greatly during lateral transport, sinking and 
sedimentation, due to physico-chemical conditions and hydrodynamic interactions 
during their formation, as well as post-depositional processes (Fütterer 2006). 
Thus, the chemical composition of sediment reflects and is controlled by the type 
of sedimentary environment, which, in turn, depends on its proximity to conti-
nents, particle-water interactions, water depth, biological activity, sedimentation 
rate, the physico-chemical properties of bottom water and benthic biogeochemical 
dynamics (Calvert and Pedersen 1993; Fütterer 2006; Sarmiento and Gruber 2006; 
Cha et al. 2007; Arndt et al. 2013). Consequently, the distribution of chemical ele-
ments in sediment sheds light on the sedimentary sources and the processes affect-
ing sedimentary chemical composition.

The East Sea is a semi-enclosed marginal sea surrounded by the East Asian 
continent and the Japanese Islands. It is characterized by a narrow continental 
shelf and three deep basins (the Japan, Yamato, and Ulleung basins), which are 
separated by the Korea Plateau, the Oki Bank, the Yamato Rise and the Kita-
Yamato Bank (Chough et al. 2000; Lee et al. 2011). The floors of the Japan and 
Yamato basins are generally smooth and flat, except for a few seamounts and 
hills. The South Korea Plateau is characterized by ridges, seamounts, and troughs 
(Chough et al. 2000). The East Sea consists of two oceanographic regions called 
the cold and warm regions, divided by the subpolar front (SPF) (Chough et al. 
2000; Lee et al. 2009). The SPF runs east-west at around 38°N–40°N and divides 
the upper layer (upper 200 m) of the East Sea into northern and southern waters. 
Northern waters are characterized by subpolar temperatures and overlie cold sili-
ceous sediments; southern waters are characterized by subtropical temperatures 
and overlie warm carbonaceous sediments (Chough et al. 2000; Yanagi 2002; Lee 
et al. 2009; Chang et al. 2004). Ocean-like thermohaline circulation starts from 
the northwestern part of the East Sea in winter (Kim et al. 1991, 2002; Seung 
1992; Senjyu et al. 2002; Talley et al. 2003). This thermohaline circulation greatly 
affects the chemical properties of both water (Kim and Kim 1996; Tishchenko 
et al. 2007) and sediments (Otosaka et al. 2004; Cha et al. 2005, 2007).
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9.2  Organic and Inorganic Carbon and Silica

Spatially, the distribution of chemical elements in recent sediments of the East 
Sea appears to be controlled by organic production, climatic zonation, hydrologic 
conditions (such as currents and circulation patterns), and the bottom morphology 
of the basin (Solov’yev 1962; Niino et al. 1969; Yin et al. 1989; Takematsu et al. 
1993; Cha et al. 2007; Ohta et al. 2013).

The sea floor of the East Sea is covered with fine-grained sediments that are 
mainly composed of silt and clay. Sediment grain size changes with depth; sedi-
ments are generally coarser in shallow areas and finer in deep areas, with some 
exceptions (Solov’yev 1962; Niino et al. 1969; Khim et al. 1997; Cha et al. 2007). 
Glacial-marine sediments composed of gravels and pebbles scattered by float-
ing ice are common in the northwest and in areas close to the Tatarsky Strait 
(Solov’yev 1962). Much coarser sediments, composed of sand and gravel, are 
distributed on the banks, continental shelves and islands (Niino et al. 1969). The 
floors of deep basins are covered with fine-grained sediments (Ichikura and Ujiie 
1976; Cha et al. 2007). In particular, at water depths greater than 2000 m, the floor 
of the Ulleung Basin is mostly covered with clays (Solov’yev 1962; Cha et al. 
2007). Sandy sediments with lots of relict carbonate shells and rock fragments are 
found in the Korea Strait, the gateway through which the Warm Tsushima Current 
flows into the East Sea (Choi and Park 1993; Cha et al. 2007). However, sediments 
stretching from the northeast of the Korea Strait to the Japanese coasts contain 
20–80 % mud at water depths of 130–170 m. This mud belt extends to the south-
eastern slope of the Ulleung Basin (Yin et al. 1989; Ohta et al. 2013). In contrast 
a fine-grained sediment belt extends in coastal areas along the Korean-side from 
Pusan to Pohang (Cha et al. 2007).

Brownish mud occurs extensively at depths greater than 1000–2000 m in the 
East Sea. Sediment colors vary by water depth. Sediments of deep basins (deeper 
than 2500 m) are yellowish brown to olive brown, whereas continental slope, shelf 
and bank sediments are greenish yellow to yellowish green. Nearly all ocean floors 
are covered with brown or red sediments at about 3000–4000 m in the East Sea, 
in contrast to the Pacific Ocean, where such sediments are usually found below 
5000 m (Niino et al. 1969; Yin et al. 1989). Red or brown sediments may occur at 
shallower depths in the East Sea because fast ventilation supplies highly oxygen-
ated water to the bottom (Talley et al. 2003).

9.2.1  Distribution of Organic Carbon

Sedimentary organic carbon levels in the East Sea show great spatial variation 
around the SPF, at 38°N–40°N (Fig. 9.1a). The northern part of this region is char-
acterized by low levels of sedimentary organic carbon, whereas the southern part 
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has high sedimentary organic carbon levels. High levels of sedimentary organic 
carbon are also found in the northern part of the sea, in shallow coastal bays and 
in fine-grained deposits along the continental slope. In the northern part of the sea, 
the fine-grained sediments of closed bays near Hokkaido contain the highest con-
centration of organic carbon (about 2 %). Most continental slope sediments have 
organic carbon concentrations of 1–2 %. The level of organic carbon decreases to 
less than 1 % in basin areas. Sediments near islands and continental shelves also 
have less than 1 % organic carbon (Solov’yev 1962; Niino et al. 1969). Because 
sedimentation rates are low in basin areas and because organic matter arrives at 
the sea floor after decomposing during its long transport through the water col-
umn, organic matter is more susceptible to oxidative degradation in basin areas. 
Moreover, oxidative decomposition is enhanced by the highly oxygenated bottom 
water of the East Sea (Kim et al. 1991; Gamo 2011).

In the southern part of the sea, the spatial distribution of organic carbon in sedi-
ments differs from that seen in the northern part. High concentrations of organic 
carbon (>2.5 %) are found over the Korea Plateau and continental slope and the 
basin plain of the Ulleung Basin (Fig. 9.1a), where the highest value reported 
is greater than 4 % (Cha et al. 2007; Choi et al. 2009; Cha and Choi 2013). 
Surprisingly, although these sediments are from the deep sea, their organic carbon 
concentrations are higher than those of the open ocean and even comparable to 
concentrations in upwelling areas (Sarmiento and Gruber 2006). In contrast to the 
very high organic carbon levels in the Korea Plateau and Ulleung Basin sediments, 
levels are very low on the shelves around the Korea Strait, where relict sands and 
gravels are present.

The southwestern part of the East Sea is a fairly productive region, despite lit-
tle riverine input of nutrients (Hong et al. 1997; Yamada et al. 2005; Lee et al. 
2008, 2009, 2010; Yoo and Park 2009; Kim et al. 2011). Using satellite data, Yoo 
and Park (2009) proposed that biological productivity is enhanced mainly by 

Fig. 9.1  Distribution of a organic and b inorganic carbon in the East Sea. Data taken from Cha 
et al. (2007) for the southwestern part (including the Korea Strait) and from Niino et al. (1969) 
for the central, eastern and northern East Sea
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wind-driven upwelling along the Korean coast. They also suggested that advec-
tion of upwelled water to deep basins leads to the high productivity in the Ulleung 
Basin. Lee et al. (2008) suggested the high levels of organic carbon in the Ulleung 
Basin were caused by high export production and low dilution by inputs of terres-
trial materials and calcium carbonate. Choi et al. (2009) attributed the high level 
of organic carbon in the basin sediments to both the low dilution by calcium car-
bonate and the high organic carbon sinking flux in the Ulleung Basin. The high 
organic carbon sinking flux may result from a combination of enhanced primary 
production because of upwelling in the Kampo-Ulgi area, and transport by the 
East Korean Warm Current (Hyun et al. 2009).

In southern East Sea sediments, organic carbon accumulation rates range from 
2.0 to 60 gC m−2 year−1 and burial fluxes range from 1.0 to 11.5 gC m−2 year−1 
(Lee et al. 2008, 2010; Cha and Choi 2013). This burial flux of organic carbon 
(1.0–11.5 gC m−2 year−1) in southern sediments is very high (about 1 % of total 
primary production) compared to other areas with similar water depth (Lee et al. 
2010 and references therein), although most of the organic carbon accumulated 
in the sea floor is returned to the water column via regeneration. Organic carbon 
accumulation rates vary greatly with environmental setting and rates are much 
higher in slope sediments than in basin sediments (Cha et al. 2007). Thus, the 
basins of the southwestern East Sea appear to have characteristics of hemipelagic 
rather than deep sea sediments (Cha et al. 2007). So, organic matter deposited on 
the sea floor in the southwestern East Sea may experience less degradation, and 
certain processes may prevent organic matter from decomposing. Sedimentation 
rate is generally positively related to organic carbon content, probably because 
high sedimentation rates rapidly remove and protect organic matter from oxic res-
piration or because high sedimentation rates protect organic matter by increasing 
its adsorption on mineral surfaces (Rullkötter 2006 and references therein).

9.2.2  Distributions of Calcium Carbonate and Silica

Distributions of calcium carbonate and silica around the SPF appear to depend 
on water temperature. Calcium carbonates occur mainly in the southern East Sea 
where the Tsushima Warm Current warms surface waters (Fig. 9.1b). Furthermore, 
calcium carbonates accumulate chiefly in sandy sediments of the southern East 
Sea and the Yamato Rise. Concentrations of calcium carbonate show great spa-
tial variation (from less than 1 % to greater than 70 %) with highest values in the 
Korea Strait. Sediments on relatively flat basin floors have the lowest calcium car-
bonate concentrations (<1 %) due to the shallow carbonate compensation depth 
(CCD) in the East Sea (Chen et al. 1995; Lee et al. 2001). Based on total alkalin-
ity and pH data, Lee et al. (2001) suggested that the crossover from supersatura-
tion to oversaturation for calcium carbonate occurs at depths of about 200-400 m 
for calcite and about 100–300 m for aragonite. Chen et al. (1995) reported CCD 
of 300 m for aragonite and 1300 m for calcite, using total alkalinity and CO2 
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data. Ichikura and Ujiie (1976) estimated CCD between 1500 and 2000 m, from 
the occurrence of planktonic foraminifera and/or red clay. In the deep basins and 
lower continental slope sediments of the East Sea, however, high levels of calcium 
carbonates (greater than 10 %) have been reported (Lee et al. 2001; Hyun et al. 
2007). Lee et al. (2001) suggested that the supply of terrestrial materials from 
adjacent continents may keep calcium carbonate from dissolving in deep areas, 
despite the shallow CCD in the East Sea. The high levels of calcium carbonates 
(>30 %) in sandy sediments from the Korea Strait are likely due to relict carbonate 
shells (Niino et al. 1969; Choi and Park 1993; Cha et al. 2007).

The sediments of the East Sea are rich in amorphous silica. Silica concentra-
tions range from less than 3 % to greater than 20 %. Silica accumulates in the 
northern East Sea, especially in the areas with low surface water temperatures. 
Particularly high levels of silica (>20 %) are found in the northern part of the 
Tatarsky Strait, where fine clays are deposited (Solov’yev 1962). Diatoms are 
the most common phytoplankton group in the East Sea and very common in East 
Sea sediments (Chough et al. 2000; Lee et al. 2009). Ichikura and Ujiie (1976) 
reported that diatomaceous yellowish brown or brown clays are widely distrib-
uted over the deep sea floors of the Japan, Yamato and Ulleung basins; the Yamato 
Rise; and the continental slope connected to the Yamato Rise. In the southern East 
Sea, the percentage of opaline (biogenic) silica varies from ca. 5 % to 12 %, with 
highest values in the Ulleung Basin and the Korea Plateau (Lee et al. 2003; Hyun 
et al. 2007; Gorbarenko and Southon 2000).

9.3  Metals

Sediment chemical composition is influenced not only by sediment source, par-
ticle-water interactions during transport from source areas to depositional sites, 
water column processes on the way to sea floor, and post-depositional reactions 
after sedimentation (Calvert and Pedersen 1993), but also by sedimentation rate, 
sediment size, minerals present, depth of the redox boundary, organic and inor-
ganic carbon content, etc. (Calvert 1976; Bodur and Ergin 1994; Morford and 
Emerson 1999; Cho et al. 1999; Chester 2000). In the East Sea, chemical com-
position of sediments varies with geography and geomorphology. For the settling 
particles in the East Sea, Masuzawa et al. (1989) classified chemical elements 
into four groups based on the relationship between their concentrations and the 
change in metal/Al ratios with water depth: refractory (Al, Sc, La, Th, Hf, V, 
Ta, K, Rb, and Cs); biogenic (Ba, Ca, and Sr); scavenged (Mn, Ce, Fe, and Co); 
and biogenic-scavenged (As, Sb, Se, Ag, Zn, and Br). Cha et al. (2007) also cat-
egorized elements into four groups based on the relationship between elemental 
concentration and the change in element/Al ratios with water depth. As classified 
by Cha et al. (2007), Group 1 elements were lithophilic and abundant in detrital 
minerals, similar to the refractory elements classified by Masuzawa et al. (1989). 
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The concentrations of Group 1 elements decreased with water depth but element/
Al ratios remained unchanged (Sc, Cr). Group 2 elements according to Cha et al. 
(2007) are the same as the biogenic elements as classified by Masuzawa et al. 
(1989). Concentrations of Group 2 elements, as well as element/Al ratios, decrease 
with increasing water depths (Ca, Sr, CaCO3). For Group 3 elements, concentra-
tions and element/Al ratios increase steadily with water depth (organic carbon, V, 
Cu, Pb). Hence, these elements correspond to the scavenged or authigenic type. 
Similar to Group 3 elements, concentrations and element/Al ratios both increase 
greatly with water depth for Group 4 elements (Fe, Mn, P, Co, and Ni). Given that 
Fe and Mn have redox-related cycles within sediments and accumulate greatly in 
(oxy)hydroxide forms at the redox boundary and/or near the sediment surface, 
Group 4 elements are considered diagenetic (Froelich et al. 1979; Slomp et al. 
1996; Marin and Giresse 2001; Cha et al. 2005; Choi et al. 2009).

9.3.1  Aluminum

Aluminum is a main component of clay minerals and occurs at high concentra-
tions in fine-grained sediments and deep sea clays. Concentrations of aluminum 
(Al)  in surface sediments of the East Sea range from 4.8 to 9.8 % (Table 9.1). 
High Al concentrations are found in the Japan Basin (8.9–9.8 %), followed by the 
Yamato Basin (8.6 %) and the Ulleung Basin (4.8 %; Ulleung Basinb in Table 9.1). 
The high concentration of Al in the Japan Basin may be due to the input of Asian 
dust in winter and spring (Otosaka et al. 2004; Takata et al. 2008). The Ulleung 
Basin is characterized by high clay and high organic carbon content and has much 
lower Al concentrations than the Japan and Yamato basins, probably because the 
Ulleung Basin receives a low supply of detrital materials and a high supply of bio-
genic materials (Cha et al. 2007). Ulleung Basin sediments also show very high 
concentrations of Mn, P, Co and Ni, as well as high Fe/Al ratios.

9.3.2  Iron

Iron concentrations vary from 3.2 to 5.4 % in East Sea sediments (Table 9.1). The 
distribution of Fe in surface sediments of the East Sea reflects the bathymetry of 
the sea floor. Similar to Al concentrations,  among the three deep basins, highest 
concentrations of Fe occur in the sediments of the Japan Basin, while the sedi-
ments of the Ulleung Basin have relatively low Fe concentrations compared to 
northern areas. Within the Japan Basin, highest levels of Fe occur in the central 
part, followed by the western part, with lowest Fe levels occurring in the east-
ern Japan basin. Sediments of the eastern Japan Basin, the Yamato Basin and the 
Ulleung Basin show low Fe concentrations (Table 9.1).
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In a review of sedimentation processes in the East Sea, Solov’yev (1962) 
presented the spatial distribution of Fe in the East Sea sediments, excluding the 
Ulleung Basin and southern areas. High concentrations of Fe were found in the 
central part of the sea and overlapped roughly with the occurrence of clay deposits 
(Solov’yev 1962). In the southern East Sea, Fe distribution in sediments is depend-
ent on water depth and higher Fe concentrations occur in deep areas around the 
Ulleung Basin and Oki Trough (Yin et al. 1989; Cha et al. 2007). High concentra-
tions of sedimentary Fe are also found in coastal and shelf areas in the Tatarsky 
Strait (close to the Russian coast made of basic magmatic rocks). Southern areas 
with high Fe concentrations include submarine outcrops and volcanic banks 
(Solov’yev 1962). Continental shelves on the Japanese side, northeast of the Korea 
Strait, have fine sands with low mud content that are subjected to strong bottom 

Table 9.1  Elemental composition of surface sediments

aData from Otosaka et al. (2004)
bAverage values in the Ulleung Basin surface sediments (Cha et al. 2007)
cChester (2000)

Japan Basina Yamato 
Basina

Ulleung 
Basina

Ulleung 
Basinb

Deep sea 
clayc

Western Central Eastern 1 
(SE)

Eastern 2 
(E)

Al (%) 8.88 9.75 9.48 8.55 8.56 9.45 4.8 9.5

Ca (%) 0.78 1.04 0.83 1.79 0.83 0.61 0.4 1.0

Mn 
(ppm)

5143 8175 4744 2982 5121 8250 11,000 6000

Fe (%) 5.24 5.42 5.19 4.11 4.47 4.85 3.2 6.0

Ni 
(ppm)

463 596 469 259 436 474 54 200

Co 
(ppm)

20.3 56.4 30.0 22.0 29.3 26.5 55

Cu 
(ppm)

47.5 121.0 62.1 47.6 63.0 65.8 200

Zn 
(ppm)

130 207 142 94.3 199 222 120 120

Y 
(ppm)

47.5 30.7 34.5 40.2 23.3 23.7

Pb 
(ppm)

48.2 53.7 72.3 46.9 47.0 48.8 43.0 200

Fe/AI 0.59 0.56 0.55 0.48 0.52 0.51 0.67 0.63

Chemical composition of settling particles near bottom

Al (%) 4.19 3.55 3.61

Mn 
(ppm)

2787 2312 2796
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currents from the Tsushima Warm Current. The fine sandy shelf sediments are also 
enriched in Fe (as well as P, Ti, Nb, REEs, Ta, Th, and U). This enrichment of Fe 
in shelf sediments is attributed mainly to the accumulation of P- and Ti-bearing 
heavy minerals (such as apatite, monazite, rutile, and sphene) as a result of the 
strong bottom currents that also contain high levels of Fe (Ohta et al. 2013).

Iron is the fourth most abundant element in continental crust and it is trans-
ported to marine sediments through riverine, atmospheric, hydrothermal and gla-
cial pathways (Haese 2006). The surface water of the East Sea is characterized 
by low nutrient and high Fe concentrations. The vertically integrated total dissolv-
able Fe inventories in the upper 200 m (5–200 m) are very high (284–359 μmol 
Fe m−2) in the northeastern and mid-eastern regions of the East Sea compared 
to the western and eastern North Pacific Ocean, probably because of high atmos-
pheric Fe input to the nutrient-depleted surface water of the East Sea near the 
Asian continent  (Takata et al. 2008 and references therein). Using sediment traps 
in the western Japan, Yamato and Ulleung basins, Otosaka et al. (2004) collected 
settling particles at several depths and calculated that the mass flux was the highest 
in the western Japan Basin, both at depths of 1 km and near the bottom. The mass 
flux data and data on the chemical composition of settling particles, suggest there 
is significant input of atmospheric Fe in the western Japan Basin. The relatively 
enriched Fe in the extracted fraction of the brownish mud probably has a hydrog-
enous origin, given that the surface water of the East Sea is very high in total dis-
solvable Fe concentration compared to surface waters in the western and eastern 
North Pacific Ocean, likely due to high atmospheric Fe input to East Sea surface 
waters near the Asian continent  (Yin et al. 1989; Takata et al. 2008).

9.3.3  Manganese and Other Trace Elements

The transition elements (Mn, Cu, Ni, Co, Zn, V and Cr) in the surface sediments 
of the East Sea show distinct geographical distributions (Table 9.1). Mn, Ni, Cu 
and Zn are greatly enriched in the southern East Sea, particularly in the Ulleung 
Basin and Oki Trough sediments, as well as the central Japan Basin. Sediment 
concentrations of Pb are higher in the eastern Japan Basin than in other parts of 
the East Sea (Yin et al. 1989; Otosaka et al. 2004; Cha et al. 2007).

Mn concentrations vary widely (ranging from 0.02 % to greater than 2 %) with 
a regional distribution pattern (Yin et al. 1989; Otosaka et al. 2004; Cha et al. 
2007; Choi et al. 2009). Mn concentrations generally increase as water depth 
increases, with concentrations spiking to their highest levels below a depth of 
about 1000 m in the deep sea sediments of the Ulleung Basin and the Oki Trough, 
where the sea floor is covered with brownish or brownish yellow mud (Yin et al. 
1989; Cha et al. 2007).



210 H.J. Cha

9.3.4  Redox Cycling of Manganese and Iron

In sediments, Mn distribution seems to be controlled by the redox cycle. In 
enriched basin sediments, Mn exists in the form of oxides and/or oxyhydroxides 
of suboxic diagenesis origin (Tsunogai et al. 1979; Yin et al. 1989; Cha et al. 
2005; Choi et al. 2009). Mn oxides, like Fe oxides, are involved in early diagenetic 
processes (as an intermediate oxidant). Thus, Mn oxides experience redox cycling 
in sediments: burial in the particulate phase, reductive dissolution at the reducing 
zone, upward migration in the dissolved phase and then reprecipitation as oxides 
at the surface oxidizing zone. Reprecipitation may also enrich concentrations of P 
and transition elements (such as Co and Ni) in marine surface sediments at or near 
the redox boundary (Froelich et al. 1982; Sherwood et al. 1987; Berner et al. 1993; 
Lucotte et al. 1994; Slomp et al. 1996) as seen in basin sediments (Tsunogai et al. 
1979; Dymond et al. 1984; Yin et al. 1989; Cha et al. 2005).

The amount of Fe and/or Mn oxides reprecipitated in the surface oxidized 
zone depends on the type of sedimentary environment, with more reprecipitation 
in basins and less in slope sediments. For example, in the Ulleung Basin, surface 
sediments are extremely rich in Mn oxides (over 2 %) but slope sediments are not 
enriched. Cha et al. (2007) suggest that enrichment of Mn in the surface layer of 
basin sediments may result from a combination of the high organic carbon supply 
and the high sedimentation rate in the Ulleung Basin. Even in deep basin areas, 
high sedimentation rates prevent dissolved oxygen from penetrating deep into 
sediment and thereby oxidizing organic matter, and consequently organic matter 
reaching the bottom may be well preserved in sediment. Dissolved Mn released 
by the reductive dissolution of Mn oxides during the degradation of organic mat-
ter in oxygen deficient sediment may be transported upward to the sediment sur-
face, where it reprecipitates as Mn oxides (Cha et al. 2005, 2007). Alternatively, 
Choi et al. (2009) suggest that Mn enrichment results from a combination of high 
organic carbon content in surface sediments and optimum sedimentation rates 
in the basin area. According to them, Mn oxides may be used as oxidants dur-
ing the degradation of organic matter in sediments containing high organic carbon; 
dissolved Mn released by the reductive dissolution of Mn oxides during organic 
matter degradation may then be transported upward if sedimentation rates are 
optimal; finally, this dissolved Mn may reprecipitate in surficial sediments. Choi 
et al. (2009) suggest another explanation, similar to what occurs in Danish coastal 
sediments (Canfield et al. 1993): the dissolved Mn released from organic matter 
decomposition in continental slope areas is transported to basin areas, where it is 
reprecipitated because there is no Mn enrichment in the continental slope sedi-
ments (where Mn concentrations are usually 0.006–0.03 % at the sediment sur-
face). These explanations for the Mn enrichment in the basin sediments invoke the 
redox cycling of Mn in sediments overlain by oxygen-rich bottom water.

Manganese reduction occurs in all three basins (the Japan, Yamato and Ulleung 
basins) of the East Sea (Solov’yev 1962; Masuzawa and Kitano 1983; Yin et al. 
1989; Otosaka et al. 2004; Cha et al. 2005, 2007; Choi et al. 2009; Ohta et al. 
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2013). Redox boundaries are present 80–120 cm below the sediment/water inter-
face for the central Japan Basin, but they are present just below the sediment/water 
interface in the northeastern Japan Basin, the Ulleung Basin and the Yamato Basin 
(Masuzawa and Kitano 1983; Yin et al. 1989; Cha et al. 2005). The shallow redox 
boundaries may be the reason why Mn is most enriched in the southern East Sea. 
Sulfate reduction may affect concentrations of Fe and Mn in surface sediments 
and Masuzawa and Kitano (1983) classified sulfate reduction into three types:

(1) Areas where Mn oxide reduction is appreciable and sulfate reduction is not 
appreciable, as in the northern Japan Basin. In such cases, there is no mecha-
nism to keep dissolved Fe from migrating upward. So, similar to Mn oxides, 
Fe oxides will enrich surface sediments.

(2) Areas where sulfate reduction takes place but hydrogen sulfide is not 
observed, such as the central Japan Basin. Here again, surface sediments will 
be enriched in Fe oxides.

(3) Areas where sulfate reduction is pronounced and hydrogen sulfide is 
observed, as in the Yamato and Ulleung basins. If iron sulfides are formed, 
a large portion of the Fe released by reductive dissolution of Fe oxides will 
precipitate as iron sulfide phases, so that only small amounts of dissolved 
Fe can diffuse upward through the interstitial water. In the East Sea, sul-
fate is actively reduced by microbes for organic matter degradation both in 
continental slope and basin sediments; sulfate reduction is especially active 
in the Ulleung Basin (Lee et al. 2008; Hyun et al. 2010; You et al. 2010). 
Therefore, the enrichment of Fe and other trace elements (Co, Ni, Cu, Zn) in 
deep basin areas (Japan, Yamato and Ulleung basins) may be of authigenic 
origin.

9.3.5  Sources and Geochemical Features of Sediments

Using La/Yb and Mn/Al ratios, Otosaka et al. (2004) suggested three sources of 
lithogenic material for the Japan and Yamato basins of the East Sea: atmospheric 
input of “fresh” Asian dust; lateral transport of “old” Asian dust from the East 
China Sea by the Tsushima Warm Current; and lateral transport from the Island 
arc of the Sakhalin and the Japanese Islands. Atmospheric input from the Asian 
continent in winter and spring contributed 84 % of the annual lithogenic fluxes 
at a depth of 1 km in the western Japan Basin; the Tsushima Warm Current trans-
ports Asian dust from the East China Sea to the southern margin of the East Sea 
(Yamato Basin); and lateral transport from the Japanese Islands accounts for 87 % 
of the annual lithogenic flux in the eastern Japan Basin (Otosaka et al. 2004).

Cha et al. (2007) studied the geochemical features of fine-grained sediments on 
the upper slope and continental shelf off the Korean coast and proposed that they 
were a mixture of Korean and Chinese stream sediments. Spatial distributions of 
elements from the eastern side of the Korea Strait (including the Japanese coast) to 
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the southeastern continental slope of Ulleung Basin show the same general trend, 
elemental concentrations increasing with increasing mud content. The dominant 
flow system, the Tsushima Warm Current, plays an important role in the distribu-
tion of clay minerals over the Korea Strait region, whereas continental sources are 
more important for fine-grained sediments along the Korean coasts and in slope 
areas (Khim et al. 1997). Along the Korean coast from Pusan to Pohang and in 
the upper part of the continental slope south of the Ulleung Basin, fine-grained 
sediments are characterized by high sedimentation rates and high concentrations 
of Al, Fe, K, Sc, and Cr that are abundant in detrital minerals (Cho et al. 1999). 
The concentrations of these elements were comparable to typical nearshore mud 
deposits (Cho et al. 1999; Chester, 2000). Using (Mg + Fe + K + Ti)/Al and 
(V + Cr + Co + Ni + Zn)/Al ratios and isotopic compositions, Cha et al. (2007) 
reported that these fine-grained sediments are mixtures of sediments from the 
Changjiang and Nakdong Rivers.

9.4  Summary

The chemical composition of sediments in the East Sea shows distinct geographi-
cal and geomorphological variation. Factors that determine the chemical compo-
sition of sediment are: proximity to continents, water depth, reactions between 
particles and water, biological activity in the overlying water, sedimentation rates, 
biogeochemical processes in sediments and physico-chemical conditions of the 
overlying water (including large scale circulation and ventilation processes). Post-
depositional diagenetic processes in sediments greatly influence whether a mate-
rial is preserved in and buried with sediment or returned to the ocean as benthic 
flux (in a changed chemical form).

The chemical composition of coastal sediments (including upper slope sed-
iments) in the East Sea was more affected by the supply, transport, and preser-
vation of detrital sediments than by diagenetic processes in the sediments. In 
contrast, the chemical composition of basin sediments was more influenced by 
post-depositional diagenetic and authigenic processes than by the settling of detri-
tal sediments.

Finally, it is interesting to note that although the Ulleung Basin is very deep and 
is overlain by highly oxygenated bottom water, high levels of organic matter are 
preserved in Ulleung Basin sediments, where sulfate, Fe and Mn oxides are used 
for organic matter degradation.
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Chapter 10
Phytoplankton and Primary Production
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Abstract The northern part of the East Sea (Japan Sea) is dominated by the cold 
waters of the Liman Current, whereas in the southern part, the dominant current is 
the Tsushima Warm Current. Together with these major current systems, subpolar 
fronts and mesoscale eddies that form in the region exert a strong influence on the 
phytoplankton ecosystem in the East Sea. These conspicuous physical forcings are 
manifested as often clearly discernible features in temporal and spatial distributions, 
composition, abundance, biomass and production of phytoplankton. In short, dia-
toms and dinoflagellates are found to be the most diverse phytoplankton groups and 

J.K. Choi (*) 
Department of Oceanography, Inha University, Incheon 22212, Republic of Korea
e-mail: jkchoi@inha.ac.kr

J.H. Noh · D.H. Choi 
Biological Oceanography and Marine Biology Division, Korea Institute of Ocean Science 
and Technology, Ansan 15627, Republic of Korea
e-mail: jhnoh@kiost.ac.kr

D.H. Choi 
e-mail: dhchoi@kiost.ac.kr

T. Orlova 
Zhirmunsky Institute of Marine Biology, Far East Division, Russian Academy of Sciences, 
Vladivostok 690059, Russia
e-mail: torlova06@mail.ru

M.-O. Park 
Department of Oceanography, Pukyong National University, Busan 48513,  
Republic of Korea
e-mail: mopark@pknu.ac.kr

S.H. Lee 
Department of Oceanography, Pusan National University, Busan 46241,  
Republic of Korea



218 J.K. Choi et al.

are occasionally responsible for blooms in coastal waters. Diatoms are also abun-
dant in frontal areas and in the rings of warm core eddies. Picophytoplankton groups 
are also found to be important phytoplankton in the East Sea, especially in warm 
seasons, and photosynthetic picoeukaryotes and Synechococcus show distinct sea-
sonal and vertical distribution patterns. Recent field measurements indicated that the 
spatial distribution of primary productivity in the Ulleung Basin (UB) of the East 
Sea ranged from 172 to 358 g C m−2 year−1. This range of primary productivity 
is relatively higher than in other regions in the East Sea. The East Sea is a body of 
dynamic “non-oceanic” water with its own particular oceanic characteristics. Coastal 
upwelling and mesoscale eddies over a wide range of horizontal scales contribute to 
the high primary productivity in the UB. This vibrant primary production provides 
the foundation for a biological “hot” spot and strong support for an energetic bio-
logical pump cycle in the East Sea. Despite much progress in expanding knowledge 
of phytoplankton ecology in the East Sea, more studies on diversity, productivity, 
niche, and physiological adaptation to dynamic environments should be conducted 
to better understand ecological roles of  phytoplankton in changing oceans.

Keywords Phytoplankton · Primary production · Chlorophyll a. · Ulleung basin ·  
East Sea (Japan Sea)

10.1  Introduction

Since phytoplankton plays an important role as a major primary producer of 
organic carbon in pelagic ecosystems, it is necessary to study phytoplankton 
ecology for a better understanding of marine ecosystems. Early studies on phy-
toplankton in the East Sea were initiated by Russian and Japanese scientists in 
the 1920s and 1930s (Ostroumoff 1924; Skvortzow 1931; Aikawa 1936; Yamada 
1938). Aikawa (1936) and Yamada (1938) grouped phytoplankton of the East Sea 
into warm water, cold water, and coastal water species. Then, in the 1940–1960s, 
the distribution of phytoplankton was studied in the open waters of the East Sea 
(Kisselew1947; Park 1956; Ohwada and Ogawa 1966; Uhm and Yoo 1967).
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However, limited studies on the biological processes controlling spatial and 
seasonal variability of phytoplankton have been reported. Community structure 
and spatial distribution of phytoplankton (Park et al. 1991) and the distribution 
of chlorophyll a (chl-a) (Kano et al. 1984; Moon et al. 1998) were studied in the 
subpolar frontal region of the East Sea. Recently, the impact of mesoscale eddies 
on the vertical distribution of phytoplankton and nutrients were investigated in the 
Ulleung Basin (UB) (Kang et al. 2004; Hyun et al. 2009; Kim et al. 2012). In addi-
tion, with the improvement in satellite technology, applications of satellite obser-
vation on chlorophyll have enhanced our understanding of the temporal and spatial 
distributions as well as mesoscale physical processes affecting those distributions 
in the East Sea (Yamada et al. 2005; Yoo and Park 2009).

The East Sea has also experienced dramatic changes with global warming dur-
ing the last 50–60 years (Kim and Kim 1996; Gamo 1999), which may be associ-
ated with the climate regime shift observed in long-term data from the PM line 
of the Japan Meteorological Agency and regular observation lines of the National 
Fisheries Research and Development Institute of Korea in the East Sea (Chiba 
and Saino 2002; Rebstock and Kang 2003). In accordance with long-term climate 
change, Yamada et al. (2004) suggested that seasonal and interannual variability 
of sea surface chl-a in the East Sea are largely affected by variability of the global 
climate such as El Niño-Southern Oscillation (ENSO) events.

Several studies described the species composition and phytoplankton commu-
nity in the southwestern area (Shim and Lee 1983; Lee and Shim 1990; Shim et al. 
1992, 1995), Korean coastal waters (Choe 1972; Shim and Bae 1985; Kang and 
Choi 2001, 2002), and upwelling area (Shim et al. 2008) of the East Sea. In addition, 
the distribution of photosynthetic pigments was investigated in the East Sea (Kim 
et al. 2010). The abundance and seasonal dynamics of planktonic microalgae, as 
well as episodes of harmful algae blooms (HABs) and eutrophication were studied 
in Russian coastal waters (Shuntov 2001). In the last 20 years, special attention has 
been paid to problems of eutrophication of coastal waters and HAB events (Stonik 
and Selina 1995; Stonik and Orlova 1998, 2002; Kim et al. 1999; Orlova et al. 2002).

Since the first report of the importance and populations of picoplankton in the 
East Sea (Shim and Bae 1985), several studies regarding abundance, biomass 
and primary productivity of the picophytoplankton, and physico-chemical factors 
controlling the distribution of picoplankton have been carried out in the East Sea 
(Suk et al. 2002; Hashimoto and Shiomoto 2002; Kang et al. 2004; Shiomoto et al. 
2004; Park 2006; Roh et al. 2010). Recently, Synechococcus lineage diversity was 
studied from culture isolates (Choi and Noh 2009). In addition, a study on sea-
sonal changes of Synechococcus and Prochlorococcus showed high diversity and 
obvious seasonal variation in the East Sea (Choi et al. 2013).

Regarding studies of primary production in the southwestern region of the 
East Sea, most reports from the 1980s to the early 1990s were based on in situ 
field measurements (Shim and Park 1986; Shim et al. 1992). However, environ-
mental complexity of the UB such as coastal upwelling (Hyun et al. 2009; Yoo 
and Park 2009) and various scales of eddies (Hyun et al. 2009; Kim et al. 2012; 
Lim et al. 2012) made it difficult to ascertain the spatial and temporal variability 
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of phytoplankton through field study. Nevertheless, recent application of satellite 
observation of chlorophyll a and the model-based estimation of primary produc-
tion have enhanced our understanding of the temporal and spatial distributions of 
primary production in the East Sea (Yamada et al. 2005; Yoo and Park 2009).

In this chapter, analyses on temporal-spatial changes in chl-a concentration are 
included based on the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and ship-
board observation data in the East Sea. We summarized original and literature-based 
data on species composition, dominant species, HABs and environmental conditions 
of phytoplankton blooms in the coastal waters. We also presented new information 
on the distribution and long-term changes of phytoplankton in the offshore and open 
waters of the East Sea. In addition, we explored environmental factors which may 
influence the spatio-temporal distribution of primary production in the UB.

10.2  Chlorophyll a

10.2.1  Spatial and Seasonal Variability Based on SeaWiFS 
Observations

We describe spatial and temporal variability in chl-a concentration based on the 
SeaWiFS data. The SeaWiFS level 3 mapped chl-a data with the global area cover-
age at 9-km resolution were retrieved from http://oceancolor.gsfc.nasa.gov/ for the 
period 1998–2007. Satellite-derived chl-a values are often used as an indicator of 
phytoplankton biomass in the surface layer (e.g., Racault et al. 2012).

Monthly climatology chl-a derived from the SeaWIFS sensor ranges from 0.2 
to 2.0 μg L−1 in the most of the East Sea area (Fig. 10.1). Over the whole East 
Sea, the spring maximum occurs in April with a median value of 1.06 μg L−1 and 
1 standard deviation (1-SD) range 0.69–1.65 μg L−1, and a summer minimum in 
August with a median of 0.27 μg L−1 and 1-SD range 0.17–0.45 μg L−1. Fall 
maximum chl-a is observed in November with a median of 0.68 μg L−1 and 
1-SD range 0.47–1.00 μg L−1, and winter minimum in January with a median of 
0.44 μg L−1 and 1-SD range 0.31–0.62 μg L−1. The annual minimum observed 
in August is approximately the same as the global mean value found in the open 
ocean (Conkright and Gregg 2003).

Time-series of chl-a show a well-defined seasonal cycle as a result of the seasonal 
oscillation of physical forcings similar to those observed in other temperate and 
higher latitude ocean environment. In the East Sea, satellite chl-a reveals a seasonal 
pattern with double peaks in the spring and autumn (Vinogradov et al. 1996; Kim 
et al. 2000; Yamada et al. 2004) as is typically seen in mid-latitude temperate oceans.

The spring bloom in March-May is stronger than the autumn bloom in October-
December. Of the two seasonal minima, the summer chl-a under nutrient depletion 
is lower than the winter minimum under light limitation (Figs. 10.2 and 10.3). As 
indicated in Fig. 10.1, the spring bloom takes place earlier in coastal waters, includ-
ing the East Korea Bay and south off Vladivostok. In offshore waters, an early 

http://oceancolor.gsfc.nasa.gov/
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Fig. 10.1  Monthly mean chl-a derived from Sea WiFS data for 1998–2007

bloom onset is often observed in the subpolar front area which occurs almost simul-
taneously along the east-west zonal line (Fig. 10.3). This early bloom initiation 
could be attributed to mesoscale eddies (Lee and Niiler 2005) but it deserves further 
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study. The spring bloom progresses south of the subpolar front (lower than 39°N) 
in March (Fig. 10.3). One and a half months later a bloom takes place in the central 
Japan Basin and further north as reported in Yamada et al. (2004). This north-south 

Fig. 10.2  Seasonal cycle of a chl-a and b sea-surface temperature for selected areas-south-
western area, southeastern area, East Korea Bay, middle of the Japan Basin, and Tatarsky Strait

Fig. 10.3  Time evolution of chl-a at a the 135°E line and b the 39°N line in the East Sea
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contrast in the central East Sea is also clearly visible in Figs. 10.1 and 10.2. To 
understand the cause of this apparent north-south difference across the subpolar 
front, further investigation will be required.

When the chl-a is at an annual minimum around August, the chl-a in the south-
western area is higher than that in the southeastern area, as shown in Fig. 10.2. 
This pattern can be attributed to the introduction of nutrient rich waters from the 
southern coast of Korea and the East China Sea (ECS), with frequent wind-driven 
upwelling along the east coast of Korea, which is visible in ocean color and sea-
surface temperature imagery (Yoo and Park 2009).

Seasonal and spatial patterns of the surface chl-a in the East Sea showed signif-
icant interannual variability due to variability in the physical conditions. Yamada 
et al. (2004) reported that the spring bloom onset varies in correspondence with 
the wind speed. Yoo and Kim (2004) showed that the weak Tushima Warm Current 
(TWC) in 1997 seemed to suppress the spring bloom in the southwestern East Sea. 
Occasionally, an early spring bloom can be initiated in the northern East Sea after 
wet deposition of Asian dust (Jo et al. 2007). Recently, Park et al. (2014) reported 
the interannual variability of chl-a along the Primorye coast was significantly cor-
related with sea ice concentrations in the Tatarsky Strait in the previous winter.

10.2.2  Shipboard Measurements

During the shipboard offshore surveys, well-defined seasonal and temporal varia-
tions of chl-a concentration were observed several times (Table 10.1). For exam-
ple, during a north-south transect survey of the East Sea, high chl-a concentrations 
were reported in the southern subpolar front region in April (Kang et al. 2004) 
whereas in May, high chlorophyll regions were observed in the Japan Basin fur-
ther north of the subpolar zonal line (Kim et al. 2010). These events reflect time-
lapse succession of spring blooms. And such progression in the East Sea is well 
observed through the remote sensing data (Fig. 10.1). Also the combination of 
coastal upwellings and their entrainments by the Ulleung Warm Eddy (UWE) 
often produce a ring-shape trajectory of high chl-a water mass along the periphery 
of the UWE (Hyun et al. 2009).

In October, the high chl-a water masses appear in the southern region of the 
East Sea. This pattern, with reference to Sect. 6.3.2, can be attributed to the intro-
duction of nutrient-rich waters from the Korea Strait (Moon et al. 1998; Kang 
et al. 2004; Yoo and Park 2009), and in November, high chl-a is observed along 
the frontal zone where the East Korea Warm Current (EKWC) and the UWE con-
verge (Kang et al. 2004).

As shown above, the East Sea is characterized by seasonal changes as well 
as various physical processes such as currents, mesoscale eddies, fronts, and 
upwelling manifesting in dynamic changes in chlorophyll concentrations of the 
region (Yamada et al. 2004; Yoo and Park 2009; Hyun et al. 2009; Kim et al. 2010; 
also refer to Sect. 6.3.2).

http://dx.doi.org/10.1007/978-3-319-22720-7_6
http://dx.doi.org/10.1007/978-3-319-22720-7_6
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However, Yamada et al. (2004) suggested that seasonal and inter-annual vari-
ability of the sea surface chl-a in the East Sea are largely affected by variability 
of the global climate such as ENSO events. But less information is available for 
the East Sea to fully satisfy this suggestion of the changes in chl-a concentrations 
largely affected by global climate change.

Long-term chl-a measurements of Korean coastal waters have been car-
ried out since 1992 in the waters near the three nuclear power plants located in 
the southeastern Korean Peninsula. The seasonal change for surface chl-a con-
centrations for these waters, on average, are 0.94–4.43 μg L−1 in the Gori area, 
0.91–4.51 μg L−1in the Weolsung area, and 0.71–3.98 μg L−1 in the Wooljin 
area. High concentrations of chl-a are measured during the spring phytoplankton 
blooms (Kang and Choi 2002). In the southeastern coastal waters of the East Sea, 
chl-a concentrations ranged from 0.29 μg L−1 in December to 3.07 μg L−1 in 
April (Shim and Bae 1985), showing a typical seasonal fluctuation pattern found 
in other areas of the East Sea. Consistently, long-term chl-a concentration (0.21–
8.26 μg L−1) measured during the period from 1961 to 1990 in the southwestern 
East Sea also showed a fluctuation within a similar range found in other studies 
(Park et al. 1998). Thus, chl-a concentration may fluctuate within roughly an order 
of magnitude in the East Sea.

10.2.3  Measurements of Algal Pigments

According to the analysis of photosynthetic pigments for identifying phytoplank-
ton groups using the high-performance liquid chromatography (HPLC) analysis 
(Kim et al. 2010), cyanobacteria dominated (40–60 %) in the surface frontal zone 
(0–20 m) in spring, summer, and autumn. This contribution decreased to less than 
10 % in depths greater than 50 m. Diatom pigments were higher in the warm water 
zone than in the cold water zone in the upper 100 m layer in spring, summer and 
autumn. Diatom pigments contributed about 40 and 15 % of the phytoplankton 
pigments in the surface layer in spring and summer, respectively, with the high-
est proportions (~80 %) in the eddy zone in spring. The higher diatom propor-
tions in May 2004 were associated with the spring diatom bloom in the East Sea. 
Pelagophyte pigments were relatively higher in the surface of the cold water zone. 
Pelagophytes (picoplankton) composed 10–40 % of the total biomass in the sur-
face layer of the frontal zone and the cold water zone of the East Sea in spring 
(Kim et al. 2010). Prymnesiophyte pigments were relatively higher in the surface 
layer of the cold water and frontal zone in spring and the contribution of prymne-
siophytes to the total phytoplankton biomass was almost constant (5–15 %) in the 
surface of the East Sea (Kim et al. 2010). Cryptophytes which were small nano-
plankton contributed 5–10 % of all phytoplankton in the entire surface waters of 
the East Sea. Dinoflagellate pigments were relatively higher in the warm water 
zone in spring, summer and autumn. However, contributions of dinoflagellates to 
the total phytoplankton were generally less than 5 % in the upper layer (0–100 m) 
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of the East Sea. Concentrations of chlorophyll b, a pigment of green algae includ-
ing prasinophytes, were highest in the frontal zone with a higher trend in the cold 
water zone than those in the warm water zone. From these results, Kim et al. 
(2010) concluded that in the warm water zone, diatoms and prasinophytes dom-
inated the phytoplankton community in spring. In the frontal zone, cyanobacte-
ria and pelagophytes dominated the phytoplankton community. In the cold water 
zone, diatoms, pelagophytes and prasinophytes dominated in spring, while pelago-
phytes and cyanobacteria dominated in summer and autumn.

10.3  Distribution of Micro- and Nano-Phytoplankton 
Abundance and Harmful Algal Blooms

10.3.1  Korean Coastal Waters

In Korean coastal waters, phytoplankton abundance was reported in the ranges of 
103–104 cells L−1 in the 1960s and 103–106 cells L−1 in the 1970s. Phytoplankton 
abundance sharply increased to the range of 104–107 cells L−1 in the 1980s, and 
densities remained high, in the range of 105–107 cells L−1 in the 1990s and 2000s 
due to eutrophication in the coastal waters (Choi et al. 2011).

In these eutrophic coastal waters, four species (Skeletonema spp., Thalassiosira 
decipiens, Chaetoceros debilis, and Prorocentrum spp.) predominate all year 
round. Together with these species, Leptocylindrus danicus and Pseudo-nitzschia 
co-dominated in spring, Asterionellopsis glacialis, Chaetoceros lorenzianus 
and Ch. compressus in summer, Probascia alata, Nitzschia longissima and 
Distephanus speculum in autumn, and Chaetoceros socialis, Cylindrotheca closte-
rium and Paralia sulcata in winter (Kang and Choi 2002).

10.3.2  Russian Coastal Waters

In Russian coastal waters, the main features of the seasonal succession of phyto-
plankton are diatom blooms in winter, early summer and autumn, and dinoflagel-
late blooms in late spring and early autumn (Zuenko et al. 2006) (Fig. 10.4). These 
blooms were initiated by 14 genera including diatoms (Thalassiosira, Coscinodiscus, 
Pseuonitzschia, Chaetoceros, Thalassionema, Rhizosolenia, Dactyliosolen, Ditylum, 
Dipopsalis and Skeletonema) and dinoflagellates (Gymnodinium, Prorocentrum 
and Protoperidinium) and euglenophyta (Eutreptia). There were three  different 
zones of water quality in the Russian coastal waters: hypereutrophic, eutrophic 
and mesotrophic zones. The highest abundance of micro-phytoplankton (17.9–
31.1 × 106 cells L−1) was observed in the hypereutrophic zone, whereas the lowest 
abundance (1.9 × 106 cells L−1) was in the mesotrophic zone. Maximum abundance of 
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Skeletonema coastatum (8.8 and 17.4 × 106 cells L−1) was observed in the eutrophic 
area, whereas the lowest value (1.6 × 106 cells L−1) was recorded in the mesotrophic 
area (Stonik and Orlova 2002).

10.3.3  Japanese Coastal Waters

In Japanese coastal waters, the abundance of phytoplankton was less than 
that in Korean and Russian coastal waters. According to Ohwada and Ogawa 
(1966), microphytoplankton is abundant in spring in the TWC near the frontal 
zone between the TWC and the cold waters, with population numbers of up to 
105 cells L−1, while it is less abundant in the offshore cold waters. In summer, a 
dense population of phytoplankton was found in the northern part of the TWC. 
In autumn and winter, micro-phytoplankton abundances were still higher in the 
TWC than in the offshore cold waters. The appearance of high abundance in the 
TWC area is due to the input of nutrients by the TWC, which introduces high-
nutrient water from the coastal waters of Korea (Lee and Shim 1990) and the ECS 

Fig. 10.4  Abundance of the main groups of phytoplankton at the sea surface in May–October 
for two stations near Vladivostok (from Zuenko et al. 2006)
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(Ohwada and Ogawa 1966). Ohwada and Ogawa (1966) reported that Chaetoceros 
affinis, Ch. curvisetus, and Ch. lorenzianus dominated in Japanese neritic waters 
during summer, while Ch. debilis, Ch. socialis and Skeletnema costatum were 
dominant during winter. Moreover, diatom abundances in the TWC area were one 
order of magnitude higher than those of the northern cold water (Kuroda 1987).

In the TWC area, warm water species including Dactyliosolen mediterraneus, 
Rhizosolenia alata f. gracillima, R. styliformis v. latissima and Climacodium 
biconcavum dominated, while Chaetoceros atlanticus, Ch. concavicornis and 
Rhizosolenia hebetata f. semispina were dominant in the cold waters (Ohwada and 
Ogawa 1966).

10.3.4  Offshore Waters

The anticyclonic Ulleung Warm Eddy (UWE) is a well-known physical phenom-
enon in the UB (Lie et al. 1995; Chang et al. 2004; see Sect. 4.3). Depth-integrated 
phytoplankton biomass and production were higher in the moderately stratified 
water in the periphery of the UWE than those in the vertically well mixed warm 
core of the eddy and in the stratified region outside of the eddy (Hyun et al. 2009). 
Likewise, diatom abundances in the periphery of the UWE were two or three 
orders of magnitude higher than those in the warm core and outside of the UWE 
during the spring bloom, which indicated that a phytoplankton bloom triggered 
by coastal upwelling was delivered into the center of the UB by the UWE (Hyun 
et al. 2009). In another period in summer, high phytoplankton biomass was also 
observed in the UWE core below the surface mixed layer as well as at the edge 
of the eddy (Kim et al. 2012). Therefore, the UWE could play a key ecological 
role in supporting substantial phytoplankton biomass in the nutrient depleted sur-
face waters in summer and maintaining high benthic mineralization in the deep sea 
sediments of the UB (Kim et al. 2012).

In the subpolar frontal area, phytoplankton abundance was in the range of 
103–104 cells L−1 in the surface layer, and higher abundance at the depth of 50 m, 
during summer (Park et al. 1991). The low abundance in the surface layer of the 
subpolar frontal zone in summer is due to nutrient depletion by the formation of a 
strong thermocline at depths near 50 m. In the subpolar frontal waters, cold water 
species such as Chaetoceros convolatus and Ch. atlanticus occurred as dominant 
species at 20 and 50 m depths in the northern part, while dominant species in the 
southern part were mostly warm water species. In the mixing zone of 50 m depth, 
Ch. curvesitus, Ch. lorenzianus, Ch. convolutes, Ch. decipiens and Corethron crio-
philum are dominant (Park et al. 1991).

According to the long term survey of the East Sea’s PM line, spring phyto-
plankton abundance was higher in the 1980s than in the 1970s and 1990s, whereas 
summer phytoplankton was less in the 1980s than in the 1970s and 1990s, which 
seems to be associated with climate change (Chiba and Saino 2002).

http://dx.doi.org/10.1007/978-3-319-22720-7_4
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10.3.5  Harmful Algal Blooms

As in the ECS, the frequency of HAB in the East Sea has increased since the 
2000s in coastal waters, especially in the Russian coastal area (Orlova et al. 2002). 
The presence of harmful algae and mass blooms of some species can lead to the 
critical accumulation of toxins in farmed shellfish. In Russian coastal waters, 
27 species belonging to Prorocentrum, Cochlodinium, Ostreopsis, Karenia, 
Heterosigma, Chattonella, Alexandrium, Pseudo-nitzschia, and Dinophysis, 
known as potential producers of various types of phytotoxins, were found (Orlova 
et al. 2002). Recently, highly toxic clones of diatom genus Pseudo-nitzschia 
(amnesic shellfish poisoning toxin) and dinoflagellate genera Dinophysis and 
Prorocentrum were commonly found in summer during periods of maximum 
warming and stratification of the water column (Orlova et al. 2008).

In coastal waters of Korea, blooms of Cochlodinium polykrikoides, dominant 
HABs in southern coastal waters, have been observed frequently along eastern 
coastal waters since 1995 (Kim et al. 1999). As eutrophication and climate change 
proceed, these HAB events could be an ecological disaster in coastal waters of the 
East Sea.

10.4  Distribution of Picophytoplankton

10.4.1  Picophytoplankton Abundance

Picophytoplankton (0.2–2 or 3 µm in size) composed of Synechococcus, 
Prochlorococcus, and pico-eukaryote groups are responsible for the majority of 
primary productivity in oligotrophic regions (Jardillier et al. 2010), and also con-
tributed greatly to the biomass of total phytoplankton in the East Sea (Shim et al. 
1995). Significant contributions of picophytoplankton to total chl-a have been 
reported by several studies (Shim et al. 1985; Hashimoto and Shimoto 2002) elu-
cidating the importance of picophytoplankton as a primary producer in the East 
Sea. During studies on phytoplankton distribution associated with the UWE, Suk 
et al. (2002) revealed that picophytoplankton (<3 µm) contributed 52 % to total 
chl-a in November 2000, and 35.9 % in April 2001 (Fig. 10.5). In April, with weak 
stratification and an increased supply of nutrients from the subsurface layer, total 
chl-a increased up to 2.5 μg L−1 and there was enhanced growth of the netphyto-
plankton, which resulted in the decreased contribution of picophytoplankton to the 
total chl-a. In summer of 2000, the picoplankton fraction of the total chl-a near the 
shore of Japan (Shiomoto et al. 2004) was 69 % on average (16–89 %) and had a 
strong positive relationship with total chl-a. Among picophytoplankton, eukaryotic 
picophytoplankton contributed substantially to the regional variation in the pico-
sized chl-a in the nearshore area. Picophytoplankton accounted for 56 % of the 
total chl-a in June 2006 near Ulleungdo (Shim et al. 2008). The high contribution 
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of picophytoplankton in June was due to the relatively low total chl-a (less than 
0.5 μg L−1) and low nutrients, a condition which persisted until early summer. In 
addition, the high contribution of picophytoplankton to total chl-a (52.0–54.4 %) 
in autumn was attributed to the low biomass of nano- and micro-sized phytoplank-
ton in the surface mixed layer under the strong stratification conditions.

Cyanobacteria seem to be the most important picophytoplankton in summer. 
Roh et al. (2010) reported that cyanobacteria were dominant in the offshore waters 
of the East Sea in summer, contributing 70 % of total chl-a. This high biomass of 
cyanobacteria in the UWE and East Sea was attributed to the low nitrate and high 
temperature in summer (Roh et al. 2010; Kim et al. 2010).

Ecological investigation of phytoplankton along the transect across the UWE 
revealed that the average cell abundance for Synechococcus within the euphotic 
depths was 2.4 × 1012 cells m−2 in November 2000, while its average cell abun-
dance decreased to 6.2 × 1011 cells m−2 in April 2001 (Suk et al. 2002). In sea 
waters around Ulleungdo, abundances of Prochlorococcus, Synechococcus, 
and photosynthetic picoeukaryotes showed a clear seasonal variation, and 
Synechococcus showed the most prominent variation. According to Shim et al. 
(2008), maximal abundance (average 2.51 × 105 cells mL−1) of Synechococcus 
was observed in summer and the lowest in autumn (average 9.2 × 103 cells mL−1) 
in 2006. On the contrary, Prochlorococcus showed the opposite pattern. The abun-
dance of Prochlorococcus was highest (average 6.8 × 104 cells mL−1) in autumn, 
more abundant than in summer (average 1.6 × 104 cells mL−1). The seasonal 
variation of the abundance of Synechococcus in the East Sea was in the order of 
summer > autumn > spring based on the report by Shim et al. (2008), but the dis-
tribution of Prochlorococcus abundances seems to be related to warm water fluxes 
into the East Sea. Noh et al. (2006) reported that abundance of Prochlorococcus 
in the East Sea was less than that in the tropical and subtropical western Pacific, 
but higher than that in the continental shelf region of the ECS. Prochlorococcus 
generally did not appear at the continental shelf of the ECS and the East Sea with 
low salinity and low temperature (Choi et al. 2013). The average abundance of 

Fig. 10.5  Intergrated chl-a concentrations down to 100 m (bar) and contribution of picophyto-
plankton (<3 μm) to total chl-a in November 2000 and April 2001 (from Suk et al. 2002)
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Synechococcus and Prochlorococcus showed a uniform distribution in the sur-
face mixed layer but rapidly decreased below the surface mixed layer. Conversely, 
picoeukaryotes showed a subsurface maximum at 20–30 m in the early sum-
mer (Suk et al. 2002). In autumn, abundance of picophytoplankton was high in 
the surface mixed layer (SML) and decreased rapidly below the SML, while in 
spring (with weak stratification) high cell abundance was found in the surface 
layer and then decreased slowly with little difference in cell abundance through 
the water column. According to a study on environmental factors regulating pico-
phytoplankton distribution (Shiomoto et al. 2004), both Prochlorococcus and 
Synechococcus showed positive correlations with temperature and salinity, but 
picoeukaryotes showed negative correlations with temperature and salinity. It is 
known that (1) Prochlorococcus is more abundant in more oligotrophic conditions 
than Synechococcus, (2) Prochlorococcus uses low irradiances more effectively 
than Synechococcus, and (3) eukaryotic picophytoplanktons are more abundant in 
low temperature and more eutrophic conditions than the other picophytoplankton 
(Shiomoto et al. 2004). Thus, different responses to environmental conditions were 
derived from the distinct seasonal and vertical distribution patterns of each pico-
phytoplankton group. In many surveys, the phototrophic picoeukaryotes are abun-
dant in frontal regions of a nutrient rich environment. In nearshore areas around 
Japan, Synechococcus was abundant (104–105 cells mL−1) in the surface waters 
of the Kuroshio and the TWC where the nutrients were very low compared to the 
nutrient rich cold water of the Oyashio area (102–103 cells mL−1). Shiomoto et al. 
(2004) suggested that there are two populations of Synechococcus in the Kuroshio 
and the TWC: one is adapted to oligotrophic conditions and the other to meso-
trophic conditions.

10.4.2  Picocyanobacterial Diversity

Among picophytoplankton, only picocyanobacterial diversity has been intensively 
studied in the East Sea (Choi and Noh 2009; Choi et al. 2013). The pyrosequenc-
ing method of 16S-23S internal transcribed spacer sequences was developed and 
applied in order to elucidate seasonal variability of picocyanobacterial diver-
sity (Choi et al. 2013). In the study, 17 picocyanobacteria clades/ecotypes were 
retrieved throughout the year in the East Sea, showing a great variation of pico-
cyanobacterial diversity in temperate water of the open East Sea (Fig. 10.6; 
Choi et al. 2013). Among them, clades I, II and IV were the most dominant 
clades, exhibiting fractions of over 50 % depending on the season. In addition, 
both clade 5.3-I belonging to Synechococcus subcluster 5.3 and Prochlorococcus 
HLII ecotype were the next dominant picocyanobacteria (over 10 %) in the East 
Sea. The coastal and cold-water-adapted Synechococcus clades (clades I and 
IV) were dominant during winter and spring, whereas the warm-water-adapted 
Synechococcus clade (clade II) and Prochlorococcus ecotypes were dominant 
during the summer and autumn (Choi et al. 2013; Fig. 10.7). In December, the 
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Fig. 10.6  Compressed neighbor-joining tree of 16S-23S rDNA internal transcribed spacer 
sequences showing the phylogenetic diversity of picocyanobacteria. Clades found in the East Sea 
were shown in bold. Asterisks following the clade name represent the clades appearing at frac-
tions greater than 50 % (***), 10 % (**) and 1 % (*) in at least 1 sample (Redrawn from Choi 
et al. 2013)
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abundances of both warm-water- and cold-water-adapted picocyanobacterial 
genotypes were similar, probably due to the decrease of warm-water-adapted 
picocyanobacteria as well as to growth of cold-water-adapted picocyanobacteria 
as temperature declines seasonally (Fig. 10.7). Thus, water temperature seems to 
exert a strong influence over seasonal picocyanobacterial diversity in temperate 
waters.

10.5  Species Composition

In recent studies, more than 700 species, varieties and forms of phytoplank-
ton have been reported in the Russian coastal waters of the East Sea with a pre-
dominance of dinoflagellates and diatoms (Konovalova and Selina 2010; Stonik 
et al. 2011). In a long-term study from 1991 to 2006 in coastal waters (Orlova 
et al. 2009), a total of 357 species of planktonic microalgae belonging to eight 
divisions, Bacillariophyta (157 species), Dinophyta (143), Chlorophyta (22 spe-
cies), Euglenophyta (11), Cyanophyta (8), Chrysophyta (8), Cryptophyta (5) and 
Raphidophyta (3) were identified. The increase of species numbers observed in the 
Russian coastal waters in recent studies, as compared with the data of late 1960s 
and early 1970s, is at least partly due to human factors: the overall number of 
taxonomic studies of phytoplankton with the use of modern techniques increased 
significantly. Also, it could be due to eutrophication and introduction of invasive 
species through fouling and/or from ballast waters and currents.

As shown in Table 10.2, the number of diatom species reported for different 
areas in the East Sea ranged from 48 to 301 and dinoflagellates species numbers 
ranged from 33 to 88 species. Kang and Choi (2001) reported 409 species in the 
Korean coastal waters of the East Sea from 1992 to 1996. These species include 
Bacillariophyta (301), Dinophyta (88), Chrysophyta (6), Cyanophyta (2), and 
Chlorophyta (2). Also, increases in phytoplankton diversity appeared in the 1980s 
and 1990s probably due to factors similar to those mentioned above for Russian 
waters.

Fig. 10.7  Seasonal variation of Synechococcus (Syn) and Prochlorococcus (Pro) abundances 
and % of cold water- (Synechococcus clades I and IV) and warm water-adapted genotypes 
 (Synechococcus clade II and Prochlorococcus ecotypes) in the D5 area of the East Sea (Redrawn 
from Choi et al. 2013)
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Most diatom species reported in the East Sea are centric diatoms. The diversity 
of pennate diatoms occurring in the East Sea is limited because of the deep basin 
and limited tidal flats (Choi et al. 2011). Dinoflagellate species are diverse in the 
East Sea and even more diverse in the Russian coastal waters. This high diversity 
of dinoflagellates in the East Sea might be due to microtidal action and the influ-
ence of the warm current (Choi et al. 2011).

Attempts have been made to group phytoplankton species by water mass of dif-
ferent origin: neritic species, warm water species from the Tsushima Warm Current 
(TWC) and cold water species from the Liman Current (Table 10.3). Warm water 
species belonging to the TWC group are widely distributed all over the East Sea, 
and even exert a great influence on the overall phytoplankton community in the 
northern East Sea (Kisselew 1947). In contrast, cold water species occurred in the 
northern cold water areas (Ohwada and Ogawa 1966). In the subpolar frontal area, 

Table 10.3  Warm water species and cold water species found in the East Sea

Group Species name

Warm water 
species

Diatoms
Bacteriastrum comosum, Ceratulina pelagica, Chaetoceros coarctatus, 
Ch. furca, Ch. lorenzianus, Ch. peruvianus, Ch. messanensis, Ch. tetras-
tichon, Ch. anastomosans, Ch. dichaeta, Ch. eibenii, Ch. paradoxum, 
Ch. radicans, Climacodium biconcavum, Cl. frauenfeldianum, Ditylum 
sol, Eucampia cornuta, Pseudo-eunotia doliolus, Lioloma elongatum, L. 
delicatulum, Thalassiothrix gibberula, Planktoniella sol, Thalassiosira 
leptopus, Hemidiscus cuneiformis
Dinoflagellates
Ceratium bucephalum, C. macroceros, C. tripos, C. pentagonum, C. 
 massilense, Cochlodinium catenatum, Cochl. polykrikoides, Ornithocercus 
magnificus, Phyrophacus horologium, Prorocentrum gracile
Cyanobacteria
Richelia intracellularis within diatom, Trichodesmium thiebautii

Cold water species Diatoms
Chaetoceros atlanticus, Ch. concavicornis, Rhizosolenia hebetata f. 
 semispina, Thalassiosira nordenskioldii, Thalassiothrix longissima

Table 10.2  The number of phytoplankton species found in the East Sea

n.a. not available

Area Sampling 
time

Total 
number

Diatoms Dinoflagellates Reference

Korea Strait 1964. 5 48 48 n.a. Uhm and 
Yoo(1967)

Southwestern 1981. 9 185 124 56 Shim and Lee 
(1983)

Southwestern 1981–1984 235 155 72 Lee and Shim 
(1990)

Subpolar front 1990. 8 95 60 33 Park et al. (1991)

Coastal waters 
(Uljin, Gori)

1992–1996 409 301 88 Kang and Choi 
(2001)
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both warm water species and cold water species were observed (Park et al. 1991; 
Choi et al. 2011). In addition, the numbers of species belonging to diatoms and 
dinoflagellates varied seasonally in Korean coastal waters during the period from 
1992 to 1996: 91–179 species in winter, 128–189 species in spring, 122–178 spe-
cies in summer, and 128–185 species in autumn (Kang and Choi 2001).

10.6  The Relationship Between Phytoplankton  
and Environmental Factors

In Russian coastal waters, environmental conditions favorable for the growth 
of the main groups of phytoplankton were determined and estimated quantita-
tively for coastal and estuarine areas with the use of principal component analy-
sis. The analysis revealed three periods of mean development of phytoplankton: 
spring, summer and autumn blooms, with successive change of species compo-
sition. The dominant contributions to principal components were made by two 
environmental parameters. Sea surface temperature (SST) and mixed layer depth 
(MLD) had the most influence on the seasonal succession of the phytoplankton 
community. SST-MLD combinations favorable for each case of mass development 
were determined (Fig. 10.8). The driving mechanisms of the seasonal succession 

Fig. 10.8  Conditions of 
blooms of the main groups 
of phytoplankton at the 
sea surface (indicated 
by ellipses). C1 spring 
bloom of chrysophytes, D2 
summer bloom of diatoms, 
DF2 summer bloom of 
dinoflagellates, CF2 summer 
bloom of small flagellates 
or cryptophytes, D3 
autumn bloom of diatoms, 
DF3 autumn bloom of 
dinoflagellates (from Zuenko 
et al. 2006)
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of phytoplanktonin Russian coastal waters include nutrient transport through the 
seasonal pycnocline by turbulent mixing, terrestrial nutrient supply by monsoon 
floods, nutrient supply by upwelling, and light control by the thickness of the 
upper mixed layer (Zuenko et al. 2006).

The East Sea has experienced dramatic changes in its environmental condi-
tions during the last 50–60 years (Kim and Kim 1996). Chiba and Saino (2002) 
revealed a distinct change in diatom community structure in spring in the off-
shore TWC region during the 1980s, following the 1976/77 climate regime shift. 
They showed that interdecadal changes in the physico-chemical environment 
within the upper water column could alter the ecosystem dynamics of lower 
trophic levels in the East Sea. Nitrogen is generally regarded as a primary limit-
ing factor to phytoplankton production in the East Sea (Shim et al. 1989; Kim 
et al. 2010). During October and February, nitrate concentration was generally 
depleted and the N:P ratio was lower than the Redfield ratio (16:1) in the sur-
face mixed layer of the Korean coastal waters (Shim and Park 1986; Chung et al. 
1989). A ratio of N:P lower than 16 was also observed in most water masses of 
the East Sea (Yanagi 2002; Talley et al. 2004). In a north-south transect of the 
East Sea, the N:P ratios in the mixed layer were less than 11 in April and less 
than 6 in July and October, and those deeper than 100 m were all approximately 
13 (Kim et al. 2010). The very low N:P ratios in the mixed layer could be due to 
the active Redfieldian consumption of N and P since the initial N:P ratio in the 
entire East Sea was about 13 (Talley et al. 2004; Kim et al. 2010). The contribu-
tion of cyanobacteria to total phytoplankton biomass was relatively high in low 
N:P ratio waters. Nitrogen depletion is favorable for the growth of cyanobacteria 
(Kim et al. 2010). The dominance of cyanobacteria in the frontal zone could be 
due to the relatively low N:P ratios observed after the spring bloom (Kim et al. 
2010). In contrast, more preferentially in high N:P ratio areas, diatoms dominated 
in the phytoplankton community of the spring bloom. The nutrient supply into 
the East Sea is also closely related to the amount of volume transport through 
the Korea Strait because the volume transport of the TWC through the Korea 
Strait shows seasonal and interannual variability (Lee et al. 2009). The volume 
transport is typically large in summer and autumn, but small in winter and spring 
(Teague et al. 2002).

The interannual variability of the development of the spring phytoplankton 
bloom in the southern East Sea was closely related to wind speed in spring: weak 
winds caused an earlier spring bloom while strong winds resulted in a late spring 
bloom, which may be affected by large scale climate variation such as ENSO 
events (Yamada et al. 2005; Lee et al. 2009). The strong transport of the nutrient 
poor TWC resulted in earlier transition of summer-like nutrient-poor conditions in 
the upper layer, which suppressed the development of the spring bloom (Yoo and 
Kim 2004). Sometimes, after the passage of Asian dust over the East Sea accom-
panied by precipitation, the initiation of the spring bloom occurred a month earlier 
than in a normal year (Jo et al. 2007).
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10.7  Overview of Primary Production Studies

Field measurements of primary production began in the East Sea during the 1960s 
generally using 13C and 14C methods (Table 10.4). Sorokin (1977) reported that 
the average primary production values were about 720 mg C m−2 d−1 in a wide 
area of the East Sea traversing from the southeast to the northwest. Primary pro-
duction studies in the southwestern region of the East Sea including the coastal 
waters of the southeastern Korean Peninsula and the UB cover mostly the 1980s 
to the early 1990s (Shim and Park 1986; Park et al. 1991; Shim et al. 1992). 
These studies suggested that daily primary production in the southwestern East 
Sea is relatively high compared to those in other regions of the East Sea. Values 
of daily primary production measured in situ in the southwestern East Sea were 
about 1300 mg C m−2 d−1 in autumn (October) (Shim and Park 1986), while 
primary production in summer (August) in the UB was estimated to be about 
1400 mg C m−2 d−1 (Park et al. 1991). Based on primary production meas-
urements from consecutive field surveys from spring to early summer (Shim 
et al. 1992), average primary production values in the UB as well as some sta-
tions in the Korean coastal waters were estimated to be about 2500, 2000, and 
1900 mg C m−2 d−1 in April, May, and June, respectively. In the central area of 
the East Sea (e.g. Yamato Basin), primary production values varied from 45 to 
1100 mg C m−2 d−1, depending on the season (Nagata 1998). A clear seasonal 
variability of daily primary production was shown in the northeastern East Sea 
(the west coast of Hokkaido), varying from 254 to 2494 mg C m−2 d−1, with an 
increasing trend in primary production during the phytoplankton spring bloom in 
April (Yoshie et al. 1999). However, it is hard to estimate primary production for 
the entire East Sea since these studies were temporally and spatially limited.

Satellite ocean color observations provide an important means of estimating 
phytoplankton production on an ocean basin and global scale with high temporal 
and spatial resolution (Table 10.5). There have been studies using satellite ocean 
color data to investigate temporal and spatial variability of phytoplankton biomass 
in large or entire areas of the East Sea since the 2000s (Kim et al. 2000; Yamada 
et al. 2004, 2005). In addition, satellite-based model studies estimated primary 
production on a global scale for ocean waters (Platt and Sathyendranath 1988; 
Longhurst et al. 1995; Antoine et al. 1996; Behrenfeld and Falkowski 1997). The 
standard primary production models basically rely on satellite ocean color (chlo-
rophyll) data as well as other environmental data such as surface irradiance and 
SST. Model-based studies of primary production for satellite estimation in the East 
Sea have been achieved since the mid-2000s (Kameda and Ishizaka 2005; Yamada 
et al. 2005). Yamada et al. (2005) first investigated spatial and temporal variability 
of primary production in wide areas of the East Sea using a satellite-based primary 
production model for the period of 1998 to 2002. Their results provided mean 
annual primary production values of about 170, 161, 191, and 222 g C m−2 year−1 
in the Russian coastal area, middle of the Japan Basin, southeastern East Sea, and 
southwestern East Sea, respectively. It has been also shown that there is a strong 
seasonality of primary production in the East Sea.
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Among different regions in the East Sea, primary production in the UB was 
highest except in the southern upwelling area, as shown in Table 10.4. The UB 
has been considered a relatively highly productive region compared to adjacent 
regions such as the Japan Basin (Yamada et al. 2005; Hyun et al. 2009; Yoo and 
Park 2009; Lee et al. 2009), notwithstanding the prevalence of the nutrient-poor 
surface water mass of the TWC (Yoo and Kim 2004). Several potential reasons, 
such as coastal upwelling (Hyun et al. 2009; Yoo and Park 2009) and various 
scales of eddies (Hyun et al. 2009; Kim et al. 2012; Lim et al. 2012) have been 
proposed to explain the high productivity observed in the UB. Supported by sat-
ellite observations from 1998 to 2006, frequent wind-driven upwelling along the 
Korean coast in all seasons except winter was proposed to sustain the high produc-
tivity in the UB (Yoo and Park 2009). In addition, there are several recent findings 
for positive effects of eddies on primary productivity in the UB. Lim et al. (2012) 
found that upward water-flux movement at the periphery of the anticyclonic eddies 
may prevent phytoplankton from sinking and retain them in the euphotic zone, 
thus sustaining high productivity in the UB during early spring seasons before 
strong stratification in the upper water column develops for the seasonal spring 
blooms. During summer seasons, normally with nutrient-depleted conditions, 
eddy-induced upwelling of nutrients enhances high chl-a concentrations in the 
UB (Kim et al. 2012). Recently, Kwak et al. (2013b) proposed that nitrate supplies 
from upward flux through the pycnocline sustains the high phytoplankton produc-
tivity in the UB during summer periods. However, all these aforementioned and 
discussed factors could act together to sustain the high productivity of phytoplank-
ton (Yamada et al. 2005; Hyun et al. 2009; Yoo and Park 2009; Lee et al. 2009; 
Kwak et al. 2013b).

Primary production data from the three different areas (Kwak et al. 2013b; 
Noh, unpublished data) were compared in detail to understand the spatial dis-
tribution of primary production in the UB (Fig. 10.9). Annual primary produc-
tion measured in the Dokdo area was 172 g C m−2 year−1, while substantially 
higher primary production of 358 g C m−2 year−1 was measured in the southern 
upwelling area (Table 10.5). According to Kwak et al. (2013b), annual primary 
production in the UB along the 37°N line was about 270 g C m−2 year−1. The 
sampling points (36°N, 130°E) in the southern upwelling area along the southern 
Korean coast are subjected to frequent wind-driven upwelling events (Yoo and 
Park 2009), which bring up major inorganic nutrients through upward flux and 
subsequently sustain the observed high primary production in the area. Moreover, 
enhanced biomass and diversity of phytoplankton moving from the coastal water 
mass may also contribute to the high primary production. Primary production of 
172 g C m−2 year−1 estimated from the Dokdo area is about half of the primary 
production values in the upwelling area. These spatial differences may also be 
attributed to physical processes such as coastal upwelling (Hyun et al. 2009; Yoo 
and Park 2009) and various scales of eddies in the UB (Hyun et al. 2009; Kim 
et al. 2012; Lim et al. 2012).

Primary production in the Dokdo area has a bimodal pattern (Fig. 10.9), show-
ing the highest value in April with another small peak in November. The highest 



24110 Phytoplankton and Primary Production

primary productivity (980 ± 367 mg C m−2 days−1) is observed in April as the 
spring bloom develops. A relatively high rate (509 ± 284 mg C m−2 days−1) 
was observed in winter (February) when a lower primary production rate is 
normally expected. It is suggested that the relatively high primary produc-
tion in winter is strongly influenced by fluctuating wind and light conditions. 
Spatially, the highest primary production rate (2173 ± 1368 mg C m−2 days−1) 
is observed in the upwelling area in the southwestern East Sea during the spring 
season (April), while relatively high production rates are observed in February 
(916 ± 185 mg C m−2 days−1) and March (1118 ± 1285 mg C m−2 days−1). 
The large standard deviations suggest that there is a strong interannual vari-
ation and that even for low temperature water conditions, primary produc-
tion in the area could be increased depending on the weather conditions and 
distribution of the TWC. Primary production in August is relatively higher 
(925 ± 911 mg C m−2 days−1) due to the upwelling effect, which is approxi-
mately three times higher than that measured in the Dokdo area at the same 
period. The seasonal variation pattern of primary production observed in the mid-
dle of the Ullueng Basin area is similar to that in the two other locations men-
tioned above. However, for this location, primary production rates in May and 
June are similar to or higher than those in April (Kwak et al. 2013b).

Fig. 10.9  Monthly variation of primary production in the Ulleung Basin, upwelling and Dokdo 
areas (Noh JH, unpublished data)
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“Biological hot spots” regarded as high biological activity regions gener-
ally occur in ocean regions with discernible physical oceanographic features 
such as eddies, meanders, and fronts (Palacios et al. 2006). Subpolar fronts are 
usually found around 36°–42°N, 130°–140°E in the UB although the locations 
vary according to seasonal and inter-annual ocean conditions (Chiba et al. 2008). 
Frequent occurrence of eddies induces dynamic physico-chemical interactions 
which enhance biological production in the UB (Kim et al. 2012; Lim et al. 2012). 
Moreover, high phytoplankton productivity and biological pump efficiency are 
sustained by the vertical supply of major nutrients through hydrographic condi-
tions (Kwak et al. 2013a). Considering those factors, Kwak et al. (2013a, b) pro-
posed that the UB is a biological “hot spot” in the East Sea and must be carefully 
administered for resource management and conservation (Palacios et al. 2006). 
To date, very limited knowledge of the current baseline status and structure of 
the pelagic ecosystem has been obtained in the UB. Therefore, more seasonal and 
annual field measurements under dynamic environmental conditions should be 
continuously collected for better understanding of the current status and future 
responses of marine ecosystems in the UB and also in the East Sea as a whole due 
to the potential for alterations from ongoing climate and environmental change.
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Abstract Since heterotrophic bacteria rapidly respond to variations in physico-
chemical conditions, monitoring the role of bacteria in C cycles is important in the 
East Sea where has been known as the rapid warming occurred during the last 2 dec-
ades. Major microbiological and biogeochemical processes associated with oceano-
graphic conditions of the water column and geochemical properties of the sediment 
in the Ulleung Basin (UB) are covered in this chapter. Overall, bacterial parameters 
in the water column are largely affected by the occurrence of coastal upwelling and 
formation of the anticyclonic Ulleung Warm Eddy. Heterotrophic bacterial produc-
tion is closely coupled to phytoplankton biomass, but the role of bacteria either as a 
trophic link within the microbial food web process or as a C sink for photosyntheti-
cally fixed organic carbon varies with the physico-chemical conditions of the water 
column. In the sediment, high organic content (>2.5 %, dry wt.) is attributed to the 
high C mineralization by sulfate reduction in the UB compared to that of other parts 
of the East Sea (i.e. Japan Basin and Yamato Basin). In addition, the observation that 
manganese-oxides are accumulated at high levels (>150 µmol cm−3) in the surface 
sediment of the UB indicates that C oxidation by manganese reduction seems to be 
the major C oxidation pathway in the center of the UB, as was supported by the 
identification of acetate-oxidizing bacteria related to Colwellia, Oceanospirillaceae 
and Arcobacter that potentially reduce manganese. Finally, inventories of culture-
dependent and culture-independent Bacteria and Archaea, mostly reported in the 
UB, are summarized at the final section of this chapter.
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11.1  Introduction

Heterotrophic prokaryotes including the domains Bacteria and Archaea (hereaf-
ter “bacteria” or “bacterioplankton” as a conventional ecological term) in marine 
environments play a significant role in microbial food web processes and biogeo-
chemical element cycles (Cotner and Biddanda 2002; Azam and Worden 2004). 
Bacteria biomass comprises approximately 50 % of the total microbial biomass 
(Li et al. 1992; Caron et al. 1995), and often exceeds the phytoplankton biomass 
in the oligotrophic open ocean (Cho and Azam 1990). Bacteria production in the 
open ocean accounts for 20–30 % of primary production (Cole et al. 1988). Both 
high bacterial biomass and production indicates that a substantial amount of pho-
tosynthetically fixed organic carbon is channeled through bacterial biomass and 
then transferred to upper trophic levels via the microbial loop (Azam et al. 1983; 
Sherr et al. 1986).

Meantime, bacteria are a potent biogeochemical agent regulating most element 
cycles. For example, bacteria are responsible for the mineralization of organic 
matter from various sources (Nagata 2000), and for uptake and regeneration of 
inorganic nutrients such as N and P (Kirchman 2000). Post-mortem dissolu-
tion of silicate from diatom cell walls is expedited by the bacterial secretion of 
protease (Bidle and Azam 1999), which ultimately enhances primary production 
and consequently controls biogeochemical C and Si cycles. Bacterial respiration 
accounts for approximately 50 % of total community respiration in the surface 
ocean (Robinson 2008), which implies that bacteria are a major biological sink 
for photosynthetically fixed organic carbon. Bacterial metabolic activities on sink-
ing particles also affect the vertical flux of particulate organic carbon from the 
surface to the sea floor, which controls global carbon cycles (Simon et al. 2002). 
Recently, it has also been proposed that bacteria are responsible for the sequestra-
tion of organic carbon by transforming labile dissolved organic matter (LDOM) 
to recalcitrant dissolved organic matter (RDOM) via the microbial carbon pump 
(MCP) (Jiao et al. 2010; Jiao and Zheng 2011). Thus, measuring bacterial param-
eters and elucidating controls of each parameter are essential for interpreting the C 
flux through microbial processes in the water column.

Although continental margins including the continental shelf, slope and rise 
occupy only 20 % of the ocean’s surface (Kennett 1982), this narrow domain of 
the ocean’s fringe, especially the continental shelf and slope, is characterized by 
a high rate of biological production (Antoine et al. 1996), high vertical fluxes 
of organic matter from the water column (Romankevich 1984), and high lateral 
transport of organic matter from the adjacent shelves (Jahnke et al. 1990; Wollast 
1991). Consequently, sediments of continental margins are a significant place for 
deposition and mineralization of organic matter and regeneration of inorganic 
carbon and nutrients (Liu et al. 2000, 2010; Reimers et al. 1992; Walsh 1991; 
Jahnke and Jahnke 2000). Therefore, understanding the seasonal and inter-annual 
fluctuation of carbon fluxes and nutrient cycles associated with physical and 
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biogeochemical variations and evaluating the importance of carbon deposition and 
benthic processes have been one of the key objectives in international interdisci-
plinary ocean research programs such Joint Global Ocean Flux Studies (JGOFS), 
Land-Ocean Interaction in the Coastal Zone(LOICZ) and International Geosphere-
Biosphere Programme (IGBP) toward increased understanding of biogeochemical 
processes on the continental margin (Liu et al. 2000).

The East Sea is a typical marginal sea surrounded by Russia, Japan and Korea 
in the northwest Pacific (see Chaps. 1 and 16 for a more detailed description of 
the geology and oceanography of the East Sea). Because of its unique thermoha-
line circulation similar to ‘the Great Ocean Conveyor Belt’ (Broecker 1991), the 
East Sea has often been referred to as a miniature ocean (Kim and Kim 1996; Kim 
et al. 1996). Long-term oceanographic observation in the East Sea has revealed 
that the warming of seawater from 0.08 to 0.24 °C at 1000 m depth during the 
period 1969–1999 (Kim et al. 2001) was comparable to the temperature increase 
of ca. 0.3 °C during the last 5 decades in the world ocean (Levitus et al. 2000). 
Recently, a rapid increase of SST (1.09 °C) in the East Sea over the last 2 dec-
ades (1982–2006) has been recorded, which is the fourth highest among the 18 
large marine ecosystems in the world ocean (Belkin 2009). Thus, the East Sea has 
drawn scientific attention as a natural laboratory for evaluating and predicting the 
variations in major oceanographic processes associated with global climate change 
(Kim et al. 2001).

Since microbiological components rapidly respond to variations in the physico-
chemical conditions of water regimes resulting from variations in global-scale 
biogeochemical carbon cycles and climatic changes (Karl 1999; Bidle et al. 2002; 
Hoppe et al. 2008), it is important to understand the response of microbial com-
ponents to the variations in the water regime in the East Sea. Such studies of the 
response of microbial components include both qualitative (i.e. composition) and 
quantitative (i.e. biomass, production and respiration) parameters together with 
physico-chemical and biological controls. Recently, a substantial database has 
been established on the composition of the microbial community in the East Sea, 
but ecological and biogeochemical processes associated with the heterotrophic 
bacterial community and its major oceanographic controls have not been exten-
sively elucidated, except for a few cases mostly associated with biological con-
trols in the Ulleung Basin (UB) (Cho et al. 2000; Hwang and Cho 2002; Choi 
et al. 2005; Hyun et al. 2009). This chapter consists of three major sections. First, 
I discuss the distribution of bacterial biomass, production and respiration asso-
ciated with oceanographic parameters such as coastal upwelling and the anticy-
clonic eddy in the UB. Second, by integrating oceanographic and biogeochemical 
parameters, I attempt to elucidate the major biogeochemical processes with special 
emphasis on the rates and pathways of organic carbon oxidation in the sediment of 
the UB. Finally, I summarize inventories of cultured and uncultured microorgan-
isms reported in the water column and sediment and those associated with micro- 
and macrobenthos in the East Sea.

http://dx.doi.org/10.1007/978-3-319-22720-7_1
http://dx.doi.org/10.1007/978-3-319-22720-7_16
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11.2  Microbiological Oceanography

The two most well-known oceanographic properties associated with biological 
processes in the UB are the frequent occurrence of coastal upwelling along the 
southeast Korean peninsula (Lee 1983; Lee and Na 1985) and the formation of 
the anticyclonic Ulleung Warm Eddy (UWE) (Lie et al. 1995; Shin et al. 2005) 
(see Chaps. 3 and 4). Wind-driven coastal upwelling occurs frequently in all sea-
sons except winter (Yoo and Park 2009). The UWE in winter and spring can gen-
erally be defined as a cold core wrapped by award filament (Chang et al. 2004; 
Fig. 11.1).

Despite its well-known physical and oceanographic properties, it was not until 
a decade ago that the impact of upwelling and the UWE on biological processes 
in the East Sea was evaluated in earnest with the development of remote sensing. 
Yoo and Kim (2003) used Coastal Zone Color Scanner (CZCS) data to calculate 
the annual primary production of 240 g C m−2 year−1 in the East Sea. Based on 
the combination of satellite images and in situ measurement from 1998 to 2002, 
Yamada et al. (2005) revealed that annual primary production was highest in the 

Fig. 11.1  Satellite images of sea surface temperature (SST) (panel a) and chlorophyll a (chl-
a) (panel b), in the Ulleung Basin on 3 April 2006. The Ulleung Warm Eddy (UWE) is formed 
by the northward meandering of the East Korea Warm Current (EKWC), a branch of the Tsush-
ima Warm Current (TWC). The paths of the TWC, EKWC, and UWE are shown with dotted-line 
in panel (a), and sites of upwelling are indicated by thick arrows in panel (b). High chl-a water 
in panel (b) corresponds to cold water in panel (a) along the southeast coast of Korea (Redrawn 
from Hyun et al. 2009)

http://dx.doi.org/10.1007/978-3-319-22720-7_3
http://dx.doi.org/10.1007/978-3-319-22720-7_4


25111 Microbial Ecology and Biogeochemical Processes

southwestern part of the East Sea (i.e. UB). Further investigation demonstrated 
that wind-driven coastal upwelling along the southeast coast of the Korean penin-
sula was responsible for enhanced primary production and phytoplankton biomass 
in the UB, and that this chlorophyll a (chl-a) enhanced water moves into the center 
of the UB via many pathways, depending on its initial location, the direction of the 
East Korea Warm Current (EKWC), the location of the UWE, and the wind field 
(Yoo and Park 2009).

11.2.1  Microbiological Parameters Associated  
with Coastal Upwelling and UWE

It has been well established that bacterial abundance and production, as well as 
the role of bacteria in biogeochemical carbon cycles, are largely affected by 
water column structures that control the physical stability and nutrient conditions 
(Kiørboe et al. 1990; Cho et al. 1994; Hyun and Kim 2003; Hyun and Yang 2005). 
However, the impact of enhanced phytoplankton production and biomass associ-
ated with coastal upwelling on the heterotrophic bacterial processes has not been 
well understood in the UB. Hyun et al. (2009) measured the variations of bacte-
rial parameters, together with other biological parameters such as primary produc-
tion and carbon biomass of phytoplankton and heterotrophic protozoa, associated 
with the occurrence of upwelling and the path of the UWE (Figs. 11.1 and 11.2). 
First, water column structures differed greatly across sites. The coastal site (D1) 
and offshore sites (D4 and D5) were slightly stratified, whereas the center of the 
UWE (D3) was vertically well mixed. Phytoplankton carbon biomass, converted 
from chl-a, was higher at D1 and D4 than at the center of the UWE (D3) and out-
side the UWE (D5). Furthermore, the phytoplankton size distribution was similar 
at D1 and D4 where large phytoplankton (>5 µm) comprised respectively 66 and 
67 % of total phytoplankton carbon biomass. This similarity in size distribution at 
the two widely separated sites (D1 and D4), located more than 100 km apart, indi-
cated that the growth of large phytoplankton, mainly diatoms, was stimulated by 
high nutrient conditions in the upwelled coastal waters (D1), and then transported 
to the center of the basin (D4) after becoming entrained into the UWE.

In accordance with the phytoplankton biomass distribution, as revealed by 
the satellite images (Fig. 11.1), bacterial production was higher in the coastal 
upwelled water (D1) and in the offshore flow of the UWE (D4) than in the eddy 
center (D3) and outside the eddy (D5) (Fig. 11.2). These results indicated that 
heterotrophic bacterial production is closely coupled to organic substrates origi-
nated from phytoplankton (Cole et al. 1988). Unlike the spatial difference in bac-
terial metabolic activity, however, the difference in bacterial cell number was not 
as great among the sites. Since heterotrophic protozoan carbon biomass (HPCB) 
was higher in upwelled water (D1) and in the eddy stream (D4), a small spatial 
difference in bacterial biomass suggested that the heterotrophic protozoa effec-
tively control the bacterial biomass in the eddy stream. Based on investigation 
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Fig. 11.2  Vertical profiles of physical and microbiological parameters from Stn. D1–D5. Chl-a 
Chlorophyll-a; BP bacterial production; BCN bacterial cell number; HPCB heterotrophic proto-
zoa carbon biomass (Redrawn from Hyun et al. 2009)
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of the epi-and mesopelagic zone of the UB, Cho et al. (2000) also reported that 
heterotrophic nanoflagellate grazing on bacteria depended significantly on bacte-
rial abundance, but was not significantly correlated with bacterial production. The 
results obtained during the spring bloom in the UB (Hyun et al. 2009) are consist-
ent with the general conclusion that biomass of heterotrophic bacteria in highly 
productive regions is predominantly controlled by the grazing of heterotrophic 
protozoa, whereas heterotrophic bacterial production is largely dependent on the 
availability of dissolved organic substrates that are released from phytoplankton 
and various sources (Ducklow 2000; Hyun and Yang 2005; Nagata 2000).

11.2.2  Role of Bacteria in Biogeochemical Carbon Cycles

Besides understanding the causes of enhanced primary production in the water 
column of the UB, another important question related to the microbial ecology and 
biochemistry of the region would be the fate of photosynthetically fixed organic 
carbon in the water column. This question is ultimately related to the quantitative 
role of heterotrophic bacteria (or the microbial loop) in biogeochemical carbon 
cycles within the microbial food web. If the photosynthetically fixed organic car-
bon is mostly respired to CO2 within the microbial loop, then the C cycles via the 
microbial loop should be a carbon sink (Ducklow et al. 1986). In contrast, if the 
organic carbon taken up by bacteria is passed on to higher trophic levels, the bac-
teria act as a trophic link between dissolved organic carbon (DOC) and the meta-
zoa via protozoan flagellates and ciliates (Azam et al. 1983; Sherr and Sherr 1988; 
also referred to Fig. 12.7). Elucidating the relative significance of link or sink in 
the fate of phytoplankton production is also crucial to understanding the role of 
bacteria in controlling the efficacy of the biological pump (i.e. biological control 
of the ocean as a carbon sink for atmospheric carbon).

The quantitative role of bacteria in utilizing organic carbon originated from 
primary production in the UB was evaluated during the spring bloom for two 
different water regimes according to primary production and phytoplankton bio-
mass. The eddy stream (D4) exhibited relatively higher primary production and 
chl-a concentration compared to the less productive region outside the eddy (D5) 
(Table 11.1). Within the euphotic zone, bacterial production was slightly higher 
(ca. 20 %) at the productive eddy stream (9.3 mmol C m−2 d−1) than at the less 
productive region outside the eddy (7.2 mmol m−2 d−1), and thus bacterial pro-
duction (BP) was responsible for 13–17 % of primary production (PP) at both sites 
(Table 11.1). However, prominent differences were observed for bacterial respira-
tion (BR) and bacterial growth efficiency (BGE) at the two sites. Bacterial growth 
efficiency was higher at the highly productive eddy stream (D4, 21.6 %) than at 
the less productive region outside the eddy (D5, 8.3 %), which was largely deter-
mined by the difference in respiration at the eddy stream (33.8 mmol C m−2 d−1) 
and outside the eddy (79.2 mmol C m−2 d−1) (Table 11.1). Finally, bacterial car-
bon demand (BCD) accounted for 58 and 211 % of primary production at the eddy 

http://dx.doi.org/10.1007/978-3-319-22720-7_12
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stream and outside the eddy, respectively, which demonstrated that a large fraction 
of the primary production is channeled via dissolved organic matter (DOM) and 
heterotrophic bacterial metabolic process.

A relatively high BCD:PP ratio exceeding 1 (i.e. heterotrophic system) as is 
found for the region outside the eddy (D5) is typical in less-productive oceans 
(Fouilland and Mostajir 2010), and implies that bacterial carbon demand is not 
solely dependent on the organic carbon produced by phytoplankton. In such a 
heterotrophic system where bacterial carbon demand exceeds organic carbon pro-
duced by phytoplankton, the subsequent question concerns how these high hetero-
trophic metabolic activities are sustained. Logically there should be other sources 
of DOM to support heterotrophic metabolism exceeding primary production. 
Diverse DOM sources, such as zooplankton sloppy feeding and excretion and viral 
lysis, have been proposed for the water column (Nagata 2000). The sources and 
biogeochemical cycles of DOC associated with bacterial processes are not well 
understood in the East Sea. Recently, however, it has been revealed that DOC in 
the surface water of the UB was higher (Kim and Kim 2012) than the same depth 
range of the Equatorial Pacific, Ross Sea polynya and Sargasso Sea (Carlson and 
Ducklow 1995; Hansell and Carlson 1998). In addition, Hwang and Cho (2002) 
demonstrated that bacterial mortality due to viral lysis in the East Sea was sub-
stantial even in oligotrophic conditions in summer, accounting for 9.8–19.2 % of 
bacterial production, from which a substantial amount of DOM could be released. 
DOM released by bacterial mortality due to viral lysis may further enable a 
role of bacteria as a C sink by enhancing bacterial production and respiration 
using organic matter that, otherwise, would be available to higher trophic levels 
(Fuhrman 1999). Considering that the areal extent of the eddy stream is relatively 
small, the UB, before the occurrence of the basin-scale spring bloom, is likely a 
heterotrophic system. In such a case, most DOC taken up by bacteria is respired to 
CO2, and thus bacteria in most of the area of the UB may act as a C sink for pho-
tosynthetically fixed carbon.

In contrast, the relatively low BCD:PP ratio of 0.58 together with higher 
growth efficiency in the productive eddy stream (D4) indicates that the organic 
carbon produced by primary production is transferred to bacteria and then to 
higher trophic levels (i.e. metazoans) via protozoan grazing on bacteria before 
being respired by bacterial metabolism. Indeed, Yang et al. (2009) demonstrated 
that the copepods, Neocalanus plumchrus and Calanus sinicus, preferentially 
consumed ciliates and heterotrophic dinoflagellates over autotrophic protozoa, 
and estimated that ciliates contributed 47 % of copepod diet in highly productive 
conditions (phytoplankton C biomass >40 µg C). The results indicated a strong 
trophic link between copepods (i.e. metazoan food web) and microbial food webs 
including bacterial and heterotrophic protozoa in the UB (Sherr and Sherr 1988; 
also referred to Fig. 12.7), especially at relatively productive sites or during pro-
ductive seasons. Finally, it should be emphasized that the variable role of bacte-
ria presented here, as either coupled or uncoupled to primary production in the 
UB, is just one example derived from only two different conditions in spring, and 
thus more extensive investigation should be conducted to generalize the role of 

http://dx.doi.org/10.1007/978-3-319-22720-7_12
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heterotrophic bacteria in biogeochemical carbon cycles at different times and loca-
tions in the UB.

Microbes are a relevant biological parameter for predicting the effect of cli-
mate change at the biological level (Rivkin and Legendre 2001; Hoppe et al. 2002, 
2008). Hoppe et al. (2002) demonstrated that the ratio between bacterial produc-
tion and primary production changed significantly from about 2 % in the cold and 
temperate climate zones to 40 % in the tropics, which indicates a large-scale tem-
perature-dependent shift from net-autotrophic to increasingly heterotrophic con-
ditions in the surface of the Atlantic Ocean. Based on a mesocosm experiment, 
Hoppe et al. (2008) repeatedly revealed that the relative significance of microbial 
fractions less than 3 µm (i.e. bacteria and picoplankton) in the total microbial 
community respiration increased from 59 to 77 % as water temperature increased 
from 2 to 8 °C. Their results demonstrate that the role of heterotrophic bacteria 
as a C sink for organic carbon increases in importance as sea water temperature 
increases. Increased CO2 regeneration by bacteria (i.e. microbial respiration) will 
ultimately attenuate the efficacy of the biological pump, thereby reducing the 
ocean’s capacity to mitigate increases in atmospheric CO2. In this regard, moni-
toring changes in the relative role of bacteria in C cycles in response to environ-
mental shifts resulting from large-scale climatic changes is particularly important 
in the East Sea where the increase of SST (1.09 °C) during the last 2 decades was 
one of the largest recorded for 18 large marine ecosystems in the world (Belkin 
2009).

11.3  Benthic Biogeochemical Processes

Early diagenesis refers to the whole range of post-depositional processes that take 
place in aquatic sediments, coupled either directly or indirectly to the degrada-
tion of organic matter (Jørgensen and Kasten 2006) that is ultimately processed by 
microorganisms with specific biogeochemical functions (Jørgensen 2006). Since 
sediments are mainly heterotrophic systems, in which the photosynthetically pro-
duced organic matter is mineralized and recycled again to support the photoauto-
trophs, the quantity of particulate organic matter input is the most important factor 
controlling biogeochemical processes in sediments (Fenchel et al. 1998).

Organic particles that reach the deep-sea floor are quickly mineralized in the 
surface sediment (Cole et al. 1987). The mineralization of organic matter occurs 
mainly through microbial processes consuming an array of different electron 
acceptors such as O2, NO3

−, MnO2, FeOOH and sulfate (Froelich et al. 1979; 
Jørgensen 2006). The relative significance of each carbon oxidation pathway is 
largely determined by the availability of organic carbon and electron acceptors. In 
general, due to the abundance of sulfate (ca. 28 mM) in marine environments, sul-
fate reduction accounts for up to 50 % of the total carbon oxidation in continen-
tal margins with high organic matter flux (Jørgensen 1982; Jørgensen and Kasten 
2006) and thus plays a prominent role in benthic carbon mineralization. However, 
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in Mn- and Fe-oxide-rich marine sediments, either manganese or iron reduction is 
regarded as a dominant C oxidation pathway as well (Aller 1990; Canfield et al. 
1993a, b; Thamdrup and Canfield 2000; Jensen et al. 2003; Vandieken et al. 2006; 
Hyun et al. 2007, 2009b). Distribution and flux of geochemical constituents such 
as nitrogen, manganese, iron, sulfur and inorganic nutrients in the sediments are 
largely regulated by redox conditions of the sediment and overlying water col-
umn (Pakhomova et al. 2007; Slomp et al. 1997; Kristensen et al. 2002; Magen 
et al. 2011). Thus, benthic (microbial) biogeochemistry is characterized by stud-
ies: (1) to estimate the rate and pathways of organic matter mineralization includ-
ing re-oxidation of inorganic elements generated by the mineralization processes 
of organic matter, (2) to identify the function and diversity of microbes related to 
the mineralization pathways, and (3) to elucidate physico-chemical and biological 
controls, such as organic matter input, redox conditions, bottom turbidity current, 
bioturbation and bioirrigation.

11.3.1  High Benthic Carbon Oxidation Rates  
in the Ulleung Basin

Recent geochemical investigations have shown that the sediments of the UB, 
despite water depths exceeding 2000 m, were characterized by high organic con-
tent (>2.5 %, dry wt.) (Lee et al. 2008a). This high organic content has rarely 
been found in deep-sea sediments, except for the Black Sea which receives large 
amounts of river discharge (Cociasu et al. 1996; Reschke et al. 2002), and the 
Chilean upwelling region which has high primary productivity (Shubert et al. 
2000; Böning et al. 2005). At a glance, such high organic content in the UB was 
surprising because there are no major rivers flowing into the East Sea (Hong et al. 
1997). Several observations explain the reason for high organic content in the sedi-
ment. First, phytoplankton communities in upwelled water (D1) and in the eddy 
stream (D4) flowing into the center of the basin (Fig. 11.2) consist of mostly large 
diatoms (Hyun et al. 2009a). Since the size and species composition of plankton 
communities largely determine the downward flux of particulate organic car-
bon (Karl 1999; Cotner and Biddanda 2002), large diatoms that are delivered 
into the center of the UB should be particularly significant in mediating vertical 
flux during bloom periods and in upwelling systems (Hyun et al. 2009a; Kwak 
et al. 2013). Actually, a C:N ratio of 6.98 measured in the center of the UB was 
close to the Redfield ratio (6.63), indicating that the organic matter deposited in 
the center of the UB is predominantly of marine origin (Lee et al. 2008a; Shubert 
et al. 2000). Second, the organic C accumulation rates in the UB also exhibited 
high values, exceeding 2 g C m−2 year−1 (Lee et al. 2008a), which has rarely 
been found for deep-sea sediments below 2000 m, except in regions of intense 
upwelling. Consequently, a C:N ratio of the sediment that is similar to that of the 
water column, together with the high organic carbon accumulation rates, indi-
cated that the labile organic matter is rapidly delivered to the sediment via eddy 
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processes before being mineralized in the water column. In addition to the verti-
cal sinking flux, the lateral transport of organic matter from the highly productive 
adjacent shelf should be a significant source for the high organic content along the 
southeastern slope of the UB (Jahnke et al. 1990; Lee et al. 2008a).

As a result of high organic carbon content in the sediment, benthic microbial 
metabolic activities measured by diffusive O2 utilization (DOU) rates exhibited 
the highest values in the UB compared to the DOU measured at the same depth 
range in other continental margins (Fig. 11.3). The DOU plotted for the UB 
(6.0–7.1 mmol m−2 d−1) was measured on shipboard by an oxygen microprofiler, 
which may overestimate, by approximately 50 %, the O2 consumption rates com-
pared to the DOU measured in situ at the same depth range (Glud 2008). Even 
taking the factor of 50 % overestimation into account, the DOU value at the UB 
(4.0–4.7 mmol m−2 d−1) was among the highest compared to those reported from 
other continental margins. Hyun et al. (2010) also reported that carbon oxidation 
processed by sulfate reduction rates (SRR) showed clear seasonal and spatial vari-
ations (Fig. 11.4; Table 11.2). Higher SRRs were observed in spring when primary 
production was higher (Table 11.2). Spatially, the SRRs were always higher at the 
slope sites where upwelling occurs (UB1) and at the offshore slope (UB3) than at 
the deep basin sites (UB2) (Fig. 11.4). Another interesting feature in the spatial 
distribution was that the SRRs in the center of the UB (UB2) were several times 
higher than those measured in the Japan Basin (JB1) and Yamato Basin (YB1). 
The spatial distribution of the SRR is consistent with the high primary  production 
(Yamada et al. 2005) and phytoplankton biomass (Yoo and Park 2009) in the water 
column of the UB compared to any other regions in the East Sea. The SRRs in 
the UB were higher than those of the Bengulea upwelling system in the Southeast 
Atlantic in Namibia (Ferdelman et al. 1999; Fossing et al. 2000) and the anoxic 
continental margin of the Black Sea (Weber et al. 2001). At a similar depth range 
between 1000 and 2500 m, the SRRs in the UB were even comparable to those 

Fig. 11.3  Diffusive oxygen utilization (DOU) rates plotted as a function of the water depth 
(Redrawn from Glud 2008). Dark color-filled circles indicate the DOU measured at the slope and 
rise of the UB (Hyun unpublished data)
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reported from highly productive Peruvian (5.1 mmol m−2 d−1; Fossing 1990) 
and Chilean (2.7–4.8 mmol m−2 d−1; Thamdrup and Canfield 1996) upwelling 
regions. Consequently, current findings such as the high organic carbon content 
in the sediment (Lee et al. 2008a), resulting from enhanced primary production 
associated with coastal upwelling and its subsequent delivery into the basin via 
the UWE (Hyun et al. 2009a), support exceptionally high carbon oxidation by sul-
fate reduction in the continental slope and rise of the UB. On the other hand, this 
high benthic carbon oxidation plays an important role in turnover of organic mat-
ter and nutrient regeneration in the UB. From the sulfate reduction rates, Hyun 
et al. (2010) estimated that total carbon mineralization in the UB may range from 
4.2 to 8.4 mmol C m−2 d−1 (average 6.3 mmol C m−2 d−1), which accounts for 
approximately 30 % of the primary production in overlying waters of the UB and 
about 60 % of the export carbon.

Fig. 11.4  Spatial variations of sulfate reduction rates (SRR) measured in the East Sea. Note that 
the highest SRR is prominent at the upwelling site (UB1) and at the offshore slope (UB3) (upper 
panel), and the SRR in the center of Ulleung Basin (UB2) was higher than that measured in the 
Japan Basin (JB) and the Yamato Basin (YB) (lower panel)
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11.3.2  Major Carbon Oxidation Pathways

Together with high organic carbon content and the enhanced rate of micro-
bial metabolic activities, another unique sediment property of the UB is that 
the surface sediment of the continental rise (i.e. center of the UB) appeared 
to be enriched with Mn-oxides (143–174 µmol cm−3) and Fe-oxides (53–
83 µmol cm−3) (Fig. 11.5). The high Mn-oxide concentrations in the UB were 
comparable to those in the Panama Basin and Skagerrak (Aller 1990; Canfield 
et al. 1993a, b). More surprisingly, at the basin site (D4), electron acceptors such 
as O2, nitrate, Mn- and Fe-oxides were systematically arrayed in a discrete zone 
(Fig. 11.5). Thus, high inventories of Mn-oxides and Fe-oxides with discrete 
zonation in the surface sediment implied that carbon oxidation pathways such 
as Mn- and Fe-reduction are important at the basin site (D4). Actually, despite 
the high organic carbon content, sulfate reduction was suppressed at this Mn- 
and Fe-oxides-rich basin sites (D2 and D4) (Table 11.2). Recently, Vandieken 
et al. (2012) successfully identified acetate-oxidizing bacteria that potentially 
reduce manganese in the manganese-rich surface layer at the center of the UB, 
which evidenced the microbial manganese reduction as dominating termi-
nal electron accepting processes in the top 2.5 cm. These biogeochemical and 

Fig. 11.5  Profiles of major electron acceptors in the continental slope (B3) and center of the 
Ulleung Basin (D4). The sites are marked in Fig. 11.4. Note that the surface sediment at D4 is 
enriched with manganese-oxides (reddish color) and iron-oxides, whereas the slope sediment 
exhibited a typical mud color (grey color) (Pictures adopted from Hyun et al. 2010) 
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microbiological findings strongly imply that the carbon oxidation at the surface 
sediment of the UB is dominated by microbial Mn- and Fe-reduction, yet the 
actual rates and partitioning of Mn- and Fe-reduction in carbon oxidation have 
not been determined.

11.4  Composition of Prokaryotes

If we assume that marine microbial ecology is a study of interactions between 
microorganisms and physico-chemical and biological parameters (Kirchman 
2000), information on microbial composition, in combination with biogeochemical 
and oceanographic parameters, will help us to elucidate unknown specific microbi-
ally mediated processes regulating biogeochemical carbon and nutrient cycles in 
marine environments (Jørgensen 2006). There have been many reports concerning 
the composition of prokaryotic communities in the East Sea, mostly in the UB. 
However, most molecular microbiological studies were focused on character-
izing phylogenetic diversity and identifying unknown species. Any studies con-
necting microbial diversity with specific ecological and biogeochemical processes 
are extremely rare with a few exceptions (Vandieken et al. 2012; Lee et al. 2013). 
The composition of microorganisms that are identified based on both culture-
dependent and culture-independent methods and their habitats are summarized in 
Tables 11.3, 11.4 and 11.5.

11.4.1  Composition of Culture-Dependent Prokaryotes

So far, most studies on the microbial diversity in the East Sea have been con-
ducted using cultured bacterial strains. Among the 180 species isolated in the East 
Sea, heterotrophic bacteria from the water column comprised 40 % (Table 11.3), 
and those from sediment and microbial symbionts with micro- or macrobenthos 
accounted for 31 and 28 %, respectively. Approximately 73 % of the bacteria 
isolated from the water column were reported from the UB, and the remaining 
27 % were reported in the coastal ocean of Russia. Bacteriodetes (19 species), 
Alphaproteobactria (17 species) and Gammaproteobacteria (14 species) appeared 
to be the most abundant bacterial groups isolated in the coastal waters of the UB 
and the Russian coastal waters of the JB. In contrast, more diverse bacterial groups 
including Actinobacteria,  Cyanobacteria and Firmicutes were isolated in the off-
shore waters (Table 11.3).

In the sediment, 17 and 19 heterotrophic bacterial species were iso-
lated from the coastal and offshore sediment of Russia, respectively, and 
Gammaprotebacteria were the most abundant, comprising 50 % of a 36 total 
isolates (Table 11.4). Although most bacteria are known as aerobic heterotrophs,  
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a few facultative anaerobic bacteria such as Marinobacter, Moritella, and 
Shewanella were isolated as well (Arakawa et al. 2006; Kim et al. 2006; Yang 
et al. 2007). In addition, most bacteria from the UB were isolated from the coastal 
sediment. The bacterial strain closely related to Oceanisphaera donghaensis has 
been known to be a manganese oxidizer using nitrate as an electron acceptor 
(Park et al. 2006). A total of 7 bacterial species were isolated in the sediment of 
the Yamato Basin (YB), including Deltaproteobacteria that are known to reduce 
sulfate in anoxic sediments. A total 51 symbiontic bacteria were isolated from the 
micro- or macrobenthos and their habitats in the Russian coastal area of the JB and 
the UB (Table 11.5).

11.4.2  Composition of Culture-Independent Prokaryotes

Microbial autecological studies via cultured strains provide thorough information 
on the physiology and ecological function of specific bacteria. However, since less 
than 0.1–1 % of the environmental microorganisms are cultivated in defined media 
(Amann et al. 1995), it was not until recently that culture-independent molecu-
lar approaches have revealed the microbial diversity in marine environments. 
Microbial diversity based on analysis of the bacterial 16S rRNA gene sequence 
was mostly reported in the water column and sediment of the UB where 38 
Bacteria and 10 Archaea types have been identified (Tables 11.3 and 11.4).

In the water column of the UB, Gammaproteobacteria and 
Alphaproteobacteria,  which are mostly aerobic heterotrophs, appeared to be 
the most abundant bacterial group (Table 11.3). On the other hand, the bacterial 
groups closely related to ammonia oxidation were frequently identified in the sur-
face sediment (Table 11.4). In the manganese-oxide-rich sediment at the center 
of the UB, bacterial groups related to Desulfuromonadales, Geobacteraceae, 
Colwellia, Oceanospirillaceae, and Arcobacter that are potentially affiliated with 
manganese reduction were also reported (Vandieken et al. 2012). This indicated 
that microbial manganese reduction should be an important carbon oxidation path-
way in the Mn-oxide-rich sediment of the UB (Hyun et al. 2010). Meanwhile, 
bacterial groups detected in gas hydrate bearing sediment of the UB were related 
to anaerobic heterotrophs, such as the candidate division JS1, Chloroflexi, and 
Planctomycetes, that have not been cultured (Lee et al. 2013). Archaeal groups 
identified in the sediment of the UB consist of MBGB, MBGC and MCG in the 
Crenarchaeota, and MBGD in the Euryarchaeota (Table 11.4). Those archaeal 
groups are ubiquitously distributed from the surface sediment to gas hydrate bear-
ing deep sediment (Park et al. 2008; Kim et al. 2010a; Lee et al. 2013). The MGI 
in Thaumarchaeota that is associated with ammonium oxidation was identified in 
the surface sediment (Lee et al. 2013), and ANME-1 that is responsible for the 
anaerobic ammonium oxidation was also reported in the sulfate-methane transition 
zone of the gas hydrate bearing sediment of the UB (Lee et al. 2013)
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Abstract Zooplankton plays a key role in marine ecosystems as an energy link 
between primary producers and higher trophic levels in the pelagic food web. 
In the East Sea (Japan Sea), some studies of zooplankton in terms of their spe-
cies and distribution have been conducted in selected regions, but there is a lack 
of reviews and/or summaries of zooplankton species composition and distribution 
covering the entire area of the East Sea. Therefore, we here summarize the species 
composition and abundance of zooplankton, where possible covering the entire 
area of the East Sea. We report several interesting findings (spatial distribution, the 
trophic role of microzooplankton in pelagic food web, etc.) based on the currently 
available information. We believe that a survey, covering the entire region of the 
East Sea, should be conducted in the near future to better understand the species 
composition and distribution of mesozooplankton, including microzooplankton, 
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which will eventually help us to properly monitor and predict the functional and 
structural changes of the East Sea ecosystem due to the influences of climate 
change as well as human impacts such as intensive fishing.

Keywords East Sea (Japan Sea) · Zooplankton · Species list · Abundance 
 distribution · Microbial food web

12.1  Introduction

Biological energy comes from primary production by phytoplankton in the pelagic 
ecosystem. It is consumed by zooplankton and subsequently this zooplankton is con-
sumed by larger animals in a sequence known as ‘the classical food web’ in pelagic 
ecosystems. Since publication of Azam et al. (1983), recognition of the important 
role of microzooplankton (heterotrophic and mixotrophic organisms and meta-
zoan: generally in the size range from 20 to 200 µm) as nutritionally packaging and 
improving low quality prey (microbes) and effectively transferring energy to meso-
zooplankton (planktonic animals: generally in the size range from 200 to 2000 µm) 
in oligotrphic environments. In spite of their important role in the transfer of energy 
in marine ecosystems, studies of zooplankton in the East Sea were not only rare but 
also limited to the mesozooplankton. Previous reports on zooplankton in this area 
were mainly done by Japanese and Russian scientists before World War II. Park’s 
(1956) study on the seasonal change of the plankton in the Korea Strait was the first 
work on zooplankton in the seas around the Korean peninsula by a Korean scientist. 
Unfortunately, there has not yet been a survey covering the entire East Sea.

Here we report on the species composition and abundance distribution of meso-
zooplankton in the Korean waters of the East Sea where they have been primar-
ily and intensively surveyed by Korean Scientists. Some local patterns and the 
trophic role of microzooplankton in the pelagic food web are also included. We 
believe that a survey, covering the whole area of the East Sea, should be conducted 
in the near future to better understand the species composition and distribution of 
mesozooplankton as well as microzooplankton. Concurrently, in situ experiments 
and incubations are also strongly recommended to determine the vital rates of key 
species of zooplankton and their trophic interactions with multiple environmen-
tal forcing factors, which could significantly improve model predictions. These 
results will help us to properly monitor and predict the functional and structural 
changes of the East Sea ecosystem caused by human activities such as global 
warming, ocean acidification, overfishing, eutrophication, etc.

12.2  Species Composition of Mesozooplankton

The great diversity of mesozooplankton in the southern East Sea has been well 
recognized (Chihara and Murano 1997; Park et al. 1997). A general description of 
the major taxa is provided with some indication of horizontal distribution (neritic 
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or oceanic) and water masses (warm or cold). Zooplankton in the southern East 
Sea are commonly divided into four communities in the upper pelagic layer: 
neritic warm-water, neritic cold-water, oceanic warm-water, and oceanic cold-
water communities. The neritic community is distributed in a narrow range along 
the coast in the southern East Sea down to ca. 50 m depth. It has been well known 
that the meroplankton, including polychaetes, benthic crustaceans and mollusk lar-
vae, usually form a large portion of the neritic community. However, almost all 
meroplankton and juveniles were not included in the zooplankton list of the south-
ern East Sea. Based on the literature reported previously and Suh’s unpublished 
data, a total of 175 species was recorded in the zooplankton list. According to the 
species list (Table 12.1), the neritic warm-water, neritic cold-water, oceanic warm-
water, and oceanic cold-water communities consisted of 21, 7, 131, and 16 spe-
cies, respectively. The zooplankton diversity in the southern East Sea was strongly 
affected by the Tsushima Warm Current, a branch of the Kuroshio.

12.2.1  Cnidaria and Mollusca

The Cnidaria, known as jellyfish or gelatinous zooplankton, form a number of 
groups which are important members of the marine plankton. Reports on jellyfish 
blooms have increased substantially in recent decades (Condon et al. 2012), and 
their ecological and economic impacts on marine ecosystem have also increased 
(Purcell 2009).

In the southern East Sea, 18 species of Cnidaria, 10 species of Hydrozoa and 
8 species of Scyphozoa, were recorded. Of these, 3 species including Diphyes 
chamissonis, Nemopilema nomurai and Dactylometra quinquecirrha belonged to 
the neritic community. Of the remaining 15 oceanic species, 12 species were dis-
tributed in warm water, whereas 3 species, Muggiaea bargmannae, Dipleurosoma 
typicum and Aglantha digitale, were reported in cold water.

In the phylum Mollusca three taxa of gastropods including Heteropoda, 
Thecosomata and Gymnosomata have adopted a holoplanktonic life. In the south-
ern East Sea, Desmopterus papilio belonging to Thecosomata was recorded.

12.2.2  Arthropoda

12.2.2.1  Branchiopoda and Ostracoda

Of branchiopod crustaceans, the Cladocera are usually a more important group 
in fresh water than in marine. There are three genera in the marine cladocerans: 
Penilia, Podon and Evadne. In the southern East Sea, four species of cladocerans, 
including Penilia avirostris, Evadne nordmanni, Evadne spinifera and Evadne 
tergestina, were recorded. In the Ostracoda, a single species, Euconchoecia 
pacifica, was reported.
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12.2.2.2  Copepoda

The Copepoda, the most dominant taxon in the marine zooplankton, play an 
important role in marine ecosystems. Their abundance and distribution are 
strongly influenced by hydrographic conditions of their habitat such as water tem-
perature and currents, suggesting them as biological indicators for water masses 
(Beaugrand et al. 2002).

In the southern East Sea, copepods were the most dominant taxon, comprising 
108 species. The neritic species, such as Calanus sinicus, Paracalanus parvus s. 
l. and Ditrichocorycaeus affinis, were most abundant in the coastal region, while 
oceanic species, including Metridia pacifica and Oithona plumifera,  predominated 
in the offshore region. The seasonal change of water masses affects the commu-
nity structure of copepods. The oceanic warm-water species, Oithona plumifera, 
Clausocalanus furcatus, Mesocalanus tenuicornis and Euchaeta plana, were 
the dominant species from summer to fall, while cold-water species, such as 
Neocalanus plumchrus, Scolecithricella minor and Paraeuchaeta elongata, pre-
dominated from winter to spring.

12.2.2.3  Malacostraca

The superorder Peracarida is a large group of malacostracan crustaceans, having 
members in marine, freshwater, and terrestrial habitats. They are chiefly defined 
by the presence of a brood pouch, or marsupium. In the Peracarida there are 
five species in three orders. Each single species of Amphipoda and Mysida, and 
three species of Cumacea were recorded in the southern East Sea. The amphipod 
Themisto japonica is an oceanic cold-water species and a dominant carnivore in 
the epipelagic region, suggesting an important dietary source for whales, birds and 
fishes (Nemoto 1962; Vermeer and Devito 1988).

The orders Euphausiacea and Decapoda belong to the superorder Eucarida 
morphologically characterized by having the carapace fused to all thoracic seg-
ments, and by the presence of stalked eyes. In the southern East Sea, the 
euphausiid Euphausia pacifica was reported as an oceanic cold-water species 
(Ponomareva 1963), while in spawning season krill swarms were usually found in 
coastal waters (Suh et al. 1998). In the Decapoda, two species of the genus Lucifer 
(i.e., L. chacei and L. hanseni) and Acetes japonicus were reported in the southern 
East Sea. Acetes japonicus is usually known as a neritic warm-water species, and 
both L. chacei and L. hanseni as oceanic warm-water species.

12.2.3  Chaetognatha

The Chaetognatha is a small and rather isolated phylum, confined to the marine 
environment. This group is a relatively abundant carnivore, often ranking second 
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or third in frequency after the ubiquitous copepods. Generic names of chaetog-
naths proposed by Bieri (1991) have been accepted. In the southern East Sea, a 
total of 13 species has been reported: Aidanosagitta crassa, A. neglecta, A. reg-
ularis, Ferosagitta ferox, F. robusta, Flaccisagitta enflata, Krohnitta pacifica, 
Parasagitta elegans, Sagitta bipunctata, Serratosagitta pacifica, Zonosagitta 
bedoti, Z. nagae and Z. pulchra. Most species of chaetognaths belong to the oce-
anic community, except two neritic species, Aidanosagitta crassa and Zonosagitta 
bedoti. In addition, most of them were warm-water species, but one was a cold-
water species, Parasagitta elegans.

12.2.4  Chordata—Tunicata

Tunicata of the phylum Chordata includes two classes of holoplankton: 
Appendicularia and Thaliacea. In the southern East Sea, ten species of appendicu-
larian have been recorded: Oikopleura (Vexillaria) dioica, O. fusiformis, O. graci-
lis, O. cornutogastra, O. refescens, O. parva, O. cophocerca, Fritillaria formica, 
F. charybdae, and F. messanensis. Species of Oikopleura and Fritillaria belong 
to the neritic and oceanic warm-water communities, respectively. Moreover, two 
species of Thaliacea, Doliolum nationalis and Thalia democratica, were reported 
from summer to fall, and they were well known as oceanic warm-water species.

12.3  Abundance Distribution

There is no regular survey or monitoring of zooplankton in the whole East Sea, 
so information on abundance distribution is limited. Hirota and Hasegawa (1999) 
synthesized the data of regional monitoring from the Maizuru Marine Observatory, 
Meteorological Agency of Japan (1966–1991) and the National Fisheries Research 
and Development Institute, Republic of Korea (1968–1992). They reported that the 
total zooplankton biomass was 9 × 106 tons in daytime and 16 × 106 tons at night.

In this section, we synthesize the information from regional scale research and 
review the spatio-temporal variations in zooplankton abundance with emphasis 
on seasonal patterns. Moreover, we describe spatio-temporal distributions of the 
major zooplankton groups and species.

12.3.1  Spatio-Temporal Distributions of Zooplankton 
Abundance

Zooplankton abundance/biomass generally peaked in spring (April–May), and was 
lowest in winter across the whole East Sea (Morioka 1985). However, there were 
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some regional differences in seasonality (Table 12.2). Hirota and Hasegawa (1999) 
reported that peaks occurred in both spring and autumn. The spring peak was 
larger than that in autumn, appearing in May to June in the coastal area (shallower 
than 100 m depth) and in April in the offshore area (deeper than 100 m depth). On 
the other hand, in the northwestern shelf and subpolar front zones, the zooplankton 
peak occurred in summer, and the lowest abundance occurred in the autumn or 
winter (Dolganova 2000, 2001). In contrast, on the southeastern shelf, the peak 
appeared earlier than in the northwestern shelf: zooplankton exhibited the larg-
est peak in winter to early spring (February–April) and a smaller peak in autumn 
(Kang 2008).

Zooplankton abundance/biomass was generally high in the coastal and north-
ern areas (Table 12.3). Morioka (1985) had simply classified the water masses of 
the East Sea into the three groups as cold, warm and coastal water, and noted the 
annual mean of zooplankton biomass in each separate water mass as 95, 53 and 
57 mg m−3, respectively. On the other hand, Hirota and Hasegawa (1999) divided 
data of zooplankton biomass collected in the whole East Sea into three time peri-
ods, daytime, nighttime and twilight-time and analyzed the distributional pat-
terns (Table 12.3 and Fig. 12.1). In daytime, zooplankton biomass was more than 
50 mg m−3 in the area north of 39°N; in particular, the zooplankton biomass was 
highest, with more than 150 mg m−3 in the northwestern area, whereas zooplank-
ton biomass was less than 50 mg m−3 in the region south of 39°N and also off 
Hokkaido and off Tohoku, but was higher, more than 100 mg m−3, in the region 
from the Korea Strait to the coast of Shimane.

Considering the regional small scale, zooplankton abundance was 55-916 ind. 
m−3 in the southwestern region (34–38°N and 129–131°E, Table 12.3; Kang 2008; 
Rho et al. 2010). Zooplankton abundance was higher in the inshore than in the 
offshore area, 241 and 409 ind. m−3, respectively. In the subpolar front zone (37–
38.5°N and 129.5–132°E), zooplankton abundance was 214.6 ind. m−3 in the cold 
water (the north part of the frontal zone) and 469.1 ind. m−3 in the warm water 
(the south part of the frontal zone) (Park and Choi 1997). As previously stated, 
zooplankton biomass/abundance was generally higher in the northern and colder 

Table 12.2  Seasonality of zooplankton biomass/abundance in sub-regions of the East Sea

Sub-region Seasonality Reference

Maximum Minimum

East Sea Spring (April–May) Winter Morioka (1985)

Coastal area (<100 m 
depth) in day

Spring (May–June) > 
Autumn (October)

Winter 
(December–February)

Hirota and Hasegawa 
(1999)

Offshore area 
(>100 m depth) in day

Spring (April) > 
August–November

Winter 
(December–January)

Northwestern shelf Summer Autumn Dolganova (2000 and 
2001)Subpolar front zone Summer Winter

Southwestern shelf Winter-spring 
(February–April) > 
Autumn (October)

Winter (December) Kang (2008)
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Fig. 12.1  Horizontal distribution of annual zooplankton biomass in the East Sea (a) in the 
 daytime; (b) at night (Redrawn from Hirota and Hasegawa 1999)

Table 12.3  Zooplankton biomass/abundance in sub-regions of East Sea

Sub-region Zooplankton 
biomass/abundance

Reference

The East Sea Cold water 95 mg m−3 Morioka (1985)

Warm water 53 mg m−3

Coastal water 57 mg m−3

The East Sea 
(33–48°N and 
128–141°E)

Most north area of 39°N More than 
50 mg m−3 (in day)

Hirota and Hasegawa 
(1999)

- Northwestern area >150 mg m−3 (in 
day)

Most south of 39°N 
(including off Hokkaido 
and off Tohoku)

<50 mg m−3 (in day)

-  Korea Strait-off 
Shimane

>100 mg m−3 (in 
day)

The southwestern 
region (34–38°N 
and 129–131°E)

The whole region 55–916 ind. m−3, 
87.6 ind. m−3

Rho et al. (2010), 
Kang (2008)

Offshore (>1000 m 
depth)

241 ind. m−3

Inshore (<150 m depth) 409 ind. m−3

Subpolar Front zone 
(37–38.5°N and 
129.5−132°E)

Warm water (south area 
from front)

469.1 ind. m−3 Park and Choi (1997)

Cold water (north area 
from front)

214.6 ind. m−3
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regions than in the southern and warmer regions, and more abundant in the inshore 
area than in the offshore area.

12.3.2  Abundance Distributions of Major Zooplankton Taxa

Vinogradov and Sazhin (1978) reported the abundance of the major zooplankton 
taxa in three representative regions (the north, south and subpolar front areas) of 
the East Sea (Table 12.4). Among the major zooplankton taxa, copepods predomi-
nated, with abundances of chaetognaths, amphipods, euphausiaceas and ostracods 
decreasing in order. In the northern area, copepods, euphausiaceas, chaetognaths, 
amphipods and ostracods were 71.8, 1.5, 8.1, 1.8 and 5.3 mg m−3 in abundance, 
respectively. In the subpolar front, copepods and chaetognaths were overwhelm-
ingly greater in abundances than in the northern area. Among the three areas, 
the south area had the lowest abundances for all the zooplankton taxa mentioned 
above.

Ashjian et al. (2005) surveyed zooplankton in the East Sea during the sum-
mer of 1999 with high- and low-magnification cameras, and net tows (Fig. 12.2a). 
From the net sampling, they determined that copepods were remarkably domi-
nant, with greater abundance around the Ulleung Basin region (Fig. 12.2b). 
Copepods were mostly abundant near the subpolar front and in the northern area. 
Unidentified copepods and Oithona spp. that were observed by the high-magni-
fication camera had the greatest abundance around the Ulleung Basin region, 
but not in the Tsushima Warm Current (TWC), the North Korean Cold Current 
(NKCC) or the East Korean Warm Current (EKWC) (Fig. 12.3). Observations 
by the low-magnification camera indicated that distributions of copepods and 
Calanus spp. were similar to distributions of copepods and Oithona spp. observed 
by the high-magnification camera in some regions, but not in the NKCC. In sum-
mary, Ashjian et al. (2005) found that copepods, Oithona spp and Calanus spp. 
were more abundant in the northern portion of the East Sea than in the southern 
portion. They considered the distributions to be closely associated with hydro-
graphically distinct regions, with the southern portion being more tropical/oligo-
trophic and the northern portion more boreal/eutrophic.

12.3.3  Distribution of Major Zooplankton Taxa in Local 
Areas

Abundance of zooplankton species and taxa was studied for five local areas 
(Fig. 12.4), (a) the vicinity of the Korea Strait, (b) the southwestern shelf around 
the Ulleung Basin, (c) the front zone in the southwestern shelf, (d) the southeast-
ern area (PM line), (e) and Toyama Bay.
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Fig. 12.3  Total water-column abundance (0–80 m depth) of copepods (a) and Oithona spp. (a´) 
observed using the high-magnification camera, and copepods (c) and Calanus spp. (b´) observed 
using the low-magnification camera (from Ashjian et al. 2005)

Fig. 12.2  Cruise track in the East Sea (a) and integrated water-column abundance (0–80 m 
depth) of copepods from the net tows (b). TWC Tsushima Warm Current; NKCC North Korean 
Cold Current; EKWC East Korean Warm Current; SPF Subpolar Front (from Ashjian et al. 2005)
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Of the local areas mentioned above, three areas (the vicinity of the Korea Strait, 
the southwestern shelf around the Ulleung Basin and the subpolar front zone in 
the southwestern shelf) were located in the southwestern part of the East Sea. In 
the vicinity of the Korea Strait and the subpolar front zone in the southwestern 
shelf, dominant copepods in November were listed using percent composition 
(Table 12.5; Fig. 12.5). Among the copepods, Paracalanus parvus and Calanus 
sinicus were the major species at 15.8 and 4.8 % composition, respectively, in 
the front zone on the southwestern shelf. In contrast, Paracalaus aculeatus and 

Fig. 12.4  Map showing the 
local areas to summarize the 
spatio-temporal distribution 
of zooplankton species 
and taxa. The vicinity of 
the Korea Strait (a), the 
southwestern shelf around 
Ulleung Basin (b), the front 
zone in the southwestern 
shelf (c), the southeastern 
area (PM line) (d), and 
Toyama Bay (e)

Table 12.5  Abundance of dominant species or taxa in the subpolar front zone of the southwest-
ern shelf and vicinity of the Korea Strait in November (modified from Hirakawa et al. 1995; Park 
and Choi 1997)

Subpolar front zone of the southwestern shelf Vicinity of the Korea Strait

Species or taxon Ind. m−3 (%) Species 100 Ind. m−3 
(%)

Paracalanus parvus s. l. 124.4 (15.2) Paracalanus aculeatus 35.1 (13.5)

Oikopleura spp. 109.9 (13.4) Euchaeta plana 31.7 (12.2)

Noctiluca scintillans 93.9 (11.5) Oithona plumifera 23.7 (9.1)

Calanus sinicus 39.4 (4.8) Euchaeta flava 22.4 (8.6)

Foraminifera 32.2 (3.9) Paracalanus parvus 18.2 (7.0)

Oncaea venusta 24.9 (3.0) Clausocalanus arcuicornis 13.5 (5.2)

Unidentified copepodites 24.8 (3.0) Clausocalanus furcatus 12.7 (4.9)

Eucalanus copepodite 22.7 (2.8) Oncaea venusta 12.7 (4.9)

Parathemisto japonica 18.5 (2.3) Ctenocalanus vanus 11.4 (4.4)

Oithona setigera 18.0 (2.2) Calanus minor 8.8 (3.4)
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Euchaeta plana were dominant in the vicinity of the Korea Strait with percent 
compositions of 13.5 and 12.2 %, respectively. Similarly, in the southwestern 
shelf around the Ulleung Basin (Fig. 12.5), C. sinicus was again predominant, 
and Paracalaus parvus s. l, less so at 8.4 % composition. Evadne tergestina, 
Oikopleura spp. Oithona plumifera, Noctiluca scintillans, Thalina democratica, 
Paraeuchaeta russelli, Euchaeta plana and Euphausia pacifica were equally domi-
nant with ca. 4–8 % composition. In the subpolar front zone on the southwest-
ern shelf, Paracalanus parvus s. l. showed the greatest abundance, followed by 
Oikopleura spp, Noctiluca scintillans and Calanus sinicus in order (Table 12.5). 
Their abundances ranged from 39.4 to 124.4 ind. m−3.

The spatio-temporal variations of dominant zooplankton species and taxa were 
studied in two local areas: the southeastern area (PM line) and Toyama Bay. The 
composition of dominant zooplankton species was very different from those of the 
southwestern part. In the southeastern area (PM line), the cold-water copepods, 
Metridia pacifica and Oithona atlanita were dominant in all seasons, but not in 
the southwestern part (Table 12.6). Cold-water copepods were dominant as well 
as diverse in winter and spring with relative abundance values of 46.2 % (win-
ter) and 75.7 % (spring) of the mean total abundance, while they were less than 
20 % of the total in summer and autumn. In particular, Pseudocalanus newmanni 
showed the greatest abundance in spring with 267.8 ind. m−3. On the other hand, 
gelatinous plankton (appendicularians and doliolids), cladoceras and chaetognaths 
increased greatly in summer and autumn.

Similar to the patterns seen for the southeastern area (PM line), cold-water 
copepods were dominant in winter and spring in Toyama Bay (Table 12.7). 

Fig. 12.5  Relative abundances of the 10 dominant zooplankton in the southwestern shelf around 
Ulleung Basin (from Rho et al. 2010)
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Particularly, Metridia pacifica and Oithona atlantica were greatest in abundance 
showing 1570.0 and 677.0 ind. m−3 in winter and 1822.0 and 14,858.5 ind. m−3 
in spring, respectively. They dramatically increased in spring, in particular O. 
atlantica. On the other hand, the warm-water species, Mesocalanus tenuicornis, 
Clausocalanus pergens and Corycaeus affinis appeared less abundantly. Their 
abundances varied with season, but they were more abundant in the southeastern 
part than in the southwestern part.

12.4  Patterns of Interest and Trophic Role  
of Microzooplankton

As mentioned in previous chapters, the processes and phenomena in the East Sea 
are similar to those occurring in large-scale basins. Warm and cold waters flow in 
from the south and north at surface, respectively, and result in a ‘subpolar front’ 
and several cyclonic and anticyclonic gyre systems often called ‘meso-scale 
eddies’ in the central part. Relatively strong flows at the surface and a deep homo-
geneous water mass are other features similar to large-scale basins. Upwelling 
often occurs in the coastal area depending upon the direction and fetch of the 
wind.

In this section, we deal with the zooplankton community characteristics in the 
diverse oceanographic conditions, which include the subpolar front, the coastal 
upwelling area, and the warm water entrance zone of the Korea Strait. Diel verti-
cal migration patterns and trophic role of microzooplankton are also addressed.

Table 12.7  Abundance of dominant copepods in the Toyama Bay (modified from Hirakawa 
et al. 1992)

Winter Spring

Species 100 Ind. m−3 (%) Species 100 Ind. m−3 (%)

Metridia pacifica 1570.0 (38.1) Oithona atlantica 14858.5 (75.5)

Oithona atlantica 677.0 (16.4) Metridia pacifica 1822.0 (9.3)

Paracalanus sp. 333.3 (8.1) Corycaeus affinis 645.0 (3.3)

Pseudocalanus minutus 263.3 (6.4) Calanus pacificus s.l. 622.5 (3.2)

Scolecithricella minor 234.0 (5.7) Scolecithricella minor 430.0 (2.2)

Pareuchaeta japonica 154.0 (3.7) Mesocalanus tenuicornis 391.0 (2.0)

Mesocalanus tenuicornis 143.7 (3.5) Pareuchaeta japonica 191.0 (1.0)

Ctenocalanus vanus 94.7 (2.3) Paracalanus sp. 190.5 (1.0)

Clausocalanus pergens 91.0 (2.2) Pseudocalanus newmani 180.5 (0.9)

Pleuromanna gracilis 91.0 (2.2) Gaidius variabilis 73.5 (0.4)
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12.4.1  Subpolar Front

Patterns of mesozooplankton distribution in the subpolar front zones were studied 
by Park and Choi (1997) and Park et al. (1998). They determined the target area 
by Satellite images of surface seawater temperatures prior to field sampling. Park 
and Choi (1997) collected zooplankton samples in area A of Fig. 12.6 in November 
1994 and 1995 using a ‘Bongo’ net and a Multiple Plankton Sampler of five nets 
while Park et al. (1998) collected in the area B of Fig. 12.6 in November 1996 using 
a 1 m2 MOCNESS (Multiple Opening/Closing Nets and Environmental Sensing 
System; Wiebe et al. 1976). All three types of nets were fitted with 333 µm mesh.

Taxonomic diversity in the frontal zone was very high as shown in the appendix 
of Park and Choi (1997) with more than 130 taxa. It was more diverse than that 
found in the Yellow Sea or in the northern part of the East China Sea. Total abun-
dances (in terms of individuals per cubic meter) at the subpolar front zone were 
less than those in the nearby cold water zone and more than those in the warm 
water zone. Abundance varied within the range of several hundreds to two to three 
thousand individuals per cubic meter. Based on clustering of co-occurrence, Park 
and Choi (1997) reported that warm water species showed high probability of co-
occurrence with low abundances while cold water species showed the opposite 
pattern. They suggested that taxonomic diversity of the zooplankton community 
at the subpolar front zone was supported by warm water while high zooplankton 
biomass was mostly supported by cold water. The relationship between water tem-
perature and abundance also showed different patterns depending on the range of 
seawater temperatures. Abundance was positively correlated with temperature in 
the warm water zone, negatively correlated in the cold water zone and showed no 
significant relationship in the mixing zone.

Fig. 12.6  Map showing 
study areas of zooplankton 
distribution patterns with 
respect to the subpolar front 
(A and B), the upwelling area 
(C), vertical distribution in 
the Korea Strait (D) and diel 
vertical migrations (E)
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12.4.2  Upwelling Area

It has been reported that upwelling occurs when the wind blows from the south 
along the southeastern coast of Korea in summer (Lee and Na 1985; Byun 1989). 
The effect of this upwelling on zooplankton distribution was studied by Lee et al. 
(2004) at area C of Fig. 12.6. Vertically stratified samples at four sites near the 
coast and four sites in offshore waters were collected three times from mid July to 
early August, 2001, with an interval of about two weeks, using a 1 m2 MOCNESS 
fitted with 333 µm mesh. Cold waters near the coast were detected which were 
about 7–8 °C colder than offshore waters. Zooplankton diversity and biomass 
showed significant differences between coastal sites of upwelling and offshore 
sites.

Taxonomic diversity was low but abundance was high in the area of upwelling. 
The correlation between the numbers of species found and seawater temperature 
was significantly positive. However, the negative correlation between abundance 
and seawater temperature was not statistically significant. Lee et al. (2004) pos-
tulated that the increase of zooplankton abundance was caused by the increase of 
phytoplankton resulted from the high nutrient supply through upwelling.

12.4.3  Korea Strait

Lee et al. (1999) surveyed the vertical distribution of Copepod zooplankton in the 
western channel of the Korea Strait (area D in Fig. 12.6) using a 1 m2 MOCNESS 
fitted with 333 µm mesh over several seasons in 1996–97. They reported that more 
than 50 copepod species drifted into the East Sea seasonally. The number of cope-
pod species identified was the highest in fall with 86 taxa. It was about 55 in other 
seasons. In contrast, abundance was the highest in spring with 163.8 ind. m−3. 
Copepod abundance was reduced in summer to the level of 25.0 ind. m−3 and then 
bounced back in fall (41.3) and winter (54.2). The depth layer having maximum 
abundance was seasonally varied. Maximum abundance was found at the mid 
depth in spring and at the surface in summer and fall. In winter, the vertical differ-
ence of abundance was negligible.

Warm water flows into the East Sea through the Korea Strait throughout the 
year. Occasional intrusion of Cold Water into the Korea Strait in the deeper layer 
was reported in winter (Lee et al. 1998) or in summer (Cho and Kim 1998). Cold 
water species were found in the deep layer (such as Metridia pacifica) in sum-
mer with less than 1 ind. m−3. Obviously this area was the southern limit for the 
cold water species. The three most abundant warm water copepod species entering 
the East Sea through this strait included Nannocalanus minor, Ditricocorycaeus 
affinis, and Paracalanus parvus s. l. in spring, Nannocalanus minor, Acrocalanus 
gracilis and Undinula vulgaris in summer, Nannocalanus minor, Clausocalanus 
furcatus and Oncaea venusta in fall and Paracalanus parvus s. l., Nannocalanus 
minor, and Ditricocorycaeus affinis, in winter. Copepodites were relatively 
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abundant in winter. Nannocalanus sinicus, one of the important species in the 
Yellow Sea did not appear at all in this strait. Only Acartia spp, the most abundant 
species in the Yellow Sea and northern East China Sea, was found with very low 
abundance.

12.4.4  Diel Vertical Migration

Diel vertical migration (DVM) of zooplankton was investigated in area E (Fig. 12.6) 
by Park et al. (1997). They collected zooplankton twice, first in November 1995 in 
the northern E area with a Multiple Plankton Sampler (Hydro Bios, 5 nets) and a 
second time in May 1996 at the southern section of the E area of Fig. 12.6 with a 
1 m2 MOCNESS (9 nets). Both samplers were fitted with 333 µm mesh. At each 
time period the sampling consisted of seven consecutive vertically stratified net tows 
at 4 h intervals resulting in 35 and 63 samples, respectively. Stratified net sampling 
was carried out from the surface to 250 m at depth intervals of 50 m during the 
November cruise, and from the surface down to 270 m with 30 m intervals during 
the May cruise. To ensure the nets towed in the same water parcel, a buoy with two 
drogues at 50 and 150 m depths was deployed at the beginning of the tow series.

The water parcel sampled was thermally stratified both in November and May 
with thermoclines at 50–100 m depths. The most abundant species Metridia 
pacifica showed DVM in this thermally stratified water. The depth range of move-
ment was from 60–90 m to 240–270 m and the copepods remained in the deeper 
layer during the daytime. Another copepod species Scolecithricella minor also 
showed DVM but the pattern and depth range were different. The depth range 
was rather narrow from about 100 to 200 m and this species occupied the shal-
low depth during nighttime. Most other less abundant taxa of zooplankton did not 
show any significant patterns of DVM. They preferred the warm surface layers 
where food was probably more abundant.

12.4.5  Trophic Role of Microzooplankton

Research over the past three decades has significantly shifted views of the pelagic 
food-web structure in marine ecosystems. The role of microbes has been recog-
nized and added to a suite of new trophic levels, called “the microbial food web” 
(or sometimes “the microbial loop”), in the classic food-web “phytoplankton-zoo-
plankton-fish” (Pomeroy 1974). The major components of the microbial food web 
are heterotrophic/autotrophic bacteria and heterotrophic protists (such as cililates, 
dinoflagellates, etc.), considered as primary prey and its grazers, respectively. 
Moreover, large heterotrophic protists are capable of feeding on phytoplankton 
and they consume a significant proportion of the primary production (more than 
half of the total primary production) (Schmoker et al. 2013).
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In the East Sea, the microbial loop is also a significant support for higher 
trophic production as recognized in recent studies by Yang et al. (2009) and Hyun 
et al. (2009). They found that ciliates and heterotrophic dinoflagellates (>10 µm 
in size) were preferentially ingested over phytoplankton by major copepods 
(Calanus sinicus and Neocalanus plumchrus) and their contributions to the cope-
pod diets were significant, ranging from 47.2 % under oligotrophic conditions 
(i.e., phytoplankton <40 µg/L) to 27.4 % in productive environments (i.e., phy-
toplankton >40 µg/L) in the Ulleung Basin of the East Sea, but still only equal 
to or less than the phytoplankton contribution. The simplest scenario explaining 
these observations is that copepods were feeding on a diverse assemblage of het-
erotrophic protists (i.e., larger ciliates and heterotrophic dinoflagellates), and the 
larger heterotrophic protists were feeding on the phytoplankton and small flag-
ellates. Therefore, these microzooplankton assemblages (nanoplanktonic and 
microplanktonic consumers: size range from 2 to 200 µm in Fig. 12.7) are a sig-
nificant factor in controlling the phytoplankton biomass and they may play a piv-
otal role in the transfer of organic carbon to higher trophic levels in the East Sea 
(Table 12.8). As a result, a large part of the primary production capacity might 
have indirectly reached the copepods through their consumption of ciliates and 
heterotrophic dinoflagellates, which are significant components of microzooplank-
ton in the East Sea (KORDI 2007). Thus, they directly and indirectly link primary 
producers and copepods. In conclusion, copepods ingested heterotrophic protozoa 

Fig. 12.7  Simplified diagram of the pelagic food-web with emphasis on the microbial loop. 
Organisms inside the dotted-line box, whose sizes are indicated roughly by the adjacent scale 
bar, are responsible for the microbial loop (Redrawn from Jumars and Hay 1999)
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in amounts that were sufficient to provide a substantive part of copepod nutrition 
and to impact heterotrophic protozoan populations. More significantly, copepods 
did not indiscriminately ingest all sizes of particles but instead primarily con-
sumed the large particles and thereby modified the size composition and structure 
of the microplankton community, indirectly altering the carbon flow of the pelagic 
ecosystem by a trophic cascade (Fig. 12.7). Therefore, the microbial food web in 
the East Sea could be strongly coupled with the first consumer (copepods) in the 
pelagic ecosystem, making the production of the pelagic ecosystem in the East Sea 
more sustainable and efficient.

The East Sea is experiencing climate change resulting from increasing atmos-
pheric CO2. The changes include both accelerated warming and acidification (Kim 
et al. 2001; Park et al. 2006). These changes may affect protist dynamics directly 
(e.g., through changing temperature, O2, pH, pCO2) or indirectly (e.g., through 
changing food sources and predators) (Caron and Hutchins 2013). Thus, to bet-
ter understand and predict the response of microzooplankton assemblages to cli-
mate change, long-term observational and experimental studies examining the 
influence of multiple environmental forcing factors are required rather than studies 
focused only on short-term acclimation to single factors. At the same time, mod-
eling efforts that incorporate existing information on the effects of climate change 
on ecosystem structure and function are necessary to improve our prediction of 
future changes to the function and structure of the pelagic ecosystem. It is espe-
cially important to study regions like the East Sea, where microzooplankton play 
a pivotal role, and where knowledge of their fate is essential to understanding the 
overall effects of climate change on ocean biology and biogeochemistry.

Table 12.8  Relative contribution of phytoplanktona and microzooplankton for copepod diets in 
oligotrophic and eutrophic regions

aIncluding only diatoms
Values are taken from the following references: bCalbet and Landry (2004), cSaiz and Calbet 
(2011)

Word ocean East Sea

oligo-
trophic

eutrophic oligo-
trophic

eutrophic

Chl-a con. (ugC/L) <1 >3 <1 >2

% phytoplankton production grazed by 
microzooplankton

69.6b 59.9b 78.2 49.7

% microzooplankton in total carbon ration 
ingested by copepod(2)

48.0c 19.0c 47.2 27.4

% phytoplankton in total carbon ration 
ingested by copepod(2)

5.0a 12.3a 52.8 73.6
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Abstract The East Sea (Japan Sea) is a physically dynamic regional sea, and 
fish communities have adapted to the variety of habitats that characterize the 
Sea. There are various opinions about the number of fish species in the East Sea. 
Although the recent tendency for increasing occurrence of subtropical species is 
likely due to ocean warming, it has been generally understood that about 400–
500 fish species, including some brackish water or anadromous species, reside 
in the East Sea. Warm water pelagic species such as anchovy and chub mack-
erel occupy the surface layer in the south, while coldwater species such as chum 
salmon reside in the surface layer of the northern East Sea and subsurface water 
column in the whole East Sea. The annual fish catch statistics from the entire East 
Sea have not been available because of the political obstacles currently existing 
among neighboring nations. However, historic catch records indicated that pol-
lock was a dominant species exceeding about 3 million metric tons (MT) from 
the whole East Sea during the 1980s. Pollock biomass seems to be much reduced 
since the 1990s. The Japanese fish catch in the East Sea indicated that fish pro-
duction increased greatly after 1970, and reached a peak of 1.76 million MT 
in 1989. Then, it decreased abruptly with the sardine collapse, and remained at 
about 500,000 MT in the 2000s. In Japanese waters, the fish community structure 
changed evidently around the late 1980s with warm-water species increasing and 
cold-water species decreasing. The annual catches of Korean East Sea fisheries 
showed a peak of 275,000 MT in 1982 and then gradually declined until the early 
1990s due to the decline of pollock stock. After that, the annual catches started 
increasing with the increase in common squid, which comprised 45 and 55 % of 
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the Korean East Sea fisheries in the 1990s and 2000s, respectively. This shift of 
dominant species caused a continuous decreasing trend in trophic level. Recently, 
Korean catches fluctuated around 200,000 MT annually. The climatic regime shifts 
(CRS), which occurred in the mid 1970s and the late 1980s, caused changes in 
the structure of the East Sea ecosystem. In Korean waters, the 1976 CRS was 
manifested by a decrease of saury population, but an increased biomass and catch 
production of sardine and filefish. Correlation studies have found that high saury 
and sandfish catches occurred during periods when the Southern Oscillation Index 
was generally positive (i.e. La Niña conditions), when the mixed layer depth was 
 shallower, and when the catches of sardine and pollock were low. Results from a 
mass- balance model (ECOPATH) indicated that the mean trophic level increased 
from 3.09 in the pre-1976 CRS period (1970–1975) to 3.28 in the post-1976 CRS 
period (1978–1984) due to the increase of high trophic level species such as pol-
lock. Also, the biomass and production of fisheries resources in the southwestern 
East Sea changed before and after the 1988 CRS. Due to overfishing or seawater 
warming in the East Sea, the fish biomass in the East Sea seems to be reduced in 
recent years. Implementation of a proper management scheme using ecosystem-
based fisheries assessment and international cooperation in data exchange and 
scientific surveys would increase the likelihood of sustainable utilization of fish 
resources in the East Sea.

Keywords East Sea (Japan Sea) · Fish · Commercial fisheries · Aquaculture ·  
Climate change impacts · Ecosystem-based fisheries assessment and management

13.1  Introduction

The East Sea is semi-enclosed sea, sometimes called a miniature ocean. Two dif-
ferent current systems collide in the middle of the East Sea forming the mean-
dering subpolar front which moves toward the east. High biotic as well as abiotic 
variability has been observed frequently in the frontal system, and the formation 
of eddies around the frontal system create biologically productive areas. Owing to 
the presence of a subpolar front, the East Sea is divided into cold and warm water 
masses in the surface layer of the ocean, which results in different spatial biomes 
in the fish community (i.e. coldwater ecosystem in the north and warm-water one 
in the south). A thermocline beneath the surface layer also differentiates ecosys-
tems vertically, so that pelagic and demersal fish communities occupy the surface 
and subsurface layers in the water column, respectively. A very diverse group of 
resident and migratory fish and fishery species is distributed according to physi-
ological preference for various environmental conditions. Each fish community 
usually selects a unique habitat, and the timing and routes of fish migration in the 
East Sea depend on the variability of climate and water mass.

The East Sea is regarded as the southern boundary of coldwater species in 
the North Pacific. For example, natal rivers for chum salmon (Oncorhynchus 
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keta) spawning are located mostly in the north and middle coasts of the Korean 
Peninsula, and salmon migration to the southern Korean Peninsula is limited 
(Kim et al. 2007). Spawning areas of semi-demersal walleye pollock (Gadus 
chalcogrammus, pollock hereafter) are in the coastal area of North Korea (Kim 
and Kang 1998). The distribution of pollock, however, has expanded to the south 
and the catch in South Korea increased during the cool phase. On the other hand, 
small pelagic warm-water species such as common squid (Todarodes pacificus, or 
Japanese flying squid, common squid hereafter) are in general much more abun-
dant in the south, and show a strong seasonal migration pattern latitudinally. Most 
pelagic fishes in Korean waters spawn in the southern coastal areas during the 
spring, move for feeding to the north during the summer, and return to the south 
for overwintering.

Warming of seawater would be a critical factor for fish behavior. The warm-
ing rate of the East Sea is one of the highest in the world (Belkin 2009), and such 
a high rate of warming (0.96–1.35 °C/1982–2006 period) must be a stressor for 
marine fish and fishery species. Aside from the continuous warming trend, the 
abrupt basin-scale climate change, called a climate regime shift (CRS), also influ-
ences marine biota in Korean waters. Seasonal and interannual ecological variabil-
ity (i.e. the changes in ocean productivity, species composition, recruitment and 
growth of fish species) in the East Sea seems to be closely linked with regional 
or basin scale climate and environmental changes in the North Pacific (Seo et al. 
2006; Zhang et al. 2000). In this chapter, we review fish species and their eco-
logical characteristics in the East Sea. A number of scientific issues regarding the 
fluctuation of fish biomass under a changing climate and the relationship between 
environmental variability and fish populations are investigated, and possible expla-
nations for the observed patterns are discussed. Finally, the East Sea is surrounded 
by different political regimes which limit cooperative research activity, and hinder 
scientific achievement. Some suggestions for promoting East Sea ecosystem sci-
ence are introduced.

13.2  Fish Species and Habitat

13.2.1  Species

There have been various estimates of the number of fish species in the East Sea. A 
series of pioneering works conducted by Russian scientists in the mid 20th century 
indicated at least 376 species plus some systematically primitive species as the 
resident fish species in the East Sea (Lindberg and Legeza 1959, 1965; Lindberg 
and Krasyukova 1969). Estimates from North Korean scientists reported similar 
numbers of fish species in the East Sea off the Korean Peninsula. Kim and Kang 
(1998) cited and re-summarized Son’s (1980) research indicating totals of 335 
species as marine fish, 32 species as brackish water fish, and 9 species as anadro-
mous fish (376 species, 257 genera, 126 families, and 21 orders) in the East Sea. 
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Son (1986) revised the numbers to 389 species in the East Sea: 345 marine spe-
cies (Order Perciformes—143 sp), 32 brackish water species, and 12 diadromous 
species.

Totals of 439 fish species were identified from the southwestern part of the East 
Sea (Kim and Nam 2003): Perciformes occupied about 44 % of the total species, 
Scorpaeniformes 19 %, Pleuronectiformes 7 %, and Tetraodontiformes 6 %. They 
showed that approximately 50 % of total marine fish from Korean waters were 
found in the East Sea (i.e. 439 species out of 824 species). Kim (2009) reviewed 
an investigation on fish fauna of the East Sea using various types of fishing gear 
in coastal areas (depth <50 m) of South Korea, and demonstrated that 99 fish spe-
cies were found only in the East Sea among three regional seas. Japanese scientists 
reported higher numbers of fish species compared to other areas: Katayama (1940) 
reported 411 species from Toyama Bay, and Mori (1956) listed fishes of the Oki 
Island and adjacent waters, indicating 542 marine and freshwater fishes. Kawano 
et al. (2011), however, identified a total of 1336 fish species in the East Sea during 
the 1930s–2000s with a recent trend for increasing numbers of tropical/subtropical 
species.

13.2.2  Distribution and Habitat

In general, demersal species are dominant in the north, while pelagic species 
dominate the south. In the East Sea off the Korean Peninsula, Son (1986) found 
that more species resided in the central (343 species) than the northern (187 spe-
cies) and the southern (275 species) areas. He also examined the proportion of 
pelagic and demersal groups in each geographical area: Pelagic fish populations 
are greater in the south (31 %) than in the north (19 %), and demersal species 
represent 75 % of all species in the northern area. This ratio decreases to 45 % in 
the waters off the southern Korean Peninsula (Table 13.1). Also, anadromous fish 
such as chum salmon were more common in the central and northern areas than 
in the southern area. Kim (1986) identified a total of 65 fish species in the off-
shore area: 59 species resided in both coastal and offshore areas, but there were 
only 6 species that were only in the offshore area. The study of Shinohara et al. 
(2011) revealed from voucher specimens of fish in several organizations that there 
were about 160 deep-sea fish species belonging to 68 families and 21 orders in 
the East Sea.

Table 13.1  Areal difference in number and proportion of fish species found in the East Sea off 
the Korean Peninsula

Habitat area Depth zone occupied

Marine Brackish Anadromous Pelagic Intermediate Demersal

Northern area 152 (81 %) 27 (14 %) 8 (4 %) 36 (19 %) 11 (6 %) 150 (75 %)

Middle area 305 (89 %) 29 (9 %) 9 (2 %) 87 (25 %) 57 (17 %) 199 (58 %)

Southern area 252 (92 %) 21 (8 %) 2 (≒0 %) 86 (31 %) 64 (23 %) 125 (45 %)
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Warm water species such as Japanese anchovy (Engraulis japonica) and chub 
mackerel (Scomber japonicus) occupy the surface layer of the Tsushima Warm 
Current (TWC), while coldwater species reside either in the surface layer of the 
northern East Sea (e.g. chum salmon) or in the subsurface water column over the 
entire East Sea (e.g. Pacific cod (Gadus macrocephalus, cod hereafter)). Due to 
overfishing or seawater warming, the biomass of cold water species has decreased 
in South Korean waters in recent years, so that an enhancement program by the 
Korean Government was started for stock rebuilding in the 1980s. Warm water 
species such as common squid, Pacific sardine (Sardinops melanostica, sardine 
hereafter), and Pacific saury (Colorabis saira, saury hereafter) are relatively abun-
dant, but not all at the same time. A strong interdecadal fluctuation in their abun-
dances has been observed. Some were abundant and widely distributed in specific 
periods, while others showed reduced biomass in limited areas.

13.3  Fisheries

Common squid, saury, chub mackerel, horse mackerel (Trachurus japonica), 
 yellowtail (Seriola quinqueradiata) and sandfish (Arctoscopus japonicus) are 
economically valuable species in the East Sea, especially in Korean and Japanese 
waters. The annual fish catch statistics from the entire East Sea have not been 
available, but it likely exceeded about 3 million MT in the 1980s–1990s due to 
high abundance of pollock and sardine. The total annual catch of pollock was 
about 1 million MT from the East Sea in the 1970s–1980s (Kim and Kang 1998), 
but the catch has dramatically decreased since the 2000s (Kang et al. 2013). 
The North Korean Government did not provide the UN Food and Agriculture 
Organization (FAO) reliable information on catch statistics, but it was likely that 
the fish catch from the East Sea might be double of that from the Yellow Sea in 
North Korea. In particular, the Order Gadiformes consists of only 2 families, 4 
genera, and 4 species, but fisheries on pollock contributed to the national economy 
of North Korea enormously in the 1980s (Kim and Kang 1998). The largest fishery 
for pollock occurs near East Korea Bay (or Won-San Bay) in North Korean waters. 
Because of difficulties in collecting fishery statistics from Russia and North Korea, 
we briefly summarize only Korean and Japanese fisheries in the East Sea.

13.3.1  Korean Commercial Fisheries

13.3.1.1  Yields

The Korean East Sea fisheries account for about 16 % (range: 10–23 %) of the 
total Korean coastal and offshore fisheries in terms of annual production. The 
mean annual catch from the East Sea was about 200,000 MT, ranging from 
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141,000–275,000 MT during the last four decades (1971–2011), and com-
prised 19 % (230,000 MT) of the National total in 2009. The annual catches of 
the Korean East Sea fisheries peaked at 275,000 MT in 1982 and then gradually 
declined until the 1990s due to the decrease in the pollock stock. After that, the 
annual catches began increasing due to the higher catch of common squid and then 
fluctuated around the 200,000 MT level until recently (MIFAFF 2012) (Fig. 13.1). 
Currently, common squid is the major species in commercial fisheries.

Table 13.2 summarizes fish species caught by Korean fisherman in the East 
Sea during the last five decades. Common squid made up the largest proportion 
of catch (33.7 %), followed by pollock (16.6 %) and red snow crab (13.4 %). 
The average annual production of three pelagic fishes (common squid, saury, and 
anchovy) during the last five decades was 85,442 MT or 43.8 % of the total fishery 
production of 195,022 MT in Korean waters of the East Sea, while pollock and 

Fig. 13.1  Annual catches by Korean East Sea fisheries and their proportions of the total Korean 
catches for 1971–2011 (data from MIFAFF 2012)

Table 13.2  Catches of major species from the East Sea fisheries, 1961–2011

Species Mean catch (MT) Proportion to total (%)

Common squid (Japanese flying squid) 65,776 33.7

Pollock (Walleye or Alaska pollock) 32,458 16.6

Red snow crab (Queen crab) 26,081 13.4

Saury (Pacific saury) 13,226 6.8

Filefish 8648 4.4

Anchovy 6420 3.3

Sandfish 4557 2.3

Herring 4317 2.2

Flatfishes 3562 1.8

Other minor species 29,977 25.0

Total 195,022 100.0
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red snow crab which are the major semi-demersal and demersal species, occupied 
about 30 % of total East Sea yields.

13.3.1.2  Types of Fisheries

About 40 fishing methods are used for the exploitation of fish and shellfish 
resources in the East Sea. The mid-sized trawl fishery is the major fishery in the 
offshore area of the East Sea, followed by jigging fishery, pot fishery, Danish seine 
fishery, gill-net fishery and long-line fishery. The main target species of the mid-
sized trawl fishery, jigging fishery and small-sized purse seine fishery is common 
squid, which accounts for more than 90 % of the catches by the three fisheries. 
The pot fishery targets red snow crab and octopus, while the Danish seine fishery 
targets multiple species such as flatfishes, sand fish, herring and shrimp (MIFAFF 
2012). In the coastal area, however, gill-net fishery is the major fishery, followed 
by set-net fishery, coastal purse-seine fishery and pot fishery in the East Sea. The 
major target species of the gillnet fishery is sandfish, flatfishes, sand lance and her-
ring. The set-net fishery targets common squid, chub mackerel, yellowtail, herring 
and horse mackerel. The major target species of the coastal purse-seine fishery are 
herring and anchovy, while those of the pot fishery are octopus, sea snails and con-
ger eel (MIFAFF 2012).

13.3.1.3  Species Composition

It has been known that the species composition of major small pelagic fisheries 
catches has changed remarkably during the last 50 years (Fig. 13.2). The ecologi-
cal regime shift between small pelagic fish and demersal fish is especially evident 
in relationship to the CRS in the mid 1970s and in the late 1980s. In the 1960s, 
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common squid catch occupied 43 % of the catch in the East Sea, followed by 
saury (15 %) and pollock (12 %). Pollock increased, occupying about 33 % from 
the 1970s to the 1980s. Concurrently, the proportions of common squid and saury 
greatly decreased in the 1970s and the 1980s. The dominant fisheries catch also 
shifted from pollock in the 1980s, to squid in the 1990s (45 %) and 2000s (55 %), 
and pollock and saury occupied less than 5 % in recent years.

13.3.1.4  Mean Trophic Level

The trophic levels of resource organisms in the catches from the East Sea showed 
a significant decreasing trend from 1967 to 2011 (Fig. 13.3). Mean trophic lev-
els ranged from 3.38 to 3.65 during the last four-decades. The mean trophic level 
increased during the 1976 CRS period mainly due to the increase of pollock catch 
and then declined substantially in the mid-1980s probably due to the collapse of 
pollock (Zhang et al. 2004). Since the late 1990s the mean trophic level started 
increasing again due to the increase of the squid catch (Zhang and Lee 2013). 
However, it decreased again since the early 2000s, and reached a historical low 
(3.38) in 2011 due to the sharp decrease of the squid catch.

13.3.1.5  Important Fisheries

The most common commercial fish species in the East Sea was pollock and com-
mon squid. The catch records of pollock in South Korea have changed dramati-
cally since commercial fisheries began in the early 20th century: the highest catch 
in the 1930s, a sudden decrease during the 1940s–1960s due to low fishing activ-
ity, another boom in the 1970s–1980s, and a continuous decrease in the 1990s 
before they collapsed completely in the 2000s. On the other hand, common squid 
catches were at low levels (around 50,000 MT) until the late 1980s, but increased 

Fig. 13.3  Mean trophic levels of resource organisms in the catches from Korean East Sea fisher-
ies, showing a significant decreasing trend from 1967 to 2011 (from Zhang and Lee 2013)
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rapidly after the early 1990s. Annual catch ranged from 100,000 to 250,000 MT 
during the 1990–2002 period. The main fishing grounds of the squid angling 
fishery begin moving to the north in the East Sea in April and to the south in 
September. It is concluded that the high water temperatures and the weak strength 
of cold water from the north are the major controlling factors for good fishing con-
ditions for common squid. Assuming that catches are correlated with abundance, 
there is an indication of an inverse relationship between common squid and sar-
dine catches in the 1980s, while sardine and pollock catch patterns were roughly 
similar coincident in the 1930s and 1980s.

13.3.2  Japanese Commercial Fisheries

The Japanese fish catch in the East Sea ranged from about 500,000 MT in the early 
2000s to 1,500,000 MT in the mid 1980s. Tian et al. (2008) examined the Japanese 
catch for 54 taxa (26 pelagic and 28 demersal species), finding that fish production 
in the East Sea increased greatly after 1970, and reached a peak (1.76 million MT) in 
1989. Then, it decreased abruptly with the collapse of the sardine catch in Japanese 
waters. The long-term trend in fisheries production was largely dependent on the sar-
dine fishery which contributed up to 60 % of the total production in the Japanese 
waters of the East Sea during the late 1980s suggesting that dominant species have a 
large effect on the structure of the fish community. However, their appearance is spo-
radic, and showed remarkable fluctuation historically. The sardine catch showed an 
increasing trend around 1920 and attained its first peak during the 1930s. Fisheries 
almost ceased during World War II, and resumed in 1946. Catches reached a second 
peak in 1956, but abruptly decreased to their lowest level from 1962 to 1971. After 
1974 catches recovered and attained their historically highest level of 1,170,000 MT 
in 1989 (Terazaki 1999). This long-term fluctuation has been accompanied by 
noticeable geographical shifts in their distribution including spawning and nursery 
grounds. When the population size stayed at its peak level during the 1930s, the 
spawning ground was located to the south of Kyushu, the southernmost sector of the 
distributional range. In recent years, the major spawning and nursery grounds have 
been located in the western coastal waters off Honshu and Kyushu.

The production of other small pelagic species resulted in higher yields in 
the 1960s and 1990s, but lower yields in the 1970s and 1980s. As we can see in 
Korean waters, this pattern of variation generally corresponds with the changing 
trend in water temperature: higher catch in the early 1960s and after the 1990s (i.e. 
warmer periods), but lower ones during cool periods in the 1970s and 1980s (Tian 
et al. 2006). Common squid were particularly abundant around the main Japanese 
Islands in the warm periods (Sakurai et al. 2000, 2002), although the biomass and 
catch during cool periods were still quite large. The migration routes and spawn-
ing areas of common squid in the East Sea vary with abundance. In autumn, com-
mon squid usually undergo a southward spawning migration. In the 1970s, adult 
common squid usually migrated westward along the northern edge of the subpolar 



336 S. Kim and C.-I. Zhang

front to an area east of Korea, and then migrated southward to spawn in the East 
China Sea. But in the 1980s, they often migrated southward to the coast of Honshu 
Island, crossing the subpolar front. In the 1990s the migration route returned to 
the pattern observed in the 1970s. The cold water demersal species show opposite 
responses to the water temperature in the TWC region.

In Japanese waters, the catch proportion of demersal species of the total catch 
fluctuated from over 30 % in the late 1960s to about 7 % in 1989 and to over 
20 % in the 2000s (Tian et al. 2011). The fish community structure evidently 
changed around the late 1980s with warm-water species increasing and cold-water 
ones decreasing (Tian et al. 2006, 2008, 2011). However, the large predatory and 
demersal fishes seem to be facing stronger fishing pressure with the collapse of the 
sardine since the late 1980s (Tian et al. 2006).

Purse seine, bottom trawl, and set-net are the three main fisheries in the region 
of the TWC, where more than 10 % of total Japanese landings are caught (Tian 
et al. 2006). The proportions of warm-water species increased in trawl catches 
after the late 1980s regime shift in spite of the declining trend in the catch. In 
addition, the fishing grounds had shifted: coldwater species, such as pollock and 
cod, extended their distribution to the southwestern region in the 1980s, but the 
area of distribution retreated to the north after the regime shift to warming; in con-
trast, warm-water species such as pointhead flounder (Hippoglossoides pinetorum) 
and shotted halibut (Eopsetta grigorjewi) extended their presence into the southern 
region of the East Sea after the late 1980s. The different responses between warm- 
and cold-water species to the climate shift reflected their different thermal prefer-
ences and life history characteristics.

13.3.3  Climate Change and Its Impacts on Fish  
and Fisheries

13.3.3.1  Capture Fishery in Korean Waters

Climatic regime shifts (CRS) caused changes in the structure of the ecosystem and 
the role of major species, as well as large variations in biomass and production of 
fisheries resources. There are indicators of CRSs that occurred in 1976 and around 
1988 in the East Sea ecosystem. The CRS over the East Sea may have affected the 
dynamics of the marine ecosystem and fisheries resources in the waters. The 1976 
CRS was manifested by a decreased biomass and catch production of saury, but 
an increased biomass and catch production of sardine and filefish in these waters. 
Correlation studies have found that saury and sandfish catches occurred during 
periods when the Southern Oscillation Index was generally positive (La Niña con-
ditions), when spring chlorophyll in the East Sea was high, and when the air tem-
peratures were cooler, the mixed layer depth more shallow, when the Northeast 
Pacific Pressure Index was low, and when sardine and pollock were low in catch 
(Fig. 13.4) (PICES 2004; Kang et al. 2000).
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The species composition of the catch for major small pelagics has changed 
remarkably during the period from the 1960s–1990s, which might be attributed 
to the influence of the 1976 CRS (Zhang et al. 2000). Common squid was most 
dominant, followed by saury in the 1960s through the early 1970s. After the mid-
1970s, saury drastically decreased in the East Sea, because the mismatch between 
early seasonal migration and poor spring blooms of phytoplankton combined 
with a large increase of fishing effort in Korea (Zhang and Gong 2005). From the 
1970s, the catch of filefish increased while saury decreased in the 1980s. Filefish 
almost disappeared after the late 1980s. Common squid was replaced by pol-
lock in the 1970s and 1980s. Based on a mass-balance model (ECOPATH), the 
weighted mean trophic level was estimated. The mean trophic level increased 
from 3.09 in the pre-1976 CRS period (1970–1975) to 3.28 in the post-1976 
CRS period (1978–1984). This was the result of the increase of species or spe-
cies groups that had relatively high trophic levels. The most significant difference 
between the pre-1976 CRS and the post-1976 CRS models occurred at the mid-
trophic levels, occupied by fishes and cephalopods (Zhang et al. 2004). Total bio-
mass of species groups in the East Sea ecosystem increased by 15 % and total 
catch production increased by 48 % due to the 1976 CRS.

Based on comparison of the structure of the ecosystem and the role of major 
species, it was concluded that the biomass and production of fisheries resources in 
the southwestern East Sea changed before and after the 1988 CRS. Total biomass 
of all species groups in the ecosystem increased by 59 % after the CRS. These 
results indicate that there were substantial changes in the role of major species in 
the southwestern East Sea ecosystem. As shown in Fig. 13.5, the relative contribu-
tion of pollock, at trophic level III, to the total flow of energy decreased drastically 
from 33.0 % in the pre-1988 CRS period to 4.3 % in the post-1988 CRS period, 
while that of common squid, at the same trophic level, doubled from 34.2 % to 
72.2 % during these periods (Zhang et al. 2007).

When catches were low in the 1980s, the proportion of autumn spawning 
(i.e. August and September) common squid was the highest among spawning 

Fig. 13.4  Principal 
component ordination of 
correlations between fish 
catches and ocean/climate 
variables in Korean waters 
from 1960–1990 (from 
PICES 2004) North Pacific 
Marine Science Organization 
(PICES)
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populations. However, as catch increased in the 1990s, the highest proportion of 
spawners shifted to October and November (Fig. 13.6). The increased catch from 
late autumn and early winter caused difficulties in distinguishing autumn and win-
ter spawners. During the early 1990s, there was a rapid increase in winter catch. 
Seawater temperature might be the most important parameter for controlling stock 
abundance. When squid catches increased in the early 1990s, the SST in Korean 
waters increased concurrently. In particular, seawater temperature during winter 
seemed to be more important than in other seasons. When the winter temperature 
rose in the 1990s, the winter population of common squid also increased rapidly 
compared to the autumn population.

13.3.3.2  Capture Fishery in Japanese Waters

Ecological characteristics of the fish community on the Japanese side of the 
East Sea were very similar to those observed on the Korean side. Based on a 
principal component analysis for 58 time-series data sets of fisheries catches, 

Fig. 13.5  Relative contribution (%) of species to the total flow of energy (throughout) at trophic 
level III in the a pre-1988 and b post-1988 CRS model of the southwestern East Sea ecosystem 
(from Zhang et al. 2007)
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Tian et al. (2006) concluded that the fish community on the Japanese side 
of the East Sea varied on interannual to interdecadal scales, and the abrupt 
changes in the mid 1970s and late 1980s seemed to correspond closely with the 
CRSs in the North Pacific. Also, they argued that the structure of the fish com-
munity was largely affected by climatic and oceanic regime shifts rather than 
by fishing, because there was no evidence of ‘fishing down food webs’ in the 
East Sea.

Tian et al. (2008) demonstrated that a climatic regime shift occurred in the 
East Sea during the late 1980s. Warm-water pelagic and coldwater demersal 
species responded to this late 1980s CRS in the East Sea. Besides the fluctua-
tion of sardines in Japanese waters, catches of other small pelagic species such 
as anchovy and common squid, and several higher-trophic fishes, such as yel-
lowtail and tuna increased markedly in the 1990s compared to the early-mid 
1980s. Step changes were detected in these pelagic species during 1989–1992. 
Catch of demersal species (crab, pink shrimp, cod and pollock) was high dur-
ing most of the 1970–1980s, but declined in the late 1980s to generally low 
catches in the 1990s. Cold-water species (e.g. pollock and cod) decreased in 
abundance and the regions in which their abundances remained high became 
greatly reduced in extent. Conversely, warm-water species (e.g. pointhead floun-
der, spotted halibut) increased in abundance and/or extended their spatial range 
during the warm 1990s.

13.3.3.3  Aquaculture

The coastal area of the East Sea is characterized by rocky intertidal zones with 
a very small tidal range and strong wave action, so that aquaculture on the 
east coast of the Korean Peninsula is poorly developed relative to the western 
and southern coasts. Since the mid 1990s, small-scale scallop (Patinopecten 
 yessoensis) farming has been developed in the east using a long-line  suspension 
culture system. According to the report by the Intergovernmental Panel on 
Climate Change (IPCC), global warming could cause changes in the coastal 
marine environment including sea level rise and subsequent shoreline erosion, 
sea surface water temperature increase, increase in ocean acidity and changes in 
rainfall pattern (IPCC 2001). It is likely that these impacts of climate change are 
more intense for shellfish and seaweed aquaculture than for land-based fish farm-
ing. Drier and warmer winters could increase the incidence of pathogenic disease 
outbreak and the incidence of mass mortalities is expected to increase in clam 
culture. Increase in the SST may retard growth and reproduction of Undaria and 
Laminaria spp., which are known to be cold temperate species. No clear impacts 
of acidification of seawater on survival and growth of aquaculture species have 
been reported yet in Korean waters, although acidification may affect survival 
and growth of any calcitic organisms such as shellfish larvae and juveniles in the 
long run.
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13.3.3.4  Invasive Species

Kim (2009) examined recent studies of unreported fish species published in the 
Korean Journal of Ichthyology between 1999 and 2008, and found a mean of 4.7 
unrecorded species every year. Unrecorded species were prevalent in the TWC 
region: 20 species (43 %) from Jejudo (Jeju Island), 12 species (26 %) from Busan 
and its vicinity, and 8 species (17 %) from the southwestern East Sea. Recently, 
the appearance of subtropical species has been reported often in society meetings 
and news media of Korea. Pacific bluefin tuna (Thunnus orientalis) and yellow 
skate (Dasyatis sp.) are typical subtropical fish species, and some invertebrates 
such as the common paper nautilus (Argonauta argo), giant jellyfish (Nemopilema 
nomurai), shrimp species (Plesionika orientalis, Alpheus compressus, etc.) also 
appeared frequently in the southwestern East Sea.

In Japanese waters, pelagic warm-water predators (e.g. yellowtail, Japanese-
Spanish mackerel, and tuna) in the ecosystem increased greatly after the late 
1980s (Tian et al. 2008). Recent records of fish species on the Japanese side 
of the East Sea showed that the number of fish species varied with time, but a 
higher diversity was seen in the 2000s compared to the early and mid 20th century 
(Kawano et al. 2011).

13.3.4  Ecosystem-Based Fisheries Assessment  
and Management Issues

Fisheries resources for the Korean East Sea fisheries have been managed by a vari-
ety of tools, such as input and output controls and technical measures. Current 
fisheries management in Korea include the establishment of precautionary total 
allowable catch (TAC)-based fishery management and some technical measures 
such as closed fishing seasons/areas, fish size- and sex-controls, and fishing gear 
restrictions. A number of enhancement projects are also underway to recover 
depleted fisheries resources and the associated habitats for Korean East Sea 
fisheries.

Based on the limited knowledge of the status of fish species harvested in com-
mercial fisheries in the East Sea, stocks are generally considered to be declining 
in quality as well as in quantity. However, only a few studies have been carried 
out on the scientific assessment of these resources. Only a few species out of more 
than 100 have been currently managed by scientifically determined TACs in the 
East Sea fisheries, and thus the stocks for the remaining production are not effi-
ciently managed. There have been insufficient budget and human resources for 
further fisheries resource surveys and assessment in Korea. In addition, TACs are 
determined by a traditional population-based assessment, which does not consider 
habitat quality, biodiversity and socio-economic status of marine ecosystems.

Several difficulties are associated with traditional control devices. For example, 
mesh and minimum landing size regulations were adopted to avoid the dangers 
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of recruitment overfishing; however, such measures did not prevent fishing effort 
from increasing because the number and power of vessels were not limited. Some 
areas were closed to allow stocks to reproduce and grow undisturbed by reducing 
fishing mortality; however, adequate funds for monitoring and enforcement were 
not available.

In addition, because the width of the East Sea is less than 400-nautical miles 
between Korea and Japan, negotiation of a boundary for fishing grounds between 
the neighboring countries was inevitable based on United Nations Convention 
on the Law of the Sea (UNCLOS). Fisheries agreements with neighbors were 
required for the management of overlapping fish stocks (Zhang and Lee 2002). 
The most commercially important fishery resources in the East Sea are migra-
tory species, moving seasonally across national boundaries. Competition between 
countries has resulted in heavy exploitation of the most economically valuable 
species. Although suggestions made to improve management of fishery resources 
are important steps, realization of their full benefits will require addressing the 
trans-boundary issue. The production potential of the fishery resources shared by 
Japan and Korea is large. Effective management will be required if this poten-
tial is to be fully realized. However, one of the difficulties in managing fisheries 
resources of the East Sea is the lack of international cooperation among neighbor-
ing countries. Effective management will be possible by the creation of a regional 
fisheries body among coastal countries of the East Sea. Joint studies on the assess-
ment and management of fisheries resources are needed among the neighboring 
countries of the East Sea to maintain and to sustainably utilize fisheries resources 
in the Sea. These studies should include exchanges of fishery data and other infor-
mation such distribution, biomass, ecological parameters of fish stocks and eco-
system characteristics as well (Zhang and Lee 2002).

The commercially exploited fish stocks are parts of a marine ecosystem, with 
many species feeding on one another, and thus sustainable fisheries require con-
sidering a holistic view. There has been considerable recent interest in ecosystem-
based management in fisheries. Several factors have contributed to the current 
relevance and awareness of this issue, including the debate over the limitations of 
single-species management and use of this perspective as an alternative tool to jus-
tify any position. Consideration of factors that impact marine resource populations 
in a context beyond just the species level has a long and notable history in fisher-
ies science. Therefore, it is necessary to study and explore impacts of fishing and 
other human-induced changes on the East Sea ecosystem and their living resources 
(Zhang et al. 2006).

An ecosystem-based fisheries assessment (EBFA) approach was developed for 
the assessment of fisheries resources in Korea and detailed methods and data used 
for scoring indicators and nested risk indices are explained in MOMAF (2007) 
and Zhang et al. (2009, 2010, 2011). A comprehensive ecosystem-based integrated 
fisheries management framework has been developed in Korea (MOMAF 2007). 
Eventually this management framework will be designed for the enhancement and 
efficient management of fisheries in their use of resources, and thus it requires 
an in-depth understanding of the ecological interactions of major species in their 
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relationships with predators, competitors and prey species, the effects of climate 
on fish ecology, the complex interactions between fishes and their habitats, and 
the effects of fishing on fish stocks and their ecosystems. In addition, the EBFA 
requires extensive data and information, and so data collection and monitoring 
of fisheries are essential tasks for this approach. There are many factors that can 
act to constrain the ecosystem-based fisheries management efforts and their effec-
tiveness. These factors are insufficient resources of money, time and manpower, 
lack of common vision and goals, inter- and intra-agency conflict, lack of eco-
logical knowledge and lack of public participation. A significant enhancement in 
resources in terms of funding, research manpower and fishery research vessels will 
be required if these research themes are to be fulfilled. At the same time strong 
governmental actions to stop overfishing, restore overfished stocks, protect biodi-
versity and habitat, and support expanded research and monitoring programs will 
also be necessary to improve an ecosystem-based approach for proper manage-
ment of fisheries resources.

13.4  Suggestions

The East Sea shows the most rapid warming rate in the world’s ocean. Species 
composition of dominant fish species has varied across each decadal period in 
the East Sea, either due to environmental changes or anthropogenic activities. 
Under warming condition of the East Sea, we can notice the changes in trophic 
level, growth and survival, recruitment, distribution and migration, new fish-
ing and spawning areas. For proper management of commercial fish resources in 
the region, scientific advancement of knowledge of fish biology and recruitment 
processes should be supported. Due to the political obstacles among neighboring 
nations (i.e. South and North Korea, Japan, and Russia), however, activity in the 
area of data exchange as well as international scientific cooperation has been very 
limited.

Cooperative interdisciplinary research on the physical and biological aspects of 
the East Sea is necessary to understand the mechanisms of oceanographic phenom-
ena, especially to understand the mechanisms of climate change and variations in 
biological productivity. To ensure the conservation of fishery resources, the crea-
tion of regional fisheries bodies among coastal countries should be given serious 
consideration. The roles of the proposed regional body could be, for example, (1) 
to collect, analyze, and exchange statistical data on the exploited stocks; (2) to esti-
mate stock biomass using commercial catch information and scientific surveys and 
furthermore to diagnose the current stock condition; (3) to establish conservation 
measures such as TAC in order to maintain a healthy state of the stocks of mutual 
concern; and (4) to disseminate scientific information to the public.

Besides the foundation of an international management body, each nation 
must establish long-term plans in science and fisheries policy for adapting to cli-
mate change. Future research directions in fisheries include the investigation of the 
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relationship between major climate/ocean indices and fisheries, bio-physical cou-
pling processes in the ocean, modeling efforts to predict the future condition of 
ecosystems, and ecosystem-based management for efficient control of future fish-
ery yields. Of particular interest are findings showing impacts on recruitment, abun-
dance, and distribution of commercial fishes, which suggest that early recognition 
of such events could be useful for fishery management (Wooster and Zhang 2004).
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Abstract The species composition and distribution of macrobenthic fauna in the 
East Sea (Japan Sea) are summarized and briefly introduced in this chapter from 
many investigations in both small scale local areas including coastal bays and shal-
low subtidal areas and large scale areas extending from shelf to bathyal and abyssal 
depths. There have been few studies on benthic organisms in the deep bottoms of 
the East Sea, and some recent investigations have not been completed or the target 
benthic fauna were restricted to a particular faunal group such as bivalves, poly-
chaetes, sipunculids and pericarid crustaceans. Because both the faunal composi-
tion and the distribution of the benthic fauna are closely related to the sedimentary 
facies they inhabit, there were complex benthic faunal assemblages in the south-
western shelf area of the East Sea. The East Sea contains various benthic environ-
ments from shallow coastal zones to bathyal and abyssal depths and the distribution 
of macrobenthic fauna clearly represents the diversity of environmental factors 
related to the depth gradient. It is expected that when the water depth increased, the 
abundance and diversity of macrobenthic fauna decreased, although this conclusion 
is based on only a few fragmental fauna data. From the recent research by Russian 
investigators on bathyal and abyssal fauna, it can be concluded that there was no 
real abyssal fauna in the East Sea because they are different from fauna commonly 
found at near abyssal depths in the North Pacific Ocean. The macrobenthic fauna 
communities in the ocean dumping areas responded to the organic enrichment of 
sediments, and thus a few opportunistic species like Capitella capitata occurred in 
a temporally closed region of the dumping area for several years as well as in the 
present dumping area in the southwest of the East Sea.
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14.1  Introduction

Soft bottom benthic animals are an important component of the marine ecosystem. 
Benthic organisms are a food source for benthic fishes and large invertebrates, 
and they play important roles in ecosystems such as nutrient cycling, pollutant 
metabolism, and secondary production (Snelgrove 1998). Marine benthic organ-
isms are mainly sessile or have no mobility and they have a relatively long life 
span integrating the effect of continuous environmental disturbances on them, thus 
they have been used as environmental indicators in many studies (Bilyard 1987; 
Dauer 1993; Borja et al. 2000). It is known that the body size of macrobenthic 
fauna become smaller with increasing water depth (Rex et al. 2000; Van Hoey 
et al. 2004). This decrease in body size in deep waters has been proposed to be 
related to primary productivity at the surface layer, total organic carbon (TOC), 
and particulate organic matter (POM), but the direct and important factors have 
not been clearly defined until the present time. In shallow benthic habitats, how-
ever, the species richness and abundance of macrobenthos has been closely related 
to the stability of sediments and the availability of food to the macrobenthos 
(Gray 1981). The distribution of macrobenthic fauna is likely determined mainly 
by sedimentary properties such as grain size and composition and organic con-
tent (Sanders 1958). The food supply to benthic environments will determine the 
composition of feeding types of macrobenthic fauna (Levinton 1972; Jumars and 
Fauchald 1977).

The benthic fauna described in this chapter only includes the soft-bottom ani-
mals inhabiting the continental shelf and slope and deep basin of the East Sea. 
Thus the sessile fauna on the hard bottoms and macroalgae are not included 
here. Among the three size categories of benthic fauna [macro- (>1 mm), meio- 
(0.062–1 mm), and microbenthos (<0.062 mm)], only macrobenthic fauna are 
dealt with here.

Most previous studies on the macrofauna in the East Sea were mainly focused 
on faunal composition and spatial distributions. Due to the limited research facili-
ties, including research vessels and sampling gear operating for the deep water, 
there is no repeated time series monitoring data, and also limited faunal data from 
the deep basins of the East Sea. Thus most faunal data were collected from the 
shallow coastal regions.

There were some small and local scale investigations on the macrobenthic fauna 
or a specific fauna group along the coasts of the Korean Peninsula and far eastern 
Russia and an isolated ecosystem around a small island, Dokdo (Dok Island), in 
the middle of the East Sea. However, a series of large scale surveys in the Korean 
waters of the East Sea was started in 1982 and 5 succeeding surveys were con-
ducted along the shelf and upper slope of the East Sea from 35°N to 37° 30′N until 
1987 (Fig. 14.1). The final results of these surveys on the fauna groups of poly-
chaetes (Choi and Koh 1988, 1990), mollusks (Je 1993), and ophiuroids (Shin and 
Koh 1993) were reported. There was a research report on the spatial distribution of 
macrobenthos in the slope area and a deep basin (Ulleung Basin) of the East Sea 
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(KORDI 1997). Also there was a small scale survey including the shelf area and 
the slope area around Dokdo in the East Sea (Choi et al. 2000).

Recently Russian benthologists carried out several benthic surveys during the 
Russian-German joint expedition Sea of Japan Biodiversity Studies (SoJaBio) 
on the spatial distribution and trophic relations of macro- and megabenthic fauna 
(>5 cm) in the northwestern part of the East Sea in August–September 2010 
(Belan 2003; Alalykina 2013; Brandt et al. 2013; Kamenev 2013; Golovan et al. 
2013; Maiorova and Adrianov 2013). These results will be used to compare with 
the benthic fauna occurring in the southwestern part of the East Sea. However, 
there are few studies on the trophic relationships among macrofauna in the soft 
bottom sediments of the East Sea (Antonio et al. 2010; Kharlamenko 2013).

There are two ocean dumping areas located at the deep central part of the 
Ulleung Basin (Donghaebyung dumping area) and at the southwestern shallow 
shelf (Donghaejeong dumping area) of the East Sea designated by the Korean gov-
ernment in 1992. The dumped materials were composed of feces of animals, and 
wastes from homes and industrial companies which contained high concentrations 
of nitrogen and phosphate, heavy metals, and polycyclic aromatic hydrocarbons 

Fig. 14.1  Map showing the study areas of macrobenthic fauna in the East Sea. A Northern slope 
(Kharlamenko et al. 2013), B northern bathyal and abyssal (Kamenev 2013), C Amursky Bay (Belan 
2003), D northern bathyal and abyssal (Kamenev 2013), E Japan Basin (Kamenev 2013), F northern 
shelf and slope (Kamenev 2013), G northern coast (KORDI 1999), H southern shelf and slope (Shin 
and Koh 1993), I Youngdong PP (Choi et al. 2000), J Uljin NPP (Yu et al. 2011; Shin per. comm.), 
K Youngil Bay (Shin et al. 1992), L southern shelf (Choi and Koh 1988), M dumping area (Dong-
haejeong) (KORDI 2008), N dumping area (Donghaebyung) (KORDI 2009), O Wakasa Bay (Anto-
nio et al. 2010), P Dokdo (Choi et al. 2002; Park et al. 2002; Ryu et al. 2012)
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(PAHs) (Hong and Shin 2009). The amount of ocean dumping has increased dur-
ing the period from 1992 to 2006. Thus the southern part of the Donghaebyung 
dumping area in the Ulleung Basin (UB) has been temporarily closed since 2006 
due to the high organic enrichment and heavy metal contamination. Recently the 
Korean government decided to decrease gradually the amount of waste dumping 
and to cease completely ocean dumping in 2014. The intensive monitoring of ben-
thic environmental conditions including the macrobenthos in the Donghaejeong 
and Donghaebyung dumping areas started in 2007 and 2009, respectively. Here 
the impacts of ocean dumping on the macrobenthic fauna were briefly described 
by focusing on changes in benthic community structures found at different water 
depths and sedimentary facies.

14.2  Local Scale Macrofauna Distributions

14.2.1  Southwestern Coasts

There were a few studies on the macrobenthic faunal communities in the south-
western coasts of the East Sea, that is, along the east coast of the Korean Peninsula 
(Fig. 14.1). These studies have focused on the distribution of macrobenthos around 
the discharge outfalls of power plants constructed along the coastal line in order 
to determine the influence of the discharged warm water on the benthic fauna and 
flora. However, there was an investigation on the macrobenthic faunal communities 
in a semi-enclosed bay, Youngil Bay, and the harbor area within the bay. An electric 
generating power plant, the Youngdong Power Plant, using coal as the fuel materi-
als, is located near Gangneung city (37° 45′N) on the east coast of Korea. A sea-
sonal investigation on the macrobenthic fauna was conducted at 14 stations in the 
coastal area including the discharge outfall of the power plant from April 1993 to 
February 1994 (Choi et al. 2000). The study area is located on the east coast of the 
Korean Peninsula where there are well developed sandy beaches along the coast, 
and thus the study area consists of sandy sediments out to a water depth of 50 m.

A total of 109 and 70 macrobenthic fauna species were collected in sum-
mer and winter, respectively. The mean density was in the range of 1995 and 
631 ind. m−2 in summer and winter, respectively. Polychaete worms accounted for 
the majority of individuals and mollusks contributed to the biomass of the mac-
robenthic communities. Dominant species were Spiophanes bombyx, Prionospio 
sp., Alvenius ojianus, Wecomedon sp., Urothoe spp.

Based on cluster analysis of the abundance of macrobenthos, the study area 
was divided into two station groups by water depth (Fig. 14.2). The typical domi-
nant species in the offshore area were S. bombyx and A. ojianus. They occurred 
during all seasons. However, the dominant species of the inner shallow area were 
Scoloplos armiger, Mactra chinensis, Corophium sp., and Urothoe spp. Their 
abundance changed from season to season, especially in autumn and winter pos-
sibly due to river discharge and warm water discharge from the power plant.
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The second case study of the small scale surveys conducted along the south-
western coasts of the East Sea is from the subtidal region around the outfall of 
the warm water discharge of the nuclear power plant in Uljin province of Korea. 
There was an ecological survey of the macrobenthic polychaete communities on 
the subtidal soft-bottom around the discharge outfall of the Uljin Nuclear Power 
Plant (UNPP) in 2008 (Shin, personal communication).

A total of 84 polychaete species occurred and the average density was 
2378 ind. m−2. The typical dominant species were Spiophanes bombyx, Magelona 
sp., Praxillella affinis, and Lumbrineris longifolia. The high macrobenthic density 
was primarily due to the very high population density of Spiophaes bombyx which 
is known as a typical polychaete worm in sandy sediments. There were three poly-
chaete assemblages in the study area (Fig. 14.3). While there was no single species 
characteristic of the shallower coastal area at less than 5 m depth, a Spiophanes 
assemblage occupied the coastal area where water depths ranged from 5 to 
30 m, and a Magelona assemblage existed in the offshore area deeper than 30 m.  

Fig. 14.2  Map showing the distribution of macrobenthic communities in the sandy sediments 
along the coast line of the east coast of the Korean peninsula. Station Group I: Scoloplos-Mac-
tra community, Station Group II: Spiophanes community during spring and summer (from Choi 
et al. 2000)
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This distribution pattern of polychaete assemblages indicates that there is little dis-
turbance in the benthic environment around the UNPP except for the near shore 
coastal area.

A seasonal ecological survey was conducted from August 2007 to May 2008 to 
determine the effects of the warm water discharge from the UNPP (Yu et al. 2011). 
The macrobenthic fauna around the UNPP were divided into two regional assem-
blages with similar faunal composition according to water depth shallower and 
deeper than 30 m. The shallow coastal fauna assemblage was composed of some 
opportunistic fauna such as Urothoe convexa, Mandibulophoxus mai, Felaniella 
sowerbyi, and Rhynchospio sp. near the warm water discharge outfall. The deeper 
offshore fauna assemblage was characterized by polychaetes like Magelona japon-
ica, Spiophanes bombyx, Scoletoma longifolia, and Chaetozone setosa which have 
been present since 1987, before the construction of the UNPP.

The third example of a small scale benthic survey was from a unique sheltered 
bay, Youngil Bay, along the east coast of Korea. An ecological study was car-
ried out to determine the distribution patterns of the benthic polychaete worms 
in 1991 (Shin et al. 1992). A total of 72 polychaete species was found and the 
mean density was 1485 ind. m−2. Spiophanes bombyx, Pseudopolydora sp. 
Lumbrineris longifolia, Maldane cristata, and Polydora sp. were the major con-
tributors to the abundance of the polychaete worms in Youngil Bay. Capitella 
capitata, a well-known organic pollution indicator, occurred in the harbor region 
and the estuarine region of the bay. Based on a multivariate analysis, three station 

Fig. 14.3  The distribution 
of macrobenthic polychaete 
worms around the discharge 
outfall of the Uljin nuclear 
power plant (AI: Spiophanes 
community, AII: Magelona 
community) (created by J.-W. 
Choi)
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groups with similar species composition of polychaete worms were identified 
(Fig. 14.4). A Maldane-Paxillella assemblage occupied the southern half of the 
bay (A), a Spiophanes-Nephtys assemblage existed in the northern half (B), and 
a Pseudopolydora-Polydora-Capitella assemblage was located in the harbor and 
estuarine area (C). This distribution pattern of polychaete communities seemed to 
be influenced by the sedimentary facies under the current flow pattern in Youngil 
Bay and organic loads from Pohang City and seaport.

14.2.2  Northwestern Coasts

There was a marine environmental survey report on the macrobenthic fauna 
around the expected construction site of a Nuclear Power Plant in Shinpo City of 
North Korea (KORDI 1999). The sampling was conducted seasonally at 13 sta-
tions located around the discharge outfall of the power plant in 1998 (Fig. 14.1). 
A total of 244 species including 79 molluscan species, 75 polychaete species 
and 61 crustacean species was collected. The mean density and biomass was 
2458 ind. m−2 and 121 g wet m−2, respectively. The most abundant benthic 
fauna were Mryiochele oculata (23.5 %), Nuculoma tenuis (14.6 %), Axinopsida 
subquadrat (13.8 %), Lumbrineris nipponica (10.9 %), Prionospio malmgreni 
(4.1 %), and Alvenius ojianus (3.2 %). The dominant species among 45 megaben-
thos collected by Agassiz trawl were Ophiura sarsi and Asterias amurensis. The 
maximum biomass of megabenthos was estimated to be 9 kg wet trawl−1.

Fig. 14.4  The spatial distribution of polychaete communities in Youngil Bay during 1991.  
a Maldane-Praxillella assemblage, b Spiophanes-Nephtys assemblage, c Pseudopolydora-Poly-
dora-Capitella assemblage (from Shin et al. 1992)
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There was another important local survey on the macrofauna assemblages at 
the northwestern coast of the East Sea, that is, in Amursky Bay, Russia. Belan 
(2003) investigated a contamination gradient, and assessed the effect of pollution 
on the macrobenthic fauna using quantitative and qualitative benthic parameters 
in Amursky Bay. He collected macrobenthic fauna at 30 stations from four survey 
cruises between 1986 and 1989. Significant changes in the number of taxonomic 
groups, density and ecological indices were observed between severe and moder-
ate contamination levels. Tharyx pacifica, Dorvillea japonica, Dipolydora carda-
lia, Capitella capitata, and a phoronid, Phoronopsis harmeri were selected as the 
most contaminant insensitive species whereas Maldane sarsi, Lumbrinereis sp., 
and Scoloplos armiger were assigned as contaminant sensitive species. From the 
results of cluster analysis and n multidimensional scaling (MDS) ordination, two 
macrobenthic fauna assemblages were identified in Amursky Bay in response to 
the pollution gradient (Fig. 14.5).

14.2.3  Dokdo (Dok Island)

There was a unique isolated benthic ecosystem around Dokdo in the middle of 
the East Sea. The macrobenthic faunal assemblages are under the influence of 
the Tsushima Warm Current entering into the East Sea through the Korea Strait.  

Fig. 14.5  Pollution level of bottom sediments and distribution of benthic communities in Amur-
sky Bay during 1986–1989 (from Belan 2003)
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The surface sediments of the shelf and upper slope area were composed of sand 
particles with sponge spicules whereas those in the slope were composed of mud. 
An ecological survey on the macrobenthic fauna and their habitat conditions was 
conducted on the soft-bottom around Dokdo in September 1999 and May 2000. 
The macrobenthic fauna in the shelf and slope area were collected using a van 
Veen grab and a box corer, respectively.

The macrobenthos occurring on the slope were represented by 15 faunal groups 
in 8 phyla and the most abundant faunal group consisted of polychaete worms 
which accounted for 81 % of the slope fauna and 85 % of the shelf fauna. The mean 
faunal densities of the slope and shelf were 2028 and 456 ind. m−2, respectively. 
The dominant species on the slope were Exogone verugera (41 %), Cossura lon-
gocirrata (8 %), Tharyx sp. (7 %), Scalibregma inflatum (5 %), Aedicira sp. (5 %), 
Arricidea ramosa (4 %), and Sigambra tentaculata (4 %). However, the dominant 
species in the shelf area were different from those in the slope area. They were 
Chone sp. (49 %), Tharyx sp. (18 %), Ophelina acuminata (7 %), Chaetozone 
setosa (4 %), Glycera sp. (3 %), and Aedicira sp. (2 %). The trophic composi-
tion of the macrobenthos differed between the slope and shelf areas, that is, sur-
face deposit feeding worms were dominant in the slope area whereas filter feeders 
were dominant in the shelf area. According to cluster analysis and nMDS ordination 
(Fig. 14.6), the spatial distribution of macrobenthos in the slope area around Dokdo 
was related to sediment properties such as grain size and composition and organic 
content. Most macrobenthos inhabited the top 2 cm sediment layer of the slope area.

There is little published literature dealing with macro- and megabenthic fauna 
on the rocky hard-bottoms around Dokdo despite many investigations (Park et al. 
2002; Ryu et al. 2012). Park et al. (2002) reported on densities and biomass of the 
subtidal hard-bottom megabenthic fauna (Fig. 14.7). Megabenthos were related to 
water depth and topographic conditions, and thus in the area shallower than 10 m, 
a turbo shell Batillus cornutus and a mussel Mytilus coruscus were dominant spe-
cies with their distinct vertical distributions (Fig. 14.8). However, hard-bottoms at 
depths deeper than 10 m showed a diverse fauna distribution pattern depending 
on bottom topography, and a sea cucumber Stichopus japonicus was its dominant 
fauna. B. cornutus, M. coruscus, and S. japonicus were three commercially useful 
fauna on the hard-bottoms of Dokdo. The estimated amount of total biomass of 
these three species were 6.54, 3.89, and 8.92 tones, respectively. Abalones were 
rare and their biomass was very small.

Ryu et al. (2012) reported on the topographic distributions of macrofauna on 
the shallow rocky shores around Dokdo during August 2007–June 2008. A total 
of 98 macrofaunal species, including 21 newly recorded species which are all 
known from the Korean and Japanese waters, were collected at Dokdo. Among 
them, mollusks and crustaceans comprised more than 70 % of the total species at 
each station. Thus by 2008, 403 macrofaunal species were identified on the rocky 
shores of Dokdo. The fauna composition and distribution of invertebrates were 
related to the topographical characteristics of each habitat. A North American iso-
pod Idotea metallica, first described at Helgoland Island in the German North Sea 
in 1994, was collected again in this survey. I. metallica had already been found at 
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Dokdo in 1909. The Dokdo marine ecosystem seems to be highly dynamic in bio-
diversity, and Dokdo itself may play a role as a good settling site for warm-water 
invasive species entering the East Sea through the East China Sea.

14.3  Large Scale Macrobenthic Fauna Communities

14.3.1  Southwestern Shelf Area

The macrobenthic polychaete communities on the continental shelf area in the 
southwestern part of the East Sea were investigated through 4 April survey 
cruises from 1982 to 1984, and 1987. The surface sediment of this study area was 

Fig. 14.6  Map showing the sampling stations for macrobenthos around Dokdo (a), and the 
dendrograms and nMDS plots indicating the fauna similarity between stations on the shelf area  
(b) and the slope area (c) of the East Sea (from Choi et al. 2002)



35714 Benthic Animals

composed of various sedimentary facies from mud to muddy sand. Thus there 
existed many different macrobenthic fauna assemblages in the shelf area accord-
ing to the sedimentary facies (Fig. 14.9). The shallow coastal region sustained 
4 polychaete assemblages: a Nothria assemblage in the most northern part near 
Pohang city with fine sediments, a Magelona-Maldane assembalge off Gampo, 
an Ophelina assemblage in the middle coastal area off Ulsan city, and a Nothria 
assemblage in the southern section near Busan city. These coastal polychaete 
assemblages contained fewer than 10 species per station and showed a relatively 
low species diversity (H′ = 1.22–1.52). The offshore shelf area also contained 4 
assemblages: a Terebellides-Aglaophamus assemblage in the deep northern area 
of very fine sediments, a Myriochele assemblage and a Spiophanes assemblage 
in the central area of sandy sediments, and a Ninoe assemblage in the southern 
offshore area composed of a sandy bottom. The offshore polychaete assemblages 
showed a relatively greater species richness and higher diversity than coastal ones 
(H′ = 1.90–2.26). However, the offshore region consisting of sandy sediment 
showed very low population densities. Some dominant species showed a prefer-
ence for a specific sediment type, and this phenomenon could be detected by the 
feeding modes of dominant species. It seemed that the complicated distribution of 
various polychaete assemblages was determined by both the gradient of sedimen-
tary properties and bottom temperature (Choi and Koh 1988).

Fig. 14.7  The locations of sampling sites around Dokdo. The arrows indicate the direction of 
sampling from intertidal to subtidal region (from Park et al. 2002)
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14.3.2  Southwestern Shelf and Slope Area

In the continental shelf and slope of the southwestern part of the East Sea, there 
was a study of the species composition and distribution patterns of the polychaete 
communities (Choi and Koh 1990). The polychaete worms were collected using 
a van Veen grab at 65 stations covering 15,000 km2 from 35° 30′N to 37° 50′N 
on three sampling cruises in April 1985 and April and October 1987. The surface 
sediment showed five sedimentary facies. Fine sediments such as silt and clay pre-
vailed on the slope area of the East Sea and the Hupo Basin, whereas mixed sedi-
ments like muddy sand and sand facies existed on the Hupo Bank and the shelf 
area off Jeokbyun.

A total of 112 polychaete species from 36 families were collected. The over-
all mean density of polychaete worms was 300 ind. m−2 and the species richness 

Fig. 14.8  Spatial variation 
in the density and biomass of 
three commercial species at 
each survey site around the 
Dokdo shown in Fig. 14.7 
(from Park et al. 2002)
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was about 15 species 0.2 m−2. Dominant polychaete species were Chaetozone 
setosa (13.3 %), Aglaophamus malmgreni (6.7 %), Ampharete acrtica (5.9 %), 
Terebellides horikoshii (5.5 %), Tharyx sp. (4.8 %), and Magelona pacifica 
(7.2 %). Boreal and cold water polychaetes were major contributors to the poly-
chaete communities in this area. Most dominant species had specific depth ranges 
from the shelf area to the upper slope and middle slope depth. A significant change 
in the mean polychaete density and species richness was found at a water depth of 
approximately 600 m (Fig. 14.10).

The distributional pattern of some dominant brittle stars was investigated in the 
East Sea (Shin and Koh 1993). They were Amphiodia craterodometa, Amphioplus 
macraspis, Ophiura leptotenia, and Ophiura sarsi. These brittle stars had specific 
distribution patterns in response to the water depth, that is, Amphiodia cratero-
dometa was dominant on the shelf area, and Ophiura sarsi was abundant on the 
upper slope area in the depth range from 200 to 300 m, and Ophiura leptotenia 
was a dominant species on the middle and lower slope area deeper than 300 m 
(Fig. 14.11). This distribution pattern of brittle stars in the East Sea seemed to be 
related to the rapid decrease of water temperature (less than 1.0 °C below 200 m) 
with increasing water depth along the slope area.

Fig. 14.9  The spatial distribution of macrobenthic polychaete communities in the southwest-
ern shelf area of the East Sea (A1: Nothria assemblage, A2: Magelona-Maldane assemblage, 
A3: Ophelina assemblage, A4: Nothria assemblage, A5: Ninoe assemblage, B1: Terebellides-
Ampharete assemblage, B2: Myriochele assemblage, B3: Spiophanes assemblage) (Redrawn 
from Choi and Koh 1988)
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14.3.3  Western Slope Area

Quantitative sampling of the deep sea macrobenthic fauna on the slope and UB in 
the East Sea was conducted in 1996. A large box corer was used, instead of a grab 
sampler, to determine the vertical distribution of macrofauna and a mesh screen 
of 300 µm was used to increase the sampling efficiency (KORDI 1997). The sedi-
ments from all sampling stations were composed of fine particles and the sedi-
mentary facies was mud. The benthic animals collected in this deep bottom region 
were classified into 10 phyla, and polychaetes comprised the greatest abundance 
of the faunal groups, accounting for 43 % of total individuals. Nematodes (30 %), 
mollusks (14 %), and crustaceans (10 %) were also major faunal groups in this 
area. There were few echinoderms in these samples and their proportion was less 
than 1 % of the total faunal abundance.

Unfortunately, no fauna were identified to the species level. The fauna composi-
tion of this deep bottom region was very similar to that of the shallow soft bottom 
benthic communities except for the nematodes. A high proportion of polychaetes in 
the fauna of deep bottom communities was previously reported (Blake and Grassle 
1994; Blake and Hilbig 1994). In the case of the Atlantic Ocean, polychaetes com-
prised 58 and 47 % of the total number of species and abundance of individuals, 
respectively. The overall density of the macrobenthos was 2655 ind. m−2, ranging 
from 44 ind. m−2 in UB to 17,511 ind. m−2 at the station near Ulleungdo (Ulleung 
Island). The density of macrobenthos decreased from stations near the east coast of 
Korean Peninsula to UB at the latitude of 37°N (Fig. 14.12).

Fig. 14.10  Spatial distribution of density (a) and species number (b) of macrobenthic fauna in the 
continental shelf and slope area of the southwestern East Sea (Redrawn from Choi and Koh 1990)
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From the vertical sections of sediment samples collected by a box corer, we can 
obtain the vertical distribution of macrofauna in the bathyal depths of stations like 
UB. More than 55 % of the total macrobenthic fauna was distributed in the surface 
sediment layer (0–2 cm) and more than 80 % of benthic animals were concen-
trated within 4 cm of the surface sediment layer (Fig. 14.13). At 8 cm below the 
sediment surface, only long-bodied polychaetes occurred. This vertical distribution 
pattern was found also on the deep slope benthic communities off Cape Lookout 

Fig. 14.11  The spatial distribution of four dominant brittle star species in the continental shelf 
and slope areas of the southeast coast of Korean Peninsula in the East Sea (a Ampiodia cratero-
dometa, b Amphioplus macraspis, c Ophiura leptoctenia, d Ophiura sarsi) (Redrawn from Shin 
and Koh 1993)
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in the Atlantic Ocean (Blake 1994). Major faunal groups also showed the same 
trend in vertical distribution as polychaetes, but crustaceans and mollusks were 
limited to the upper 4 cm layer, whereas polychaetes and nematodes appeared in 
relatively deeper sediment depths.

Megabenthos in the slope area of the southwestern part of the East Sea and 
UB were collected at 10 stations using an Agassiz trawl (KORDI 1997). The most 
abundant species were Ophiura sarsi, Ctenodiscus crispatus, and Chinoecetes 
japonicus. Thus the faunal composition of deep bottom megabenthos in the East 
Sea was dominated by echinoderms and decapods. A similar faunal composition 
of megabenthos was also reported for the slope area of the Atlantic Ocean where 
echinoderms accounted for 34 % of total individuals and other major contributors 
were cnidarians (24 %) and demersal fish (21 %) (Hecker 1994). A maximum den-
sity of 412 ind. trawl−1 and biomass of 4.0 kg trawl−1 were found at stations in 
the slope off Hupo Bank. The maximum biomass of C. japonicus was estimated to 

Fig. 14.12  Map showing the sampling stations and density of macrobenthos collected by a box 
corer (30 cm × 30 cm) in the Southwestern East Sea extended from the southeast coast of Korea 
to Ulleung Basin

Fig. 14.13  The vertical distribution of macrobenthos occurring in the Ulleung Basin of the East Sea
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be 4.0 g m−2. The estimated density of megafauna in the southwestern part of the 
East Sea collected from the Agassiz trawl survey was 0.4 ind. m−2 which is com-
parable to those found for the slope of the Atlantic Ocean, estimated in the ranges 
from 0.10 to 5.59 ind. m−2.

14.3.4  North Bathyal and Abyssal Area

Kamenev (2013) studied the species composition and distribution of bivalves in 
bathyal and abyssal depths (465–3435 m) of the East Sea (Fig. 14.1). Twenty six 
species were collected during five cruises. The deep-water bivalve fauna of the 
East Sea were characterized by an impoverished shelf fauna and consisted of eury-
bathic species that extend from the shelf to the bathyal and abyssal zones. Most of 
bivalve species have a wide geographic distribution and inhabit cold water regions 
of the Northern Atlantic, Northern Pacific, and Arctic Ocean. Only five species 
were endemic to the East Sea. The species diversity of bivalves decreased with 
the increase of water depth. At depths below 3000 m, only Dacrydium vitreum, 
Delectopecten vencouverensis, and Thyasira sp. were found. The lack of typical 
abyssal species of bivalves in the deep East Sea seemed to be connected to the iso-
lation of this water body from the Pacific abyssal depths.

Alalykina (2013) reported that a total of 92 polychaete species in 28 fami-
lies were collected from the SoJaBio expedition, and dominant species were 
Laonice sp., Ophelina cylindricaudata, Arcteobia spinelytris, Ampharete sp., 
and Chaetozone sp.1. The most abundant polychaete families were Spionidae, 
Opheliidae, Polynoidae, Ampharetidae, and Cirratulidae. There was a depth 
related distribution pattern in polychaete assemblages such that the upper bath-
yal area of the East Sea had higher polychaete diversity than the abyssal area, 
likely because the fauna assemblages in the bathyal area might be in a zoo-
geographic zone that overlaps with the shelf area. The dominance of polychaete 
worms in the fauna of the bathyal and abyssal bottoms of the East Sea was sim-
ilar with that found in deep bottoms world-wide (Brandt et al. 2013). Maiorova 
and Adrianov (2013) reported that 8 sipunculid species were recently found in 
the Russian coastal areas of the East Sea from the SoJaBio expedition. Until now, 
a total of 31 sipunculid species have been found in the East Sea. Among them, 
Phascolosoma agassizii, P. scolops, Themiste nigra, and T. hexadactyla were dis-
tributed in the shallow area (0–50 m), while Golfingia margaritacea, G. vulgaris, 
Nephasoma capilleforme, N. wodjanizkii, and P. strombus occurred at depths from 
50 to 1000 m, especially G. margaritacea which was found at the deepest depth 
of 1699 m. Identification keys were provided for all sipunculids in the East Sea 
including Russian, Japanese, and Korean coasts.

Golovan et al. (2013) also investigated the diversity and distribution of pera-
carid crustaceans in the bathyal and abyssal depths of the East Sea (Fig. 14.1). In 
total, 146 species from 85 genera and 42 families were collected. The diversity 
and species richness and abundance of most peracarid species were highest at the 
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shallowest slope stations (450–550 m) and decreased with depth, however, several 
opportunistic species such as Eurycope spinifrons (Isopoda), Chauliopleona hank-
nechti, and Paratyphlotanais japonicus (Tanaidacea) increased below the slope. 
They suggested that these opportunistic species may have recently colonized the 
geologically young pseudo-abyssal habitats of the East Sea.

There was only one study on trophic relationships among macrobenthic fauna 
in the bathyal and abyssal depths of the East Sea (Kharlamenko et al. 2013). They 
used stable isotope techniques (TL = (δ15Nconsumer − δ15Nbase)/δ15N + TLbase, 
Post 2002) to estimate the trophic levels from primary producers to top preda-
tors. They selected the selective deposit feeder Megayoldia sp. as the baseline 
species with trophic level of 2. Suspended particulate organic matter (POM) 
and bottom sediment organic matter (SOM) were assigned to the basement of a 
food web, and primary consumers were categorized as surface deposit feeders 
and selective deposit feeders, for example, the foraminiferan Elphidium sp. and 
a protobranch bivalve Megayoldia sp. The third trophic group was occupied by 
the scaphopod Fustiaria nipponica, the ophiuroid Ophiura leptoctenia, and the 
crinoid Heliometra glacialis. The fourth trophic level of the continental slope 
benthic community in the East Sea was comprised of the large crab Chionocetes 
japonicus, the shrimp Eualus biungus, the septibranch bivalve Cardiomya berin-
gensis, and the sea star Ctenodiscus crispatus. Antonio et al. (2010) reported the 
trophic relationships among benthic fauna from the estuarine coastal area to the 
offshore shelf area of Wakasa Bay in the southeastern part of the East Sea using 
stable isotopes. They defined the community structure and assigned the trophic 
levels from these faunal data. Benthic microalgae were an important energy source 
in the shallow coastal area, and their proportion decreased in the offshore area. 
The main food sources in the offshore shelf area changed to marine POM and 
phytoplankton.

14.4  Ocean Dumping Areas

There are two ocean dumping areas in the East Sea, The Donghaebyung dumping 
area in UB and the Donghaejeong dumping area in the southwestern shelf area. 
These ocean dumping areas were designated as receiving areas for the disposal 
of sewage sludge and wastes from land beginning in 1992 and scheduled to be 
closed by 2014. The amount of disposed wastes was 20,800 m3 for ten years from 
1993 to 2003. Thus some intensified ecological surveys were required in the ocean 
dumping areas in order to manage and maintain the marine ecosystem properly.

Two benthic fauna surveys were conducted to monitor and assess the ecologi-
cal impact of ocean dumping such as the abundance and biological diversity of 
macrobenthos in the Donghaejeong area (1616 km2) during June 2007 and 2010 
(Fig. 14.1).

Macrozoobenthos collected during the 2007 and 2010 surveys comprised a total 
of 202 and 274 species in 8 animal phyla, and the mean faunal densities were 922 
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and 1337 ind. m−2, respectively (KORDI 2008, 2010). Polychaete worms were the 
most dominant faunal group accounting for 51 % of the total abundance in the 
benthic community, with 92 and 152 species in 2007 and 2010, respectively. Total 
species number of the major benthic faunal groups in the reference area was very 
similar to that in the waste dumping area. However, in the case of mean density, 
the dumping area showed higher density than the reference area, especially for 
polychaete worms. Some faunal groups like crustaceans and echinoderms showed 
higher densities in the reference area.

The spionid Spiophanes kroyeri and the maldanid Maldane cristata were the 
most abundant fauna in the ocean dumping area with mud and muddy sand facies. 
These polychaete worms were also known as dominant species in surveys from 
the 1980s. Before waste dumping, a Spiophanes kroyeri assemblage mainly occu-
pied the broad offshore area including the Donghaejeong dumping area, and an 
Ophelina acuminata assemblage was found in a coastal area. A Myriochele assem-
blage and a Terebellides-Aglaophamus assemblage occupied the region between 
the coastal and offshore shelf areas (Choi and Koh 1988). Several pollution indica-
tive species were found at sites in the dumping area during the intensified survey 
in 2007 (Table 14.1). The indicators of organic enrichment were Paraprionospio 
coora, Dorvillea sp., Polydora ligni, Spiochaetopterus sp., Euchone analis, etc. 
These species were not found in the previous studies conducted during the 1980s 
before the waste dumping in the shelf area of the East Sea (Choi and Koh 1988). 
However, the abundance of these indicative species was very low and was not 
comparable to abundances in the semi-enclosed coastal bays of Korea. The study 
area sustained three different macrobenthic communities whose mean densities 
increased twice during the 20 years from the 1980s to 2007. The health of mac-
robenthic communities was assessed using several benthic indices such as Benthic 
Pollution Index (Seo et al. 2012) and was estimated to be below normal or indica-
tive of slightly disturbed condition.

There is another marine dumping area (the Donghaebyung area) located in 
the central area of the Ulleung Basin at a distance of 125 km from Pohang City 
located at the southeast coast of Korea Peninsula (Fig. 14.1). The total designated 
area is about 3700 km2 covering water depths of 200–2000 m. The macrobenthic 
faunal assemblages in this dumping area have been investigated in order to assess 
the benthic environmental health status in 2009 (KORDI 2009).

The macrobenthic fauna were collected at 25 stations using a box corer 
(covering 0.2 m2) in May 2009, sieved through a 1 mm mesh screen. A total of 
35 species occurred: the mean density and biomass were 525 ind. m−2 and 
3.7 g wet m−2, respectively. The Donghaebyung dumping area showed lower val-
ues of species richness, faunal density, and biomass compared with those from 
the Donghaejeong dumping area located in the southwestern shelf region of the 
East Sea. Within the dumping area, however, there was an increase in species rich-
ness and abundance of the macrobenthic fauna in the previously dumped region 
of the Donghaebyung dumping area compared with those in the present dumping 
region as well as the reference area (Fig. 14.14). Dominant species were Thyasira 
tokunagai (50.6 %), Capitella capitata (10.1 %), Chaetozone sp. (6.3 %), and 
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Yoldiella philippiana (9.4 %) (Table 14.2). T. tokunagai was considered to be an 
opportunistic species with small body size and a short life span and reproductive 
maturation (Seo et al. 2013), thus this species can occupy any vacant habitat space 
after a strong disturbance. Although T. tokunagai occurred as a dominant species 
in the entire dumping area, T. tokunagai and C. capitata showed their high den-
sities in temporarily closed part of the Donghaebyung dumping area since 2006 
(Fig. 14.15). In conclusion, the ocean dumping in the East Sea resulted in the 
organic enrichment of surface sediments and changes in the community structure 
of macrobenthic fauna due to their responses to this long-term disturbance with 
the overall increase of faunal density and changed faunal composition by newly 
adding opportunistic fauna and reducing previously inhabited equilibrium species.

14.5  Summary and Further Study

In this chapter, the macrobenthic fauna assemblages in the East Sea investigated in 
both small and large scale areas were introduced. However, there are a few studies 
of the benthic organisms in the deep bottom regions of the East Sea. Moreover, 
these were incomplete or only limited to a particular target fauna like bivalves, 
polychaetes, and pericarid crustaceans. Because benthic faunal composition and 
distribution is closely related to the sedimentary facies where they reside, the 
benthic fauna assemblages found in the southwestern shelf area of the East Sea 

Table 14.1  Dominant macrofauna occurring in the dumping area and the reference area of the 
Donghaejeong dumping area in the East Sea

Dumping area Reference area

Species name Density % Species name Density %

(a) 2007

Spiophanes sp. 122 21.7 Ennucula niponica 75 21.1

Musculus senhausia 113 20.1 Maldane cristata 37 10.3

Maldane cristata 69 12.3 Ophelina acuminata 32 9.0

Thyasira tokunagai 17 3.1 Ophiura sp. 28 7.8

Ophelina acuminata 16 2.9 Modiolus margaritaceus 25 7.0

Ampelisca sp. 16 2.9 Byblis japonicus 18 5.1

Nothria sp.1 13 2.3 Chaetozone setosa 11 3.2

Ophiura sp. 10 1.8 Spiophaneskroyeri 11 3.2

(b) 2010

Spiophanes kroeyeri 295 22.4 Aoroides sp. 190 14.0

Madane cristata 156 11.8 Yoldiella philippiana 150 11.0

Aoroides sp. 82 6.3 Ophiura sarsi 75 5.5

Ophiura sarsi 75 5.7 Lumbrineris sp. 73 5.4

Ampelisca sp. 48 3.6 Ampelisca sp. 65 4.8

Spiochaetopterus costarum 25 1.9 Ampharete arctica 46 3.4
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were complex. The East Sea contains various benthic environments from shal-
low coastal areas to the bathyal and abyssal depths, for which the distribution of 
macrobenthic fauna represents the diversity of environmental factors related to the 
depth gradient. It was clear that when the water depth increased, the abundance 
and diversity of macrobenthic fauna decreased, despite having only a small frag-
mented faunal dataset on which to base this conclusion.

The faunal data covering the macrobenthic communities were obtained from 
investigations conducted more than 20 years ago, making it difficult to compare 
the recent fauna data and old data sets directly to detect the temporal change in 
faunal composition for any specific location (Table 14.3). In order to detect 
changes in macrobenthic faunal assemblages attributable to global warming, 
such as the increase of sea water temperature, it would be necessary to investi-
gate the faunal composition simultaneously at various local regions at the same 
latitude. In the East Sea, there was a specific faunal composition reflecting benthic 

Fig. 14.14  Species number, 
density, and biomass of 
macrofauna occurring 
in the dumping area and 
the reference area of the 
Donghaebyung dumping area 
in the East Sea during May 
2009
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Table 14.2  Dominant macrofauna occurring in the dumping area and the reference area of the 
Donghaebyung dumping area in the East Sea during May 2009 (density ind. m−2)

Sampling area Species name Density %

Dumping area Thyasira tokunagai 130 43.4

Yoldiella philippiana 65 21.9

Aglaophamus malmgreni 26 8.7

Capitella capitata 23 7.7

Sigambra tentaculata 19 6.4

Ophelina acuminata 19 6.2

Post-dumping area (dumping ceased  
in 2006)

Thyasira tokunagai 692 58.8

Chaetozone sp. 169 14.4

Capitella capitata 146 12.4

Sigambra tentaculata 51 4.4

Hyperiid sp. 25 2.1

Yoldiella philippiana 23 2

Reference area Thyasira tokunagai 1324 50.6

Capitella capitata 264 10.1

Yoldiella philippiana 246 9.4

Chaetozone sp. 244 9.3

Sigambra tentaculata 164 6.3

Aglaophamus malmgreni 95 3.6

Fig. 14.15  The spatial distribution of dominant macrofauna occurring in the Donghaebyung 
dumping area in the East Sea during May 2009. The region enclosed with red color is the post-
dumping region closed in 2006
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environmental conditions such as grain size and composition, sediment enrich-
ment, and warm water discharge at small scales, but there was also a large scale 
distributional pattern of macrobenthic fauna reflecting a water depth gradient in 
bathyal and abyssal basins.

The macrobenthic fauna are closely associated with large demersal fishes 
or benthic decapods as important food organisms. However, there are few stud-
ies on the trophic structures or food webs of macrobenthic assemblages in the 
East Sea. Thus, it is necessary to investigate the functional aspects of the benthic 

Table 14.3  The dominant species of macrobenthic faunal communities in the coastal regions 
and bathyal and abyssal regions of the East Sea (created by J.-W. Choi)

Study area Coasts Bathyal and abyssal area

Southern East 
Sea

Gangneung Southwestern slope

Spiophanes bombyx Chaetozone setosa Amphiodia 
craterodometa

Prionospio sp. Aglaophamus 
malmgreni

Amphioplus macraspis

Alvenius ojianus Ampharete acrtica Ophiura leptotenia

Wecomedon sp. Terebellides horikoshii Ophiura sarsi

(Polychaeta) (Ophiuroidea)

Uljin Dokdo

Spiophanes bombyx Exogone verugera

Magelona sp. Cossura longocirrata

Praxillella affinis Tharyx sp.

Lumbrineris longifolia Scalibregma inflatum

Youngil Bay Ulleung Basin

Spiophanes bombyx Ophiura sarsi

Pseudopolydora sp. Crenodiscus crispatus

Lumbrineris longifolia Chinoecetes japonicus

Maldane cristata (Ophiuroidea)

Polydora sp.

Northern East 
Sea

Shinpo Russian coast

Mryiochele oculata Dacrydium vitreum Eurycope spinifrons

Nuculoma tenuis Delectopecten 
vencouverensis

Chauliopleona 
hanknechti

Axinopsida 
subquadrat

Thyasira sp. Paratyphlotanais 
japonicus

Lumbrineris 
nipponica

(Bivalvia) (Crustacea)

Amursky Bay

Tharyx pacifica Golfingia margaritacea

Dorvillea japonica (Sipuncula)

Dipolydora cardalia

Capitella capitata
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macrofauna such as the secondary production, the amount of resources, their life 
cycles, and the pelagic-benthic coupling as well as the trophic structures. In order 
to effectively conduct these kinds of studies, international co-operation and com-
munication among scientists are strongly recommended. In the ocean dumping 
areas, the community structure of macrobenthic fauna was changed by increas-
ing opportunistic species and also excluding the previously existed native species 
there. Therefore, it has been decided to stop the ocean dumping from 2014 and 
after that a long-term monitoring will be needed to understand the natural restora-
tion and recovery of benthic environment from ocean dumping.

Acknowledgments The author would like to acknowledge all supports from the Korea Institute 
of Ocean Science and Technology (KIOST). Also the author would like to thank Prof. H-C Shin 
at Chonnam National University for providing the faunal data and JY Seo for her help drawing 
the figures.

References

Alalykina I (2013) Preliminary data on the composition and distribution of polychaetes in 
the deep-water areas of the north-western part of the Sea of Japan. Deep-Sea Res II 
86–87:164–171

Antonio ES, Kasai A, Ueno M, Won N, Ishihi Y, Yokoyama H, Yamashita Y (2010) Spatial varia-
tion in organic matter utilization of benthic communities from Yura-River Estuary to offshore 
of Tango Sea, Japan. Estuar Coast Shelf Sci 86:107–117

Belan TA (2003) Benthos abundance pattern and species composition in conditions of pollution 
in Amursky Bay (the Peter the Great Bay, the Sea of Japan). Mar Pollut Bull 46:1111–1119

Bilyard G (1987) The value of benthic infauna in pollution monitoring studies. Mar Pollut Bull 
18:581–585

Blake JA (1994) Vertical distribution of benthic infauna in continental slope sediments off Cape 
Lookout, North Carolina. Deep-Sea Res II 41:919–927

Blake JA, Grassle JF (1994) Benthic community structure on the U.S. South Atlantic slope 
off the Carolinas: spatial heterogeneity in a current-dominated system. Deep-Sea Res II 
41:835–874

Blake JA, Hilbig B (1994) Dense infaunal assemblages on the continental slope off Cape 
Hatteras, North Carolina. Deep-Sea Res II 41:875–899

Borja A, Franco J, Perez V (2000) A marine biotic index to establish the ecological quality of 
soft-bottom benthos within European estuarine and coastal environments. Mar Pollut Bull 
40:1100–1114

Brandt A, Elsner N, Brenke N, Golovan O, Malyutina MV, Riehl T, Schwabe E, Würzberg L 
(2013) Epifauna of the Sea of Japan collected via a new epibenthic sledge equipped with 
camera and environmental sensor systems. Deep-Sea Res II 86–87:43–55

Choi JW, Koh CH (1988) The polychaete assemblages on the continental shelf off the southeast-
ern coast of Korea. J Korean Soc Oceanogr 23:169–183

Choi JW, Koh CH (1990) Distribution pattern of polychaete worms on the continental shelf and 
slope of the East Sea (Sea of Japan), Korea. J Korean Soc Oceanogr 25:36–48

Choi JW, Je JG, Lee JH, Lim HS (2000) Distributional pattern of macrobenthic invertebrates on 
the subtidal sandy bottom near Gangrung, east coast of Korea. Sea J Korean Soc Oceanogr 
5:346–356 (in Korean)

Choi JW, Hyun S, Kim D, Kim WS (2002) Macrobenthic assemblages on the soft bottom around 
Dokdo in the East Sea, Korea. Ocean Polar Res 24:429–442 (in Korean)



37114 Benthic Animals

Dauer DM (1993) Biological criteria, environmental health and estuarine macrobenthic commu-
nity structure. Mar Pollut Bull 26:249–257

Golovan OA, Blazewicz-Paszkowycz M, Brandt A, Budnikova LL, Elsner NO, Ivin VV, 
Lavrenteva AV, Malyutina MV, Petryashov VV, Tzareva LA (2013) Diversity and distribution 
of peracarid crustaceans (Malacostraca) from the continental slope and the deep-sea basin of 
the Sea of Japan. Deep-Sea Res II 86–87:66–78

Gray JS (1981) The ecology of marine sediments. Cambridge University Press, London (185 pp)
Hecker B (1994) Unusual megafaunal assemblages on the continental slope off Cape Hatteras. 

Deep-Sea Res II 41:809–834
Hong S, Shin KH (2009) Alkylphenols in the core sediment of a waste dumpsite in the East Sea 

(Sea of Japan), Korea. Mar Pollut Bull 58:1566–1587
Je JG (1993) Distribution of molluscs in soft bottom in Korean seas. PhD. Thesis Dissertation, 

Seoul National University, pp 296
Jumars PA, Fauchald K (1977) Between-community contrasts in successful polychaete feeding 

strategies. In: Coull BC (ed) Ecology of marine benthos. University of South Carolina Press, 
USA, pp 1–20

Kamenev GM (2013) Species composition and distribution of bivalves in bathyal and abyssal 
depths in the Sea of Japan. Deep-Sea Res II 86–87:124–139

Kharlamenko VI, Brandt A, Kiyashko SI, Würzberg L (2013) Trophic relationship of ben-
thic invertebrate fauna from the continental slope of the Sea of Japan. Deep-Sea Res II 
86–87:34–42

KORDI (Korea Ocean Research & Development Institute) (1997) A study on the oceanographic 
atlas in the adjacent seas to Korea—Southwest of the East Sea. BSPN 00316–963–1 (in 
Korean)

KORDI (Korea Ocean Research & Development Institute) (1999) Report on the marine ecologi-
cal survey in the adjacent seas for the overseas construction of nuclear power plant in North 
Korea, pp 27–40 (in Korean)

KORDI (Korea Ocean Research & Development Institute) (2008) Annual report on the establish-
ment of management system for the waste sea dumping (IV). BSPM 44200–1934–4 (in Korean)

KORDI (Korea Ocean Research & Development Institute) (2009) Annual report on the establish-
ment of management system for the waste sea dumping (VI). BSPM 54871–2135–4 (in Korean)

KORDI (Korea Ocean Research & Development Institute) (2010) Annual report on the estab-
lishment of management system for the waste sea dumping (VII). BSPM 55601–2246–4 (in 
Korean)

Levinton J (1972) Stability and trophic structure in deposit-feeding and suspension-feeding com-
munities. Am Nat 106:472–486

Maiorova AS, Adrianov AV (2013) Peanut worms of the Phylum Sipuncula from the Sea of Japan 
with a key to species. Deep-Sea Res II 86–87:140–147

Park HS, Kang R-S, Myoung JG (2002) Vertical distribution of mega-invertebrate and calcula-
tion to the stock assessment of commercial species inhabiting shallow hard-bottom in Dokdo, 
Korea. Ocean Polar Res 24(4):457–464 (in Korean)

Post DM (2002) Using stable isotopes to estimate trophic position: models, methods, and 
assumptions. Ecology 83:703–718

Rex MA, Stuart CT, Coyne G (2000) Latitudinal gradients of species richness in the deep-sea 
benthos of the North Atlantic. Proc Natl Acad Sci USA (PNAS) 97(8):4082–4085

Ryu SH, Jang K-H, Choi EH, Kim SK, Song SJ, Cho HJ, Ryu JS, Kim YM, Sagong J, Lee JH, 
Yeo MY, Bahn SY, Kim HM, Lee GS, Lee DH, Choo YS, Pak JH, Park JS, Ryu JS, Khim JS, 
Hwang UW (2012) Biodiversity of marine invertebrates on rocky shores of Dokdo, Korea. 
Zool Stud 51(5):710–726 (in Korean)

Sanders HL (1958) Benthic studies in Buzzards Bay I: animal-sediment relationship. Limnol 
Oceanogr 3:245–258

Seo JY, Park SH, Lee JH, Choi JW (2012) Structural changes in macrozoobenthic communities 
due to summer hypoxia in Gamak Bay, Korea. Ocean Sci J 47:27–40



372 J.-W. Choi

Seo JY, Lee JS, Choi JW (2013) Distribution patterns of opportunistic molluscan species in 
Korean waters. Korean J Malacol 31:1–9 (in Korean)

Shin HC, Koh CH (1993) Distribution and abundance of ophiuroids on the continental shelf and 
slope of the East Sea (southwestern Sea of Japan), Korea. Mar Biol 115:393–399

Shin HC, Choi SS, Koh CH (1992) Seasonal and spatial variation of polychaetous community in 
Youngil Bay, southeastern Korea. J Korean Soc Oceanogr 27:46–54 (in Korean)

Snelgrove PVR (1998) The biodiversity of macrofaunal organisms in marine sediments. 
Biodivers Conserv 7:1123–1132

Van Hoey G, Degraer S, Vincx M (2004) Macrobenthic community structure of soft-bottom sedi-
ments at the Belgian continental shelf. Estuar Coast Shelf Sci 59:559–613

Yu OH, Paik SG, Lee HG, Lee JH (2011) Spatiotemporal distribution of macrobenthic communi-
ties in the coastal area of Uljin and its relation to environmental variables. Ocean Polar Res 
33(4):421–434 (in Korean)



373

Chapter 15
Marine Mammals

Kyum Joon Park

© Springer International Publishing Switzerland 2016 
K.-I. Chang et al. (eds.), Oceanography of the East Sea (Japan Sea),  
DOI 10.1007/978-3-319-22720-7_15

Abstract The coasts of the East Sea (Japan Sea) of the Korean Peninsula are 
known to have been populated by whales since prehistoric times. This  association 
has lasted throughout the history of Korea’s dynasties without interruption. Traces 
indicating the presence of whales are written in petroglyphs and in the histories 
of the dynasties. From the late 19th century, many foreign whaling ships started 
entering Korean waters, especially in the East Sea. After Japan won the Russo-
Japanese War, monopoly whaling by the Japanese funded by their capital lasted 
until 1945. At that time, statistical data on whaling in the East Sea was first 
recorded. According to those records, the major species of whales were fin whales 
and the minke whales, with gray whales, humpback whales and others. Koreans 
introduced Japanese-style whaling ships and started whaling in postcolonial 
times. Commercial whaling in Korea continued actively, focused mainly on minke 
whales, until the International Whaling Commission declared a moratorium on 
commercial whaling in 1986. According to whaling data, bycatches and stranding, 
the baleen whales observed in the East Sea are northern right whales, blue whales, 
fin whales, sei whales, Bryde’s whales, minke whales, humpback whales, and gray 
whales. Thus far, the minke whale has been the dominant species. For toothed 
whales, there are large species such as sperm whales, Baird’s beaked whales, and 
Stejneger’s beaked whales, which are discovered once or twice every year through 
bycatches or stranding. Small and medium-sized species are extremely diverse, 
including killer whales, Pacific white-sided dolphins, Risso’s dolphins, harbor 
porpoises, and common dolphins. The most commonly observed species are com-
mon dolphins and Pacific white-sided dolphins. In the case of common dolphins, 
about a hundred of them are bycaught or stranded every year along the coast of 
the East Sea. These species are distributed throughout the year in the East Sea, 
but Dall’s porpoises and harbor porpoises show changes in latitudinal distributions 
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depending on seasonal changes. Pinnipeds living in the East Sea are the Steller 
sea lion, the northern fur seal and the spotted seal. Most of them live in the north-
ern East Sea and a few migrate to the south coast of the Korean Peninsula. The 
Japanese sea lion was once abundant in the East Sea, but it is now extinct.

Keywords Marine mammal · Cetacean · Pinniped · East Sea (Japan Sea) ·  
Whaling

15.1  Introduction

Interest in wild animals and marine mammals has certainly increased not only 
in the academic world but also among the general public. The media, as well as 
scientific institutions, societies, government administrators, and environmental 
activists are all expressing intense interest in wild animals and marine mammals. 
The general public wants to see for themselves and experience wild animals to 
satisfy their desire for both education and adventure. At the same time, there is 
an increasing awareness of the importance of marine mammals in maintaining 
a healthy state of the marine ecosystem, and the impact of human activities on 
marine mammals and their habitats has become a worldwide issue.

Most biologists classify marine mammals into five mammalian groups: 
Cetaceans (whales, dolphins, and porpoises), pinnipeds (seals, sea lions, and wal-
ruses), sirenians (manatees, dugongs, and sea cows), marine and sea otters, and the 
polar bear. The five groups that we call marine mammals have different species of 
origin and show considerable differences in their life cycles. What they do have in 
common is that all the animals that we call marine mammals find all of their food 
(or most of their food) from the sea (and often in fresh water). All marine mam-
mals are adapted to living in water. Cetaceans and sirenians spend their whole life 
cycle under the water, while other marine mammals live on the beach during spe-
cific periods for various reasons (reproduction, molting, or resting). With regard 
to morphological modifications, cetaceans and sirenians have obsolete legs and 
developed tails, while pinnipeds have legs that evolved to gain thrust in the water. 
However, cetaceans, sirenians, and pinnipeds have all evolved a streamlined body 
to increase their hydrodynamic efficiency. These types of morphological modifica-
tions in marine and sea otters and in the polar bear are less adapted for marine life, 
and most of them are similar to those of land mammals in their surroundings.

Of the seas surrounding the Korean Peninsula, the East Sea shows a remark-
able diversity of marine mammals, but there are not many data on them. Accurate 
statistics and research on species classification in the past were limited to large 
whales, which were utilized commercially until the 1980s, whereas until the 
21st century, almost no statistical information was produced for other species 
such as small cetaceans, or pinnipeds. To find out more about the ecological fea-
tures, migration patterns, and statuses of the marine mammals distributed in the 
East Sea, efforts such as consistent investigations, research, and cooperation with 
neighbouring countries in the East Sea are necessary.
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In this chapter, the historical records of whales and whaling in Korean waters, 
mainly focusing on the East Sea, is described. And through data on whale fishing 
and recent research, I introduce information on the distribution, occurrence, and 
abundance of marine mammals (especially, cetaceans and pinnipeds) with some 
biological characteristics, if any are known for Korean waters including areas of 
the East Sea.

15.2  The Historic Records of Whales in Korean Waters

The relationship between Korea and whales became known to the world, several 
decades ago; the world recognized Korea as a strong whaling nation when Korea 
argued for continued whaling in order to maintain Korea’s food culture of eating 
whales. Although Korea drew the world’s attention to its whaling tradition only a 
few decades ago, the East Sea area had maintained connections with whales since 
prehistoric times, and these connections did not break but survived on the Korean 
Peninsula throughout several dynasties. However, there are relatively few people 
who are aware of this, not only outside Korea, but also within Korea.

In 1971, an array of petroglyphs, 10 m long and 3 m wide, were discovered 
at Ulsan, located in the southern East Sea. A total of 200 carvings with 75 types 
of art depicting land animals and humans hunting them, including whales, tigers, 
wild boars, and deer, were drawn on this rock. In particular, more than 10 spe-
cies of whales are depicted, each with clearly visible morphological differences, a 
number that is larger than that found on the oldest known whale petroglyph found 
on Røddøy Island in Norway. There is also a scene of a ship carrying several peo-
ple who have captured a whale using a harpoon with a rope attached. Therefore, it 
is thought that people were already hunting and using whales at the time the carv-
ings were made, and that the people depicted in this art had considerable knowl-
edge of whales. Although there is some debate among Korean academics about the 
time period during which these petroglyphs were created, the general consensus 
is that they originated in the Neolithic era or the early Bronze Age. This series 
of petroglyphs earned the name “Bangudae petroglyphs” and was designated as 
national treasure No. 285 in 1995.

The early written history of the Korean Peninsula contains several records 
of sightings of a large type of fish in the history books of the Three Kingdoms 
(BC57–AD668) and Unified Shilla (AD668–AD918) periods. Also, according to 
the records, people ate this fish. This large fish was most likely a whale. Later, dur-
ing the Goryeo and Joseon dynasties, 918–1392 and 1392–1910, respectively, a 
history book written about the Goryeo dynasty recorded that an ambassador from 
China came to Korea and obtained some whale oil from the East Sea coastal areas. 
There are also several records of whales from the last Korean dynasty, the Joseon 
dynasty, describing the finless porpoise in detail, as well as records about dol-
phins, such as killer whales. Hendrik Hamel, a Dutchman who arrived in Joseon 
in 1653 after a shipwreck, wrote in his book that the people in Joseon harvested 
whales (Park 1987).
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In the late 19th century, the Joseon dynasty began to deteriorate and this 
coincided with many whaling ships entering the seas surrounding the Korean 
Peninsula, especially into the East Sea. Although many whaling ships from 
Western nations arrived in the East Sea, the existing ship journals of American 
whaling ships are the most numerous and the most revealing. The first records are 
from 1848, when the journals of several ships recorded sightings of Joseon people, 
or recorded that the ships had entered the East Sea. There are records of almost 
40 ships, and in reality there were probably more. However, the largest number of 
American whaling ships entered the East Sea in the following year, 1849, when 
records from the journals of 120 ships stated this. One ship journal written in 
1848 from an American whaling ship contains a record of its encounter with both 
French and German whaling ships. Thus, American whaling ships as well as whal-
ing ships from other Western nations entered the East Sea.

In 1849, encounters with many French whaling ships were recorded in the jour-
nals of American whaling ships. In fact, the French whaling ship Liancourt discov-
ered Dokdo (Dok Island). Henceforth, Dokdo is referred to as Liancourt Rocks on 
Western maps. It appears that German whaling ships fished for whales in the East 
Sea until the 1860s. From the 1870s, the whaling industry began to deteriorate 
because the population of right whales, which was the main target of the whaling 
ships, decreased. This led to a decrease in the number of whaling ships entering 
Korean waters (Park 1987).

Although the advance of Russian whaling ships into the East Sea was later 
than other Western nations, they engaged in a substantial amount of whaling in 
the East Sea and in the northwest Pacific. The whaling operations were based in 
Vladivostok, a city located in the northern East Sea. The Russians first started 
whaling in 1889, entering into an agreement with the Joseon, which tried to open 
its doors to Western nations and become a modern nation. Until the early 1900s, 
the Russians continued to enter various ports in Vladivostok and Korea to conduct 
significant whale hunts (Park 1987).

Like Korea, Japan has a long whaling history, achieving as well moderniza-
tion earlier than Korea in the 19th century. As Japan started whaling with modern 
equipment, it began to compete with Russia and advanced into various locations 
in the Joseon area for effective whaling. In 1905, as the Russo-Japanese war 
ended with Japan’s victory, Japan had no more competition in the East Sea as the 
Russian whaling ships pulled out. Later, as Japan forcefully annexed Joseon and it 
became a Japanese colony, the Japanese monopoly on whaling in Korean waters, 
including the East Sea, began as Japanese whaling companies advanced into 
Joseon. Although the Korean people had harvested whales and used them from 
ancient times, there was neither systematic development of the practice nor being 
institutionalized. Therefore, it soon died out with the introduction of modern tech-
nology and mass whaling by foreign powers. Japan, however, succeed in modern-
izing and institutionalizing traditional whaling, and this practice was modernized.

As the Japanese began monopolizing whaling in Korean waters, a system 
evolved which produced accurate statistics on caught whales. The official num-
ber of whales caught of each species was recorded from 1911 onwards. Modern 
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whaling in Korean waters can be divided into that occurring before Korean 
 independence and that conducted after independence. Before Japan surrendered 
and Korea gained its independence in 1945, only whaling companies that had 
received permission from the Japanese colonial government could catch whales in 
Korean waters, which meant that whaling was a monopoly for the Japanese people 
and for Japanese capital.

The types and numbers of whales captured in Korean waters by Japanese whal-
ing ships before Korean independence are shown in Fig. 15.1. Statistical data exist 
for dates between 1911, which was the year after the forced annexation of Joseon 
by Japan, and 1944, which was the year before Japan surrendered. The whales that 
were captured in the largest numbers during this period were fin whales and gray 
whales. The annual number of fin whales captured ranged from 84 to 221, with a 
total of 5114 fin whales captured during this period. More than 100 gray whales 
were captured each year until 1915 and more gray whales than fin whales were 
captured in 1912. After then, the number of gray whales captured decreased year 
by year until no more were captured after a single gray whale was taken in 1933 
(Fig. 15.1). The total number of gray whales captured during this period was 1306. 
In addition to these two species, humpback whales were captured almost every 
year, as were blue whales, sei whales, sperm whales, and right whales (Park 1987).

Immediately after Korean independence in 1945, several Koreans took over 
Japanese whaling ships to begin a very small-scale whaling industry. The num-
ber of whaling ships increased after the Korean War as people renovated fishing 

Fig. 15.1  Annual catch of cetaceans in Korean waters by Japanese whaling vessels from 1911 
to 1944
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vessels or purchased whaling ships from Japan; the numbers increased from 17 
whaling ships in late 1950 to 20 in the 1960s, and 22 in the 1970s. In 1979, Korea 
became a member of the IWC (International Whaling Commission), and continued 
active whaling in Korean waters until the commercial whaling moratorium was 
enacted in 1986 (Fig. 15.2).

The collection of statistics on caught whales after Korean independence only 
started after 1958 due to the confusion caused by the U.S. military government 
and the Korean War immediately after independence. Figure 15.2 shows the num-
ber of whales caught in Korean waters starting in 1958 until 1985, when whal-
ing was banned. The main species that were caught were minke whales and fin 
whales; when the population of fin whales, which were the main target species, 
decreased, people began hunting minke whales, and minke whales consequently 
became the most important target species. The number of minke whales cap-
tured each year ranged from 110 to 1033, with a total of 14,587 captured during 
this period. The number of fin whales captured each year decreased to 100 after 
Korean independence, and continued to decrease, until no more were captured 
after 4 fin whales were captured in 1980 (Park 1987).

When commercial whaling was banned in 1986, Korea captured 69 minke whales 
on the grounds of scientific research, but immediately stopped whaling due to the 
lack of scientific investigations. For the last 20 years, and continuing until the pre-
sent time, whaling has been banned on the Korean peninsula. The coastal areas of 
the East Sea have maintained a culture of whale meat consumption, using whales 
that have become trapped in nets and died, or dead whales that have drifted to shore.  

Fig. 15.2  Annual catch of cetaceans in Korean waters by Korean whaling vessels from 1958 to 1985
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In an effort to continue the long history and food culture of whales on the Korean 
peninsula, the people in the coastal areas of the East Sea argued for permission to con-
duct aboriginal subsistence whaling, such as has been allowed in Alaska in the United 
States, Chukotka in Russia, and in Greenland, but the general consensus is that such 
whaling is not applicable to Korea because it has achieved high economic develop-
ment. There are also arguments for whaling for scientific purposes, as occurs in Japan, 
but this view has not received much support in Korea, much less around the world.

15.3  Marine Mammals

15.3.1  Cetacean

15.3.1.1  Baleen Whales

Northern Right Whale (Eubalaena japonica)

In the northern Pacific Ocean, baleens are distributed over temperate climates 
and subpolar regions, such as the East Sea, East China Sea, the Sea of Okhotsk, 
and the Bering Sea. They mainly feed on copepods and other small crustaceans 
(mainly Calanoida), and they feed by slowly swimming with open mouths to filter 
food that is concentrated near the surface.

Right whales in the northern Pacific Ocean became depleted in the 1800s, and 
there are records of large-scale whaling by foreign whaling ships between 1848 
and 1913. However, only two right whale was captured in Korean waters after 
1911, which was when statistics on whaling began to be recorded. Two right 
whales were captured in 1915 and 1974 respectively. Although there are no reli-
able population estimates or population trends known for right whales, they are 
thought to be seriously endangered. Scarcely any research on right whales has 
been conducted, even on an international scale.

Blue Whale (Balaenoptera musculus)

The worldwide population of blue whales is estimated to be between 8,000 and 
9,000, but accurate estimates are lacking (Calambokidis and Barlow 2004). There 
are records of 20 blue whales being captured in Korean waters, including the East 
Sea, between 1911 and 1944.

Fin Whale (Balaenoptera physalus)

Fin whales are distributed around the oceans of the world; they prefer deep seas 
and stay away from warm areas. Their exact migration is not known because 
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almost no research has been conducted on fin whales of the northern Pacific 
Ocean. They feed in the East Sea, the Yellow Sea, the East China Sea, and the 
Sea of Okhotsk during summer, and breed in warm waters during winter (Aguilar 
2002). Around the Korean peninsula, fin whales are observed in the East Korea 
Bay in North Korea during spring and autumn, in the central and southern regions 
of the East Sea during August and November, and in the Yellow sea from October 
to May. In the East Sea, they aggregate around the East Korea Bay, along the 
coasts of North and South Gyeongsang provinces, and around Ulleungdo (Ulleung 
Island), and they appear to be distributed throughout the Yellow Sea. They tend 
to group more strongly than other whales, forming schools of 2–7 whales. Their 
swimming speed is rather fast at 37 km/h. They hardly show their tail flukes when 
they submerge, and they sometimes emerge on the sea surface (Aguilar 2002).

Fin whales have historically been a target species for commercial whaling. 921 
fin whales were captured in Korean waters from 1911 to 1982. For nearly two 
centuries between the 18th and 20th century, fin whales in Korea were hunted by 
foreign whaling ships. Almost none have been observed near the Korean coasts 
recently, although one mature fin whale, 9.8 m long, was stranded at Songdo, 
Incheon, in 1996.

Minke Whale (Balaenoptera acutorostrata)

Minke whales are distributed in all oceans, from equatorial to polar seas. Although 
different hypotheses have been proposed, it is likely that there are three stocks in 
the northern Pacific Ocean. Other stocks in the east are the East Sea-Yellow Sea-
East China Sea stock and the Sea of Okhotsk-Western Pacific Ocean stock. They 
are known to feed in the northern East Sea and the Sea of Okhotsk during sum-
mer, and they spend the winter in the southern East China Sea and near equatorial 
regions (Perrin and Brownell 2002). However, they are observed on the Korean 
coasts all year round. The main stomach content of minke whales captured in 
Korean coastal waters is recorded to be anchovy.

Because minke whales are relatively small, they were not traditional targets 
for commercial whaling, but they were hunted from the 1900s onwards and were 
heavily hunted until whaling was banned altogether. Almost all large whales have 
disappeared from the East Sea, and the most frequently observed baleen whale 
there is the minke whale. Around 80 minke whales are bycaught in nets in Korean 
waters every year (Fig. 15.3a).

Humpback Whale (Megaptera novaeangliae)

Humpback whales are distributed throughout the northern Pacific Ocean, and 
their breeding ground is usually found in the tropical regions. They migrate across 
the ocean to the glacial zones of subpolar regions, which is their feeding ground. 
There is one stock of these whales that migrates from the Sea of Okhotsk to the 
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East Sea, the Southern sea of Korea, and the Yellow Sea. They usually migrate in 
groups of 1–3 but form large groups in their feeding grounds or breeding grounds 
(Clapham 2002).

Humpback whales also used to be targets of commercial whaling, and their 
hunting was banned from 1965 on. There are about 6,000–8,000 humpback whales 
in the northern Pacific Ocean (Calambokidis and Barlow 2004). In Korean coastal 
waters, there are records of 128 whales captured between 1911 and 1944, and 13 
captured between 1959 and 1966.

Gray Whale (Eschrichtius robustus)

Gray whale stocks in the Atlantic Ocean have become extinct, and currently there 
are stocks in the northwestern Pacific Ocean and the eastern Pacific Ocean. The 
northwestern Pacific Ocean stock, also called the Korean gray whale, feed in the 
shallow waters of the northern East Sea and the Sea of Okhotsk during summer 
and move towards the south in late autumn to reproduce in the Yellow Sea and the 
East China Sea, after moving south along the East Sea coast during November and 

Fig. 15.3  Observations of whale species in the East Sea. a A minke whale sighted by a Korean 
sighting survey in May 2007, b Landed gray whales in Ulsan by a Japanese whaling ship in the 
early 1900s, c Pacific white-sided dolphins, and d A northern fur seal found in September 2009
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December. They then return north between March and May, passing through the 
East Sea.

After fin whales, gray whales were the most hunted species in the East Sea up 
until the early 1900s because they are relatively large and move slowly (Fig. 15.3b). 
1338 gray whales were captured between 1911 and 1964, but the number captured 
rapidly decreased thereafter. No more gray whales were captured after 5 were taken 
in 1964; indeed, they were thought to be extinct for some time. Recently, gray 
whales were observed to feed in the Sea of Okhotsk, and estimations of individual 
identifications and stock biomass are being made through photographs. This stock 
has been estimated to be about 100 in number (Weller et al. 2002).

15.3.1.2  Toothed Whales

Sperm Whale (Physeter macrocephalus)

The sperm whale is the most widespread species of all whale species. Sperm 
whales are distributed in all oceans, from the tropics to the poles. They are rarely 
observed in the East Sea and the Sea of Okhotsk and are rather concentrated in 
the southern East Sea and the East China Sea. Sperm whales form a matriarchal 
society, in which 20–40 whales form a group to care for infants, and from which 
mature males leave the infant care group to roam the oceans alone or in schools of 
several whales. During the mating season, which is during summer and autumn, 
the males return to the breeding grounds and partake in breeding for a short period 
of time (Whitehead 2002).

It is estimated that at least 44 thousand sperm whales live west of 170° east lati-
tude in the northern Pacific Ocean. Five sperm whales were captured in the East 
Sea between 1911 and 1944, 9 were observed in the East China Sea in June 1999, 
and 8 were observed in the East Sea in March 2004.

Baird’s Beaked Whale (Berardius bairdii)

This species is not very well known. Some are being directly captured in the 
northwestern Pacific by the Japanese, and some are bycaught or stranded from 
time to time. A total of 12 Baird’s beaked whales were bycaught in the East Sea 
between 1996 and 2012.

Stejneger’s Beaked Whale (Mesoplodon stejnegeri)

There is hardly anything known about this species. There are records of them 
occasionally being captured by Japanese salmon drift nets. In Korea, 24 
Stejneger’s beaked whales were reportedly stranded or bycaught on the coasts of 
the East Sea between 1996 and 2012.
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Killer Whale (Orcinus orca)

There is little known about killer whales in the East Sea. However, 3 killer whales 
were bycaught near Busan in 2008, and a dolphin was found inside its stomach; 
from its external features, this killer whale is thought to be a Type A transient 
killer whale.

False Killer Whale (Pseudorca crassidens)

False killer whales are distributed around the tropical and temperate open seas 
between 50° northern latitude and 50° southern latitude. They can be observed 
around the Korean coasts, including the East Sea, between May and July, when the 
temperature of the sea water is above 17° Celsius.

They form schools with numbers ranging from tens into the hundreds, and they 
have been observed to mingle with bottlenose dolphins off the coasts of Jejudo 
(Jeju Island). There are many cases in which false killer whales became stranded 
as a group by following their leader. It is estimated that there are about 3000 killer 
whales in the eastern part of the East China Sea. Six whales were bycaught or 
stranded in the East Sea between 1996 and 2012.

Pacific White-Sided Dolphin (Lagenorhynchus obliquidens)

This species is only found in the northern Pacific Ocean; they are usually found 
in the neighboring seas across temperate and polar regions, they also come and 
go to continental shelves and coastal areas. Due to their strong collective behav-
ior, they form schools of a few hundred to a few thousand. They display vari-
ous behaviours, such as surfing, jumping, flicking water, and doing somersaults 
(Fig. 15.3c). Pacific white-sided dolphins are the most numerous species in the 
East Sea along with common dolphins, and they concentrate in waters with tem-
peratures between 7 and 25 °C. Their estimated number in the East Sea is 5,000. 
Every year, around 10–40 of them are stranded or bycaught in the coastal areas 
of the East Sea.

Short-Beaked Common Dolphin (Delphinus delphis)

Short-beaked common dolphins tend to concentrate mainly in tropical and tem-
perate seas between 50°N and 50°S. They display strong collectivity and crowd-
ing behavior (several thousand dolphins in a group). Their numbers in the Pacific 
Ocean is not known, but there are thought to be more than 30,000 of them; they 
are the most commonly observed species in the East Sea.
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Dall’s Porpoise (Phocoenoides dalli)

As an indigenous species of the northern Pacific, they are distributed widely 
between 30 and 62°N, mainly around the coasts. They are distributed above 35°N 
in the East Sea. The Dall’s porpoises found in the East Sea are dalli-type por-
poises; truei-type Dall’s porpoises are distributed only along the Pacific coasts of 
Japan and the Sea of Okhotsk.

Finless Porpoise (Neophocaena asiaeorientalis)

Finless porpoises are the most typical marine mammal species around the Korean 
Peninsula. The body is mainly greyish white in color. A finless porpoise has no dorsal 
fin. It has a crista 2 cm high that is similar to mastodon bones running from the thorax 
to the caudal peduncle. Its pectoral fins are relatively large, being one sixth of their 
body length. The tail fluke is also relatively wide, being a quarter of the body width.

Finless porpoises inhabit large rivers, shallow seas, and coastal zones, espe-
cially in shallow waters within 5–6 km of the coast, through the East Sea; the 
Southern sea of Korea; the Yellow Sea; the Japanese coastal areas; and around 
Taiwan, China, Borneo, Sumatra, and Singapore. They have also been seen in the 
Persian Gulf. In recent research, finless porpoises have been divided into finless 
porpoises that inhabit waters between Persia and southern China (N. phocaeno-
ides), and finless porpoises that inhabit central and northern China, Korea, and 
Japan (N. asiaeorientalis) (Wang et al. 2008).

Around the Korean Peninsula, they are frequently observed in the Yellow Sea 
and Southern sea of Korea coasts, and are observed very close to the coast in the 
southern East Sea. They are eurythermal animals that can live in temperatures 
between 5 and 28 °C.

They usually do not form groups; although they may form groups in scores 
when shoals of anchovy form around the coast, they do not swim close to each 
other. They do not approach ships, and when followed, they swiftly swim away. 
They feed on various organisms, such as fish, squid, shrimp, and crustaceans. 
Although there are known to be about 30,000 of them in the Yellow Sea, there is 
nothing known about their numbers in the Southern sea of Korea and in the East 
Sea (Park et al. 2007).

15.3.2  Sea Lions, Seals, Walrus

15.3.2.1  Fur Seals and Sea Lions

Steller Sea Lion (Eumetopias jubatus)

Groups of Steller sea lions are distributed around the western, northern and eastern 
coasts of Hokkaido (Hattori et al. 2009). They are not distributed in groups around 
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the Korean coasts, but are sometimes observed around East Sea coastal areas; two 
Steller sea lions were discovered, one in 2008 and the other in 2009. One dead 
Steller sea lion was seen in the Southern sea of Korea, on Jejudo in 2013.

Northern Fur Seal (Callorhinus ursinus)

Northern fur seals are widely distributing in the waters of the North Pacific. Eight 
seals in total were observed between 2009 and 2013, one of which was discovered 
dead. In 2013, one seal that drifted onto the coast was discovered and rescued, and 
it was decided that an aquarium would continue to house it considering that the 
seal was blind in both eyes (Fig. 15.3d).

Japanese Sea Lion (Zalophus japonicus)

A large population of Japanese sea lions is known to have inhabited areas around 
the coast of Hokkaido, including the East Sea; in particular, they were also found 
around Dokdo. They appear to be completely extinct at the present due to com-
mercial hunting in the 1950s (Reijders et al. 1993).

15.3.2.2  True Seals

Spotted Seal (Phoca largha)

Spotted seals are distributed only around the northern Pacific Ocean, including 
Alaskan coasts, the Bering Sea, coasts of the Kamchatka Peninsula, the Sea of 
Okhotsk, the coasts of Hokkaido, and the Yellow Sea (Lowry et al. 2000). There 
is a high possibility that the spotted seals in the Yellow Sea and the East Sea are 
of different stocks. Satellite tagging was used in 2008 to confirm that spotted seals 
in Bohai, China, migrated to Baekryeongdo in Korea. In 2013, spotted seals that 
were captured in the southern East Sea and given satellite tags were found to have 
moved to Vladivostok in Russia. Spotted seals have not been observed to live in 
groups in the East Sea; the closest winter habitat is the Sea of Okhotsk, where the 
population is estimated to be around 100,000–130,000 (Burns 2002).

15.4  Summary

The coasts of the East Sea on the Korean Peninsula have had connections with 
whales since prehistoric times, and this connection was not broken but contin-
ued through the many dynasties which ruled the Korean Peninsula. Beginning in 
the late 19th century, many foreign whaling ships started entering Korean waters, 
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especially the East Sea. The records that reveal the most about this period of whal-
ing come mostly from the journals of American whaling ships, and they record 
that it wasn’t only American ships that hunted there but also whaling ships from 
other western nations that entered the East Sea.

The Russians nearly monopolized whaling in the East Sea for a brief period in 
the early 1900s, but after Japan defeated Russia in the Russo-Japanese War, the 
Japanese people and Japanese capital monopolized whaling in the East Sea until 
1945. At this time, beginning in 1911, statistical data on whaling in the East Sea 
began to be recorded. The main catch targets were fin whales and minke whales, 
with gray whales, humpback whales, and others captured as well. Commercial 
whaling in Korea continued after independence; it was begun by introducing 
Japanese whaling ships and continued actively, focused mainly on minke whales, 
until the IWC declared a moratorium on commercial whaling in 1986.

According to whaling data, bycatches and stranding, the baleen whales 
observed in the East Sea are northern right whales, blue whales, fin whales, sei 
whales, Bryde’s whales, minke whales, humpback whales, and gray whales. 
Up to the present, the minke whale has been the dominant species. For toothed 
whales, there are large species, such as sperm whales, Baird’s beaked whales, and 
Stejneger’s beaked whales, which are discovered once or twice every year through 
bycatch or stranding. Small and medium-sized species are extremely diverse, 
including killer whales, Pacific white-sided dolphins, Risso’s dolphins, and com-
mon dolphins. The most commonly observed species are common dolphins and 
Pacific white-sided dolphins; for common dolphins, nearly one hundred are 
bycaught or stranded every year around the coasts of the East Sea. These species 
are distributed throughout the year in the East Sea, but Dall’s porpoises and har-
bor porpoises show changes in their latitudinal distributions with changes in the 
season.

Some of the pinnipeds that are distributed in the East Sea include Steller sea 
lions, northern fur seals, and spotted seals. Most of them live in the northern East 
Sea in groups, but they are sometimes found in the southern East Sea. Japanese 
sea lions used to live in the East Sea, but they are now extinct.
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Abstract The East Sea (Japan Sea) is a semi-enclosed back-arc basin or  marginal 
sea connecting with the Pacific Ocean through four shallow straits. There are 
three deep basins (the Ulleung, Japan and Yamato basins) separated by subma-
rine topographic highs (the Korea Plateau, Oki Bank and Yamato Rise). The deep-
water seafloor of the East Sea beyond the coastal and shelf regions is generally 
covered by fine-grained sediments which have been deposited by various pelagic 
and hemipelagic processes, such as pelagic settling, aeolian transport, and lateral 
transport by surface currents, river plumes, and mid- or bottom-water nepheloid 
layers. The oceanographic condition and pelagic and hemipelagic sedimentation 
pattern in the East Sea have undergone considerable variations due to Quaternary 
global climate changes, resulting in characteristic cyclic alternations of dark 
and light layers in the deep-water sediments. Along the margins of the East Sea, 
slope failures, mass movements and mass-flow deposits occur extensively in the 
uppermost (late Quaternary) sedimentary sequences. The slope failures and mass 
movements have been generated by various factors, such as earthquakes, sea-level 
changes, gas-hydrate dissociation and high sedimentation rate. The complex geo-
morphology of the eastern coast of Korea seems to have originated from the inter-
action of tectonic history of uplift, bedrock of panoramic lithologies and ages, and 
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wave-dominated, micro-tidal hydrodynamic conditions. A number of sedimentary 
environments, such as beaches, lagoons, marine terraces, coastal dunes, river (or 
stream) mouth spits, rocky headlands and cliffs, can be found in the coastal land 
area. In the nearshore zone, submerged sand bars, channels (buried or active), tom-
bolos and sea stacks are notable geomorphic features.

Keywords Bathymetry · Late quaternary sedimentation · Paleoceanography ·  
Submarine slope failures and mass flows · Coastal morphology · Ulleung 
Basin · East Sea (Japan Sea)

16.1  Physiography

The East Sea is a semi-enclosed back-arc basin or marginal sea surrounded by 
the eastern Asian continent and the Japanese Islands (Fig. 16.1). The East Sea is 
connected with the Pacific Ocean through four shallow straits; the Korea (140 m 
deep), Tsugaru (130 m deep), Soya (55 m deep), and Tartarsky (12 m deep) straits. 
According to ETOPO1 dataset (http://www.ngdc.noaa.gov/mgg/global/global.html), 
average depth of the East Sea is about 1650 m and the maximum depth is about 
3800 m. There are three deep basins (the Ulleung, Japan, and Yamato basins) sepa-
rated by submarine topographic highs (the Korea Plateau, Oki Bank, and Yamato 
Rise) that rise to within about 500 m of the sea surface (Fig. 16.1).

In the southwestern part of the East Sea, the Ulleung Basin is a deep, bowl-
shaped depression, bounded by continental slopes of the Korean Peninsula and the 
southwestern Japanese Islands on the west and south, respectively, and by the sub-
marine topographic highs of the Korea Plateau and Oki Bank on the north and east, 
respectively (Fig. 16.2; Yoon and Chough 1995). The northern and western mar-
gins of the basin are relatively steep with gradients of up to 10°. The western slope 
of the basin is characterized by a few small-scale scoop-shaped failure scars and 
gullies without large-scale, distinctive canyons and channels (Fig. 16.2; Chough 
and Lee 1987). Along the eastern and southern margins, the basin is bordered by 
a gentle (less than 3°) slope, in which numerous large-scale (more than 70–80 m 
deep and several kilometers wide) gullies and scars are present on the upper 
to middle slope sectors (Fig. 16.2; Lee et al. 2014). The northeastern part of the 
basin is punctuated by two volcanic Ulleung Island (Ulleungdo) and Dok Island 
(Dokdo), and several volcanic seamounts. The basin floor lies at water depths of 
2000–2500 m, and gradually deepens toward the north and northeast, connecting to 
the Japan Basin through the Ulleung Interplain Gap (UIG) (Fig. 16.2).

The UIG is bounded in the southeast by the slopes of the Oki Bank and Dokdo, 
and in the northwest by an ENE–WSW-trending escarpment of the South Korea 
Plateau (Fig. 16.2). In the UIG, a deep-sea channel system (Ulleung Interplain 
Channel, UIC) occurs along the base-of-slope of the South Korea Plateau 
(Fig. 16.3; Lee et al. 2004b). The UIC is 1.5–13.6 km wide and 15–85 m deep. It 
is asymmetric in cross section: steep on the northwestern side (the Korea Plateau) 

http://www.ngdc.noaa.gov/mgg/global/global.html
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and gentle on the southeastern side (the Oki Bank and Dokdo) (Fig. 16.3). Near 
the North Ulleung Interplain Seamount (NUIS), the UIC is relatively shallow, less 
than 20 m deep. To the south of the NUIS, it deepens southwestward, up to 85 m 
deep (Fig. 16.3). Near the Ulleung Seamount, it abruptly narrows and splits into 
several branches immediately south of the Ulleung Seamount (Fig. 16.3). These 
branches gradually shallow southward, but the easternmost branch extends to 
36° 50′N along the western base-of-slope of Dokdo.

The Korea Plateau, north of the Ulleung Basin, is a topographically rugged fea-
ture with 1000–1500 m of relief. The Japan Basin indenting the plateau divides it 
into the North and South components (Lee et al. 2002). The plateau ends abruptly 
to the south against an ENE-WSW-trending escarpment (Fig. 16.2). It is bounded 
in the north and east by the Wonsan Trough and the Japan Basin, respectively. 

Fig. 16.1  Major physiographic features of the East Sea (Japan Sea). JB Japan Basin; KS Korea 
Strait; NKP North Korea Plateau; NP Noto Peninsula; OB Oki Bank; PGB Peter the Great Bay; 
SKP South Korea Plateau; SS Soya Strait; TaS Tatarsky Strait; TDSC (a dotted line) Toyama 
Deep-Sea Channel; TsS Tsugaru Strait; UB Ulleung Basin; UIG Ulleung Interplain Gap; YB 
Yamato Basin; YR Yamato Rise. For a color version of the figure, see Fig. 1.1

http://dx.doi.org/10.1007/978-3-319-22720-7_1
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The southern component of the plateau (the South Korea Plateau) consists of 
numerous ridges, seamount chains, and intervening troughs/basins (Fig. 16.2; 
Lee et al. 2002). The ridges and seamount chains occur at water depths of about 
600–1500 m. The ridges are relatively broad (more than 30 km wide) and rarely 
exceed 1° in slope gradient. In contrast, the seamount chains are mostly steep and 
narrow (less than 10 km wide). The South Korea Plateau is divided into a western 
part (called the Gangwon Plateau) and an eastern part (called the Ulleung Plateau) 
by the Usan Trough which deepens northward and extends to the Japan Basin 
(Fig. 16.2). In the western part of the plateau, the ridges and troughs dominantly 
trend N-S or NNE-SSW. On the other hand, the eastern part shows ENE-WSW-
trending ridges, seamount chains and troughs.

The northern part of the East Sea is occupied by the Japan Basin, which is 
about 200–300 km wide and about 700 km long, trending NE-SW. The Japan 
Basin is bounded on the north by a relatively straight, steep slope along Russia 
(Fig. 16.1). The eastern margin of the basin shows a relatively steep slope that has 
experienced recent seismic activities (Satake 1985; Nakajima and Kanai 2000). 

Fig. 16.2  Detailed physiographic and bathymetric features of the southwestern part of the East 
Sea. Bathymetry in meters. HB Hupo Bank; HT Hopo Trough; NUIS North Ulleung Interplain 
Seamount; Smt. Seamount; UE Usan Escarpment; UT Usan Trough
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The basin is bounded on the south and west by the Yamato Rise and Korea 
Plateau, respectively. Its basin floor shows 3500–3800 m water depth, and 
the deepest area is located between Sikhote-Alin and the southwestern part of 
Hokkaido. The basin floor is rather smooth and flat except for several seamounts 
and hills which rise up to 2000 m above the surrounding seafloor.

Fig. 16.3  Distribution (top) and cross-sectional geometry (bottom) of the Ulleung Interplain 
Channel (UIC) in the Ulleung Interplain Gap (from Lee et al. 2004a). Bathymetry in meters. DS 
Dok Seomount; IS Isabu Seamount; SKP South Korea Plateau
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The Yamato Basin in the southeastern part of the sea is a NE-SW-trending 
depression bounded by the Yamato Rise and Honshu of Japan (Fig. 16.1). The 
basin is shallower than the Japan Basin with an average water depth of 2500–
2700 m and maximum water depth of 2970 m. Its basin floor is rather smooth 
and flat except for a few seamounts and hills. The basin is connected to the 
Japan Basin in the northeastern part. At the southeastern margin of the basin, 
the Toyama Deep-Sea Channel descends about 750 km from several river 
mouths along Toyama Bay to the abyssal Yamato and Japan basins (Fig. 16.1; 
Nakajima 2006). North of the Yamato Basin, a volcanic topographic high (the 
Yamato Rise) is parallel to the long axis of the Yamato Basin. The Yamato Rise 
consists of a few topographic highs, separated from each other by transverse 
depressions. The prominent Kita-Yamato Trough, a NE-SW-trending longi-
tudinal depression, divides the Yamato Rise into the northwestern component 
(the Kita-Yamato Bank) and the southeastern component (the Yamato and 
Takuyo banks).

16.2  Late Quaternary Sedimentation

16.2.1  Deep-Water Pelagic and Hemipelagic Sedimentation 
and Its Relation to Paleoenvironmental Changes

16.2.1.1  Characteristics of Surface Sediments and Modern 
Sedimentation Pattern

The deep-water seafloor of the East Sea beyond the coastal and shelf regions is 
generally covered by silt, silty clay, and clay (Fig. 16.4; Chough et al. 2000), 
which were deposited by various pelagic and hemipelagic processes such as 
pelagic settling, aeolian transport, and lateral transport by surface currents, river 
plumes, and mid- or bottom-water nepheloid layers. Annual mean mass flux deter-
mined by sediment trap experiments at 1 km water depth was 16.6 mg/cm2/yr in 
the western Japan Basin, 9.2 mg/cm2/yr in the eastern Japan Basin and 5.4 mg/
cm2/yr in the Yamato Basin (Otosaka et al. 2004). Recent sedimentation rates 
estimated from excess 210Pb activity profiles in the deep southwestern East Sea 
are 18–136 mg/cm2/yr, being highest on the western slope of the Ulleung Basin 
off Gampo (water depth 1160 m) and lowest on the Yamato Rise (water depth 
1650 m) (Hong et al. 1997). Cha et al. (2007) also reported that sedimentation 
rates in the surface sediments of the Ulleung Basin decreased rapidly in a radial 
pattern from offshore of Gampo (more than 0.3 cm/yr) to the Ulleung Interplain 
Gap (less than 0.05 cm/yr).

Sediment trap experiments by Otosaka et al. (2004) during the period 1999–
2002 revealed that more than 60 % of settling particles consisted of lithogenic 
aluminosilicates and biogenic opal. They suggested three sources of lithogenic 
materials to the East Sea, based on La/Yb and Mn/Al ratios; (1) atmospheric input 
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of “fresh” Asian loess characterized by relatively high La/Yb and low Mn/Al, (2) 
lateral transport of “old” Asian loess from the East China Sea by the Tsushima 
Warm Current, high La/Yb and high Mn/Al, and (3) lateral transport from the 
island arcs of the Sakhalin and Japan Islands, low La/Yb. In the southwestern East 
Sea, sediments from the Nakdong and Changjiang rivers were also suggested as 
two major sources of lithogenic materials in the coastal and upper slope areas 
based on metal/Al ratios of surface sediments (Cha et al. 2007).

Biogenic components of the surface sediments are dominated by biogenic 
opal which constitutes more than 15 % and up to about 60 % of settling particles 
(Otosaka et al. 2004). Opal contents of core top sediments from the southwest-
ern East Sea are usually about 10–30 % (Hyun et al. 2007) and mainly composed 
of diatoms and silicoflagellates (Chough et al. 2000). The present Carbonate 
Compensation Depth (CCD) in the East Sea lies between 1500 and 2000 m in 
water depth (average water depth: about 1900 m) (Ujiie and Ichikura 1973) and 
carbonate contents of the surface sediments below the CCD are usually less than a 
few percent (Cha et al. 2007; Hyun et al. 2007). In the Ulleung Basin, the surface 
carbonate contents rapidly increase above the CCD and reach their highest value, 
more than 30 %, on the outer shelves in the Korea Strait (Cha et al. 2007). Organic 
carbon contents of the surface sediments in the East Sea are generally less than 
1 % in the basin floor (Chough et al. 2000), except in the deep southwestern part 
where they are more than 1.5 % and reach up to 2.5 % in the Korea Plateau and 
the Ulleung Interplain Gap (Cha et al. 2007).

Fig. 16.4  Grain size 
distribution of surface 
sediments in the East Sea 
(from Chough et al. 2000)
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Surface sediments in the East Sea deeper than about 2000 m are characterized 
by reddish brown oxidized layers, reflecting the presence of highly oxygenated 
deep waters (Niino et al. 1969). In the southwestern East Sea, they are relatively 
enriched in Mn oxides and exhibit maximum concentrations of Mn, more than 
15,000 μg/g, in the Ulleung Interplain Gap (Cha et al. 2007).

16.2.1.2  Late Quaternary Paleoceanographic Changes as Recorded 
in the Pelagic and Hemipelagic Sediments

The oceanographic conditions and pelagic/hemipelagic sedimentation pattern in 
the East Sea have experienced considerable variations because of the Quaternary 
global climate changes, and such variations resulted in characteristic cyclic 
alternations of dark and light layers in the deep-water sediments. Since the East 
Sea is connected to adjacent seas through four shallow and narrow straits with 
sill depths of 12–140 m, significant changes in oceanographic conditions have 
been expected in response to the glacio-eustatic sea-level fluctuations which 
resulted in a sea-level drop of as much as about 120 m during the last glacial 
maximum. Tada et al. (1999) suggested that the modulation of the volume and 
character of the surface water inflow through the Korea Strait associated with 
glacio-eustatic sea level changes played a key role in the changes in deep-water 
ventilation and surface productivity (Fig. 16.5). According to their hypothesis, 
the East Sea was nearly isolated by a sea-level drop of more than 90 m during 
the glacial maximum periods. During such periods, low-salinity surface water 
developed because of excess precipitation in relation to evaporation, and caused 
strong density stratification of the water column, resulting in the euxinic deep 
water and low surface productivity. They also postulated that the millennial-
scale climate changes of Dansgaard-Oeschger (D-O) cycles were also responsi-
ble for significant changes in paleoceanographic conditions in the East Sea. For 
example, during the D-O interstadials (warm phases) the influx of low-saline, 
high-nutrient East China Sea Coastal Water was increased by enhanced Asian 
summer monsoons, which caused high surface productivity and enhanced den-
sity stratification (Fig. 16.5).

Numerous studies on variations of paleoceanographic proxies recorded in the 
late Quaternary sediments of the East Sea have confirmed the hypothesis sug-
gested by Tada et al. (1999), and revealed specific changes in sea surface salinity 
(SSS), sea surface temperature (SST), deep-water ventilation, surface productivity, 
and dust transport. Freshening of surface water during the last glacial maximum 
in the East Sea was manifested by lighter oxygen isotope values in planktonic 
foraminifera than today, opposite to those from the open ocean at the time (e.g. 
Oba et al. 1991; Gorbarenko and Southon 2000; Khim et al. 2007), and the lower 
estimated SSS (12 ‰) than today (Lee 2007). Reconstruction of SST based on 
alkenone temperature records indicates that the SST changes were generally 
consistent with orbital-scale global climate records since the penultimate gla-
cial period of Marine Isotope Stage (MIS) 6 and were associated with volume 
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transport change of the Tsushima Warm Current and north-south movement of the 
subpolar front (Lee et al. 2008; Fujine et al. 2009; Choi et al. 2012a).

Studies on the elemental compositions of core sediments revealed that the thick 
dark laminated mud (or TL: thinly laminated) layers formed in the glacial periods 
of MIS 2 and 6 are characterized by relatively low organic carbon and high total 
sulfur contents and enrichment of chalcophile elements such as Mo, demonstrat-
ing the development of euxinic deep-water condition and low surface productivity 
during these periods (e.g. Crusius et al. 1999; Kido et al. 2007; Khim et al. 2007, 
2012; Lim et al. 2011; Zou et al. 2012). In addition to the orbital-scale changes, 
millennial-scale variations of deep-water ventilation and surface productivity are 
also indicated by the presence of relatively thin TL layers correlative with D-O 
cycles, which are often characterized by relatively high organic and sulfur contents 
(e.g. Tada et al. 1999; Kido et al. 2007; Khim et al. 2012). Examination of the 
detrital silt fraction in the hemipelagic sediments identified two different source 
areas of aeolian dust (the Taklimakan Desert-Loess Plateau and Siberia-Northeast 
China), and suggested controls of north-south shifts of westerly jet axis on the dust 
size and flux at both orbital- and millennial-scales (Nagashima et al. 2007).

Fig. 16.5  Models for different modes of ocean circulation in the East Sea proposed to have 
occurred in response to different eustatic sea levels (from Tada et al. 1999)
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16.2.2  Slope Failures, Mass Movements, and Mass Flows

Along the margins of the East Sea, the uppermost (about 20–60 m thick) sed-
imentary sequences show abundant slope failures, mass movements and mass-
flow deposits (Chough et al. 2000; Nakajima and Kanai 2000; Lee et al. 2004a). 
The slope failures and mass movements have been generated by various factors, 
such as earthquakes, sea-level changes, gas-hydrate dissolution, high sedimenta-
tion rate, and so on (Lee et al. 1996, 2004a, 2010). These slope failures and mass 
movements have been recently considered as an important geohazard because of 
tsunami generation and underwater-facility destruction (Locat and Lee 2002). 
Therefore, the exact distribution and morphology of slope failures and mass 
movements, and their triggers, mechanisms and dynamics are important issues 
in the East Sea. In this section, the slope failures, mass movements and mass-
flow deposits on the eastern, western and southern margins are introduced. Those 
on the northern margin along the Sikhote-Alin Mountains of Russia have been 
rarely studied.

16.2.2.1  Ulleung Basin and South Korea Plateau

In the Ulleung Basin, slope failures, mass movements and mass-flow depos-
its occur extensively along the entire basin margin (Fig. 16.6; Chough et al. 
1997; Lee et al. 2004a). On the western margin, mass movements (slides and 
slumps) have relatively small dimensions with a few small, scoop-shaped scars 
and gullies deeper than 700–800 m water depth (Figs. 16.6 and 16.7; Chough 
and Lee 1987; Lee et al. 2014). The downslope mass-flow deposits (debrites 
and turbidites) occur as small or subdued, solitary lobes restricted at the base-
of-slope (Fig. 16.8). In contrast, the southern margin is characterized by large 
gullied scars with huge slides and slumps deeper than 250 m water depth 
(Figs. 16.6 and 16.9; Lee et al. 1993; Lee et al. 2014). These catastrophic fail-
ures evolved into extensive mass flows (debris flows and turbidity currents), 
which travelled downslope for more than several tens of kilometers (Figs. 16.6 
and 16.10; Lee et al. 1999, 1999, 2004a). On the slopes north of Dokdo, mass 
movements with large-scale gullied scars occur deeper than 500–1000 m 
in water depth (Fig. 16.6; Lee et al. 2004a). The mass movements are transi-
tional downslope to mass-flow chutes/channels, debrites and turbiditic sedi-
ment waves (Fig. 16.6; Lee et al. 2004b). The different styles of slope failures, 
mass movements and mass-flow deposits between the western and southern 
margins could be ascribed to variations in shelf morphology and sediment sup-
ply to the shelf within the basin (Lee et al. 2014). The regional (i.e. basinwide) 
downslope change from mass movements to mass-flow deposits (debrites and 
turbidites) is suggestive of successive downslope evolution from slide/slump to 
debris flows and turbidity currents (Chough et al. 1997; Lee et al. 1999). In the 
Ulleung Basin, various thin- to very thick-bedded turbidites accumulated (an 
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average recurrence interval of ca. 605 years) between 29.4 and 19.1 cal. ka BP 
(Lee et al. 2010). After 19.1 cal. ka BP, turbidites were deposited with an aver-
age recurrence interval of 3183 years, and their thickness abruptly decreased 
upward (Lee et al. 2010). These features suggest that various-scale slope fail-
ures occurred frequently during the eustatic lowering of sea level, and the fre-
quency and relative volumes of the slope failures suddenly decreased after sea 
level began to rise. The frequent slope failures and mass movements between 
29.4 and 19.1 cal. ka BP were plausibly triggered by earthquakes, in combina-
tion with reduced hydrostatic pressure that promoted gas-hydrate dissociation 
during the eustatic lowering of sea level (Lee et al. 1996, 2004a, 2010).

On the South Korea Plateau, slides and slumps with scarps or scars occur pre-
dominantly on the relatively steep slopes of the seamount chains and submarine 
ridges (Fig. 16.6; Lee et al. 2002). In contrast, the broad, gently sloping areas 
on the submarine ridges are dominated by submarine creep deposits (Figs. 16.6 
and 16.11; Lee and Chough 2001). The creep deposits are transitional downslope 
to slide and slump masses with scars or scarps on the upper to middle slopes of 
the ridges (Fig. 16.6). These voluminous mass movements with failure scars or 

Fig. 16.6  Distribution of mass-movement and mass-flow deposits in the southwestern part of the 
East Sea, identified from Chirp (2–7 kHz) subbottom profiles (from Lee et al. 2004a)
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scarps, deeper than 500–1000 m in water depth, were most likely generated by 
earthquakes that have frequently occurred in the South Korea Plateau (Lee et al. 
2002). The slide/slump masses change downslope to mass-flow deposits (deb-
rites and turbidites) (Fig. 16.6). Debrites are dominant in the intervening troughs 
and basins which are bounded by large areas of slides and slumps (Fig. 16.6). 
In contrast, turbidites occur predominantly in the intervening troughs which are 
bordered by small areas of slope failures (Fig. 16.6). These distribution patterns 
imply that the amounts of sediment involved in sliding and slumping have an 
important role in controlling the downslope evolution of sediment gravity flows 
(Lee et al. 2002).

Fig. 16.7  a Scoop-shaped slope-failure scars on the western slope of the Ulleung Basin. Water 
depth in meters. For location of (a), see Fig. 16.6. b A chirp (2–7 kHz) subbottom profile show-
ing sedimentary features of the scoop-shaped scars in cross section (from Lee et al. 2014)
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16.2.2.2  Eastern Margin of the Japan Basin

Along the eastern margin of the Japan Basin, many scoop-shaped failure scars 
occur on the upper slope at water depths of 300–600 m (Nakajima and Kanai 
2000). Slide and slump masses on the middle to lower slope, downslope of the 
failure scars, merge into debrites and turbidites in the basin plain (Nakajima and 
Kanai 2000). The slope failures and mass movements along the eastern margin of 
the Japan Basin have been mostly generated by earthquakes which have frequently 
occurred in this area (Satake 1985; Tanioka et al. 1995; Nakajima and Kanai 
2000). Nakajima and Kanai (2000) recognized several mass-failure deposits and 
seismo-turbidites generated by the 1983 Japan Sea earthquake and other historic 
earthquakes.

Fig. 16.8  a Line drawings of scoop-shaped scars, gullies, and downslope associated mass-trans-
port deposits (MTDs) from sonar images on the western slope of the Ulleung Basin. For location 
of (a), see Fig. 16.6. b A chirp (2–7 kHz) subbottom profile showing a distinct fan-shaped mass-
flow deposits (Uljin deep-sea fan) at the base-of-slope (from Lee et al. 2014)
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Fig. 16.9  Shaded relief image (a) and a single-channel air-gun seismic profile (b) showing gul-
lied slope-failure scars on the upper slope of the southern Ulleung Basin. For location of (a), see 
Fig. 16.6 (from Lee et al. 2014)

Fig. 16.10  Chirp (2–7 kHz) subbottom profiles showing hyperbolic surfaced mass-flow deposits 
on the southern middle slope (a) and sedimentary features of mass-flow lobes on the southern 
lower slope (b). For location of profiles, see Fig. 16.6 (from Lee et al. 2014)
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16.2.2.3  Toyama Deep-Sea Channel

In the East Sea, the Toyama deep-sea channel (TDSC) is a prominent subma-
rine channel, about 750 km long, extending from the central Japan (Toyama 
Bay) to the abyssal Yamato and Japan basins (Fig. 16.1; Nakajima et al. 1998). 
The TDSC has been supplied with sediment derived by rivers from the Northern 
Japan Alps through tributary canyons in the narrow shelf of Toyama Bay 
(Nakajima 2006). The canyons in Toyama Bay merge downslope into the TSDC 
in the Toyama Trough (Nakajima and Satoh 2001). In the Yamato and Japan 
basins, prominent levees have developed along the TSDC (Nakajima et al. 1998; 
Nakajima 2006). Sediment waves (or mudwaves) formed by overflowing tur-
bidity currents occur extensively on the levees (Fig. 16.12; Nakajima and Satoh 
2001). In the Japan Basin, the TDSC splits into smaller distributary channels that 
have formed a series of small-scale depositional lobes on the terminal Toyama 
Fan (Nakajima 2006).

Fig. 16.11  Submarine creep 
deposits showing irregular 
wavy bottom echoes with 
several distinct to indistinct 
subsurface reflectors. Note 
basal mingled or transparent 
reflections in (a). A 
subbottomward increase in 
wave amplitude (open arrow 
in b). CIF compressional 
internal fault; NIF normal 
internal fault. For location of 
profiles, see Fig. 16.6 (from 
Lee et al. 2004a)
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16.2.3  Coastal Geomorphology of the Eastern  
Korean Peninsula

At first glance, it appears that the East Sea meets the Korean peninsula along 
gently curved and smooth shorelines without conspicuous interference by river 
systems. However, on closer examination, the coastal geomorphology is rather 
complex, including many types of sedimentary environments. This complexity 
seems to have originated from the tectonic history of the uplifted eastern part of 
the peninsula (Chough et al. 2000), the wave-dominated, micro-tidal hydrody-
namic conditions of the coastal waters, and the panoramic lithologies and ages of 
the regional bedrock (Fig. 16.13; Lee et al. 2011).

Compared to the western and southern coasts of Korea, the eastern coast has a 
small areal portion of recent sediments. Due to a narrow and steep coastal plain, 
the sediments are mostly sands and gravels from nearby mountains and shores. 
The sediments in the coastal sea are transported along the shore and fed to nearby 
beaches by wind-generated coastal currents (Fig. 16.14). However, on a regional 
scale, no conspicuous longshore sorting in grain size or composition has been rec-
ognized (Lee and Kim 2006).

Although the coastal land area has experienced numerous civil engineering 
works a number of natural sedimentary environments can be found. Beaches, 
lagoons, marine terraces, coastal dunes, river (or stream) mouth spits, rocky head-
lands and cliffs are the most representative features found from the backshore to 
the shoreface. In the nearshore zone, submerged sand bars, channels (buried or 
active), tombolos and sea stacks are major conspicuous morphological features.

16.2.3.1  Beaches

Beaches are one of the most representative environments in the eastern coast of 
Korea (Fig. 16.14). The beach sediments generally consist of either sands (gener-
ally coarse and medium sands) or gravels (shingle) and probably originated either 

Fig. 16.12  A 3.5-kHz subbottom seismic reflection profile across the Toyama deep-sea channel 
(from Nakajima and Satoh 2001). Vertical exaggeration (V.E.) = 32. For location of a profile, see 
Fig. 16.1
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from the weathered materials of the adjacent rocky shores or from sediments 
transported through small river/stream systems (Lee et al. 2013). The average 
length of sand beaches is about 2.7 km increasing northward and their beach-
face slopes are generally steeper than those on the western and southern coasts 
of Korea (Fig. 16.15). Gravel (shingle) beaches can be found more frequently in 
the southern part of the east coast. This seems to be from the result of differential 
dominance of the unconsolidated Tertiary gravel-rich strata in the southern part. 
Recursive measurements of beach profiles, CCTV monitoring and remote-sens-
ing data analysis have revealed that most of the beaches are governed mainly by 
weather, climate, sediment supply and artificial influences (Korea Hydrographic 
and Oceanographic Administration 2009, 2010; Park et al. 2009; Oh and Bang 
2013). It has been reported that serious geomorphologic changes or erosions 
at some beaches might result from dike or breakwater construction (Ministry of 
Marine Affairs and Fisheries 2004; Yoo et al. 2008).

Fig. 16.13  Pictures showing comparatively different lithologies of basement rocks and adjacent 
beaches in the eastern coast of Korea. Clockwise from the upper left could be easily found rocky 
cliffs made of Triassic granite which represents one of the dominant lithology of the northern 
part of the coast (the Hajodae in this case) and sand beaches which would likely be supplied with 
weathered materials from nearby rocky coasts or small rivers/streams. A typical gravel beach is 
shown in the picture taken in the southern part of the east coast. In the last picture (lower left) an 
exposed volcanic rock outcrop with columnar joints could be seen in Gangdong. Volcanic rocks 
and tuffaceous Tertiary strata are relatively common in the southern part of the coast, which 
implies the adjoining beaches could be supplied with coarse materials from nearby sources
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At the southeastern end of the eastern coast of Korea several cases of rip cur-
rents have been reported, the characteristics of which were numerically simulated 
by a number of researchers (Fig. 16.16; Song and Bae 2011; Choi et al. 2012b, 
2013; Yoon et al. 2012). Well-defined transverse (crescentic) sandbar systems were 

Fig. 16.14  A picture taken in Naksan of Gangwon-do in the eastern coast of Korea. A typical 
sand beach could clearly be seen from the north on the roof of a hotel where video cameras are 
installed by the government for monitoring the beach morphology change. Along the east coast, 
small-scale rivers/streams are commonly interrelated with sand beaches implying that beach-
forming sands could easily be supplied by limited river/stream systems as well as by waves 
weathering adjacent headlands. Once fed by the river/stream channels sands are seemingly trans-
ported alongshore by wave-generated coastal current

Fig. 16.15  Beach length statistics along the eastern coast of South Korea
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recognized in recent nearshore bathymetric survey data and aerial photographs, 
implying active longshore sediment transports and bedform migrations induced 
mainly by oblique incident waves processes (Fig. 16.17).

16.2.3.2  Lagoons

Lagoons are the most distinct geomorphological features along the eastern coast 
of Korea. Forty-eight lagoons (64.85 km2) out of fifty-seven natural lakes were 
recognized in the coastal zones by GIS analysis for topographic maps and satellite 
images (Lee et al. 2006). These lagoons have most likely formed after the sea level 
has transgressed relatively fast during the last deglaciation (Fig. 16.18; Pirazzoli 
1991). Following the shoreline retreat, the seaward mouths of the submerged areas 
became blocked by spit systems or longshore sandbars around 4000 yr BP. Once 
protected from the sea most of the areas were turned into low-energy depositional 
environments and were eventually filled with fluvial sediments (Park and Kim 
1981; Lee and Yu 2011; Go et al. 2013).

Fig. 16.16  A picture showing a rip current formed in the middle part of the Haeundae Beach in 
Busan. Busan is located in the southern part of the east coast and famous for well-prepared resort 
areas. Every year during summer high season highly-attended observation and monitoring sys-
tems are operated for tourist safety due to unexpected rip current occurrence. It is notable in this 
picture that the people swimming in the upper shoreface could easily be dragged away from the 
shore by the rip current. The picture was taken in 2012 and granted by the courtesy of the Korea 
Meteorological Administration
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Some of them, however, still remain unfilled and are connected to the sea 
through very shallow inlets. For example, Cheongchoho Lake in Sokcho city 
(Gangwon-do) is only 1–2 m in depth and approximately 5 km in circumference 
(Yeon et al. 2007). The salinity range of the lagoon water is generally very wide due 

Fig. 16.17  A typical crescentic sand bar system along the eastern coast of Korea (Hujeong 
Beach, Uljin): a Nearshore bathymetric map (surveyed on July 2, 2011) overlapped with the aer-
ial photograph taken on August 20, 2010 (elevation in meters); b a time series of the crescentic 
bar migration and deformation from July 2, 2011 to September 16, 2011

Fig. 16.18  Sea level change records reported from the eastern coast of the Korean Peninsula 
(Redrawn from Pirazzoli 1991). Despite of small variations the sea level in the East Sea (A–D) 
has transgressed 20–30 m during the Holocene and became stable since 6–7 kyr BP. In some 
areas shown in the curve A the sea level was presumed to be higher than at present
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to fresh water input through small rivers/streams and rainfall (Park and Kim 1981; 
Yum et al. 2002; Ha et al. 2009; Heo et al. 2011). Sporadically high-salinity seawa-
ter intrudes when overwash by strong waves or freshwater flooding events breach 
the mouth bars or spits. Except for a few lagoons close to the northern end of South 
Korea (Yum et al. 2002; Park et al. 2007; Lee and Yu 2011), most of the lagoons 
along the east coast are strongly disturbed or polluted by human activities, and their 
seaward mouths are artificially maintained (Fig. 16.19; Park and Kim 1981).

16.2.3.3  Marine Terraces

Morphologic features of marine terraces have been studied frequently on the east-
ern coast of Korea, mainly for ground stability assessments for nuclear power plant 
construction (Choi et al. 2008). The basement block of the East Sea is inferred to 
have been uplifted at a slow rate during the Quaternary period because the Ulleung 
Basin is still in its compressional stage (Chough et al. 2000). Continuous uplift of 
the eastern coastal zones has displaced paleo-shorelines upwards so that several 
groups of marine terraces in 4–6 height levels are reported along the coast (Chun 
et al. 2005). Most of the terraces occur as a flat surface and are frequently used for 
agricultural fields or coastal roads. The height of those terraces generally ranges 
from 3 to 130 m above sea level (Fig. 16.20; Choi and Kim 2005; Kim et al. 2005, 
2007). The terrace deposits are about 5–10 m in thickness and are dominated by 
well-round beach gravels in unconsolidated muddy or silty matrix. It is notable 
that the occurrence of marine terraces is more frequent in the southern part of the 
eastern coast than in the northern part, indicating possible differences in uplift 

Fig. 16.19  A picture showing a lagoon (Cheongchoho). The seaward mouth and inlet of the 
lagoon are maintained for ship’s navigation. The surrounding area is well developed for a public 
park establishment
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rate between the two parts (Choi et al. 2008). Based on various ages of the terrace 
deposits long-term models of relative sea level change or basement uplift were sug-
gested for the Quaternary period by several scientists. According to their studies 
the uplift rate of the southern part of the east coast is less than 0.3 m/kyr (Kim et al. 
2005, 2007, 2008; Choi et al. 2008, 2009).

16.2.3.4  Coastal Dunes

Thirty two coastal dune fields are located along the eastern coast of Korea 
(Ministry of Environment 2001). About 40 % of them are more than 2 km in length 
and around 18 % are naturally preserved due to their locations in the demilitarized 
zone or on military bases (Ministry of Environment 2001). The others generally 
have been removed or modified for construction of tourist facilities and coastal 
roads. The coastal dunes consist of medium sands. Most of the dunes develop in a 
series of long narrow trains classified as beach-foredune ridges (National Institute 
of Environmental Research 2009). Recent studies using optically stimulated 
 luminescence dating and ground penetrating radar reveal that the beach-foredune 
ridges in the northern part of the eastern coast of Korea started to form at around 
7000 years ago when the sea-level transgression slowed down, and experienced 
multiple stages of seaward progradation during Holocene epoch (Choi et al. 2010).

Fig. 16.20  Vertical and horizontal distribution of marine terraces along the southern part of the 
east coast (from Choi et al. 2008)
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Abstract The East Sea (Japan Sea) is a back-arc basin lying on the southeast-
ern Amur plate, separated from the Philippine Sea, Eurasia, and Pacific-Okhotsk 
plates by a complex border. The opening of the East Sea was initiated in the 
Early Oligocene by rifting and extension in the Japan Basin, followed by seafloor 
spreading in the Late Oligocene. The opening of the Japan Basin was achieved by 
a counterclockwise rotation of the NE Japan Arc. The extension in the Japan Basin 
propagated southwestward toward the northern part of the eastern Korean margin, 
inducing NW-SE rifting in the South Korea Plateau. In contrast, the southern part 
of the Korean margin underwent E-W extension before the Early Miocene, prob-
ably due to the N-S trending subduction off the SW Japan Arc. Back-arc rifting 
at the Korean margin gave way to breakup at the base of the continental slope, 
after which the SW Japan Arc was separated southeastward with a clockwise rota-
tion, opening the Ulleung Basin. Part of the Ulleung Basin is underlain by thicker-
than-normal oceanic crust generated by seafloor spreading with hotter-than-normal 
mantle temperature. The plate reorganization in East Asia in the early Middle 
Miocene led to the East Sea closure. The anticlinal structures in the southwestern 
Ulleung Basin margin show NW-SE or N-S compression in the Middle Miocene-
Early Pliocene and NE-SW or E-W compression since the Late Pliocene. The 
incipient subduction along the eastern margin of the East Sea also suggests E-W 
compression since the Late Pliocene. The E-W compression is probably due to the 
eastward movement of the Amur plate that began in the Pliocene.
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17.1  Tectonic Setting

The East Sea is a back-arc basin located in the southeastern part of the Amur plate 
which includes the Korean Peninsula, SW Japan Arc, northeastern China, and 
Russian Far East (Fig. 17.1). The Amur plate is bounded on the north and west by 
the Eurasia plate, on the east and northeast by the Okhotsk plate, and on the south 
by the Philippine Sea plate. The Amur plate collides with the northwestward-mov-
ing Philippine Sea plate along the Nankai Trough where the young Shikoku Basin 
lithosphere is subducting beneath the SW Japan Arc. The Pacific plate is moving 
largely northwestward, subducting beneath the NE Japan Arc. The Amur plate has 
been moving eastward since the Pliocene (Tamaki and Honza 1985; Taira 2001; 
Lee et al. 2011). The boundary between the Amur and Okhotsk plates lies along 
the eastern margin of the East Sea and is characterized by thrusts and obduction of 
back-arc crust and sediments, suggesting incipient subduction of the Amur plate 
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(Nakamura 1983; Tamaki and Honza 1985). The Baikal rift zone (not shown in 
Fig. 17.1) forms a boundary between the Amur plate and the Eurasia plate in the 
west (Zonenshain and Savostin 1981).

The East Sea consists of three deep basins (the Japan, Yamato, and Ulleung 
basins), separated by submerged continental remnants such as the Korea Plateau, 
Oki Bank, Yamato Rise and Kita-Yamato Ridge (Fig. 17.2). The opening of the 
East Sea was initiated by crustal thinning and rifting in the northeastern Japan 
Basin in the Early Oligocene, resulting from the subduction of the Pacific plate 
underneath the Eurasia plate (Tamaki et al. 1992). Rifting was followed by sea-
floor spreading in the Late Oligocene. While seafloor spreading continued in the 
Japan Basin, the southern East Sea underwent extension, opening the Yamato and 
Ulleung basins. The major plate reorganization in East Asia in the early Middle 
Miocene (ca. 15 Ma) led to the East Sea back-arc closure that continues today 
(Sibuet et al. 2002; Sdrolias et al. 2004). Crustal shortening due to the back-arc 
closure resulted in regional deformation of the peripheral regions of the East Sea 
(Ingle 1992).
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17.2  Crustal Structure

Ludwig et al. (1975) used sonobuoys to determine the 1-D crustal seismic veloc-
ity distribution in the East Sea. They computed sedimentary and crustal structure 
down to the Moho discontinuity in the Japan and Yamato basins; however, they 
failed to estimate the Moho discontinuity depth in the Ulleung Basin because of 
thick sediments. Deep seismic experiments using ocean bottom seismometers 
(OBSs) revealed a wide range of compositions in the back-arc basin crust in the 
East Sea from typically oceanic to intermediate between oceanic and continental 
(Chung et al. 1990; Hirata et al. 1992; Kim et al. 1998). The crust in the east-
ern part of the Japan Basin is typical of oceanic crust in thickness (Hirata et al. 
1992). Layer 2 has a thickness of less than 2 km and seismic velocities from 4.5 to 
5.6 km/s; layer 3 is about 5 km thick with velocities from 6.6 to 6.7 km/s. Linear 
magnetic anomalies trending N40°E and N60°E in this area (Seama and Isezaki 
1990) confirm the oceanic origin of the crust. In contrast, the crust in the Yamato 
Basin is 11–12 km thick (Chung et al. 1990); layer 2 is about 2 km thick with 
velocities from 5.1 to 5.4 km/s, and layer 3 is 10 km thick with velocities from 6.7 
to 7.2 km/s. Shinohara et al. (1992) considered the crust underlying the Yamato 
Basin to be intermediate; they classified it as neither oceanic nor continental due 
to its anomalous thickness.

The small size of the Ulleung Basin (Fig. 17.2) may suggest that lithospheric 
extension in the basin did not evolve into full-fledged seafloor spreading (Lee 
et al. 1999). However, the crust underlying the basin plain, although thicker than 
typical oceanic crust, is essentially oceanic in character as it consists of laterally 
consistent layers with seismic velocities that are representative of oceanic crus-
tal layers 2B, 2C, and 3 in velocity and gradient distribution (Figs. 17.3, 17.4 and 
17.5; Kim et al. 1998; Lee et al. 1999; Kim et al. 2003). The uppermost layer 2A 
in the oceanic crust, consisting of volcanic extrusives, is only present on oceanic 
ridges near eruptive centers and shows a drastic increase in seismic velocity to 
more than 5 km/s once covered with a few hundred meters of sediments (Rohr 
1994). Sediment cover plays an important role in increasing the seismic velocity in 
two ways. Firstly, it directly decreases the porosity of layer 2A. Secondly, it seals 
extrusive basalts, influencing the convective hydrothermal circulation that trig-
gers mineralization in the abundant porosity in layer 2A (Purdy and Ewing 1986). 
Considering the thickness of sediment cover (Fig. 17.4) in the Ulleung Basin, it is 
appropriate to observe layer 2B velocities at the top of layer 2.

The most important feature of the crust in the Ulleung Basin is the presence 
of layer 2C, the transition between layer 2 and layer 3 in oceanic crust (Fig. 17.5; 
Kim et al. 1998). Earlier seismic studies in the Japan and Yamato basins (Ludwig 
et al. 1975; Hirata et al. 1992; Shinohara et al. 1992) did not report the presence 
of layer 2C. Layer 2C in the Ulleung Basin is characterized by a rapid increase in 
velocity from 5.7 to 6.3 km/s over a short depth interval of less than 1.5 km.

Velocities around 6 km/s are representative of the granitic basement rock of the 
Japanese mainland (Honshu) and continental margin on the East Sea side (Ludwig 
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et al. 1975). The thickness of the granitic basement in the SW Japan Arc is esti-
mated to be more than 12 km (Hashizume and Matsui 1979). The Yamato Bank to 
the northeast of the Ulleung Basin bears significant resemblance to the Japan Arc 
in that it is underlain by a 10 km thick layer with 6 km/s velocity; therefore, it is 
interpreted as a stretched fragment of the continental crust of Honshu (Kurashimo 
et al. 1996).

If the crust in the Ulleung Basin is assumed to be extended continental crust 
of the Japan Arc, layer 2C in the Ulleung Basin would have to be the extended 
granitic rock underlying the Japan Arc. Then, an enormously large stretch fac-
tor of about 10 would be required to explain the extension. Because the granitic 
rock in the brittle upper part of the crust cannot sustain such extension, Kim et al. 
(1998) interpreted that layer 2C in the Ulleung Basin did not originate from the 
southwestern Japan Arc crust. Furthermore, crustal velocity-depth profiles of 
the Ulleung Basin show that the velocity increases gradually from 5 to 7 km/s. 
This is a clear difference from the SW Japan Arc where a velocity disconti-
nuity is observed at the boundary between the 6 km/s layer and the underlying 

Fig. 17.3  Shaded bathymetry of the eastern Korean margin and the Ulleung Basin (Redrawn 
from Kim et al. 2007). DSS is the deep seismic sounding line of ocean bottom seismometers 
shown in Fig. 17.4. UB Ulleung Basin; BB Bandal Basin; OB Onnuri Basin; HP Hupo Basin; UD 
Ulleungdo; DD Dokdo; OK Oki Bank
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crust (Hashizume and Matsui 1979), typical of continental crust. It is known that 
thicker-than-normal oceanic crust forms when the mantle temperature is hotter 
than normal (Su et al. 1994). Therefore, the crust underlying the Ulleung Basin 
plain can be defined as oceanic crust, newly generated by seafloor spreading at the 
eastern Korean margin with hotter-than-normal mantle temperature. The hotter-
than-normal mantle may be the result of asthenospheric upwelling induced above 
the subducting slab and rift-induced convection particularly in the narrow margin 
south of the Korea Plateau (Kim et al. 2007).

Fig. 17.4  Crustal velocity model from the continental shelf of the Korean Peninsula to the 
center of the Ulleung Basin (from Kim et al. 2003). S1 and S2 upper and lower sedimentary lay-
ers; II and III layers 2 and 3, respectively; IV abnormally high-velocity material interpreted as 
magmatic underplating. Velocities are in km/s. See Fig. 17.3 for location

Fig. 17.5  Left the tau-p transform of OBS data recorded in the center of the Ulleung Basin 
(from Kim et al. 1998). Right the crustal velocity-depth profile derived from the tau-p transform 
(from Kim et al. 1998)
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17.3  Tectonic Evolution

17.3.1  Opening

A variety of models has been proposed for the opening of the East Sea. One group 
of researchers inferred, based on paleomagnetic data, that the NE Japan Arc and 
SW Japan Arc underwent counterclockwise and clockwise rotations away from 
mainland Asia, respectively, since the Early Miocene (e.g. Otofuji and Matsuda 
1987; Tosha and Hamano 1988). Their model is referred to as “fan-shaped open-
ing.” Another group proposed that the East Sea has opened as a mega-pull-apart 
basin since the Late Oligocene in association with the southward translation of the 
Japan Arc along large primary shear zones (e.g. Jolivet et al. 1994). This model 
is referred to as ‘pull-apart opening’. Yoon and Chough (1995) interpreted the 
Ulleung and Hupo faults along the western margin of the Ulleung Basin as strike-
slip faults that guided the early (Late Oligocene–Early Miocene) pull-apart open-
ing of the Ulleung Basin. Lee et al. (1999) postulated that the Ulleung Basin is a 
small pull-apart basin within a much large pull-apart system, the East Sea.

In spite of numerous studies on the opening of the East Sea, the nature and spa-
tial configuration of rifting at its continental margins, where the early history of 
rifting to breakup was recorded, were poorly understood until recently. Kim et al. 
(2007) identified rift basins such as the Onnuri and Bandal basins on the South 
Korea Plateau (Fig. 17.3). The continental shelf south of the Korea Plateau is 
also incised along its length by the Hupo Basin (Fig. 17.3). While the Onnuri and 
Bandal basins create a relatively broad and symmetric profile bounded by major 
border and minor antithetic faults, the Hupo Basin shows a narrow half-graben 
profile (Kim et al. 2007). The border fault zones on the exterior seaward side con-
stitute elongated structural highs that are interpreted as uplifted rift flanks (Kim 
et al. 2007). Therefore, the rift basins at the Korean margin demonstrate a fun-
damental unit of rift architecture. Crustal rifting occurs in a remarkably similar 
manner between intracontinental, incipient ocean spreading settings and passive 
continental margins (Wright 1997). The presence of rift basins and their uplifted 
flanks at the Korean margin indicates that the continental crust here was subjected 
to extension by normal faulting. Two directions of extension for rifting are rec-
ognized at the Korean margin: E-W for the Onnuri and Hupo basins and NW-SE 
for the Bandal Basin. A distinct unconformity divides the sedimentary fill of the 
Onnuri and Bandal basins into syn- and post-rift units (Lee et al. 2003).

The bathymetry of the southwestern East Sea shows that the South Korea 
Plateau and the Oki Bank of the SW Japan Arc are a pair of conjugate continental 
margins (Figs. 17.2 and 17.3), suggesting that the SW Japan Arc was separated in 
a southeastward direction (Kim et al. 2007). The bathymetry of the East Sea also 
suggests that the Yamato Bank was separated southeastward from mainland Asia. 
Therefore, the possible positions of the structural highs of continental fragments 
including the Korea Plateau, the Oki Bank, and the Yamato Bank before back-arc 
rifting can be inferred by moving them backward principally in a northwestward 
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direction (Fig. 17.6a; Kim et al. 2007). Data from Ocean Drilling Program drilling 
indicate that back-arc rifting in the East Sea commenced in the Late Oligocene in 
the northeastern part to form the Japan Basin (Tamaki et al. 1992). While back-arc 
spreading widened the Japan Basin, the eastern Korean margin experienced rifting 
in Late Oligocene to Early Miocene times. According to Kim et al. (2007), back-
arc rifting at the Korean margin occurred in two stages. First, rifting propagated 
southwestward toward the Korean Peninsula during the opening of the Japan Basin 
but did not penetrate the strong lithosphere of the Korean Shield. The rifting then 
changed direction to the southwest to produce southeastward extension, creating 

Fig. 17.6  a Positions of the Japan Arc and other tectonic units before back-arc rifting (Redrawn 
from Kim et al. 2007). b Back-arc rifting occurred along the eastern margin of Korea. While the 
Japan Basin is widened by seafloor spreading, a rift propagated southwestward through the Korea 
Plateau. c Breakup and initial seafloor spreading at the Korean margin. d Main opening phase of 
the Ulleung Basin and the present positions of tectonic units. The initial position of the NE Japan 
Arc was estimated from Otsuki (1992). NKP North Korea Plateau; SKP South Korea Plateau; 
UB Ulleung Basin; YM Yamato Bank; OK Oki Bank



42317 Crustal Structure and Tectonic Evolution of the East Sea

the Bandal Basin (Figs. 17.3 and 17.6b). Then, the eastern Korean margin under-
went extension in a southeastward direction orthogonal to the trench axis off the 
Japan Arc, responding to the subduction of the Pacific Plate. As a result, breakup 
occurred at the present slope base (Fig. 17.6c) and seafloor spreading continued to 
form the Ulleung Basin from the Early to Middle Miocene (Fig. 17.6c, d). Trench 
roll-back may have caused extension behind the arc and migration of spread-
ing centers towards the trench. Considering that the southern portion of the east-
ern Korean margin is conjugate to the continental margin of the SW Japan Arc, a 
 significant amount of clockwise rotation of the SW Japan Arc (Otofuji and Matsuda 
1987) is likely to have occurred concurrently with the opening of the Ulleung 
Basin.

17.3.2  Closure

The East Sea back-arc closure began in the early Middle Miocene (Lee et al. 
2001, 2011) as a result of the major plate reorganization in East Asia (Sibuet 
et al. 2002; Sdrolias et al. 2004). The regional plate reorganization, involving 13 
plates, began in the middle Early Miocene (20 Ma) and culminated in the earliest 
Middle Miocene (ca. 15 Ma) (Sdrolias et al. 2004), resulting in a simple three-plate 
(Eurasian, Philippine, and Pacific) system (Sibuet et al. 2002). Coincident with the 
15-Ma event is the acceleration in convergence of the Philippine Sea plate with 
the Amur plate along the Nankai Trough that led to the rapid subduction of young 
(<20 Ma) Shikoku Basin lithosphere under the SW Japan Arc (Sdrolias et al. 2004). 
The regional deformation of the peripheral regions of the East Sea (Ingle 1992), 
caused by the crustal shortening due to the back-arc closure, created a series of 
thrusts and anticlines. The deformation is particularly prominent along the southern 
margin of the East Sea (Itoh et al. 1997; Lee and Kim 2002; Lee et al. 2004, 2011).

The early Middle Miocene transition to a compressional tectonic regime was 
followed by Pliocene N-S trending inversion along the eastern margin of the East 
Sea off western Hokkaido and northeastern Honshu in Japan (Nakamura 1983; 
Tamaki and Honza 1985; Okamura et al. 1995; Taira 2001; Okui et al. 2008). This 
inversion, suggesting E-W compression, represents a nascent boundary of the 
Amur and Okhotsk plates (Fig. 17.1; Nakamura 1983; Kobayashi 1983; Tamaki 
and Honza 1985; Tokuyama et al. 1992). Various geological and geophysical stud-
ies, including GPS observations (e.g. Heki et al. 1999; Jin et al. 2007; DeMets 
et al. 2010), support the presence of the plate boundary or incipient subduction 
zone along the eastern margin of the East Sea. This young plate boundary runs 
from Sakhalin to the Itoigawa-Shizuoka Tectonic Line (Nakamura 1983; Seno 
et al. 1996) that divides the Japanese Island Arc into the NE Japan Arc and SW 
Japan Arc. However, because the E-W compression at this boundary cannot 
be accounted for by the subduction of the northwestward-moving Pacific and 
Philippine Sea plates, an eastward movement of the Amur plate has been sug-
gested (Wei and Seno 1998; Heki 2007; Lee et al. 2011).
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The recent study by Lee et al. (2011) reveals the detailed structural evolution of 
the southwestern margin of the Ulleung Basin (Fig. 17.7) since the onset of back-
arc closure. The compressional deformation along the southwestern margin of the 
Ulleung Basin began in the earliest Middle Miocene, forming the NE-SW trending 
thrusts and anticlines that include the Dolgorae structures (Figs. 17.7, 17.8a, c). 
In the Late Miocene, the compressional deformation propagated or jumped to 
the Gorae structures (Figs. 17.7, 17.8a, b) in the southwest and then farther to 
the southwestern corner of the basin, creating an unnamed inversion structure 
(Fig. 17.7) in the Late Pliocene. The NE-SW trending Dolgorae structures indicate 
NW-SE or N-S compression, largely perpendicular to the direction of subduction 
of the Shikoku Basin lithosphere under the SW Japan Arc.
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Much of the NE-SW trending Gorae I structure formed during the Late 
Miocene. Its orientation suggests NW-SE or N-S compression. On the other 
hand, the Gorae V structure trends NW-SE and extends orthogonally from the 
NE-SW trending thrust belt in the southeast, indicating NE-SW or E-W compres-
sion. Because the NW-SE or N-S compression still dominated in the area when 
the Gorae V structure began to form, the structure is likely to be the result of the 
superposition of the initial NW-SE or N-S compression and the ensuing, more 
significant NE-SW or E-W compression that began after 5.5 Ma. The youngest, 
unnamed inversion structure in the southwestern corner of the Ulleung Basin was 
also affected mostly by E-W compression.

The onset of compressional deformation along the southwestern margin of the 
Ulleung Basin at around 15 Ma coincides with the culmination of the regional 
plate reorganization in East Asia (Lee et al. 2011). The northeastward moving 
Shikoku Basin lithosphere also made full contact with the SW Japan Arc at around 
15 Ma (Hibbard and Karig 1990; Sdrolias et al. 2004). The emplacement of fel-
sic to intermediate magmas in the SW Japan Arc (12–15 Ma) (Kobayashi 1983) 
and the eruption of unusually high magnesium andesites in the area (13–15 Ma) 
(Furukawa and Tatsumi 1999) support the arrival of the Shikoku Basin at the SW 
Japan Arc in the Middle Miocene. The convergence of young, hot and buoyant 
oceanic lithosphere with continental lithosphere may induce low-angle or flat sub-
duction, causing strong interplate coupling (Uyeda 1991; Gutscher 2001a, b) that 
leads to tectonic switching from extension to compression along the margin of the 
overriding plate (Gutscher et al. 2000; Collins 2002). The Nankai Trough is known 
for flat subduction with a shallow dip angle of about 10° (Jarrard 1986; Gutscher 
et al. 2000; Gutscher 2001a; Nakajima and Hasegawa 2007). The initiation of 
back-arc closure in the southern East Sea may be due to the tectonic switching 
from extension to compression with the arrival of the Shikoku Basin lithosphere 
at the SW Japan Arc at the culmination of the regional plate reorganization (Lee 
et al. 2011).

The abrupt change in the stress regime from NW-SE or N-S to NE-SW or E-W 
compression in the southwestern margin of the East Sea is probably related to a 
change in regional-scale plate geodynamics. The present-day stress field in East 
Asia, interpreted from focal mechanism solution of recent earthquakes, shows a 
strong eastward component (Fig. 17.9; Tamaki and Honza 1985; Xu et al. 1992; 
Zoback 1992; Ree et al. 2003; Park et al. 2006; Choi et al. 2012). Lee et al. (2011) 
postulated that the NE-SW or E-W compression that occurred after 5.5 Ma in 
the Gorae area and sometime in the Pliocene in the unnamed inversion structure 
in the southwestern corner of the Ulleung Basin is due to the eastward-moving 
Amur plate. The movement of the Amur plate may be related to far-field stresses 
imposed by the India-Eurasia collision (Park et al. 2006) or the reactivation of rift-
ing in the Baikal zone (Taira 2001).
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Abstract This section mainly focuses on the stratigraphy of the Ulleung Basin and 
its margins, where large amounts of data are available as Korea has committed sub-
stantial resources over the years. Although the deep basin is yet to be drilled, there 
has been extensive exploration, including drilling, elsewhere, particularly along 
the southwestern margin of the basin. We review the sedimentary sequences in 
terms of the seismic-stratigraphic framework; for basic concepts and technical ter-
minology of seismic stratigraphy, refer to Mitchum et al. (Seismic stratigraphy— 
applications to hydrocarbon exploration. AAPG Memoir, pp. 117–133, 1977).

Keywords Seismic stratigraphy · Basin fillings · Depositional environment ·  
Ulleung Basin · East Sea (Japan Sea)

18.1  Ulleung Basin

18.1.1  Acoustic Basement

The acoustic basement in the central part of the Ulleung Basin (Fig. 16.2) occurs 
mainly at a depth of 5 km below sea level (bsl) and progressively deepens south-
ward to more than about 11 km bsl (Fig. 18.1). In seismic profiles, the top of the 
acoustic basement is generally identified by discontinuous, high-amplitude, paral-
lel reflectors with a low relief and smooth surface (ca. 4.7 km/s in interval veloc-
ity). In some places, the basement has a mound configuration that shows lateral 
variation in amplitude, frequency, and continuity of reflection (Fig. 18.1). These 
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seismic reflection patterns most likely represent widespread volcanic materi-
als, including sills and lava flows (Chough and Lee 1992). On the other hand, 
the acoustic basement in the northern part of the basin appears to be more or less 
ambiguous; the overlying sequence unit is highly reflective and shows discontinu-
ous, variable-amplitude, parallel reflections that are interpreted as volcanic flows 
and sills interlayered with clastic sediments (Chough et al. 2000).

18.1.2  Sedimentary Sequences

Thickness distribution of the sedimentary section overlying the acoustic base-
ment shows two depocenters separated by an intervening ENE-trending median 
high with thinner basin fill (Fig. 18.2; Lee et al. 2001). The basin fill is thick-
est (>11 km) in the southern depocenter near the southern margin of the basin 
and thins northward across the median high, exhibiting an overall wedge-like 

Fig. 18.1  Seismic profiles crossing the Ulleung Basin with stratigraphic interpretation
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geometry (Fig. 18.1). In the northern depocenter, the total sediment thickness is 
more than 5 km. The seismic stratigraphic framework in the Ulleung Basin proper 
was first presented by Lee (1992) and Chough and Lee (1992) based on the reflec-
tion configuration of multichannel seismic profiles provided by Korea National Oil 
Corporation. Lee et al. (2001) reinterpreted the same data for seismic stratigra-
phy. In this section, the sedimentary sequences are discussed based on the strati-
graphic framework of Lee (1992) and Chough and Lee (1992), which consists of 
four seismic sequence units (here renamed A1, A2, A3 and A4 in ascending order). 
The geologic ages of the unit boundaries were estimated from correlation with the 
sequence boundaries defined in the southwestern basin margin where the ages are 
constrained by biostratigraphic data from some hydrocarbon exploratory wells 
(Lee 1994).

18.1.2.1  Unit A1

Unit A1 is the lowermost unit of the sequence. It is Early Miocene and ranges in 
thickness from 0.4 to 1.2 s in two-way travel time (twt) with an interval veloc-
ity of 3.6–4.8 km/s (Fig. 18.1; Chough et al. 2000). Acoustically, this unit is 

Fig. 18.2  Total sediment thickness between the top of the acoustic basement and the seafloor. 
Contour interval is 1000 m (from Lee et al. 2001)
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characterized by variable-amplitude, parallel to shingled reflections with poor 
lateral continuity in the northern part of the basin, and low-amplitude, parallel 
reflections in the southern part. Chough and Lee (1992) and Lee et al. (2001) inter-
preted the seismic facies in the north as volcanic flows and sills intercalating with 
sedimentary layers, and the facies in the south as bedded clastic or volcaniclastic 
debris. The transition zone between the acoustic basement and the overlying low-
ermost sedimentary sequence is also characterized by high-amplitude, discontinu-
ous reflections, probably due to an abrupt contrast in acoustic impedance between 
the volcanic material and the sediments (Chough et al. 2000). In some places near 
the basement highs, Unit A1 exhibits onlap termination and/or internal conver-
gence, suggesting that the basement highs existed prior to the deposition of the 
unit but continued to rise for some time after deposition began (Lee et al. 2001).

18.1.2.2  Unit A2

Unit A2, mainly comprising the Middle Miocene sediments, is relatively uniform 
in thickness, ranging from about 0.4 to 0.6 s twt in the central part of the basin. 
It progressively thickens southward, indicating a significant contribution of sedi-
ments from the southern margin of the Ulleung Basin (Fig. 18.1; Lee et al. 2001). 
In seismic reflection profiles, this unit is generally characterized by low-frequency, 
variable-amplitude, parallel reflections with poor-to-fair lateral continuity (Chough 
and Lee 1992). In the western margin of the basin, reflectors in the lower part of 
the unit show onlap onto the basement high. The unit also includes mound con-
figurations and inclined reflectors downlapping on the lower unit boundary, which 
indicates a significant influx of volcaniclastics from the basin margins during the 
deposition of Unit A2 (Chough et al. 2000). In the northeastern part of the basin, 
Unit A2 is characterized by two distinct reflection configurations: low-amplitude, 
discontinuous parallel reflections in the lower part and high-amplitude, discontin-
uous parallel reflections in the upper part. The former is interpreted as massive 
sandstones or non-bedded volcaniclastics, and the latter as turbidites (Chough and 
Lee 1992).

18.1.2.3  Unit A3

Unit A3 is more than 2.0 s twt thick in the southern part of the basin, and pro-
gressively thins northward to less than about 0.5 s twt in the northern margin of 
the basin. Two zones of distinct seismic facies are recognized: low-to-moderate 
or variable amplitude, poor-to-low continuity reflections with hummocky and/
or structureless to chaotic zones in the southern part of the basin, and low-to-high 
amplitude, moderate-to-good continuity reflections in central part of the basin 
(Lee et al. 2001). The former is interpreted as stacks of mass-transport deposits 
formed by slides, debris flows and high-density turbidity currents derived mainly 
from the southern margin of the basin. As the mass flows approached the basin 
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center (i.e. northward), they most likely transformed into low-density turbidity cur-
rents, resulting in widespread deposition of interbedded fine-grained turbidites and 
hemipelagites with reflection configurations of better continuity (Lee et al. 2001). 
During the later stage of Unit A3 deposition, the main sediment source region 
shifted from the southeast to the southwest, and the depocenter of mass-flow 
deposits extended farther basinward (Lee et al. 2001). In the upper part of Unit 
A3, normal faults are identified, which are probably related to volcanic intrusions 
that have disrupted and displaced the sediments (Lee et al. 2001). Chough and Lee 
(1992) correlated Unit A3 with the upper Miocene and lower Pliocene successions 
of Dolgorae-I well in the southern margin of the basin, whereas Lee et al. (2001) 
suggested the deposition in the late Middle Miocene to middle Late Miocene time.

18.1.2.4  Unit A4

Unit A4, the uppermost sequence, is characterized either by high-amplitude paral-
lel reflections or by choppy reflections. In the central part of the basin, the unit is 
relatively uniform in thickness (0.6–0.8 s twt). The continuous parallel reflectors 
indicate interbedded hemipelagic and terrigenous sediments; the choppy reflec-
tions represent volcanic ash mixed with hemipelagic sediments (Chough and Lee 
1992). Lee and Suk (1998) divided this sequence interval into five subunits, within 
which they distinguished five seismic facies on the basis of seismic reflection con-
figuration and geometry. The lower two subunits are typically dominated by struc-
tureless-to-chaotic internal reflections without distinct external form which are 
interpreted as mass-flow deposits. Thickness variations and seismic facies distribu-
tion suggest that these sediments were derived mainly from the western and south-
ern margins of the Ulleung Basin. In the upper three subunits, the occurrence of 
mass-flow deposits with structureless-to-chaotic reflections is limited to the base-
of-slope area, suggesting a marked decrease in the generation of mass movements. 
The upper subunits are dominated by well-stratified, continuous reflectors that 
are interpreted as mixed deposits of turbidites and hemipelagites. Near the axis of 
the Ulleung Interplain Gap, low-relief undulating mounds suggest the occasional 
influence of bottom currents. The geological age of Unit A4 is still controversial. 
Chough and Lee (1992) suggested late Pliocene and Quaternary, whereas Lee et al. 
(2001) assigned middle to late Late Miocene ages to the lower part of the unit.

18.2  South Korea Plateau

18.2.1  Acoustic Basement

The basement topography of the South Korea Plateau (Fig. 16.2) appears dif-
ferent in its western and eastern parts. In the western South Korea Plateau, the 
acoustic basement is characterized by a highly indented topography at depths of 

http://dx.doi.org/10.1007/978-3-319-22720-7_16
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0.8–3.8 s twt bsl, and comprises a series of NNE–SSW trending, subparallel and 
elongate ridges and troughs controlled by normal faults, showing a typical graben-
and-horst structure (Figs. 18.3 and 18.4; Kim et al. 2011). The bounding faults 
generally exhibit slightly curving fault planes, and vertical displacement reaches 
a few hundreds of meters. The basement highs (0.8–2.5 s twt) include seamounts 
and elongate ridges scattered in the plateau area. On the top of the basement 
underlying the troughs, various elevated topographic features such as hills, knolls 
and peaks rising generally less than 500 m can be identified. In the eastern South 
Korea Plateau, however, there is no significant topographic indentation except for 
the deep fault-controlled valley at the southern margin of the block (Kim et al. 
2011). The fault lines generally trend ENE–WSW, which distinguishes them from 

Fig. 18.3  Time-structure map of the top of the acoustic basement in the South Korea Plateau. 
Contours are in seconds (two-way travel time below sea level) (from Kim et al. 2011)

Fig. 18.4  Interpreted seismic profiles showing distribution of stratigraphic units in the South 
Korea Plateau (from Kwon et al. 2009). For locations, see Fig. 18.3
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the NNE–SSW trending normal faults in the western part of the plateau. The depth 
of the acoustic basement in this region ranges from 0.8 to 3.5 s twt bsl.

18.2.2  Sedimentary Sequences

A seismic stratigraphic framework for the South Korea Plateau was first presented 
by KORDI (1999), which suggested three seismic sequence units with ages of 
Early Miocene to the present. Kwon (2005) presented a stratigraphic framework 
consisting of nine seismic units based on reflection character, coastal onlapping 
and erosional truncation. This work was recently revised by Kwon et al. (2009), 
giving a stratigraphic framework of four seismic sequence units (renamed Unit B1, 
B2, B3 and B4 in ascending order) (Fig. 18.4). In this section, the stratigraphy is 
described based on this new framework.

18.2.2.1  Unit B1

Unit B1, the lowermost seismic unit, is generally restricted to isolated basement 
lows. It has an overall wedge form with thickness varying from about 0.05 to 
more than 0.2 s twt, depending on the basement topography (Fig. 18.4). This unit 
is characterized by a wide range of reflection configurations, including short and 
tangled high-amplitude reflectors, contoured subparallel reflectors of low to mod-
erate amplitude, and chaotic to transparent reflections. These features may suggest 
syn-rift localized deposition in isolated rift basins prior to marine incursion. Short 
and tangled high-amplitude reflectors are similar to the high-amplitude reflection 
package overlying the acoustic basement in the Yamato and Ulleung basins, which 
is interpreted as a volcanic sill/flow–sediment complex (Lee et al. 2001). Unit B1 
is overlain by an erosional surface of high-amplitude reflections with moderate 
continuity. On the other hand, the fill strata show subparallel reflectors with low 
to moderate amplitudes; this most likely suggests more or less uniform deposition 
in a lacustrine environment with a fluvial input of sediments. The syn-rift sedi-
mentary successions, consisting of volcanic rocks and tuff often associated with 
fan-delta and lacustrine sediments, crop out in northern Honshu in Japan (Sato 
and Amano 1991). Unit B1 is overlain by an erosional surface of high-amplitude 
reflections with good to moderate continuity. This suggests a long period of subae-
rial exposure prior to marine incursion.

18.2.2.2  Unit B2

Unit B2 occurs in the basement troughs. It has a maximum thickness of ca. 
1.0 s twt. It is mostly characterized by stratified reflectors of low to intermedi-
ate amplitude, and partly by chaotic or hummocky to reflection-free or transparent 
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configurations with low amplitudes and poor lateral continuity. The stratified 
reflectors commonly show onlap termination onto the basement highs, but in the 
deep troughs, individual strata drape over underlying small-scale irregularities. 
This indicates turbidites and hemipelagic sediments filling irregular topography. 
The chaotic or reflection-free strata appear as isolated sediment masses or parts 
of stratified strata of variable dimensions, and occasionally have hummocky or 
irregular upper surfaces. This indicates disorganized or remolded internal struc-
tures that formed by mass flows including slide/slump and debris flows. In the 
western part of the plateau, a sharp discordant interface is recognized within Unit 
B2; it approximately coincides with the boundary between the lower transparent 
or chaotic reflection and the upper stratified reflection. This interface represents an 
opal A/CT phase transition associated with chert diagenesis (Lee et al. 2003). The 
upper boundary of Unit B2 corresponds approximately to the early Late Miocene 
chronostratigraphic horizon identified in the Ulleung Basin (Lee et al. 2001).

18.2.2.3  Unit B3

Unit B3 has sheet-drape geometry with a relatively uniform thickness ranging 
from 0.1 to 0.3 s twt. It can be divided into two subunits based on seismic char-
acteristics. The lower subunit is characterized by transparent to chaotic reflections 
with basal onlap-fill facies, while the upper subunit shows well-stratified reflec-
tors with moderate to high amplitudes and good continuity (Fig. 18.4). The facies 
change from the lower transparent or chaotic reflections to the upper well-strati-
fied reflections suggests a change from a depositional environment dominated by 
mass flows to one dominated by turbidity current/hemipelagic processes. Along 
the western margin of the plateau, sedimentary successions of Unit B2 and Unit 
B3 are locally compressed, giving rise to anticlinal folds and reverse faults. Some 
compressional structures seem to have developed in response to the reactivation of 
pre-existing extensional basement faults. Unit 3 corresponds approximately to the 
Late Miocene to early Early Pliocene sequence identified along the eastern Korean 
continental margin (Yoon and Chough 1995).

18.2.2.4  Unit B4

Unit B4 shows a sheet-draping reflector of fairly uniform thickness of  
0.1–0.2 s twt (Fig. 18.4). The lower boundary of the unit is defined by a progres-
sive onlap termination against the apex of the anticlinal folding. This unit com-
prises well-stratified continuous reflectors with high to moderate amplitude, which 
is suggestive of turbidites and hemipelagic sediments deposited in a deep marine 
environment (Lee and Suk 1998). Sediments of two drill cores (25 and 28 m long) 
that were recovered from the upper part of Unit B4 on the gentle slope comprise 
thin (<1 m) layers of bioturbated or laminated muds and massive sands (Kwon 
2005). In some topographic lows, the upper part of the unit occurs as sediment 
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fill with divergent patterns. On the other hand, along the gently sloping western 
margin of the plateau, sharp scars of large-scale slope failures are recognized, 
and blocky and lumpy masses of hyperbolic or chaotic reflectors are embedded 
downslope. The K/Ar-based ages of the tephra in the sediment cores indicate that 
the deposition of Unit B4 started prior to 2.7 Ma, probably in the middle Pliocene 
(Kwon 2005).

18.3  Southwestern Margin of the Ulleung Basin

The southwestern margin of the Ulleung Basin lies on the triple junction of a con-
tinent (the Korean Peninsula), a volcanic island arc (the Japanese Islands) and a 
deep-sea basin (the Ulleung Basin) (Fig. 16.1). An interaction among these tec-
tonic provinces during the back-arc evolution of the East Sea is primarily respon-
sible for the complex stress fields that caused a thick sedimentary succession to 
accumulate at this margin (Chough and Barg 1987; Park 1990). Since the early 
1980s, due to high prospective hydrocarbon potential, the margin has been inten-
sively probed with several exploratory wells (Dolgorae and Gorae series) and tens 
of thousands of kilometers of seismic profiling conducted by Korea National Oil 
Corporation. This abundant data provides an opportunity for insight into the more 
detailed stratigraphy of the margin.

18.3.1  Acoustic Basement

The southern part of the Ulleung Basin is occupied by a broad continental shelf and 
gentle slope (Fig. 16.2). Deep seismic profiling and gravity measurements delineate 
a deep, narrow, hinged depression deepening toward the east and northeast (Park 
1992). The depression in the northeast is filled with a thick (ca. 8–10 km in thick-
ness) succession of Early Miocene to Recent sediments (Barg 1986; Park 1992).

18.3.2  Sedimentary Sequences

Multi-channel seismic surveys and chronostratigraphic work on exploratory wells 
(Lee 1994) in the southwestern margin reveal that the present shelf and slope 
region is underlain by thick (>8 km in thickness) Tertiary sediments within a nar-
row, fan-shaped depression (Barg 1986; Park 1990, 1998). This Tertiary basin-
margin fill has a recurrent progradational stacking pattern as a result of the N to 
NE advance of the shelf-slope system since the Early Miocene (Fig. 18.5). Yoon 
et al. (2002) identified ten seismic sequence units (here renamed Unit C1 to C10 
in ascending order) from the Tertiary basin-margin fill. The unit boundaries are 

http://dx.doi.org/10.1007/978-3-319-22720-7_16
http://dx.doi.org/10.1007/978-3-319-22720-7_16
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defined in nearshore seismic profiles by the occurrence of erosional truncation 
and/or coastal onlap. The chronostratigraphic framework is primarily provided 
by biostratigraphic analysis of the Dolgorae-I well (Lee 1994), in which the age 
determination was mainly based on foraminiferal zonation (Table 18.1).

18.3.2.1  Unit C1 (Early Miocene?)

In the western part of the margin, Unit C1 appears to fill the basement lows, show-
ing divergent or onlap fill configuration (Fig. 18.5). Toward the basin center, the 
sequence progressively thickens up to 1.5 s twt forming a monotonous ramp mar-
gin with a simple aggradational stacking pattern. Reflection characters are char-
acterized by subparallel and discontinuous configurations with variable amplitude 
and moderate to high frequency. In the basin, this sequence consistently shows a 
sheet-drape geometry without any significant variation in reflection configuration. 
The age and depositional environment of this unit are still uncertain.

18.3.2.2  Units C2 and C3 (Early to Middle Miocene)

Units C2 and C3 are characterized by prograding clinoform geometry with a 
relatively high ratio of progradation to aggradation (Fig. 18.5). During the depo-
sition of these sequences, the shelf break prograded more than 30 km northeast-
ward and rose vertically by up to 0.7 s twt. In the nearshore profiles, the sequence 
boundaries are defined by onlap-bounding surfaces, and their upper boundaries 

Fig. 18.5  Interpreted seismic profiles showing overall distribution of stratigraphic units in the 
southwestern margin of the Ulleung Basin (from Yoon et al. 2003)
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are marked by conspicuous irregular erosional truncation features. Individual 
strata are arranged in a well-developed sigmoid progradational stacking pattern. 
Reflection configurations of the topset (shelf) strata are characterized by moder-
ate-amplitude reflections with moderate continuity. The foreset (slope) strata show 
discontinuous reflections with low to moderate amplitudes and poor continuity. In 
the basin area, Units C2 and C3 show a sheet-drape geometry without significant 
thickness variation. Reflections at the base of the sequence are generally concord-
ant with the top of sequence I. In Dolgorae I-well, Units C2 and C3 consist domi-
nantly of mudstone with intercalated sandstone which were deposited in a slope to 
basin setting (KIER 1982; Lee 1994).

Table 18.1  Stratigraphic correlation of Tertiary sedimentary successions in the southwestern 
part of the Ulleung Basin
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18.3.2.3  Unit C4 (Middle Miocene)

The reflection configuration of Unit C4 is similar to those of the underlying units. 
The shelf strata recovered in the Gorae-I and V wells consist predominantly of 
sandstone and silty sandstone beds intercalated with claystone layers. This unit 
decreases in thickness toward the basin area, where it shows shale-dominant facies 
in the Dolgorae-I well. Unit C4 can be divided into three subunits. The bottom 
subunit is about 0.2 s twt thick and characterized by a strongly progradational 
stacking pattern; the shelf margin prograded more than 4 km during the deposition 
of this subunit. The middle subunit occurs as a thin (ca. 0.1 s twt) retrogressive 
parasequence set in which successively younger strata are deposited progressively 
landward, giving a retreat of the shelf margin of more than 2 km. The top subunit 
is characterized by a thick (ca. 0.3 s) progradation which is more aggradational 
than the bottom subunit.

18.3.2.4  Unit C5 (Middle Miocene)

Unit C5 is characterized by a strong progradation of more than 8 km. The lower 
boundary is correlated with a landward onlapping surface and lacks subaerial 
erosion; the upper boundary shows pervasive erosional truncation on the shelf. 
Reflection configurations of shelf and slope strata are not significantly differ-
ent from those of the underlying sequences. In exploration wells, the shelf strata 
(Gorae-I and V) are dominated by sandstones and silty sandstones which are 
replaced by shale beds in the basin area (Dolgorae-I well).

18.3.2.5  Units C6 and C7 (Late Middle to Early Late Miocene)

Units C6 and C7 are characterized by rapid progradation of the shelf margin. The 
shelf-margin complex of these sequences prograded at least 18 km toward the 
northeast to north. The sequence boundaries are defined by frequent occurrences 
of erosional truncation and channel incision which can be traced over the entire 
shelf. Each unit consists of two parasequence sets. The lower parasequence sets 
are thin wedge-shaped bodies showing an oblique progradational stacking pat-
tern, characteristic of the forced-regressive systems tract of Hunt and Tucker 
(1992). The progradational stacking pattern consists of a number of dipping par-
asequences terminating updip by toplap at or near the flat upper depositional sur-
face, and downdip by downlap against the lower depositional surface. The upper 
parasequence sets are characterized by a sigmoid progradational stacking pattern 
with a minor component of aggradation. The shelf strata show moderate- to high-
amplitude (sub)parallel reflections with moderate continuity, whereas the prograd-
ing slope strata have moderate to high amplitude reflections with poor continuity.

Near the Dolgorae thrust belt, Units C6 and C7 comprise gently dipping, wedge-
shaped units filling the depression between the uplifted thrust belt and the axis of 
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the frontal fold. Away from the thrust belt, these sequence units show a very high 
ratio of progradation to aggradation with unconformable sequence boundaries. 
However, the forced-regressive systems tracts with oblique progradational patterns 
are not distinct. Instead, thin lens- or wedge-shaped bodies of a lowstand fan are 
identified at the base of the slope. The rapid progradation may be attributed to fre-
quent intercalation of slide/slump masses which show low-amplitude chaotic inter-
nal reflection. Individual mass-flow deposits are separated by highly reflective and 
continuous thin (<0.1 s twt) shelf deposits. Units C6 and C7 comprise siltstones 
with intercalation of claystone and thin sandstone layers, deposited most likely in 
a shallowing-upward environment from a bathyal to a coastal setting (KIER 1982).

18.3.2.6  Units C8, C9 and C10 (Late Miocene to Present)

Units C8, C9 and C10 in the basin center consist of four parasequence sets from 
bottom to top: oblique progradational (forced regressive), sigmoid progradational 
(lowstand), retrogradational (transgressive) and sigmoid progradational (high-
stand) stacking patterns. The sequence boundaries comprise downlap- or rarely 
onlap-bounding surfaces which include some erosional truncations or fluvial inci-
sions. The shelf deposits with sheet-drape geometry are characterized by continu-
ous and subparallel reflection configurations with higher amplitude and frequency. 
The sediment cores are predominantly sand layers alternating with thinner silt 
to clay layers; fossil assemblages suggest a progressive deepening-upward from 
coastal to outer neritic environments (KIER 1982; Lee 1994). The foresets near 
the shelf break and upper slope region predominantly exhibit very poorly organ-
ized reflections or reflection-free configurations. These reflection characteristics 
suggest frequent slope failures and subsequent sediment gravity flows (i.e. slump, 
slide, and debris flows) in an unstable steep slope setting.

18.4  Eastern Continental Margin of Korea

The eastern continental margin of Korea is the north-south trending tectonic tran-
sition zone between the eastern Asian continent and the East Sea back-arc basin 
(Yoon and Chough 1995). This transition zone is presently occupied by a narrow 
continental shelf and steep continental slope bounded on the east by the Ulleung 
Basin and the Korea Plateau. Yoon (1994) analyzed the sequence stratigraphy and 
geologic structures of this marginal area based on single-channel airgun profiles.

18.4.1  Acoustic Basement

Along the eastern Korean continental margin, the acoustic basement generally lies 
0.2–3.0 s twt bsl (Fig. 18.6) and exhibits a faintly stratified or opaque reflection. 
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It is most likely an extension of the Precambrian-Mesozoic metamorphic and 
igneous complexes that are exposed along the adjacent coastal region and were 
intruded by volcanics in the continental slope. The basement is characterized by 
a complex series of elongated ridges, troughs, and domes. The ridges and troughs 
generally trend either NE-SW or N-S (Fig. 18.6) and are bounded by basement 

Fig. 18.6  Time-structure map of the acoustic basement in the eastern Korean continental 
 margin. Contours are in seconds (two-way travel time below sea level) (from Yoon 1994)
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faults and basement/sequence-involved faults. The irregular topography of the 
basement delineates shelf- or slope-perched, full- or half-graben, including the 
Pohang, Hupo, and Mukho basins (Yoon 1994) where thick Neogene sediments 
accumulated (Fig. 18.7). Beneath the lower slope, the acoustic basement is much 
steeper (>30°) than that of the upper- to mid-slope, and forms a buried escarpment 
with relatively subdued surface morphology and small-scale hyperbolic reflectors 
(Fig. 18.7). Yoon et al. (1997) traced the basement escarpment along the entire 
western margin of the Ulleung Basin and suggested that this could be part of the 
Ulleung Fault.

18.4.2  Sedimentary Sequences

The eastern continental margin of Korea is covered with a sedimentary sequence 
ranging in thickness from a few tens of meters to 1200 m depending on basement 
topography (Schluterr and Chun 1974). Yoon (1994) defined the seismic stratig-
raphy of seven seismic sequence units (here renamed Unit D1 to D7) (Fig. 18.7). 
These sedimentary units are usually bounded by extensive erosional or nondeposi-
tional unconformities.

18.4.2.1  Unit D1 (Early to Middle Miocene)

The lowermost unit (Unit D1) is acoustically faintly- to well-stratified and 
deformed by reverse faults and folds. The unit largely occurs within basement 
lows and reaches to the coast only in the southern Youngduk Basin (Yoon 1994). 
More than 0.6 s twt of Unit D1 accumulated in intra-shelf and slope-perched 
basins (basement lows) and beneath the lower continental slope, whereas the shelf 

Fig. 18.7  Interpreted seismic profile crossing the eastern Korean continental margin. For 
 location, see Fig. 18.6 (from Yoon 1994)
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north of Hupo and basement highs in the slope region are barren of Unit D1. This 
unit can be correlated with sedimentary deposits exposed on land around Pohang 
city, based on spatial distribution and similarity of the internal sequence config-
uration (e.g. structural deformation) (Huntec Ltd. 1968). In the upper slope, the 
onlap-filling of Unit D1 strata above the rough-surfaced basement indicates that 
the unit consists dominantly of mass-flow deposits. These terrigenous sediments 
were funneled actively by fan-delta systems onshore and other paralic environ-
ments. However, transport farther downslope by the mass flows seems to have 
been significantly hindered by the mid-slope basement highs. On the mid-to-
lower slope, Unit D1 is relatively thinner and the draping of the mid-to-lower 
slope deposit reflects an increased proportion of hemipelagic sediments. These 
indicate a significantly lowered accumulation rate of sediments from the shelf 
and the upper slope. This is attributed to basement highs in the mid-slope hin-
dering sediment supply farther downslope and a steeper slope basement, which 
resulted in mass flows bypassing the area. Unit D1 appears to have been signifi-
cantly deformed, especially in the fault-bounded basement lows, and shows vari-
ous compressional structures. The upper boundary of Unit D1 is generally an even 
and highly-reflective surface below which reflectors terminate laterally, forming 
an erosional truncation. This unconformable boundary is correlated with the Late 
Miocene (6.5 Ma) unconformity of the Dolgorae wells (Yoon 1994). The wide-
spread subaerial exposure of Unit D1 seems to have been controlled by eustatic 
sea-level fall coupled with tectonic uplift.

18.4.2.2  Unit D2 (Late Miocene)

Unit D2 occurs mainly as sheet- or wedge-form deposits in the slope region. It is 
absent on the shelf and on some basement highs on the slope. This unit reaches 
more than 0.3 s twt in thickness (average less than 0.1 s twt) in the lower slope. 
The unit is characterized by subparallel reflection configurations with variable 
amplitude and continuity. The reflections lap seaward against irregular acoustic 
basement or structure-controlled topographic highs of the underlying sequence 
unit. The onlap-fill character of the unit above the rough-surfaced basement indi-
cates that it consists dominantly of mass-flow deposits. A downslope facies change 
occurs in the slope region from well-stratified reflections with high amplitude and 
continuity to faintly-stratified or transparent reflections with lower amplitude and 
continuity. This facies change is indicative of submarine slope failure (i.e. slide 
and slump) deposits, which have disorganized and thoroughly remolded internal 
structures. Such active redistribution of the sediments was interpreted to be a con-
sequence of higher sediment input and tectonic instability.
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18.4.2.3  Unit D3 (Late Miocene to Early Pliocene)

Unit D3 is a conformable set of strata characterized by subparallel reflections 
with variable amplitude and continuity. The lower unit boundary is generally an 
erosional truncation surface and largely coincides in timing with the structural 
deformation along the Hupo fault: Units D1 and D2 near the Hupo fault are signif-
icantly deformed and tilted, while the overlying Unit D3 is relatively undeformed. 
In the mid-to-lower slope, Unit D3 is further divided into two subunits, bounded 
by an onlap-bounding or downslope conformable surface of contrasting reflection 
characters. The lower subunit shows relatively continuous and higher-amplitude 
reflections and thins downslope, whereas the upper subunit has discontinuous 
and weak-amplitude reflections which grades downslope into higher amplitude, 
diffuse reflections. In the shelf and slope regions, the well-stratified reflection of 
the lower subunit indicates the alternation of hemipelagic mud layers and current-
emplaced sand layers. On the other hand, the poorly-organized upper subunit 
probably reflects the sand-prone deposits with infrequent vertical occurrences of 
mud layer; the downslope facies change into higher-amplitude reflection suggests 
that increased mud interlayering is causing an acoustic impedance contrast.

Between 36° 20′ and 37°15′N, Unit D3 is thick (>0.4 s twt in maximum thick-
ness) in a half-graben of the Hupo Basin and in the slope region off the Hupo 
Bank (Fig. 18.7). Unit D3 in the Hupo Basin is characterized by subparallel, con-
tinuous, high-amplitude reflections. It dominantly shows an onlap termination 
over the eastward-dipping (2.0–4.5°) erosional upper boundary of Unit D1 or the 
acoustic basement; individual reflectors are slightly (less than 1°) inclined east-
ward. Particularly within the lower subunit, the inclination of individual reflec-
tors is steeper in the lower part of the unit. This differential tilting of individual 
reflectors suggests that the western block of the Hupo fault has progressively tilted 
toward the fault plane; hence, the lower subunit is interpreted as a syn-deforma-
tional sedimentary deposit. Along the eastern margin of the Hupo Basin, the unit 
consists of aggrading sediment aprons built out from the Hupo Bank (Fig. 18.7). 
Unit III in the slope is less than 0.35 s twt in thickness, which is much thinner than 
that within the Hupo Basin.

18.4.2.4  Units D4 and D5 (Early to Late Pliocene)

Units D4 and D5 consist of continuous, parallel and well-stratified reflectors, and 
are thick in the Hupo Basin and the slope region. In the shelf and upper slope 
regions, the base of Unit D4 is generally marked by an erosional unconform-
ity, suggestive of widespread subaerial exposure during a lowstand of relative 
sea level. Off the coast between Hupo and Samchuck, Unit D4 is offset or sig-
nificantly tilted near the Hupo fault indicating fault reactivation; the structural tilt-
ing is evinced by onlapping and interval thinning of Unit D4. In the Hupo Basin, 
Units D4 and D5 comprise subparallel, continuous reflections with high ampli-
tude; the combined thickness of these two units reaches up to 0.2 s twt in the 
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center of the basin and decreases progressively toward both northern and south-
ern margins. Locally, prograding deltas near the present shelf break are delineated 
in the upper part of Unit D4, which grades basinward into a sheet-form deposit 
(Fig. 18.7). In the eastern margin, wedge-shaped sediment aprons are built out 
from the Hupo Bank and taper toward the center of the basin, showing a down-
lap termination. These sediment aprons show predominantly transparent or dis-
organized reflections indicating mass failures such as slumps, slides and debris 
flows. Frequent mass failures were likely a result of active readjustment of the 
Hupo fault and other deformation structures. In the slope region, Units D4 and D5 
have various external forms including sheet-drape, wedge-shaped and lens-shaped 
geometries; their occurrence seems to depend on the deformation features of the 
underlying sequences because they fill the lows on the structural flanks. In the 
steep lower slope off the Hupo Bank, the well-stratified reflections of Units D4 
and D5 abruptly pass into poorly-stratified and disorganized seismic reflections 
and sequence boundaries become more or less indistinct. This downslope seismic 
facies change indicates frequent slope failures or sediment bypass due to a higher 
slope gradient. Toward the basin plain of the Ulleung Basin, Units D4 and D5 
grade into a poorly-organized sequence unit and an overlying acoustically well-
stratified sequence unit, respectively.

18.4.2.5  Units D6 and D7 (Quaternary)

Units D6 and D7 occur dominantly in the Hupo Basin and slope region; they are 
thin below seismic resolution in the continental shelf. These units are character-
ized by well-stratified reflection with continuous and high-amplitude reflectors. 
The lower sequence boundaries are commonly characterized by widespread sub-
aerial exposures, which are indicated by erosional truncation and frequent chan-
nel incision. Several folds are identified mainly within Unit D6; they are mostly 
restricted to the slope region bordering on the Korea Plateau, north of latitude 
37° 10′N.

In the southern part of the eastern Korean continental margin, each unit is gen-
erally less than 0.08 s twt in thickness and pinches out landward, showing onlap 
termination at the base of the unit. In the Hupo Basin, each unit has a sheet-drape 
geometry that generally thickens eastward; the thickness of individual units is 
mostly less than 0.05 s twt. Near the eastern margin of the Hupo Basin, erosional 
channeling is also recognized at the top of these units. In the mid-slope region, 
Units D6 and D7 show lens-shaped geometries. Landward thinning is caused by 
onlap at the base of each unit, and the downslope thinning results from down-
lap around structural highs and thinning of individual strata on the steep slope. 
Stacking of individual strata within each unit shows dominantly simple draping 
with onlap-fill geometry.

In the northern continental margin, Unit D6 commonly forms a prograd-
ing clinoform in the landward margin of the unit which can be placed within 
the highstand system tract because it overlies downslope onlapping strata (i.e. 
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transgressive systems tract). Near the Hupo Fault, Units D6 and D7 progres-
sively infill the structure-controlled depressions, showing onlap- or divergent-fill 
geometry.

In the steep lower slope between 36° 25′N and 37° 00′N, these units merge into 
a faintly-stratified or acoustically transparent deposit (less than 0.1 s twt thick) 
which is interpreted to have been emplaced by large-scale slope failures dislocat-
ing upslope sequences. At the base of the slope, Units D4 and D5 grade into the 
uppermost sedimentary unit of the Ulleung Basin that includes an acoustically 
well-stratified sequence.
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