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Abstract

Decadal changes in transports and
characteristics of the deep waters
in the Ulleung Interplain Gap,
East Sea

Hojun Lee
School of Earth and Environmental Sciences
The Graduate School

Seoul National University

Long-term changes in the physical characteristics of the deep waters and the
volume transports of the deep waters through the Ulleung Interplain Gap (UIG),
which is a unique passageway for exchanges in deep waters (>1500 m) between the
Japan Basin to Ulleung Basin, are crucial for understanding long-term changes in the
East Sea meridional overturning circulation. In particular, the western part of the
UIG is very suitable for examining the change in the deep water transports from the
Japan Basin to the Ulleung Basin considering the path of the deep and abyssal
circulation due to the bottom topographic effect. The boundary depth and physical
characteristics of the deep water masses in the Ulleung Interplain Gap (UIG), the
Ulleung Basin, and the Japan Basin, as well as the meridional volume transports of
the deep waters from 1500 m to 2300 m, were all examined in this study.

The data used in this study are surface moored current meter data collected at
the UIG from 1997 to 2019 and hydrographic data collected from the Japan Basin,
Ulleung Basin, and the UIG from 1993 to 2019. The volume transports of the deep
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waters from 1500 m to 2300 m through the western UIG from 1997 to 2019 were
obtained by correlating the along-channel current component at 1800 m at EC1 from
1997 to 2019 with the volume transports of the deep waters from 1500 m to 2300 m
through the western UIG from November 2002 to April 2004 obtained from five
subsurface moored current meter data.

The equatorward volume transports of the deep waters from 1500 m to 2300 m
through the western UIG continued to increase from the late 1990s to the 2010s. In
addition, it was revealed that the deep water transported from 1500 m to 2300 m
through the western UIG was composed of the Deep Water until 2000s, but the
portion of the Central Water was increasing in the 2010s based on the changes in
deep salinity minimum (boundary between CW and DW) and upper boundary
homogeneous layer (boundary between DW and BW). Considering that the portion
of the CW increases not only in UIG but also in the Japan Basin, it is believed to
related to the increase in CW formation and the increase in equatorward volume
transports of the deep waters from 1500 m to 2300 m through the western UIG.
However, it is necessary to compare the relationship with the volume transports of
the deep waters from 1500 m to 2300 m through the western UIG through additional
studies such as quantitative CW formation estimation.

Deep water warming has recently intensified, as evidenced by the potential
temperature of the deep waters in the Japan Basin, Ulleung Basin, and the UIG being
twice as high from the 2000s to the 2010s as it was from the 1990s to the 2000s. On
the other hand, it was established that the potential density of the deep waters
increased in the 2000s due to the salinity effect and reduced once more in the 2010s,
as well as that the salinity of the deep water increased from the 1990s to the 2000s

and decreased again.
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Not only from the Japan Basin to the Ulleung Basin, but also from the Ulleung
Basin to the Yamato Basin and from the Yamato Basin to the Japan Basin, the deep
and abyssal circulation can be strengthened from 1500 m to 2300 m form the 1990s
to the 2010s, which suggests that the amount of the Deep Water in the depth range
may have decreased and the amount of the Central Water may have increased. The
fact that CW formation is strengthening independently of BW development further
indicates that the future East Sea meridional overturning circulation may evolve into

a double circulation or a more complicated circulation than a single circulation.

Keyword: East Sea, deep waters, deep transports, abyssal circulation, meridional
overturning circulation, decadal changes
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RUS, and JPN indicate Korea, Russia, and Japan, respectively. JB, UB, YB,
UIG, YR, and OS indicate the Japan Basin, Ulleung Basin, Yamato Basin,
Ulleung Interplain Gap, Yamato Rise, and Oki Spur, respectively. Surface
warm and cold currents are marked by red and blue arrows, respectively:
LCCC, NKCC, EKWC, NB, and SWC indicate Liman Coastal Cool Current,
North Korea Cold Current, East Korea Warm Current, Nearshore Branch, and
Soya Warm Current, respectively. Modified from original figures in Senjyu
et al. (2005). Figure from Lee and Nam (2023). .....cccovvvviiiiinniieninniieninens 6

Figure 1.2. Vertical profiles of potential temperature, practical salinity, and dissolved
oxygen concentration at a station in the western Japan Basin during the
summer of 1996. DSM, DOM, UBHL denote the deep salinity minimum,
dissolved oxygen minimum, and upper boundary homogeneous layer,
respectively. CW, DW, and BW represent the Central Water, Deep Water, and
Bottom Water, respectively. Modified from Kim and Kim (1996)............. 7

Figure 1.3. Schematic of meridional overturning circulation (MOC) in the East Sea.
Double cells with shallow convection (open-ocean deep convection) vs
single cell with deep convection (deep slope convection). Note that the upper
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and Nam (2023). ..o 7

Figure 2.1. Geographical location of subsurface mooring observations at the
Ulleung Interplain Gap (UIG) and shipboard hydrographic observations in
the East Sea. (a) Bottom topography and abyssal current (represented by thick
pale purple arrows) of the southwestern ES, and subsurface mooring stations
of U1, U2, U3 (same as EC1), U4, and U5 marked by black circles across the
Ulleung Interplain Gap (UIG). Red arrows denote along-channel (Ur, 12°
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East Sea and the vicinity of the East Sea, shipboard CTD observation stations
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1. Introduction

1.1. Background

The East Sea (Japan Sea) has been regarded as a “miniature ocean” because
it has self-contained thermohaline convection and meridional overturning circulation
(MOC) system similar to the ocean (Kim et al., 2004; Talley et al., 2006). The East
Sea, surrounded by Korea, Japan, and Russia, is a deep marginal sea with maximum
and mean depths of 4036 and 1667 m, respectively, which has three basins deeper
than 2000 m: the Japan Basin (JB) in the northern half with a water depth of nearly
4000 m, the Ulleung Basin (UB) in the southwest with a water depth of 2000 m, and
the Yamato Basin (YB) in the southeast with a water depth of 2000 m (Tsunogai et
al., 2003; Chang et al., 2004; Kim et al., 2004) (Figure 1.1). Since the East Sea is
connected to the North Pacific Ocean through relatively narrow and shallow (<150
m in bottom depth) four straits such as the Korea/Tsushima Strait, Tsugaru Strait,
Soya Strait, and Tatarsky Strait, the East Sea is a semi-enclosed sea with minimal
seawater exchange with the ocean (Yanagimoto and Taira, 2003; Min and Warner,
2005; Gamo et al., 2014). Therefore, deep waters form and circulate on the inside
rather than inflowing or outflowing from the outside. Since the turnover time of the
East Sea MOC is much shorter than that of the ocean due to the relatively small size
of the East Sea, the East Sea is filled with deep waters with lower temperatures and
higher dissolved oxygen concentration compared to the deep waters in the ocean.

Deep waters below 400 m, which had been considered a single water mass
called Japan Sea Proper Water until the 1990s, were found to consist of three
different water masses: Central Water (CW), Deep Water (DW), and Bottom Water

(BW) in the 1990s, depending on vertical structures with physical characteristics



resembling those of the ocean (Uda, 1934; Kim et al., 1996; Kim and Kim, 1996).
As found in the ocean, the deep salinity minimum (DSM) layer is found at a depth
of ca. 1500 m, the deep oxygen minimum layer is found at a depth of ca. 2000 m,
and the benthic homogeneous layer is found at a depth of ca. 2500 m (Kim et al.,
2004; Talley et al., 2006; Yoon et al., 2018) (Figure 1.2). Accordingly, CW was
defined as seawater with a potential temperature of 0.12-0.60 °C and a salinity higher
than 34.067 psu at a depth of 400-1500 m, and DW was defined as seawater with a
potential temperature lower than 0.12 °C and salinity of 34.067-34.070 psu at a depth
of 1500-2500 m. BW was defined as seawater with a potential temperature lower
than 0.073 °C and a salinity of about 34.070 psu below 2500 m (Kim et al., 2004).
Deep waters (CW, DW, and BW) in the East Sea are known to be formed
by two different deep convection processes: an open-ocean deep convection and a
slope deep convection. Open-ocean deep convection is known to occur south of
Vladivostok to depths of more than 700 m due to strong surface cooling (Talley et
al., 2003; Kim et al., 2022). Therefore, low temperature, high dissolved oxygen, and
high salinity surface water can be supplied to the CW, reducing the temperature and
increasing the salinity and dissolved oxygen of the CW (Talley et al., 2003). On the
other hand, deep slope convection is known to occur along the continental shelf on
the northern coast off Peter the Great Bay to depths of more than 2000 m due to
surface cooling, sea-ice formation, and brine rejection (Talley et al., 2003, 2006;
Yoon et al., 2018; Lee and Nam, 2023). Through the slope deep convection process,
low temperature, high dissolved oxygen, and high salinity surface water can be
supplied to the DW and BW, reducing the temperature and increasing the salinity
and dissolved oxygen of the DW and BW (Talley et al., 2003). The supply of low

temperature and high salinity surface waters into the deep layers was constrained
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from the 1950s to the 1990s as deep slope convection weakened and open-ocean
deep convection prevailed, leading to a steep rise in the boundary depth between CW
and DW, and DW and BW (Yoon et al., 2018). However, the trend of increasing
boundary depths has slowed from the 2000s to 2015 and the tendency of reducing
the dissolved oxygen concentration in BW has slowed by about twice since the deep
slope convection began again in the winter of 2000/2001 (Yoon et al., 2018).

Deep waters formed by deep convection in the northern East Sea circulate
horizontally counterclockwise along the periphery of the three deep basins from the
JB to UB (and YB), from the UB to YB, and from the YB to JB (Senjyu et al., 2005;
Choi and Yoon, 2010) (Figure 1.1). In the northern hemisphere, it is believed that
deep mean current flows cyclonically in the direction of shallower water on the right
due to topographic control, essentially following ambient potential vorticity contours
(fH"), where f is the Coriolis parameter, and H is the depth (Choi and Yoon, 2010;
Shin et al., 2020). Deep waters formed in the JB flow into the UB through the western
Ulleung Interplain Gap (UIG), which is a unique passageway for exchanges in deep
waters (>1500 m) between the JB to UB (Talley et al., 2003; Clayson and Luneva,
2004; Senjyu et al., 2005; Teague et al, 2005). Deep waters circulate
counterclockwise in the UB and flow out of the UB through the eastern UIG, with
the same volume transport of deep waters passing narrower and more robust in the
eastern UIG than in the western UIG (Chang et al., 2002). Accordingly, the solid and
narrow northward outflow in the eastern UIG was named Dokdo Abyssal Current
(DAC) (Chang et al., 2009; Shin et al., 2020). Deep waters from UB circulate
clockwise with the Yamato Rise to the right, and flow into the YB (Senjyu et al.,
2005). In YB, deep waters circulate counterclockwise, move northward along the

continental slope of the eastern part of the YB, and flow into the JB (Senjyu et al.,
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2005).

It was proposed that zonally and vertically integrated horizontal deep flows
of the East Sea have two MOC structures based on Hybrid Coordinate Ocean Model
(HYCOM) reanalysis data: single full-depth overturning circulation and two
counterrotating overturning circulations (Han et al., 2020, 2021) (Figure 1.3). Full-
depth overturning circulation has a single-cell structure in which deep water sinks
more than 2000 m in the northern East Sea by the slope deep convection, upwells in
the southern East Sea, and moves north at the upper layer. On the other hand, two
counterrotating overturning circulation cell has a two-cell structure in which deep
water sinks to a depth of ca. 1000 m in the northern East Sea, moves south, upwells,
and downwells in the southern East Sea, and moves north at the upper and lower
layers completing upper and lower circulations, respectively. It was suggested that
the variation of the East Sea MOC was two-cell structures in the late 1990s and early
2010s, while it was a single-cell structure in the 2000s (Han et al., 2020). In addition,
the turnover time of the East Sea MOC was estimated to be about 60 years, which is
much smaller than previous estimations of about 100 years (Han et al., 2021). Thus,
it is crucial to understand the changes in the path and strength of the East Sea MOC
for a better understanding of the exchanges of dissolved oxygen, heat, salt, and
materials from the surface to the deep waters and between the deep basins (Kang et
al., 2003; Yoon et al., 2018; Han et al., 2020, 2021).

However, based on current observation data, research has yet to be
conducted on the long-term transport of deep waters concerning the abyssal
circulation and the East Sea MOC. Understanding the changes in abyssal circulation
and East Sea MOC, in particular, depends on changing the volume transport in the
deep water exchange passage between deep basins. From this point of view, the UIG
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is a suitable place to examine the fluctuations in volume transport of deep waters
between the JB and the UB. Since deep waters flowing from the JB to the UB mainly
pass through the western UIG, it is essential to understand the East Sea MOC to
investigate long-term changes in the volume transport of deep waters at western UIG.
Nevertheless, this topic has yet to be researched due to the scant availability of long-

term deep current observation data at the UIG.

1.2. Purpose of study

The objectives of this study are to address long-term (multi-decade-long)
variations of

1) volume transports of the deep waters through the western UIG,

2) the volume of deep water masses in the East Sea,

3) physical characteristics of the deep waters in the East Sea,
and finally to analyze how changes in volume transports of the deep waters through
the western UIG and changes in the volume of deep water masses are related to

changes in the deep and abyssal circulation of the East Sea.
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Figure 1.1. Schematic of upper ocean circulation (red and blue arrows), deep and
abyssal circulation (gray arrows) in the East Sea. Most widely recognized currents
and geographical features are highlighted. Isobaths are indicated by thick solid (3000
m), thin solid (1500 m), and thin broken (150 m) lines. KOR, RUS, and JPN indicate
Korea, Russia, and Japan, respectively. JB, UB, YB, UIG, YR, and OS indicate the
Japan Basin, Ulleung Basin, Yamato Basin, Ulleung Interplain Gap, Yamato Rise,
and Oki Spur, respectively. Surface warm and cold currents are marked by red and
blue arrows, respectively: LCCC, NKCC, EKWC, NB, and SWC indicate Liman
Coastal Cool Current, North Korea Cold Current, East Korea Warm Current,
Nearshore Branch, and Soya Warm Current, respectively. Modified from original
figures in Senjyu et al. (2005). Figure from Lee and Nam (2023).
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Figure 1.2. Vertical profiles of potential temperature, practical salinity, and dissolved
oxygen concentration at a station in the western Japan Basin during the summer of
1996. DSM, DOM, UBHL denote the deep salinity minimum, dissolved oxygen
minimum, and upper boundary homogeneous layer, respectively. CW, DW, and BW
represent the Central Water, Deep Water, and Bottom Water, respectively. Modified
from Kim and Kim (1996).
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Figure 1.3. Schematic of meridional overturning circulation (MOC) in the East Sea.
Double cells with shallow convection (open-ocean deep convection) vs single cell
with deep convection (deep slope convection). Note that the upper cell still exists
even when the deep slope convection is active although the mid-depth equatorward
flow becomes weak and abyssal poleward flow reverses to equatorward. Modified
from Han et al. (2020). Figure from Lee and Nam (2023).
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2. Data and processing
2.1. Data

2.1.1. Subsurface moored current meter data

Time-series data of horizontal current speed and direction were obtained
using single-depth current-meters (Aanderaa rotary-type recording current-meters
RCM-7 and RCM-8; rRCMs) mounted on five subsurface moorings of U1, U2, U3
(same location as EC1), U4, and U5 across the UIG from November 2002 to April
2004 (Figure 2.1a and Table 2.1). Two rRCMs were mounted on each mooring line:
one between 1685 and 1830 m and the other 20 m above the bottom. At mooring U3
and U4, two rRCMs at 20 m above the bottom failed to record the full time-series
data but only for 187 and 325 days, respectively. One rRCM attached at 1800 m of
US could not record the data for the entire measurement period due to a data storage
unit failure. The sampling time interval of all rRCM current measurements is 30
minutes. This study used data recorded from the nine current-meters attached on the
five subsurface moorings.

At the U3 (EC1) mooring location in the center of UIG, longer-term time-
series data were collected using current-meters of rRCMs, Aanderaa Doppler-type
recording current-meters of RCM-9 and RCM-11; dRCMs, Nortek Aquadopp
current-meters; ACMs, and Vector Averaging Current Meters; VACMs attached at
three nominal depths of 400, 1400, and 2200 m from November 1996 to November
2020 (twenty-three deployments in total; from Leg-1 to Leg-23) (Table 2.2). The
sampling time intervals are 10 minutes for ACMs, 30 or 60 minutes for rRCMs and
dRCMs, and 15 minutes for VACMs. This study used current-meter data at two

nominal depths of 1400 m (1300—1700 m) and 2200 m (1900—2400 m) except for



Leg-2 current-meter data of 900 m and 1375 m.
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Figure 2.1. Geographical location of subsurface mooring observations at the
Ulleung Interplain Gap (UIG) and shipboard hydrographic observations in the East
Sea. (a) Bottom topography and abyssal current (represented by thick pale purple
arrows) of the southwestern ES, and subsurface mooring stations of Ul, U2, U3
(same as EC1), U4, and U5 marked by black circles across the Ulleung Interplain
Gap (UIG). Red arrows denote along-channel (Ur, 12° from the north in a clockwise
direction) and cross-channel (Vr, 102° from the north in a clockwise direction)
directions. (b) Geographical locations of the East Sea and the vicinity of the East Sea,
shipboard CTD observation stations (magenta dots), and six areas (black boxes)
denoted by black numbers 1-6: 1 is western Japan Basin; WJB, 2 is central Japan
Basin; CJB, 3 is eastern Japan Basin; EJB, 4 is between WJB and UIG, 5 is the
Ulleung Interplain Gap; UIG, and 6 is Ulleung Basin; UB. Bold, thin, and thin
broken lines indicate 3000, 1500, and 150 m depth contours, respectively. Thick pale
yellow line represents the baseline of hydrographic observations. Abbreviations in
black italic indicate the bottom topography: JB, UB, YB, UIG, YR, and OS represent
the Japan Basin, Ulleung Basin, Yamato Basin, Ulleung Interplain Gap, Yamato Rise,
and Oki Spur, respectively.
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Table 2.1. Details on subsurface mooring current-meter data collected at the Ulleung Interplain Gap between November 2002 and April 2004.

The locations of U1-US are represented in Figure 2.1a.

11

Location Instrument Sampling
Station (mooring Instrument depth Observation period interval
depth) (m) (min.)
37°23.876'N 1760
Ul 131°06.732'E
(2110 m) 2090
Nov. 30, 2002 — Apr. 7, 2004
37°21.394'N 1830
U2 131°15.649'E
(2270 m) 2250
1365
U3 37°19.136'N RCM-7 Nov. 29, 2002 — Apr. 7, 2004
EC1 131°25.625'E or 1685 30
(ECI) (2255 m) RCM-8
2235 Nov. 29, 2002 — Jun. 14, 2003
37°17.932'N 1750 Nov. 29, 2002 — Apr. 7, 2004
U4 131°39.486'E
(2150 m) 2130 Now. 29, 2002 — Oct. 20, 2003
37°17.681'N
uUs 131°43.229'E 2040 Nov. 28, 2002 — Apr. 7, 2004
(2060 m)
k i 1 e



Table 2.2. Details on subsurface mooring current-meter data collected at the U3 (EC1) station between November 1996 and November 2020.

(Locati.on lns&rurtrlllent Sartnplin
L mooring Instrument ep Observation period Interva
8 depth) (m) P (min.)
| 37°20.65'N RCM-7 1305 120
131°24.36'E Novw. 3, 1996 — Jul. 2, 1997
(2320 m) VACM 1910 15
2 37°21.98'N VACM 900 15
131°24.48'E Oct. 15, 1997 — Oct. 18, 1998
(2330 m) RCM-7 1375 30
3 37°21.774'N 1385
131°24.283'E RCM-8 Oct. 20, 1998 — May 24, 1999 30
(2340 m) 1890
4 37°22.686'N 1355
131°23.626'E RCM-8 May 24, 1999 — Oct. 21, 1999 30
(2250 m) 2230
37°21.627'N 1340
5 131°24.278'E RCM-8 Oct. 21, 1999 — May 19, 2000 30
(2275 m) 2255
37°21.56'N 1420
6 131°24.145'E RCM-8 May 19, 2000 — Apr. 13, 2001 30
(2305 m) 2285
37°19.77'N RCM-7 1335
131°25.40'E . - .
7 %2262 n?) RCM3 2245 Apr. 13,2001 — Oct. 13,2001 30
37°19.208’N 1360
8 131°25.518'E RCM-8 Oct. 14,2001 — May 22, 2002 30
(2255 m) 2235
° ) 1365
37°19.136’N Nov. 29, 2002 — Apr. 7, 2004
9 131°25.625'E RCM-8 1685 30
(2255 m) 2235 Nov. 29, 2002 — Jun, 14, 2003
37°19.383’N RCM-8 1425 30
10 131°24.490'E Apr. 8, 2004 — Feb. 24, 2005
(2270 m) RCM-11 2250 60

12



37°19.370’N RCM-8 1405
11 131°24.558'E Jun. 17, 2005 — May 24, 2006 30
(2345 m) RCM-11 2325
37°19.370’N RCM-9 1380
12 131°24.586'E May 25, 2006 — Sept. 12, 2007 60
(2287 m) RCM-11 2055
37°19.789°N RCM-9 1450
13 131°25.299'E Sept. 12, 2007 — Nov. 4, 2008 30
(2340 m) RCM-11 2130
37°20.816’N RCM-9 1380
14 131°26.893'E Nov. 05, 2008 — Feb. 22, 2010 60
(2300 m) RCM-11 2180
37°20.959’N RCM-9 1400
15 131°26.644'E Feb. 22,2010 — Mar. 12, 2011 30
(2353 m) RCM-11 2200
37°19.693’N RCM-9 1400
16 131°26.943'E Mar. 12, 2011 — Jul. 28, 2012 30
(2354 m) RCM-11 2200
37°20.166°'N
17 131°27.318'E RCM-11 2200 Jul. 28,2012 — Aug. 29, 2014 30
(2337 m)
37°19.942’N
18 131°27.340'E Aquadopp 2200 Aug. 29, 2014 — Sept. 13, 2015 10
(2245 m)
37°19.575°’N Aquadopp 1400 Sept. 13,2015 — Apr. 1, 2017 10
19 131°25.866'E
(2340 m) RCM-11 2200 Sept. 13,2015 — May 17, 2017 30
37°20.359°'N - 1400 30
20 131°27.243'E RCM-11 May 18, 2017 — May 29, 2017
(2317 m) Aquadopp 2200 10
° , RCM-11 1400 30
21 STRLUN Jul. 21,2017 — Jul. 19, 2018
: Aquadopp 2200 10
37°20.631'N RCM-11 1400 30
22 131°22.782'E Jul. 20, 2018 — Dec. 9, 2019
(2320 m) Aquadopp 2200 10
37°20.365’N RCM-11 1400 Dec. 9, 2019 — Nov. 11, 2020 30
23 131°22.012'E
(2240 m) Aquadopp 2200 Dec. 10,2019 — Nov. 11, 2020 10
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2.1.2. Hydrographic data

Hydrographic observation data were collected in western ES using a
standard 24 Hz Sea-Bird Electronics 9 plus Conductivity-Temperature-Depth (CTD)
unit and Sea-Bird Electronics 11 deck unit (SBE9/11plus CTD) and 1 Hz Neil Brown
Instrument Systems MKIIIB CTD unit via 42 research cruises between 1993 and
2019: 21 cruises were occupied over the western ES from August 1993 to November
2019 whereas the other 21 cruises were conducted only covering the southwestern
ES across the UIG from November 2002 to October 2019 (Figure 2.1b and Table
2.3). Vertical profiles of water temperature, conductivity, and pressure data were
collected using full-depth CTD casts (down to 5 m above the bottom) at each station
during all the cruises except for some cruises across the UIG. In this study, potential
temperature, conductivity, and pressure data collected deeper than 1000 m from 42
research cruises were used, except for selected cruises (excluding unreliable
conductivity data collected in the other cruises marked as asterisks (*) on the variable
S in the Table 2.3).

Hydrographic and subsurface moored current-meter time-series data used

in this study are summarized in Figure 2.2.
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Table 2.3. Details on hydrographic observation data occupied in the western ES
(Japan Sea) from August 1993 to November 2019. Asterisk (*) on the variables S
refers that the salinity data were not used in this study. *Sea-Bird Electronics 9 CTD
unit and Sea-Bird Electronics 11 deck unit. ®Neil Brown Instrument Systems MKIIIB
CTD unit. “Sea-Bird Electronics 9 plus CTD unit and Sea-Bird Electronics 11 plus
V2 deck unit. Numbers in area coverage represent area numbers in Figure 2.1b.

No. | Cruise year and date Instrument :}):?; tlil::;ber Variables a?:rage

1 August 12-19, 1993 SBE911* 69 0,8

2 July 1021, 1994 SBE911 51 0,8

3 March 1-7, 1995 SBE911 35 0,S

4 July 24—August 8, 1995 SBE911 45 0,S

5 February 17-24, 1996 SBE911 26 0,S

6 August 1-11, 1996 SBE911 35 0, S, DO
7 March 20—April 8, 1997 SBE911 67 8, S, DO
8 February 22—March 8, 1999 SBE911 43 6,S

9 June 14—August 13, 1999 NBMK® 203 0, S, DO
10 | February 2-March 17, 2000 NBMK 81 0, S*

11 April 16-20, 2001 NBMK 19 6,S 1-6
12 | April 7-26,2002 SBE911p® 15 0, S*

13 | October 15-27, 2005 SBE911p 43 0, S, DO
14 | May 10-20, 2007 SBE911p 23 6, S, DO
15 | July 8-19,2009 SBE911p 38 6, S*, DO
16 | October 13-27,2012 SBE911p 42 0, S*, DO
17 | April 15-29,2014 SBE911p 28 0, S*, DO
18 | April 6-May 3, 2015 SBE911p 36 6, S, DO
19 | April 5-15,2016 SBE911p 23 0,S

20 November 30—December 15, 2018 SBE911p 20 0, S*, DO
21 October 27-November 22, 2019 SBE911p 42 6, S, DO

1 November 28-29, 2002 SBE911p 8 0,S

2 June 25-26, 2003 SBE911p 4 0,S

3 April 7,2004 SBE911p 6 0,S

4 March 8-15, 2007 SBE911p 3 0,S

5 December 2-7, 2007 SBE911p 3 0,S

6 March 27-30, 2008 SBE911p 3 0, S*

7 August 9-15, 2008 SBE911p 6 0,S :
8 August 13-18, 2009 SBE911p 6 0, S*

9 February 7-9, 2010 SBE911p 3 0, S*

10 | July 15-21, 2010 SBE911p 7 0,8

11 November 3-7, 2010 SBE911p 3 0,S

12 | July 6-12,2011 SBE911p 3 0,S
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13 | May 28-June 3, 2012 SBE911p 6 0, S*
14 August 5-11, 2012 SBE911p 4 0,S

15 May 1-2, 2014 SBE911p 3 6, S*
16 | September 2-5,2015 SBE911p 3 0, S*
17 | May 16-18,2017 SBE911p 7 0, S*
18 | May27-31,2017 SBE911p 5 0,S

19 | July 20-21, 2018 SBE911p 5 0,8

20 | August 19-22,2018 SBE911p 11 0, S*
21 | October 21-24, 2019 SBE911p 5 0, S*
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Figure 2.2. Timetable of the hydrographic and subsurface moored current-meter
time-series data used in this study. 6, S, and numbers 1-6 in upper left side represent
CTD observation parameters of potential temperature, salinity, and CTD observation
areas in Figure 2.1b, respectively. The subsurface moored current-meter data (Ur)
from November 2002 to April 2004 (inside the solid blue lines) are used to find the
correlation between the along-channel currents (Ur) at 1800 m at U3 (EC1) and the
volume transports of the deep waters below 1500 m in western UIG. The blue closed
circles represent the salinity data excluded from this study because the salinity value

is found to be strange through the local range test.
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2.2. Data processing

Standard quality controls (e.g., time and location tests, global and regional
range tests, and spike and gradient tests) based on protocols and procedures for the
Ocean Observatories Initiative data products (Consortium for Ocean Leadership,
2013) were applied to time-series data obtained from rRCMs, dRCMs, VACMs and
ACMs at Ul-US5 subsurface moorings, and unreasonable outliers were removed
manually. The rRCMs records the minimum current speed of 1.1 cm s™!, which is
considered as a current stall (i.e., zero speed) (Teague et al., 2005); current speed
equal or below 1.1 cm s are treated as zero and discarded. Considering the
resolution of the IRCMs (~0.3 cm s!), the minimum resolvable current speed is 1.4
cm s (Teague et al., 2005). Horizontal current vector is decomposed into along-
channel (defined as Ur, 12°rotated clockwise from the north) and cross-channel (Vr,
orthogonal to the along-channel direction) components (Figure 2.1a). Spline fits
were applied to the Ur and Vr time-series data for stall periods less than 5 h, and zero
values were entered for longer periods. Ur and Vr time-series data were 40-h low-
pass filtered and then subsampled every 12 h (Chang et al., 2009; Kim et al., 2013;
Shin et al., 2020). Processing of horizontal current-meter data obtained from U1-U5
moorings is illustrated in Figure 2.3. Basic statistics for low-pass filtered currents
subsampled at 12 h intervals at Ul1-U5 subsurface moorings across the UIG are
summarized in Table 2.4.

All CTD data were processed by standard quality control and quality
assurance procedures (Kim et al., 2000; Choi et al., 2009; Lee et al., 2019) (Figure
2.4). In the process of removing abnormal values (Wild edit), CTD data that exceeds

twice the standard deviation included in 1000 consecutive data intervals from each
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vertical profile were eliminated, after which the standard deviation was computed
again and data that is 20 times more than the standard deviation were removed again,
and the procedure was carried out three times. Then, for smoothing the pressure data
occurred due to ship movements (Low-pass filter), 0.15 second was applied to the
low-pass filter of the pressure data. For correcting the time off-sets of the temperature
and conductivity sensors (Align CTD), the optimal correction time for each profile
was calculated and applied (minimum -0.01 s, max 0.07 s) using the delay correlation.
To correct the effect of thermal mass that occurs when the CTD passes through a
thermocline layer with a large change in water temperature (Cell Thermal Mass),
optimal correction coefficients (a: 0.01-0.06, t: 1.0-11.0) for each profile were
calculated and applied (Morison et al., 1994; Mensah et al., 2009; Lee et al., 2019).
Here, water temperature and salinity are in potential temperature (°C) and practical
salinity (psu), respectively, and potential density (kg m~) was calculated using the
Thermodynamic Equation of Sea Water 2010 (TEOS-10) (McDougall & Barker,

2011).

3§ 53 17
19 A = - TH



Time & Gap
Aquadopp nstrumen RCM
type
Pressure Pressure

’ﬂ‘fe sensor

Battery Pressure Pressure
Voligge range range
Tilting

Signal

quality

Global range
> 40h LPF

Standard v

deviation 12° ratation

it

Declination
correction

Convert
hourly data
v

Vertical
Inter/extrapolation

(u,v)
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Table 2.4. Basic statistics for the low pass filtered currents subsampled at 12 h intervals at five subsurface moorings in the Ulleung Interplain Gap

(UIG). Asterisk (*) on the mooring depths of 1400 and 2200 m in EC1 represent the nominal depth and actual mooring depths range from 1320

to 1685 m and from 1910 to 2388 m, respectively. *All directions are measured clockwise from north.

Staion poorng Ferad | Sumplng e veluety | venn, S0 ectr mean MKEERE L EKENKE
Speed ‘Heading Max
(ems™) ©) Speed
(ems™)
ECl 1400* 00/01-20/12 10, 30 or 60 Ur —0.48 2.88 1.27 206.4 16.42 0.80 7.85 9.8
Vr -1.17 2.72
2200* 00/01-20/12 10, 30 or 60 Ur -0.61 3.51 1.37 2184 19.93 0.93 10.65 11.4
Vr -1.22 3.00
Ul 1760 02/11-04/04 30 Ur -0.16 1.84 0.20 245.5 13.82 0.02 537 276.6
Vr -0.12 2.71
2090 02/11-04/04 30 Ur -0.21 1.76 0.27 323.4 14.05 0.04 4.66 124.0
Vr 0.18 2.50
U2 1830 02/11-04/04 30 Ur -0.98 2.00 1.19 247.3 12.10 0.71 5.24 7.4
Vr —0.68 2.55
2250 02/11-04/04 30 Ur —0.88 2.14 0.94 261.1 12.10 0.45 5.59 12.5
Vr -0.34 2.57
U3 1685 02/11-04/04 30 Ur -0.93 2.49 1.08 251.6 9.68 0.58 5.31 9.1
(EC1) Vi ~0.54 2.10
2235 02/11-03/06 30 Ur -1.01 2.57 1.01 286.8 9.35 0.51 4.41 8.6
Vr 0.09 1.49
U4 1750 02/11-04/04 30 Ur 1.36 4.20 1.49 77.8 15.47 1.11 14.60 13.17
Vr 0.61 3.40
2130 02/11-03/10 30 Ur 0.48 2.80 0.70 55.8 11.08 0.24 5.84 24.2
Vr 0.50 1.97
us 2040 02/11-04/04 30 Ur 2.16 5.01 291 59.8 28.71 4.25 25.28 6.0
Vr 1.96 5.05
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2.3. Estimation of annual-mean volume transports of the deep waters

below 1500 m through the western UIG from 1997 to 2019

Volume transports of the deep water below 1500 m depth across the UIG
from November 2002 to April 2004 are obtained using current-meters (rRCMs) data
from five subsurface moorings (U1-U5) at depths greater than 1600 m (Figure 2.5).
The area below 1500 m across the UIG was divided into 7 areas: 5 rectangles
centered on each mooring line from U1 to US5, and 2 right-angled triangles located
to the west of the U1 rectangle and to the east of the U5 rectangle. Time-series data
of Ur velocity at a depth of 1800 m at U1-US5 subsurface mooring stations were
determined using the linear interpolation or extrapolation, and application of mean
shears at two depth levels of current data at each mooring (Chang et al., 2009). Since
the current data at U5 were only available at 20 m above the bottom from November
2002 to April 2004, mean shear of the Ur components between 1020 and 2000 m
from April 2004 to February 2005 (-2.97 £+ 2.77 x 107 s!) were applied to Ur time-
series at 2000 m to estimate the Ur time-series at a depth of 1800 m (Chang et al.,
2009). The negative shear shows that the flow at 2000 m is stronger than the flow at
1020m, indicating the bottom intensification at U5 in association with the DAC
(Chang et al., 2009; Shin et al., 2020). Each area of 5 rectangles for U1l to U5 was
multiplied by the Ur at 1800 m depth of each mooring station, and the areas of the
right-angled triangles at both ends were multiplied by the Ur at 1800 m depth of
adjacent U1 and U5 moorings.

The volume transport of the deep waters below 1500 m passing through the
four western (three eastern) areas of Ul-U3 (U4-US5) was defined as the volume
transport across the western (eastern) UIG (Figures 2.5 and 2.6a). The sum of

western and eastern volume transports was defined as net transport (Figure ,’_2.6a).|_
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The positive (negative) sign of the volume transport means the poleward
(equatorward) flow from UB (JB) to JB (UB). From November 2002 to April 2004,
the volume transports of the deep waters below 1500 m depth was -0.259 Sv (1 Sv
= 10° m® s’") through western UIG and 0.313 Sv through eastern UIG, and the net
transport of the deep waters below 1500 m depth through the UIG was about 0.054
+ 0.011 Sv, which is one order larger than the volume transport of the deep water
below 1800 m across the UIG (0.005 £+ 0.025 Sv) reported by Chang et al. (2009)
(Figure 2.6a).

A regression between the volume transports of the deep waters below 1500
m depth through the western UIG (VT;s hereafter) and 40-h low-passed Ur at 1800
m depth of U3 (EC1) (Ur_1800 hereafter) obtained by linear interpolation of Ur at
1685 and 2235 m depth of U3 (EC1) (Ur_1685 and Ur_ 2235 hereafter, respectively)
from November 2002 to April 2004 was calculated (Figure 2.6b). To fill the gap in
Ur 2235 from June 2003 to April 2004, the Ur 1365 and Ur 1685 were extrapolated
(Figure 2.7). VTis (blue line in Figure 2.6a) were correlated with Ur 1800 yielding

a relationship below between them obtained by the least square method (R=0.78).

Transport (Sv) = 0.1302xUr (cm s7) = 0.1307 ............... (Eqn. 1)

Here, the slope and intercept are approximately doubled the values obtained from
the regression between the volume transport of the deep waters below 1800 m depth
through the western UIG (VT g hereafter) and 40-h low-passed Ur at 2200 m depth
at U3 (EC1) (Ur_2200 hereafter), e.g., Transport (Sv) = 0.078xUr (cm s™*) — 0.068
(R=0.80) (Chang, 2016).

The slopes, intercepts, and R values according to the correlation between
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VTis and Ur components at various depths (1500, 1800, 2000, 2200, 1500—1800,
1500-2000, 1800-2000, 2000-2200 m) range from 0.1275 to 0.1312, —0.1421 to —
0.0994, and 0.77 to 0.78, respectively (Figure 2.8). Considering that 1800 m depth
is an intermediate level in the depth ranges of 1500-2300 m at U3 (EC1), and the
correlation coefficient between VTis and Ur_ 1800 is the largest, in this study, VTis
from 2000 to 2020 was derived by applying Ur 1800 to Eqn. 1. The slopes,
intercepts, and R values according to the correlation between VTis and Ur 1800 at
three month intervals range from 0.0862 to 0.1951, —0.0253 to —0.3729, and 0.56 to
0.93, respectively (Figure 2.9).

The 40-h low-passed VT s from 2000 to 2020 was obtained by applying the
Eqn. (1) and averaged to yield annual-mean time series (VT1s annuat hereafter). Here,
Ur 1800 were obtained by linear interpolation of Ur observed at depths above
(1300-1500 m) and below (1900-2400 m) the depth. To fill the data gap from July
2012 to September 2015, Ur 1800 during the period were estimated using mean
vertical shear of -7.53 x 10 s! (negative shear means stronger current at deeper
depth) between 1400 and 2200 m obtained for the period from January 2010 to
December 2017 (excluding the data gap period). Since the purpose of this study is to
examine long-term (multi-decadal-long) variations, 3-year low-pass filter was
applied to the time series of VT}s, then the VT1s annual Was obtained by averaging the

volume transports annually.

- L o R
25 -"\."i';"ll.;



500

1000

Western UIG ———Eastern UIG
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U3 (EC1)
41685

2000

2500

130.9 131.0 1311 131.2 131.3 131.4 1315 131.6 1317 131.8 131.9
Longitude (°E)
Figure 2.5. Vertical sections across the Ulleung Interplain Gap (UIG). U1-US5
indicate the subsurface mooring stations, and closed triangles and numbers next to
them represent the locations of Aanderaa rotary-type recording current-meters
(rRCMs) and their mounted depth, respectively. Open circle number 1-7 indicate
cross-sectional area used for estimation of volume transports below 1500 m across
the UIG. The four western areas ((D—@) were defined as the western UIG and the
three eastern areas ((5—(7)) were defined as the eastern UIG. UI and DI stand for the

Ulleung Island and Dok Island, respectively.
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Figure 2.6. (a) Volume transports of the deep water below 1500 m in the UIG
from November 2002 to April to 2004. Net (thick black line), western (thin bl
ue line), and eastern (thin red line) transports are drawn together with net (thic
k gray line) transports below 1800 m across the UIG drawn in Figure 6 of Ch
ang et al. (2009). (b) Linear regression between the volume transport below 15
00 m in western UIG and the along-channel velocity (Ur, cm/s) at 1800 m of
EC1 using 40-h low-pass filtering and subsampled data every 12 h. The thick r
ed and black lines represent the linear regression and the standard error bounds
of the regression.

: Bl



Current speeds at a depth of 1800m at U3(EC1)

—Interpolatlon between current speeds at 1685 m and current speeds at 2235 m
—Extrapolation between current speeds at 1365 m and current speeds at 1685 m
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Figure 2.7. Current speeds at a depth of 1800 m at U3 (EC1) from November 2002
to April 2004. Current speeds at a depth of 1800 m at U3(EC1) were obtained from
interpolation between current speeds at 1685 m and current speeds at 2235 m (blue
lines) and extrapolation between current speeds at 1365 m and current speeds at 1685
m (red lines) from November 2002 to June 2003. From June 2003 to April 2004,
current speeds at a depth of 1800 m at U3(EC1) were obtained from extrapolation
between current speeds at 1365 m and current speeds at 1685 m.
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Figure 2.8. Linear regressions between the volume transports of the deep waters
below 1500 m depth through the western UIG (VTs) and 40-h low-passed Ur at
various depths (1500, 1800, 2000, 2200, 1500-1800, 1500-2000, 1800-2000, and
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2.4. Estimation of boundaries between the deep waters (CW/DW/BW)

Isotherm depth of 0.6 °C , deep salinity minimum (DSM hereafter)
and upper boundary homogeneous layer (UBHL hereafter) were used as the
upper boundary of CW, boundary depth between CW and DW, and DW and
BW (Kim et al., 1996; Kim et al., 2004; Yoon et al., 2018), respectively
(Figure 1.2). The upper boundary depth of CW (UBDcw hereafter) was
defined as a isotherm depth of 0.6 °C. In order to remove the wiggle of the
vertical salinity profiles, a 200 m-moving-average was applied to the vertical
salinity profiles (Figure 2.10). Then, the depth of the DSM (Dpsm hereafter)
was defined as a depth between 600 and 3000 m where salinity reaches its
local minimum (Yoon et al., 2018). A vertical 8 gradient of less than 0.001 °C
(temperature accuracy) per 100-m range was determined for the depth of the
UBHL (Dugnr hereafter) as a DW-BW boundary (Figure 2.11). Potential

temperatures at Dpsm and Dugnr were defined as 6psm and Ougni, respectively.
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Figure 2.10. Various depths (20, 100, and 200 m)-moving-averaged vertical salinity
profiles at the western Japan Basin (number 1 area in Figure 2.1b) in February 1996.

To determine the DSM depth (Dpswm), a vertical salinity profile with a 200 m-moving-
averaged was used.
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Figure 2.11. A vertical 8 profiles at the western Japan Basin (number 1 area in Figure
2.1b) in February 1996. A vertical 8 gradient of less than 0.001 °C (temperature
accuracy) per 100-m range was determined for the depth of the UBHL (Dugnr) as a
DW-BW boundary.
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3. Results

3.1. Interannual to decadal variation of the volume transports of the deep

waters below 1500 m through the western UIG from 1997 to 2019

Long-term (1997-2019) mean VT 5 annuat is equatorward (volume transport
from the JB to UB) with the time mean and standard error of VTis annuat = -0.20 *
0.01 Sv and their interannual and decadal variations are significant (Figure 3.1).
Equatorward VT 5 _annuat Was the largest in 2015 and 2019 with 0.31 Sv, followed by
0.28 Sv in 2010 and 2019 and then 0.27 Sv in 2016, and was the smallest in 1998
with 0.11 Sy, followed by 0.13 in 2002 and 2014 and then 0.14 Sv in 2005. Decadal-
mean equatorward VTis amuat (represented by blue thick horizontal dotted lines in
Figure 3.1) was about 0.04 £ 0.02 Sv larger in the 2000s (0.18 + 0.01 Sv) than in the
late 1990s (0.14 + 0.02 Sv) and about 0.05 £ 0.02 Sv larger in the 2010s (0.23 £ 0.02
Sv) than in the 2000s (0.18 £ 0.01 Sv). Linear trend of equatorward VT s annuat from
1997 to 2019 was 0.0050 Sv yr'!, meaning an increasing trend of inflow transport

from JB to UB. The mean standard error of VTis annau iS less than 2 %.
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Figure. 3.1. Time-series of the annual-mean volume transports of the deep water
s below 1500 m through the western UIG from 1997 to 2019. The closed circl
es indicate the annual-mean volume transports of the deep waters below 1500
m through the western UIG. The dotted lines represent the decadal-mean volu
me transports of the late 1990s (-0.14 + 0.02 Sv), 2000s (-0.18 + 0.01 Sv), and
2010s (-0.23 £0.01 Sv).
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3.2. Decadal variation in the depth and the potential temperature of DSM,
UBHL and the upper boundary depth of CW from the 1990s to 2010s

The Dpsm and Dygnr, and UBDcw in the East Sea show decadal variations
from the 1990s to the 2010s (Figures 3.2, 3.3, and 3.4). The decadal-mean depths of
DSM gradually became deeper from the 1990s to the 2010s at WIB, between WIB
and UIG, UB, and UIG (Figures 3.2a, 3.3a, 3.3c, and 3.3d), whereas the decadal-
mean depths of DSM became deeper (shallower) from the 1990s to the 2000s at CJB
(EJB), and became unchanged (deeper) from the 2000s to the 2010s at CJB (EJB)
(Figures 3.2c and 3.2e). Meanwhile, the decadal-mean depths of UBHL became
shallowed from the 1990s to the 2000s, and became deeper from the 2000s to the
2010s at WIB, CJB, and between WIB and UIG (Figures 3.2a, 3.2d, and 3.3b),
whereas the decadal-mean depths of UBHL remained unchanged significantly from
the 1990s to the 2010s at EJB (Figure 3.2f). In the WJB, the UBDcw became shallow
from the 1990s to the 2000s and then deepened again from the 2000s to the 2010s,
while the rest of the area gradually deepened from the 1990s to the 2010s (Figure
3.4).

Opsm and Oyusur have both increased from the 1990s to the 2010s, while
changes in Dpgm determine the Opsm, while Dyugnr has continued to rise regardless of
changes in Dygnr (Figures 3.2 and 3.3). The Opswm averaged in all areas increased by
0.0399 £ 0.0068 °C from the 1990s (0.1196 + 0.0010 °C) to the 2000s (0.1595 +
0.0067 °C), while it increased by 0.0287 + 0.0187 °C from the 2000s (0.1595 +
0.0067 °C) to the 2010s (0.1882 + 0.0175 °C) (Table 3.1). On the other hand, the
OusmL averaged in all areas increased by 0.0123 & 0.0018 °C from the 1990s (0.0625
+ 0.0006 °C) to the 2000s (0.0748 + 0.0017 °C), while it increased by 0.0196 +

0.0024 °C from the 2000s (0.0748 £ 0.0017 °C) to the 2010s (0.0944 :|::|O..|0016_ OC).I:
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The Opsm follows changes in Dpsm because the effect of potential temperature
variation as the water depth itself changes is greater than overall potential
temperature rise effect in the Dpsm range (Figure 3.5). However, The Ousur have
continuously increased from the 1990s to the 2010s regardless of changes in Dugn.
because overall potential temperature rise effect in the DUBHL range is greater than
the effect of potential temperature variation as the water depth itself changes (Figure
3.5). Basic statistics of decadal-mean of the UBDcw, Dpswm, 0psm, Dusn, and
OusHL With standard errors in the East Sea in the 1990s, 2000s, 2010s, and
their differences (2000s-1990s and 2010s-2000s) are summarized in the Tabl

e 3.1.
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Figure. 3.2. Annual-mean depth and potential temperature of DSM and UBHL at (a,
b) WIB, (c, d) CJB, and (e, f) EJB from 1994 to 2019. Black and red closed circles

indicate depths and potential temperatures of DSM and UBHL, respectively. Black

and Red horizontal thick lines indicate decadal-mean depths and potential

temperatures of DSM and UBHL in the 1990s, 2000s, and 2010s, respectively. The

vertical bars represent the standard error. Note that vertical scale varies from panel

to panel.
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Figure. 3.3. Annual-mean depth and potential temperature of DSM and UBHL at (a,
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Note that vertical scale varies from panel to panel.
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Figure. 3.4. Annual-mean upper boundary depth of CW at (a) WIB, (b) CJB, (c) EJB,
(d) between WJB and UIG, (e) UIG, and (f) UB from 1993 to 2019. Black closed
circles and vertical bars indicate annual-mean upper boundary depths of CW and the

standard errors, respectively. The horizontal thick lines indicate decadal-mean upper

boundary depths of CW in the 1990s, 2000s, and 2010s.
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Table 3.1. Basic statistics of decadal-mean of upper boundary depth of CW,
depth of DSM (Dpswm), potential temperature at DSM depth (8psm), depth of
UBHL (DugHv), potential temperature at UBHL depth (Ousni) with standard

errors in the East Sea in the 1990s, 2000s, 2010s, and their differences (200

0s-1990s and 2010s-2000s). sWJB indicate the area between WJB and UIG.

Parameter Area 1990s 2000s 2010s 2000s-1990s  2010s—-2000s
WIB 430+ 17 415 +20 516+ 13 -15+£26 101 £24
Upper CJB 473 + 25 520+ 38 543 £10 47 +45 23+39
boundary EJB 448 + 15 487+ 17 569 +8 39+23 82+ 19
depth of sWIB 465 + 11 489 + 11 572+ 11 24+ 16 83+16
CW UIG 422+ 11 459+7 528+5 3713 69+9
UB 446 + 11 480+ 17 611+16 34420 131 +£23
Total 447+ 6 475+ 8 557+5 28+10 82+9
WIB 1522 + 35 1573 £ 71 1626 + 69 51+79 53+99
CJB 1589 + 53 1654 £ 95 1641 + 60 65+ 109 -13+£112
EJB 1545 £12 1524 + 89 1768 +133 -21+£90 244 + 160
Dbsm sWJB 1457 £24 1477 £ 95 1609 + 35 20+98 132+ 101
UIG 1403 £ 13 1431 £ 56 1702 + 56 28 +£57 271+79
UB 1328 +22 1404 + 168 1795 £ 87 76 + 169 391189
Total 1474 £ 12 1511 £ 42 1690 + 32 37+44 179 £53
WJIB 0.1189+0.0015 0.1316+0.0082 0.1534+0.0040 0.0127+0.0083 0.0218+0.0091
CJB 0.1122+0.0031  0.1262+0.0059 0.1483+0.0024 0.0140+0.0067 0.0221+0.0064
EJB 0.1150+0.0017  0.1396+0.0079 0.1413+0.0070 0.0246+0.0081 0.0017+0.0106
ObsMm sWJB 0.1194+0.0034  0.1369+0.0114  0.1504+0.0020 0.0175+0.0119 0.0135+0.0116
UIG 0.1228+0.0011  0.2866+0.0304 0.3940+0.1046 0.1638+0.0304 0.1074+0.1089
UB 0.1295+0.0024 0.1358+0.0203 0.1415+0.0083 0.0063+0.0204 0.0057+0.0219
Total 0.1196+0.0010 0.1595+0.0067 0.1882+0.0175 0.0399+0.0068 0.0287+0.0187
WJB 2667 +23 2605 + 45 2729 £29 -62 £ 51 124 +54
CJB 2646 + 37 2569 +31 2622 +£22 277 +£48 53 +£38
DusHL EJB 2507 +31 2530+9 2527 + 15 23+32 3+17
sWJB 2355 +31 2307 £ 17 2408 +£22 -48 £35 101 +28
Total 2544 £ 14 2503 +£14 2572 £ 11 -41+20 69 +18
WJB 0.0628+0.0012  0.0734+0.0027  0.0938+0.0017 0.0106+0.0030 0.0204+0.0038
CJB 0.0611+0.0011  0.075340.0035  0.0928+0.0034 0.0142+0.0037 0.0175+0.0049
OuBHL EJB 0.0613+£0.0011  0.0740+0.0044  0.0938+0.0045 0.0127+0.0045 0.0198+0.0062
sWJB 0.0648+0.0017  0.0763+0.0027  0.0974+0.0022 0.0115+0.0032 0.0211+0.0038
Total 0.0625+0.0006  0.0748+0.0017  0.0944+0.0016 0.0123+0.0018 0.0196=0.0024
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3.3. Decadal variation of physical characteristics of the deep waters from

1993 to 2019

The physical characteristics of the deep waters at a depth of over 1000 m in
the study area show clear decadal changes (Figure 3.6). The potential temperature
increased by about 0.01 °C from the 1990s to the 2000s, while it increased by about
0.02 °C from about 1500 m to about 3000 m, and the potential temperature increased
by about 0.04 °C as the water depth decreased from 1500 m to 1000 m from the
2000s to the 2010s (Figure 3.6¢). The salinity increased by about 0.002 psu from
1000 m to the bottom from the 1990s to the 2000s, but the salinity in the 2010s do
not show a significant difference from the 2000s (Figure 3.6f). The potential density
increased by about 0.0018 kg m™ from 1000 m to the bottom from the 1990s to the
2000s, while the potential density in the 2010s decreased by about 0.001 kg m™ from
1500 m to 1000 m, and the potential density in the 2010s decreased by about 0.0025

kg m from 1500 m to 1000 m from the 2000s (Figure 3.61).
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distributions of potential temperature, salinity, and potential density. Magenta, cyan,
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respectively.

13 2 M E g



4. Discussion

4.1. Comparison between the quatorward volume transports of the deep
waters below 1500 m in western UIG (VTis) and zonal geostrophic flows

below 1500 m in the latitude of 38-39 °N along the baseline

The variation of VT1s can be explained by the deep transports obtained
through the zonal-directional geostrophic flow below 1500 m in the latitude of 38—
39 °N along the meridional baseline (represented by a thick pale yellow line in Figure
2.1). The amount of geostrophic flow in the zonal direction passing through the depth
below 1500 m in the 38-39 °N latitude range obtained at five observation periods
(Feb. 1999, Apr. 2001, Oct. 2005, Apr. 2015, and Apr. 2016) was -0.150 Sv, 0.210
Sv, -0.090 Sv, -0.250 Sv, and 0.014 Sv for the level of no motion with 1000 m, and
0.020 Sv, -0.150 Sv, 0.005 Sv, 0.050 Sv, and 0.002 Sv for the level of no motion
with maximum depth (Figures 4.1, 4.2, and 4.3). The VT35 for the same periods was
-0.15 Sv, -0.02, -0.07, -0.33, and 0.02, showing a closer correlation (R=0.8) with the
zonal geostrophic flows with a level of no motion at 1000 m rather than the zonal
geostrophic flows with a level of no motion at the maximum depth (R=-0.6). This
means that when isopycnal over 27.349 kg m= sloped up equatorward below 1500
m in the 38-39 °N latitude, eastward zonal geostrophic flows are dominant, resulting
in an increase of equatorward VTis. However, it is essential to find the long-term
average to know the long-term fluctuation of VT,s because it differs significantly
from the annual change of the volume transport of the deep waters below 1500 m
through the western UIG the six months before and after each observation period.
(Figure 4.4).

The range of latitude 38-39 °N is determined because the variation in deep

water transports in the zonal direction between these latitudes is closely related to
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the amount of VTis considering the deep and abyssal circulation path (Figure 1.1).
The level of no motion for the geostrophic flow in the zonal direction passing blow
the depth of 1500 m in the range of 38-39 °N along the meridional baseline was set
to a depth of 1000 m, and the maximum depth (5 m above the bottom) because the
horizontal slope of the isopycnal is the flattest and a no-slip boundary condition for

the bottom, respectively.
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Figure. 4.1. Cross-section of (c, d) potential density (a, b) along the 132.3 °E
meridional line and zonal (perpendicular to the cross-section of potential density)
geostrophic current with a level of no motion (e, f) at 1000 m and (g, h) bottom depth
in February 1999 and April 2001. The areas inside trapezoids in (e)-(h) are used to
calculate the geostrophic transport passing through the area. The positive (negative)
sign of the geostrophic transport indicates westward (eastward) direction.
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Figure. 4.2. Cross-section of (c, d) potential density (a, b) along the 132.3 °E
meridional line and zonal (perpendicular to the cross-section of potential density)
geostrophic current with a level of no motion (e, f) at 1000 m and (g, h) bottom depth
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lines indicate the shipboard hydrographic observation periods.
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4.2. Decadal changes of the volume of the deep waters in relation to
decadal changes in the quatorward volume transport of the deep waters

below 1500 m in western UIG (VTis) from the 1990s to the 2010s

Deep waters transported below 1500 m through the western UIG consisted
only of the DW from the late 1990s to the 2000s, whereas the deep waters transported
below 1500 m through the western UIG consisted of the CW and DW in the 2010s,
resulting from expanding the CW deeply down (Figure 4.5). The increase in the
volume transports of the equatorward VT1s from 0.14 Sv in the late 1990s to 0.23 Sv
in the 2010s is related to the deep expansion of the CW (Figure 3.1). Considering
that the DSM, the lower boundary depth of the CW, has deepened from 1474 min
the 1990s to 1511 m in the 2000s and 1690m in the 2010s (Figure 4.6 and Table 3.1),
it can be seen that the CW has been expanded in depth throughout the East Sea during
this period. Considering that the increase in the upper boundary depth of CW, which
averaged the entire observation area, was 110 m (from 447 m in the 1990s to 475 m
in the 2000s and 557 m in the 2010s), about half of the increase in DSM depth (216
m) during the period, it can be seen that the vertical volume of the CW continued to
increase from the 1990s to the 2010s.

The vertical volume of the CW (DW) continued to increase (decrease) from
the 1990s to the 2010s, while the vertical volume of the BW increased slightly in the
2000s and then decreased again in the 2010s (Figure 4.6). This means that the BW
formation strengthened from the 1990s to the 2000s and weakened again from the
2000s to the 2010s, while the CW formation continued to strengthen from the 1990s
to the 2010s, which is a different result from previous studies. According to Yoon et
al. (2018), the BW formation has prevailed, while the CW formation has weakened

since the 2000s, and the volume of the deep waters has not changed significantly
50 2
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from the 2000s to the 2010s. In Kang et al. (2003), the UBHL depth was considered
2900 m in the 2010s, but in this study, the UBHL depth was about 2570 m in the
2010s, and the BW's vertical volume did not decrease significantly. However, as
Kang et al. (2003) reported, the CW penetrates deeper from the 1980s to the 2040s;
this study also shows that the CW penetrates deeper from the 1990s to the 2010s.
Although the vertical volume of the BW may be repeated depending on the BW
formation event, the vertical volume of the CW continue to expand deeply in the
future, and follow-up studies on the CW and BW formation processes are expected

to be needed in the future.
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4.3. Decadal changes in the physical characteristics of the deep waters

from the 1990s to the 2010s

The increase rate of the decadal-mean potential temperature at the UBHL
of the East Sea overall shows a rapid increase in the 2010s than the rate before the
2000s. The increase in potential temperature of the deep waters deeper than 2500 m
in EJB has increased by about 0.011-0.012 °C per decade from the 1970s to the
2000s (Gamo et al., 2014), and in this study, the increase rate of the decadal-mean
potential temperature at the UBHL of the EJB from the 1990s to the 2000s was about
0.013 °C (Table 3.1). In the results of Chen et al. (1999), the increase in potential
temperature at a depth of 3000 m increased by about 0.05 °C over the 50 years (0.01 °C
per decade) from 1950 to 1996. However, this study shows that the decadal-mean
potential temperature at the UBHL of the East Sea rose 0.02 °C from the 2000s to
the 2010s, about 1.6 times higher than the increase rate in potential temperature of
the deep waters deeper than 2500 m from the 1950s to the 2000s. The rapid increase
in potential temperature of the deep waters in the East Sea in the 2010s seems to be
due to the rapid increase in the surface water temperature of the East Sea in the 2010s
compared to the 2000s, which is related to climate change in association with
abnormal Arctic warming and the heat-dome phenomena in East Asia in recent years

(Han and Lee, 2020).

Decadal-mean salinity of the deep waters below 1000 m increased by about
0.002 psu from the 1990s to the 2000s, while there was no significant change in
salinity from the 2000s to the 2010s. The rise in decadal-mean salinity of the deep
waters in the 2000s seems to be that evaporation occurs more actively than

precipitation in deep water formation area, and surface salinity increases due to
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horizontal salt flux by the Tsushima Warm Water recirculation and brine rejection
by severe surface cooling (Talley et al., 2003; Yoon et al., 2018; Han et al., 2020).
However, in the 2010s, precipitation was more dominant than evaporation and
warming was more dominant than surface cooling (Yoon et al., 2018), so the supply
of high salinity surface water to the deep waters was limited, so there seems to be no
significant change in deep salinity. Follow-up studies are needed on the cause of the
change in the physical characteristics of the deep waters in the East Sea on decadal

timescales.
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5. Conclusion

The physical characteristics of the deep waters in the JB, UB, and the UIG
from 1993 to 2019 were investigated in this study as well as the decadal changes in
the volume transports of the deep waters below 1500 m through the western UIG
from 1997 to 2019 using subsurface mooring current data through the UIG from
1997 to 2019 and hydrographic data in the JB, UB, and UIG from 1993 to 2019. The

main results of this study are summarized as follows.

(1) Long-term variation of the volume transports of the deep waters below
1500 m through the western UIG (VT1s) from 1997 to 2019 were investigated for the
first time in this study. It was found that the VVT15 was on a increasing trend by 0.0050
Sv yrt in the equatorward direction. Decadal-mean equatorward VTis was about
0.04 + 0.02 Sv larger in the 2000s (0.18 £ 0.01 Sv) than in the late 1990s (0.14 +
0.02 Sv) and about 0.05 £ 0.02 Sv larger in the 2010s (0.23 + 0.02 Sv) than in the

2000s (0.18 + 0.01 Sv).

(2) It was discovered that the deep waters transported by the equatorward
VTis consisted of only DW until the 2000s, but it consisted of CW and DW in the
2010s, based on the fact that the depth of DSM in the UIG extends from 1474 m in
the 1990s to 1511 m in the 2000s and 1690 m in the 2010s. The increasing
equatorward VT1s appears to be related to the CW’s expansion to below 1500 m, but

a follow-up study is needed for this part.

(3) The boundary depth distribution of the deep waters, which averaged the
study sea area, shows that the UBDcw (Dpsm) continued to increase from 447m (1474

m) in the 1990s to 475m (1511 m) in the 2000s, and to 557m (1690 m) in the 2010s,

1]
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while the DugnL decreased from 2544 m in the 1990s to 2503m in the 2000s, and
again increased to 2572 m in the 2010s. As a result, the vertical range of the CW
continued to increase from 1027 m in the 1990s to 1036 m in the 2000s and 1133 m
in the 2010s, while the vertical range of the DW gradually decreased from 1070 m
in the 1990s to 992 m in the 2000s and 882 m in the 2010s. On the other hand, the
vertical range of the BW was expanded from 956 m in the 1990s to 997 m in the
2000s, and then reduced to 928 m in the 2010s. Vertical fluctuations in the volume
of the deep waters are attributed to the fact that the BW formation strengthened from
the 1990s to the 2000s and weakened again from the 2000s to the 2010s, while the

CW formation continued to strengthen from the 1990s to the 2010s

(4) The potential temperature increased by about 0.01 °C from the 1990s to
the 2000s, while it increased by about 0.02 °C from about 1500 m to about 3000 m,
and the potential temperature increased by about 0.04 °C as the water depth
decreased from 1500 m to 1000 m from the 2000s to the 2010s. This study shows
that the decadal-mean potential temperature at the UBHL of the East Sea rose 0.02 °C
from the 2000s to the 2010s, about 1.6 times higher than the increase rate in potential
temperature of the deep waters deeper than 2500 m from the 1950s to the 2000s
(Chen et al., 1999; Gamo et al., 2014). The rapid increase in potential temperature
of the deep waters in the East Sea in the 2010s seems to be due to the rapid increase
in the surface water temperature of the East Sea in the 2010s compared to the 2000s,
which is related to climate change in association with abnormal Arctic warming and

the heat-dome phenomena in East Asia in recent years (Han and Lee, 2020).

(5) The salinity increased by about 0.002 psu from 1000 m to the bottom from

the 1990s to the 2000s, but the salinity in the 2010s do not show a significant
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difference from the 2000s. The rise in decadal-mean salinity of the deep waters in
the 2000s seems to be that evaporation occurs more actively than precipitation in
deep water formation area, and surface salinity increases due to horizontal salt flux
by the Tsushima Warm Water recirculation and brine rejection by severe surface

cooling (Talley et al., 2003; Yoon et al., 2018; Han et al., 2020).

(6) The potential density increased by about 0.0018 kg m from 1000 m to
the bottom from the 1990s to the 2000s, while the potential density in the 2010s
decreased by about 0.001 kg m™ from 1500 m to 1000 m, and the potential density
in the 2010s decreased by about 0.0025 kg m> from 1500 m to 1000 m from the

2000s.

The decadal changes in the volume transports of the deep waters below 1500
m through the western UIG and the physical characteristics of the deep waters in the
East Sea are shown in this study. However, many questions still need to be addressed
in future research. First, it is necessary to clarify why the CW formation continues
to increase from the 1990s to the 2010s regardless of the increase of the BW
formation from the 1990s to the 2000s and then decreasing again in the 2010s.
Previous studies describe the BW formation and the CW formation as an alternative
event: when the BW formation prevails, CW formation weakens, and when the BW
formation weakens, CW formation prevails. However, in this study, considering that
the CW formation continues to increase regardless of changes in BW formation, it is
necessary to modify the concept of dividing the East Sea meridional overturning
circulation into one-cell (enhanced BW formation) and two-cell (enhanced CW
formation) in the past in consideration of the complex formation of the CW and the

BW.
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To comprehensively understand the long-term changes in the physical
characteristics of the deep waters in the East Sea, it is necessary to study how and
why sea surface temperature and sea surface salinity conditions that affect the
surface density in the CW and BW formation areas are changing over long times. In
particular, a follow-up study is needed on why the increase in the potential
temperature of the deep waters from the 2000s to the 2010s has increased about twice
as much as that of the deep waters from the 1990s to the 2000s. Since the sea surface
salinity changes in deep water formation area have a significant impact on the sea
surface density and the resulting deep water formation, follow-up studies are needed
on how and why the conditions of the sea surface salinity changes (freshwater and
heat fluxes, sea-ice formation, recirculation of the Tsushima Warm Water) vary over

long times.
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The East Sea, one of the regions where the most rapid warming is occurring, is
known to have important implications for the response of the ocean to future climate
changes because it not only reacts sensitively to climate change but also has a much
shorter turnover time (hundreds of years) than the ocean (thousands of years).
However, the processes underlying changes in seawater characteristics at the sea’s
deep and abyssal layers, and meridional overturning circulation have recently been
examined only after international cooperative observation programs for the entire
sea allowed in-situ data in a necessary resolution and accuracy along with recent
improvement in numerical modeling. In this review, previous studies on the physical
characteristics of seawater at deeper parts of the East Sea, and meridional
overturning circulation are summarized to identify any remaining issues. The
seawater below a depth of several hundreds of meters in the East Sea has been
identified as the Japan Sea Proper Water (East Sea Proper Water) due to its
homogeneous physical properties of a water temperature below 1°C and practical
salinity values ranging from 34.0 to 34.1. However, vertically high-resolution
salinity and dissolved oxygen observations since the 1990s enabled us to separate
the water into at least three different water masses (central water, CW; deep water,
DW; bottom water, BW). Recent studies have shown that the physical characteristics
and boundaries between the three water masses are not constant over time, but have

significantly varied over the last few decades in association with time-varying water

6 5 '\-._i —T



formation processes, such as convection processes (deep slope convection and open-
ocean deep convection) that are linked to the re-circulation of the Tsushima Warm
Current, ocean-atmosphere heat and freshwater exchanges, and sea-ice formation in
the northern part of the East Sea. The CW, DW, and BW were found to be transported
horizontally from the Japan Basin to the Ulleung Basin, from the Ulleung Basin to
the Yamato Basin, and from the Yamato Basin to the Japan Basin, respectively,
rotating counterclockwise with a shallow depth on the right of its path (consistent
with the bottom topographic control of fluid in a rotating Earth). This horizontal deep
circulation is a part of the sea’s meridional overturning circulation that has
undergone changes in the path and intensity. Yet, the linkages between upper and
deeper circulation and between the horizontal and meridional overturning circulation
are not well understood. Through this review, the remaining issues to be addressed
in the future were identified. These issues included a connection between the
changing properties of CW, DW, and BW, and their horizontal and overturning
circulations; the linkage of deep and abyssal circulations to the upper circulation,
including upper water transport from and into the Western Pacific Ocean; and
processes underlying the temporal variability in the path and intensity of CW, DW,
and BW.

Keywords: Central water, Deep water, Bottom water, Deep circulation, East Sea

rio

A AFAHR] g % hydrological cycle), A3}t 3%
(biogeochemical cycle)?} &, &, &2 &l 2 Adafol A ojst FFS 1
A 7155 2dsh= g X2 =3FH(meridional overturning circulation;

MOC)> Y A5 a4 3K(warming), 2Hd 3Hacidification), B2FA
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et al., 2006; Send et al., 2011; Levin and Le Bris, 2015). 53] A& xo™ &+
SHAtlantic MOC)S A %E AZ9 1P FS nYEr F=Hata, L
AEA A Ao AT dlTes AR FFsh g5 2 o

b e
66 -"\-\."i '.;'.



2 ko] 3k F 3l Oé’, d, 54l =2 oA AR 71$ Al
= T}(Srokosz et al., 2012). L&} thA] <k =}

oW 3 7|F st et WEshs AR FlHA o, thA Yt A
Fo T WEo] oY AEg grEE o

Eluar Qlg-o] H 3% S th(Bryden et al., 2005; Send et al., 2011; Jamet et al.,
2020; Worthington et al., 2021). 7] W 3}7} Alsh=m o] 2w &=38ho

A8 PEAE GAAT FF 1008 B A5 W] AF a5e
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BN
i
=2
fo
ot
12
i)
ru1o
OE
ro

=4 SAdE A&AQ] HstE 7S Ao® AW tk(Stouffer et al.,
2006).

g F FAFSHAl AFA A QD A =3 A 2<®lo] FEXx)|3F=(Senjyu et al.,
2002; Chang et al., 2004; Han et al., 2020) &3l 22 t] Y(miniature ocean)’
olgt EE AR Y FAFEE 545 EQItHKim et al., 2004; Talley et
al., 2006). T3l -A-H = R H T4 1667 me] 4 A=
A B AR e 2zl 246 2000m oo R e F 3 - o
w2 3 A](Japan Basin), =75 = X|(Ulleung Basin), ©Fv"}& -%](Yamato Basin)
- o A EA7F EAZH. FAe] 150 m o] 2 kil Fo] MjaH &
2 47019] P (N33 Korea Strait, 227}733; Tsugaru Strait, A 0F3l| ;
Soya Strait, E}FE}FZ33; Tatar Strait)= 3| A7 3o AZE7] wjiol
sl kel el wgko]l wig- Al WA 3 (semi-
enclosed sea)©] TH(Mooers et al., 2006; Gamo et al., 2014). w2 A s}
FEREH FdsAY FE FEHY] Bus, Uil AdHe &
shal= FElgh e =3 x2S B U(Figure 1.1). ©]2]3F o

Q)F Aol A AAHE ] AT FHAORE AA WEgFo R 3]st
m ¢3lele Ao ® A4l Qlth(Figure Lla). S AR g% 39
2T e ALHel HA 7] Yo R Fo] Yol il 3" (sea ice)

34 o] At W (brine rejection =i brine injection) & SZ o]
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ol Wx7F F7FstE Aoz d#| A Sl ti(Talley et al., 2003; Yoon et al.,
2018). olFA AH= AEEY T ALAF= HEAMTH
FAMHS mek dAE AT s Adeta A EA AE A
=, o] A4S AFSAPHUF (deep slope convection)= F-ETH(Figure 1b)
(Talley et al., 2003). 3+, & =
Aol 3 sidE A Esol @A wEsty Ao Yo (open-
ocean deep convection) 5= 53U - (shallow or intermediate convection) ¥}73
S &3 °E A4y A dlE A S h(Figure L1b) (Noh et al., 1999;
Yoshikawa et al., 1999; Clayson and Luneva, 2004). A ¥ A5 4= 314
wAWlA, 28l v 2AR FFEs AN FEHoRE 6
AAE WAA ke s 3dst $£3gH(Talley et al., 2003; Senjyu et al.,
2005; Kim et al., 2022a).

7| 5Rste] we g AT w8 s 54 WSl Rt
J= A FAREHA s AT o sl S0 E T MEE
Elvb= o w2 deyA QltH(Tanaka, 2014; Yoon et al., 2018). 53], &3l
A AARez Mg weE 7o 298yt We F(Belkin, 2009; Lindsey
and Dahlman, 2020)2 AL = 7|ZW sl w]$- W7kaelA ¥H-esl= &<
< stupolth. Wistsl= 715 2ol dg AT dla ST &8ko] of
WA WMske A sty 9k ‘o A 3 A (Laboratory of open ocean)’
249 Faol g o A7t A=, Tl AS s =
A EA =3k i3 A5 (Kim et al., 2002; Cui and Senjyu, 2010, 2012;
Gamo, 2011; Tanaka, 2014; Yoon et al., 2018; Han et al., 2020, 2021; Kosugi et al.,
2021; Jeong et al., 2022; Senjyu, 2022) th ko] v 453 S w3 =
gAY qFEe] 53] FEu. A ATE Bl FAEE s A =
gko]l AZF FE= 49 W (Min and Warner, 2005; Postlethwaite et al., 2005;
Hanetal., 2021; Naetal, 2022) 22 H]5 AT we} o] #3F AF RS

4 PAst 24 Aol Aol welvlt AW, £A W ool &
g A7 FRE s gl Ha) 253 @ths de FEHOR d
A 5 QU= Abdelth oldF e neFY, WA eva Fo Fl



o] Al
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@7 st vlde] g B WakE AUl ol M F8

g AA S AE g

ofj

meba] o] el M= g Hstel S vEhtal gle T A S
7o EYA 547 &8 Wl g 1zt A AFE 8oFstal g
&3l

W ¥ (53l)5 % (East Sea Central Water; CW),
18] 3L (& 3l) A 557(East Sea Bottom

Water; BW)2] A& w2 CW FHE-4A (2 400m) 3H5-2] &
E35lE ou 2 A2 THKim et al., 2004). 2739 E B3] AE 849
=814 54 ¥t gigh AT A3E, 3FA = sEl AE o8 A
Hoegke] Wsto] gigk A+ AHE et 4Fel M= HAA e ok
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Figure 1.1. Schematic of (a) upper ocean circulation (red and blue arrows), dee
p and abyssal circulation (gray arrows), and (b) meridional overturning circulati
on (MOC) in the East Sea. In (a), most widely recognized currents and geogra
phical features are highlighted. Isobaths are indicated by thick solid (3000 m),
thin solid (1500 m), and thin broken (150 m) lines. KOR, RUS, and JPN indic
ate Korea, Russia, and Japan, respectively. JB, UB, YB, YR, and OS indicate t
he Japan Basin, Ulleung Basin, Yamato Basin, Yamato Rise, and Oki Spur, res
pectively. Surface warm and cold currents are marked by red and blue arrows,
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respectively: LCCC, NKCC, EKWC, NB, and SWC indicate Liman Coastal Co
ol Current, North Korea Cold Current, East Korea Warm Current, Nearshore B
ranch, and Soya Warm Current, respectively. Two modes of MOC where thick
and thin arrows indicate circulation cells with strong and weak flows, respectiv
ely: (b) double cells with shallow convection (open-ocean convection) vs single
cell with deep convection (deep slope convection). Note that the upper cell sti
Il exists even when the deep slope convection is active although the mid-depth
equatorward flow becomes weak and abyssal poleward flow reverses to equator
ward. Here, (a) and (b) are modified from original figures in Senjyu et al.(200
5) and Han et al.(2020), respectively.

Figure 1.2. Oxygen concentrations (umol/kg) at 1000 m in the Pacific Ocean an
d East Sea (upper-left inset with higher horizontal resolution). High oxygen (pu
rple) indicates more recent ventilation (surface water penetration). The East Sea
exhibits ventilation at depth that is much higher than elsewhere in the Pacific,
including the Southern Ocean. This map represents the specialty of the deep (~
3500 m) East Sea. Data are from the World Ocean Circulation Experiment, the
National Oceanographic Data Center, summer 1999 surveys from the R/V Reve
Ile and R/V Professor Khromov in the East Sea, and a 2000 dataset from the
Okhotsk Sea. Modified from Talley et al.(2006).

2. B9 4% A9 B 543 w3
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O|AA ME E V|Fow FEFHSITH 19329 F3 W 37 EA S
stelis AYolA =313 5 A5E 43519 Uda(1934)91 -+ 54
Wom oo BE¥Ed= A

34.0-34.1 W9l ufg A3 |45 L E 3| 31-f-5(Japan Sea Proper Water)

B b

%
-l>
%

$], potential temperature) 0-1°C, &+

2 g gth(o] - 535 East Sea Proper Water= % H ). o]=A A
o8 s i 1990 oA e | YKt gk ) AT sl
7F @ SR A v deudds A
£5o) $hohKimand Yi, 2017). 281v GRS uF55 1990 o] A74A]
Aol wel A2 HgE VEoR Aﬂ%ﬂﬁi%tﬂ, F=9 dA 7l=7]
(Nitani, 1972), &4 w59 4S5 A4 E(Sudo,l986; Senjyu and Sudo, 1993,

;

HE

sk 94 2A A

Of

1994), =<, &4 183 F4 2] B4 (Gamo and Horibe, 1983) &
of we} 4154 (Deep Water), - # %‘—’F(Upper Bottom Water), a5 A<
“(Lower Bottom Water)@ -3} W (Nitani, 1972), 4% 3L F5(Upper
portion of the Proper Water) (Sudo, 1986; Senjyu and Sudo, 1993, 1994) 2 415
T~(Deep Water)2} 4] 5-5~(Bottom Water) (Gamo and Horibe, 1983)Z -1+ 5] 7]
L

s AT AT s dEs AEsA SAE & A= FYI(SBE-
9,Yoonetal,2018)%} &FAr FEE WU AEelA F45e W (Paiet
al., 1993)°] 1990 t)H-E] EAH o= &g
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ST (CW), ATTDW), ASTBW)Y 370 i deirpd oz 2 ok
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(Kim and Kim, 1996; Kim et al., 1996). <= £w, 4] °F 1500 m 9] &
= HAZEH & & JdE A EFH AT (Deep Salinity Minimum), 54
°F 2000 m -39 §EAL HARFYH & e A=A LT

(Deep Oxygen Minimum), 123 54 2F 2500 m ©}

&
o
>
4y
ro
g
e
I

g A TR ug A @ T o] S h(Figure 1.3) (Kim et
al., 1996; Kim et al., 2004). thFell Hlaf wl-g- 2-& WHslFojnz HAg =
ol E7Fzdd 1990 d ] o] Hell= & 4 §IAAT, 4 1500 m
Bzol AaldiH 4253 4 2500 m B3-S VFo R w3 AE 4
S CW,DW, 1832 BWY 37 a2 g A3 CWe 54 400-1500
mell A FAAFE 0.12-0.60°C H9I 9 A 34.067 o], DWE 4 1500-
2500 moll Al FAG2 0.12°C mRFRE I 34.067- 34.070 W 9], 1¥iL
BWE 41 2500 m ob&l] siAA7EA] B A 42 0.073°C v Rk
A& 34.070 W& A 5A4S sz 4o 4 AAJTHKim et
al, 2004). ¥ AF AFdre TF A= AfESAAH AT

DW Welo ¥ ez DW7L Fall A e T AdE A M

1

N

N
e

of\
o Nr

o]

ol

to

H &g B 4 Jri(Kimet al., 2001; Yoon et al., 2018).
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Figure 1.3. Vertical profiles of potential temperature, practical salinity, and diss
olved oxygen concentration at a station in the western Japan Basin during the
summer of 1996. DSM and DOM denote the deep salinity minimum and dissol
ved oxygen minimum, respectively. Modified from Kim and Kim(1996).

2.2 E83 B¢ us
3 A5 s(CwW, DW, BW)2] Z84 EALS A= & 45 s
AR 71FHESAEd R 2 S dd®)a A A met fold
e sl 55 afgolAd Bz
I A S A A AE Aol A B, HAAF] fAE &
E 2 AWk (Peter the Great Bay) & TAH°¢] &2 tF5 3golA HWEr
S7HE A2 549 £5 sigrt dSAMHS wek 4 2000m o]
A7ete] BWE AAstERE BW7F $1X]6k= 41 2500 m ool A =

= S, 9% &4 sEe w4 5AT 5 Ak(Figure 1.4)
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(Kim et al., 2002; Senjyu et al., 2002; Talley et al., 2003; Tanaka, 2014; Kim et al.,
2022a). 3, ASASNF(EES TSUHT)= FAHCl 42 dE ZA U
g sdol M HAst=H, Ad AE sxd W AEel weEl U
7v Zsketal Eqso] AojAM, A el Al AAE TAEt
7wl Ccw Aol EwEhA Eb T (Marshall and  Schott, 1999;
Clayson and Luneva, 2004). F==°] il i3 §E44L 571 52 3
F7F AR H AT A AR TEHEA Y A A s
e

(CW) F&o] zrashar A &E4

i

off
k1
N
N,
ol\
N
N,
rol
u)
Py
&2
[0)=]
5
[
>

(Talley et al., 2003). W55 &9 W sz 37
erol BW AJAJo] ditalx] okotdl whi, AFodulF WA cw A
& gy 1990 ] Futoll = =

M= Srbebar, sl = fasts 553 4 x| WMEE B
THKim et al., 1996; Gamo et al., 2001). F3fjol] A HAWFA Sl A FAPH Y 72
oFsl= 1965 5-E 1995\ d7b4] ofulE 4] 2] DWeF BW 44 ¥ 9] oA

AR GEAL FEE NEH 0" AN IL(Kwon et al., 2004), L A

y

_VA
BN

A &S H 2T AL 1960 T $5F 1000m ool A 1990 o
ZRE ¢F 2000 m= 2F 1000 m ©]/F o ZofX] A HATHGamo et al., 1986;
Kim and Kim, 1996; Kim et al., 2004). 221} 200013 o -6 &= ThA] Al ZAb4
77 AZAAEEA cwW AT BW Ao SAlsixa, 1 Ay 4

NPRALT ARG PN o T For FENL BRI} 7

[‘

4> 3 UH(Figures 1.4a, 1.5b, and 1.5¢) (Senjyu et al., 2002; Talley et al., 2003; Yoon et

ASAEYF+= 1932355 &2 A48 BW A4 715 o2 283S
pal

Aolet WA, AmAARE AZF alFo] o|2r|7H HAwHal
ol Ul el S A w2 A4 AL TR WsE An
7

A Ao At 19503 1990t FHb7bA] ASAMHYFE
4o ofglyo] gta, AFTAUSUNFE T CW



o] sl sl F
A2 sl o7 W3lE Aolels Aol A A 7% FTH(Chen et al., 1999;
Gamo, 1999; Minami et al., 1999). ~1&{1} ©] &7 Al A = 2 (Moving Boundary
Box Model)& ©]&3}o], 1980 d] Fuky} 1990t 1k Alole F3l 4l
= AT Fa A A o] AsAtAgFAA 4

Hagk BWREE CW7F o o

He A= &5 Aolgt AFA Ay %E}(Kang et al., 2003, 2004). ~1&]
3 A= g5 A HAS 20002001 AL ASAMAYFE £3
BW AAdo] A&AdstHA] thA] WstE AA Evh(Figure 1.4a) (Kim et al.,
2002; Senjyu et al., 2002; Talley et al., 2003; Tanaka, 2014; Kim et al., 2022a). BW
Aol ANEEA LR XA BW &2 TAELS 1977
19991 717+ 0.76 pmol/kg/yroll A 1996-2015% 717+ 0.38 pmol/kg/yr2 50%
E3HE AL, HAAFY FEEHA oA = dFdFe EHAT BW AE-Y
A AL H(1995-2015\) Ao dATA FAEHL Qo
AE Al €15 A th(Figure 1.5) (Yoon et al., 2018). Wl A8 AFES &
a AAE s AT Faka 3 g BWeo AETE AF Al
2 OgiA) %S 9 o) FaskA gom, 2060074 = gl Hl3) =
A

2 FEE FA5H BWZF AT Aoz Addd 4 Qo
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Figure 1.4. Cross-section of dissolved oxygen (DO) concentrations (pmol/kg) al
ong 131.30°E during (a) February 24-27, 2001 (deep slope convection occurre
d) and (b) March 3-7, 2000 (open-ocean deep convection dominant). Deep slo
pe convection occurred along the continental slope north of 41.5°N, resulting i
n deep water (DW) and bottom water (BW) formation, whereas open-ocean de
ep convection occurred south of Vladivostok, resulting in central water (CW) f
ormation. Modified from Talley et al.(2003).
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Figure 1.5. Deep structural changes in the East Sea (Japan Sea). (a) Locations o
f the East Sea (brown box in upper-left panel) and hydrographic stations where
data were collected during research cruises (brown dots). The Japan Basin (JB)
is deeper than 3,000 m (thick black contour), and data collected in the central
JB (centered around 41.3°N, 134°E, blue squares) were mainly used. (b) Time
series of the boundaries between central water (CW) and deep water (DW) ma
sses defined by 0.13-0.15°C isotherms (open and filled green circles) or deep s
alinity minimum (DSM, red triangles), and between the DW and bottom water
(BW) masses by upper limit of the benthic homogeneous layer (UBHL, derive
d from potential temperature: magenta diamonds or dissolved oxygen: open and
filled green squares), and depth of dissolved oxygen minimum (DOM, gray ast
erisk) for 67 years (1950-2016). Isotherms of 0.6°C used for the upper CW bo
undary are shown with crosses. Data collected in 1999, 2000, and 2001 using
different conductivity-temperature-depth (CTD) instruments are shown with yell
ow triangles and diamonds. The DSM observed in 2012 is denoted by a blue t
riangle. Three black dashed lines denote the upper CW boundary fixed at 200
m, and linear fits to the observed CW-DW and DW-BW boundaries from top
to bottom, which were previously reported using data from 1950 to 1996 (not
shaded). Red solid lines indicate new fits to the updated boundaries. (c) Time
series of BW DO observed from 1977 to 2015 in the eastern JB (green open ¢
ircles in Figure 1.5a) at Stations C (blue squares in Figure 1.5a) and E (blue ci
rcles in Figure 1.5a). Green dashed line indicates the linear declining BW DO i
n the eastern JB between 1970 and 2020, which was obtained using data colle
cted from 1977 to 1999. Blue dashed (solid) line indicates the same linear tren
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d between 1996 and 2020, but using data collected from Station E (Station C)
from 1996 to 2015. A potential temperature—salinity diagram of data collected
from Station C in June 1999 is shown in the bottom-left inset. Modified from
Yoon et al.(2018).

3. B3 AF <& AoH <%

3.1 4% <8

o HAN dEE dAgH 55 9 Aol B89 AT dae
A& BEAAMFE &5 &4, otE &4F5 Adviz Ax oA d2
AR Bt ARE ATAAM T8 dAE AA B £
TH(Senjyu et al., 2005; Choi and Yoon, 2010). o] =241 X|g F o] w=H &

W AE A% 57t fale] e dde eRXd Fu 5RAAL

L2
&3 A7+ (Ulleung Interplain Gap) A5 25 343 &

¥ TH(Teague et al., 2005). =5 A oA % WAJA WEFo=w #3 &

$5 529 RFRE JUHOR Fo] O Fu Fav] F B

2
71wz o] H¥FE & =4S F(Dokdo Abyssal Current)= T 3t}

(Figure 1.6) (Chang et al., 2009; Shin et al., 2020). &35 T4 & WA= A5
A= Aol &2 27] dAHOki spur) oFrlE &) ¥ (Yamato Rise)S S
gxon T3 A WRew W F o dmow f4uo] ol
BAZ F99 ofbhE B4 el A% WA Yoz £# F ol

B 74 T8 gEAMAS wet HAste] ofmtE £
A FAE Y H H(Senjyu et al., 2005).
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FTTHFEA 700 m7HA] GEFE vE F e AHS A AE
Ae AS dFe cwell eSS B tHKim et al., 2022a). ©EFA, 2000
ddl o] AFAMHUIFE &3 BW A HA ALAs = w8 55

2 vl SEke] S7h HE5 s gelA

o
53 At w2 A oAt =5 SU7F 55 A9 Y =
o A

Aage] F3F o] HRHoR &3 AR AT ¢ o, Idd
Ko7 AZ £3ke] W3S opr]|Fvtal B 4= 2 TH(Yoonetal.,2018; Han et

38°N |

‘;//,_;\_;:,/f; —= HYCOM
L e 21 — ECT
3 B o ¢ O = &
W N : w— U5
~ R e
' — B2
130°E 1319 1329F

Figure 1.6. Mean velocity field obtained using Hybrid Coordinate Ocean Model
re-analysis data and mooring observational data collected at sites EC1, U5, and
UB2 (blue, red, and purple arrows, respectively). UIG, DAC, Ul, and DI denot
e the Ulleung Inter-plain Gap, Dokdo Abyssal Current, Ulleung Island, and Do
kdo Island, respectively. Modified from Shin et al.(2020).

HFH AR SACE s A2 didolet Bl wao AW
= 3H(East Sea MOC, ESMOC)ol| tgh A+ H]a% HI7MA| %= 2 o] Fo
A7) g hod A2 A5 Sl 27HA FHe ESMOC =3 727t

EAEE o ® delATh (Han et al., 2020, 2021). &3 4FolA A&7t
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3 o]F F3o R WSk AR EE oF 100d W R AA EH A=
(Han et al., 2020, 2021; Kim et al., 2022a), 2ollA] A3 AF a4 A

dFe vAL a5 WEvE WP Beo] A S8, 20009 A

1o

o>,

g 20001 ool -ARE @ &3 FEH 2o
ESMOC % W35 2z d9gsty, ASAIHUF o5 vlud Zek(F%

% 177F 370 o] FA1¥™ ESMOCE 43l 75
S S $HCH(Figure 1.7b) (Senjyu et al., 2002; Yoon et al., 2018; Han et al.,
2020, 2021; Kim et al., 2022a). ©]¢} djz=4 o= 19901 d] ¥tz 2010 o
Zulo = AZQ A EE B8 cW KA o] AZAIHY RS £33 BW A
ART o A8t olF 3+ Ee] ESMOC 7% EO]_TL(Figure 1.7a)
(Han et al., 2020), 5 3(5°4 700 m)ol| A M-S wet Falsls &3 37
(North Korean Cold Current; NKCC)2} A 5(54 2000 m)oll A &8l &5

S
il
of
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o,
2
i
>

oo
o
S
s
o
R
utal
ofji
)

X2 DAC % ofnlE RXo] Foful¥ A Z 3 F(Eastern Yamato Basin
Abyssal Current; EYBAC)7} 743lel 545 X S th(Figures 1.7, 1.7f, 1.7g, and
7h).
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Figure 1.7. Schematics of East Sea meridional overturning circulation in the (a)
shallow convection period (Period I; dual cell years, late 1990s and early 2010
s) and (b) deep slope convection period (Period II; single cell years, 2000s). (c
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) Streamlines of 0.2 Sv ((D: solid line) and -0.3 Sv (@: dashed line) for the s
hallow convection case of the MOC stream function. Turnover times are (D 8.
68 y, @ 36.76 y, and MD+@ 45.44 y. (d) Streamlines of 0.3 Sv ((D: solid line
) and 0.13 Sv (@: dashed line) for the deep convection case of the meridional
overturning stream function. Individual turnover times are O 26.41 y and @ 3
7.28 y. Horizontal currents at (e, f) intermediate layer (700 m) and (g, h) deep
abyssal layer (2000 m), averaged over (left) Period I and (right) Period II. In (
e, f), three sequential small blue and red dotted boxes represent the boundary c
urrent regions, and large blue and red boxes are UB and YB. Blue dotted boxe
s represent JB, UB, and YB anticlockwise from the top, and small red boxes a
re deep abyssal currents such as DAC (left box) and East Yamato Basin Abyss
al Current (right box) in (g, h). (a, b) and (e-h) are modified from Han et al.(2
020), and (c, d) are modified from Han et al.(2021).
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Atk AA, 3 F-ul7] E wSTHLhvsEzh) FHAA T HH ]
HAajol EPHRAET AZEH 719 #(1870-2000) F7F FAI(Kim
et al., 2002; Talley et al., 2003)} ™ G229 <1(1982-20181) T 7
M|(Lee and Park, 2019), 123 &3} ™ & Sr(heat flux) 7] H3}
& &3l Fa B alge o A B 23 s Ftr] s gl
A
3l slE

A F-eez 8

oft

g A2 2AE B

N 2
o
)
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I
ofN
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ol
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il

<7715 M5 A (Yoon et al., 2018)0] 10 2] AJZF FEZE 2| &4 Q]

= B A oF JA T8 7 AP o] Hojof s =4, EtERE

sigel A A siv AL 2dsket @ 198020153 717F 9 =
Z 7 Pa 1o mE AR WES A3E JhsAo] Hou, EEES)

Yol Aol iy el F3g WEE Hol 1980-19951d 7|7kl HlE]
1995-2015d 7|7kl ©f €hs] s AJAdo] o] Fo] H O E E(Yoon et al.,
2018) a1 WEoll o sxW fE WU oiF A A 23 4

Az H0eHE dbdR e 279 W deidE Aeds F9
55 qome A o T ASAAU T A el jxw R
1S AAste T8 84F A8 F dof(Park, 2007), o] gk
F& A= o] Fojd ot Ut

T B8 AW wie] A% Wil Busel Ea AF a4
o meld B4 TR A5 wskE 49 Aew Awd & e,
S5 @S FA7L ASADE HEW £ 43 50 AAFLe
ZAHrA o0 2 F7}8F3l(Yoon et al., 2018; Lee and Park, 2019), &3 &4k 4
Tov AAT AL 94 4 A TH(Dickson et al., 2002; Kwon et al., 2004).
NS el AntHel §EA A she BW AN AFoge gk ¥
wol AgEHHAM FFSolA AiE Fri=de] I wE Fa A4A
o= Qg A& fgAa Aoz AWH A THKim et al., 2022b), 2000/2001d
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