JUNE 2020

HAN ET AL.

1773

Decadal Changes in Meridional Overturning Circulation in the East Sea (Sea of Japan)

Ocean Circulation and Climate Research Center, Korea Institute of Ocean Science and Technology, Busan, South Korea

MYEONGHEE HAN AND YANG-KI CHO

School of Earth and Environmental Sciences, and Research Institute of Oceanography, Seoul National University,

Seoul, South Korea

HYOUN-WO0O0O KANG

SUNGHYUN NAM

School of Earth and Environmental Sciences, and Research Institute of Oceanography, Seoul National University,

Seoul, South Korea

(Manuscript received 15 October 2019, in final form 27 March 2020)

ABSTRACT

Meridional overturning circulation (MOC) is vital to distributing heat, freshwater, and dissolved matter in
semienclosed deep marginal seas such as the East Sea (ES) (Sea of Japan). As our understanding of the ES
MOC remains incomplete, we attempted to fill this research gap. We analyzed the ES MOC and its decadal
change (1993-2012), employing Hybrid Coordinate Ocean Model (HYCOM) global reanalysis. We found
that the ES MOC, consisting of two counterrotating overturning cells in the late 1990s, changed into a single
full-depth cell in the 2000s and reverted to two cells in the 2010s. The decadal change relates to weakening of
the southward western boundary current at the intermediate layer and northward eastern boundary currents
at the deep abyssal layer. We propose that surface warming and salinification favored reduced intermediate
water formation and enhanced bottom water formation in the northwestern ES in the 2000s and were,
therefore, key to the decadal change. Conditions unfavorable to intermediate water formation and favorable
to bottom water formation in the winters of the 2000s, compared with the late 1990s, enhanced northward
(westward) Ekman transport in the southern (northeastern) ES, successive advection of surface warm, saline
water into water formation areas, and air-sea heat and freshwater exchanges linked to the January Arctic
Oscillation. Our results indicated that the ES MOC is sensitive to both external atmospheric forcing and
internal ES processes, which have implications for significant changes in the response of other marginal seas

and global oceans to future climate variability.

1. Introduction

Global meridional overturning circulation (MOC),
often based on zonally and vertically integrated meridi-
onal flows in the ocean, carries an extremely large amount
of heat from low- to high-latitude regions, contributing to
the overall climate of Earth (Wunsch 2002; Stouffer et al.
2006). In contrast to the increased interest in the Atlantic
MOC, the Pacific MOC has not attracted significant at-
tention, as it features from near-unventilated surface
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waters to a deep and abyssal layer, e.g., low dissolved
oxygen at 1000 m (Talley et al. 2006). However, there is
an exception in one of the marginal seas in the North
Pacific, namely, the East Sea (ES) (Sea of Japan). Here,
as it is connected to the Pacific via relatively narrow and
shallow straits (Fig. 1), diverse processes work to vigor-
ously ventilate the sea. These processes occur in re-
sponse to changes in the surface atmospheric and oceanic
conditions, and intrinsic internal circulation with a rapid
overturn time scale (<100 years), which yield the highest
levels of deep dissolved oxygen in the Pacific, including
the South Pacific (e.g., Kim et al. 2004; Talley et al. 2006;
Yoon et al. 2018).

The ES is a small, semienclosed deep basin (>3000m)
consisting of three basins, namely, the Japan Basin (JB),
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FI1G. 1. Bathymetry of the East Sea (ES) (Sea of Japan) with color
scale on right (contour interval: 1500 m). KOR, JPN, and RUS
denote South Korea, Japan, and Russia, respectively, and UB, YB,
YR, and JB indicate the Ulleung Basin, Yamato Basin, Yamato
Ridge, and Japan Basin, respectively. KS, TS, and SS indicated by
green lines represent the Korea-Tsushima Strait, Tsugaru Strait,
and Soya Straits, respectively. Three selected areas, area A
(129.0°-131.0°E and 40.5°-42.0°N), area B (130.7°-134.0°E and
42.5°-43.3°N), and area C (128.0°-137.5°E and 40.5°-46.0°N) are
marked with red dashed boxes. The zonal sections at 37°-45°N are
separated into four or five subsections: western boundaries shal-
lower than 1500-m depth (black solid lines), western troughs
deeper than 1500 m (black dashed lines), middle ridges shallower
than 1500 m (magenta dashed lines), eastern troughs deeper than
1500 m (blue dashed lines), and eastern boundaries shallower than
1500 m (blue solid lines). The red rectangle in the upper map de-
notes the study area. The UB area marked with a yellow dashed
box is zoomed-in in the upper-left corner with bathymetry (contour
interval: 500 m), and the names of islands and mooring (UI:
Ulleung Island, EC1: mooring, DI: Dok Island).

Ulleung Basin (UB), and Yamato Basin (YB) in the
northwest Pacific (Fig. 1). The severe ventilation in this
almost isolated deep basin and its temporal changes are
correlated with the variability in the intensity and
structure of its own MOC (hereafter referred to as the
ES MOC). Furthermore, the ES MOC and its variability
make critical contributions to the regional climate and
ecosystem variability through the distribution of heat,
buoyancy, and dissolved matter, and have implications
for the global MOC as a “miniature ocean” (Ichiye
1984; Kim et al. 2002; Talley et al. 2003). However, the
ES MOC and its variability remain largely unexplored,
with only a small number of previous studies having
addressed the formation and characteristics of deep
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water and both intermediate and deep circulations in the
ES, and even fewer having investigated the ES MOC.

The overall structures and characteristics of the ES
water masses and their changes have been observed and
investigated over many decades (e.g., Miyazaki 1953;
Moriyasu 1972; Kim and Chung 1984; Kim and Kim
1999; Kim et al. 2004; Talley et al. 2006; Chang et al.
2016; Yoon et al. 2018). The ES has an inlet and outlet
system in which the inflow transports warm and saline
water, named the Tsushima Warm Water (TWW), into
the sea through the Korea-Tsushima Strait (KS). This is
generally balanced by outflows through the Tsugaru
Strait (TS) and Soya Strait (SS) (Fig. 1). Therefore,
upper circulation patterns are generated by this system
(Cho et al. 2009). In the western ES, the East Sea
Intermediate Water (ESIW) or North Korea Cold Water
(NKCW), characterized by a vertical salinity minimum
(Kim and Chung 1984; Kim and Kim 1999; Kim et al.
2004; Talley et al. 2006; Chang et al. 2016; Nam et al.
2016), has been found at an intermediate layer, e.g., depth
from a couple to a few hundred meters, as confirmed by
hydrographic observations. Below the ESIW, three deep-
water masses have been identified from hydrographic
observations, particularly in the northern JB according to,
e.g., Kim et al. (2004). A distinct deep salinity minimum
located at approximately 1500m divides the Central
Water (CW) above and the Deep Water (DW) below the
layer. The abyssal layer is occupied by the Bottom Water
(BW), identified by a vertically homogeneous layer (Kim
et al. 2004; Talley et al. 2006; Chang et al. 2016; Yoon
et al. 2018).

The properties, formations, volumes, and spatial dis-
tributions of these water masses demonstrate strong
temporal variability on decadal, interannual, and annual
time scales. In detail, 1) the ESIW forms every winter
as a mixed layer water, subducted in the northwestern
ES (area A in Fig. 1) and transported toward the KS
by the southward-flowing North Korea Cold Current
(NKCC) (Cho and Kim 1998; Kim and Kim 1999;
Yoshikawa et al. 1999; Yun et al. 2004; Kim et al. 2006;
Min and Kim 2006; Park and Lim 2017); 2) decadal
changes in the dense CW, DW, and BW formations
occur via open-ocean convection and deep-slope con-
vection in response to convective mixing, saline water
transport, freshwater loss to atmosphere (evaporation
minus precipitation), and sea ice formation that yield
brine rejection (Noh and Jang 1999; Kang et al. 2003;
Talley et al. 2003; Kim et al. 2004; Cui and Senjyu 2010;
Yoon et al. 2018); and 3) decadal and interannual vari-
ability of the ESIW properties are apparent, associated
with the Arctic Oscillation (AO), wintertime air—sea
heat exchanges in the northern ES, and circulation in the
southwestern ES (Cui and Senjyu 2010; Tanaka 2014;
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Nam et al. 2016). However, surprisingly few studies have
addressed the ES MOC, and only a seasonal reversal of
deep overturning circulation associated with wind-driven
Ekman pumping and geothermal effects on 40-yr mean ES
MOC were suggested by numerical models (Yoshikawa
et al. 1999; Park et al. 2013). Decadal changes in the ES
MOC have not been examined, either from observations
or by numerical modeling.

In this study, we attempted to address the mean struc-
ture and intensity of the ES MOC and its temporal
changes, with emphasis on the decadal change, identified
from relatively well-validated global reanalysis products in
comparison with in situ observations of the ES. The data
and methods are described in section 2, and the results and
discussion are presented in sections 3 and 4, respectively.
The summary and conclusions are given in section 5.

2. Data and methods
a. Data sources

The Hybrid Coordinate Ocean Model (HYCOM)
global reanalysis product (GLBb0.08), with Navy Coupled
Ocean Data Assimilation (NCODA), has a horizontal
resolution of 0.08° and employs a hybrid coordinate in
which three vertical coordinates, namely, isobars (pres-
sure), isopycnals (density), and sigma levels (terrain) are
used simultaneously. In this study, we analyzed the
monthly mean original data on temperature, salinity,
density, and horizontal current given by the HYCOM
products in the ES (Fig. 1) for the period 1993-2012. To
estimate surface fluxes of heat, freshwater, buoyancy, and
momentum (Ekman transport), we used the monthly
mean data of the surface shortwave and longwave ra-
diations, sensible and latent heat fluxes, evaporation,
precipitation, and wind stress from the Modern-Era
Retrospective Analysis for Research and Applications,
version 2 (MERRA-2).

To validate the HYCOM data, we used three types of
in situ observational data collected for the target period
1993-2012, namely, 1) ferry-mounted acoustic Doppler
current profiler (ADCP) data collected across the KS
between Busan, South Korea, and Fukuoka, Japan;
2) serial hydrographic data collected bimonthly off the
east coast of South Korea; and 3) deep current-meter data
collected by the EC1 mooring located at 131.5°E and
37.3°N between Ulleung Island (UI) and Dok Island
(DI), as well as by other moorings. All EC1 mooring data
are available to the general public, as well as the science
community (Noh and Nam 2018). The volume transport
across the KS (V) was estimated from the ferry-based
ADCEP data for the period March 1997 to December
2012 (Takikawa et al. 2005; Fukudome et al. 2010;
Han et al. 2016) to compare with the HY COM results.
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FIG. 2. Time series of monthly mean volume transport through
Korea-Tsushima Strait (KS; positive into ES) from the model
(black solid line, HY COM reanalysis, 1993-2012) and observation
(red dotted line, ADCP, 1997-2012).

In addition, cross-sectional structures of water tempera-
ture and the temporal difference observed during serial
hydrographic cruises along one of the zonal lines (37.90°N)
off the east coast of South Korea were compared with
those given by HYCOM. We compared the deep-moored
current-meter data collected at several depths ranging
from 1800 to 2600 m in the JB, UB, and YB between 1993
and 2012 and those ranging from 2000 to 2400 m in the
UB (Takematsu et al. 1999; Chang et al. 2002; Senjyu
et al. 2005; Teague et al. 2005; Chang et al. 2009) with
corresponding HYCOM mean currents. We averaged
the EC1 moored current data from November 1996 to
December 2012, which were recorded at 1400- and 2200-m
depths using single-depth current meters attached to the
subsurface mooring (Chang et al. 2009) and we compared
these data with the HYCOM meridional currents in the
western trough of the Ulleung Interplain Gap (UIG) be-
tween Ul and DI (Fig. 1).

b. Methods

Zonal and meridional Ekman transports per unit width,
within the surface Ekman layer (VTg, x and VTg y;
m’s~!), were calculated from the meridional and zonal
surface wind stresses using VTgx_x = (7,/fpo), VIEx vy =
(—7.fpo), where 7, (Nm™?), Ty (Nm™?), f = 2Qsing,
Q (=72921 X 107° rads ), @, and p, (=1025kgm )
denote the zonal and meridional wind stress, local Coriolis
parameter, constant Earth rotation rate, latitude, and
constant surface water density, respectively.

We estimated the meridional overturning stream-
function ¥ by zonally and vertically integrating the me-
ridional current in units of Sverdrups (1Sv = 10°m’s™ ")
(Cunningham and Marsh 2010; Kamenkovich and Radko
2011; Han et al. 2013), such that

2 x,, (9.2')
W(y,z,t) =J J v(x,y,7,t)dxdz.

2ot () X, (0:27)
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FIG. 3. Cross-sectional structures of temperature along zonal line at 37.90°N in the southwest ES (contour in-
terval: 1°C) averaged (top) from 1997 to 1999 in Period I and (middle) from 2007 to 2009 in Period I1, derived from
(a),(c) serial hydrographic observations and (b),(d) HYCOM reanalysis. The differences are shown between the
two periods from (e) observation [(c) — (a)] and (f) HYCOM [(d) — (b)].

Here, the meridional current v at longitude x, latitude y,
depth z, and time ¢ was integrated from the zonal east-
ernmost point x, to the westernmost point x,,, and from
the bottom zp to the corresponding depth z.

The meridional overturning streamfunction ¥ was
averaged over the total period (20 years) and the annual
mean at a location of maximum temporal variance
(1000 m, 38.48°N) was used as an ES MOC index. The
years of negative (1996-2001 and 2010-12) and positive
(1993, 2002, and 2004-09) phases of the ES MOC (when
the ES MOC index exceeded one-third standard devi-
ation of 0.26) were selected for composite analysis and

grouped into Period I and Period II, respectively. The ¥
were averaged for the total 20-yr period to estimate the
time mean structure and intensity of the ES MOC, and
their seasonal climatology with a clear annual cycle. For
example, the mean seasonal change in the ES MOC was
determined from the climatological mean ES MOC
structures for the four seasons (winter: DJF; spring:
MAM; summer: JJA; and fall: SON). More important,
the ES MOC structures during the two periods (Periods
I and IT) were determined from the composite based on
the ESMOC index. The ¥ were averaged vertically over
the two periods and the longitudinal difference was
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compared at selected zonal sections along latitudes from
37°t0 45°N in 1° increments, and at subsections covering
deep troughs and shallow rises associated with the ba-
thymetry, e.g., UB, JB, YB, Yamato Ridge (YR), and
their connections (Fig. 1).

Horizontal currents (u, v), where 1 and v denote the
zonal and meridional components, respectively, were
averaged over the two periods (I and II) and spatially
over cross sections of straits and selected zonal sections to
allow a comparison of the ES MOC structures and asso-
ciated volume transports. The horizontal currents at two
different layers (intermediate and deep abyssal) were
compared, where the intermediate and deep abyssal
layers were defined as depths of 300-1500 m and below
1500 m, respectively. The reason for choosing these layers
is to consider the shallow (~300m) and deep (~1500m)
salinity minima and reported vertical boundaries of water
masses, namely, ESIW, NKCW, CW, DW, and BW
(Talley et al. 2003; Kim et al. 2004; Yoon et al. 2018). Note
that the ESIW, NKCW, and CW primarily occupy the
intermediate layer, whereas DW and BW occupy the
deep abyssal layer.

3. Results
a. Validation of HYCOM

The net meridional volume transport Vi,,q (Sv) at
35°N across the KS calculated from the HYCOM me-
ridional current was validated against the net volume
transport observed using the ferry-based ADCP (i.e.,
Vobs)- The mean values and standard deviations of V;,0q
and Vs over 190 months (March 1997-December 2012)
were consistent with each other at2.59 = 0.48 and 2.65 *
0.47 Sv, respectively, yielding a significantly high (0.84)
cross-correlation coefficient (black solid versus red dashed
lines in Fig. 2). The difference (V,oq minus V) had a
time mean and standard deviation of —0.06 and 0.27 Sv,
small enough compared with Vo4 or Vs, indicating that
HYCOM effectively reproduced the net volume transport
or inflow into the ES through the KS.

The cross-sectional structures of the water tempera-
ture averaged for the period January 1997-December
1999 (corresponding to Period I) and January 2007-
December 2009 (corresponding to Period II) given by
HYCOM and obtained through serial hydrographic
observations were consistent (although not highly cor-
related quantitatively). In particular, the temperature
difference between two periods (late 2000s minus late
1990s) was also consistent, successfully reproducing
shallower onshore and deeper offshore thermoclines
during the late 1990s compared with the late 2000s
(Fig. 3). HYCOM successfully reproduced two different
water masses observed in this cross section: 1) cold
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FIG. 4. Mean horizontal currents derived from HYCOM (black
arrows) and moored current-meter observations (red arrows) av-
eraged over depth ranging (a) from 1800 to 2600 m in the ES and
(b) from 2000 to 2400 m in the UB [denoted by the dotted box in
(a)]. The contour intervals for water depth in (a) and (b) are 2000
and 500 m, respectively. (c) The time series of meridional current
derived from HYCOM (black squares) and observed at EC1 (red
triangles).

(<5°C) and fresh (Absolute Salinity < 34.22gkg ')
water located below the thermocline, and 2) warm
(>10°C) and saline (Absolute Salinity > 34.30gkg™ ')
water occupying the area between the onshore and
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offshore and around the thermocline. The former is
known as the ESIW and is transported southward by the
NKCC along the western boundary slope off the Korean
Peninsula. The latter corresponds to the TWW, which is
transported into the ES through the KS and advected
northward by the western branch of the Tsushima Current
or the East Korea Warm Current (EKWC) near the
western boundary (east coast of the Korean Peninsula).

More interestingly, deep (~2000m) horizontal cur-
rents in the JB, YB, and UB derived from the HYCOM
(black arrows in Figs. 4a,b) agreed with the subsurface
mooring measurements that have been reported previ-
ously (red arrows in Figs. 4a,b; Takematsu et al. 1999;
Chang et al. 2002; Senjyu et al. 2005; Teague et al. 2005;
Chang et al. 2009). That is, the HYCOM results con-
formed to general cyclonic circulation in the basins at
the deep and abyssal layer, as derived from observations
from 1993 to 1996 (Takematsu et al. 1999), from 1999 to
2000 (Chang et al. 2002), from 1999 to 2000 (Senjyu et al.
2005), from 1999 to 2001 (Teague et al. 2005), and from
2002 to 2004 (Chang et al. 2009). The decadal change in
the deep abyssal (~2000m) currents averaged over the
western UIG (deep and abyssal inflow from JB into the
UB, Fig. 4b) derived from the HYCOM generally con-
formed to the values obtained by the subsurface moor-
ing EC1 observations, indicating a slight intensification
of the southward inflow into the UB (Fig. 4c).

b. Streamfunction

In the meridional section of the 20-yr mean P, anti-
cyclonic overturning circulation occurred with ¥ > 0
(up- and downwelling in the south and north, respec-
tively) at depths of <700m (upper layer), along with
cyclonic overturning circulation with ¥ < 0 (down- and
upwelling in the south and north, respectively) at depths
> 700m (lower layer) (Fig. 5a). The minimum of the 20-yr
average W for the lower layer was —0.29 Sv at 1000 m and
39.28°N, whereas the maximum for the upper layer was
0.64 Sv at 400 m and 38.40°N. The two-cell MOC structure
was maintained over seasons despite significant seasonal
variations. The seasonal ¥ climatology (DJF, MAM, JJA,
and SON) indicated that the minima in the lower layer
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were at 1100m with time-varying amplitude and lati-
tude, yielding —0.19 Sv at 38.96°N, —0.45 Sv at 40.16°N,
—0.29Sv at 39.84°N, and —0.40 Sv at 38.96°N for DJF,
MAM, JJA, and SON, respectively (not shown). The
maxima in the upper layer were 0.71Sv at 500m and
38.40°N, 0.64 Sv at 350 m and 37.44°N, 0.58 Sv at 400 m
and 38.32°N, and 0.68 Sv at 400m and 38.40°N in DIJF,
MAM, JJA, and SON, respectively. The northward flow
(meridional volume transport) in the lower layer was
largest (0.45Sv) in MAM and smallest (0.19 Sv) in DJF,
and the net southward flow (meridional volume trans-
port) in the upper layer was largest (0.71 Sv) in DJF and
smallest (0.58 Sv) in JJA. Despite the significant changes
in the locations of the maximum and minimum ¥ over the
seasons, the basic structure of the 20-yr mean ES MOC
was maintained with the two counterrotating cells.
However, a fundamental change occurred in the ES
MOC between Periods 1 (negative phase of ES MOC
index including the late 1990s) and II (positive phase of
ES MOC index including the 2000s), as revealed by a
comparison of the corresponding W structures (Figs. 5d-f).
During Period I, the two counterrotating cells were in-
tensified, with an anticyclonic shallow overturning circu-
lation at depths < 700m (upper cell) and a cyclonic deep
overturning circulation at depths > 700 m (lower cell). In
contrast, during Period II, anticyclonic overturning circu-
lation prevailed at all depths and latitudes, yielding ¥ > 0
everywhere. One maximum W value of +0.70 Sv at 400 m
and 38.40°N was found, in addition to double-minimum ¥
values of —0.73Sv at 1100 m and 39.84°N and —0.60 Sv at
1400 m and 41.52°N in the upper and lower layers during
Period I (Fig. 5e). During Period 11, double-maximum ¥
values of +0.72Sv at 500m and 38.16°N and +0.51 Sv at
1200 m and 40.88°N were found in both layers (Fig. 5f).

c¢. Horizontal circulation

The following significant changes occurred between
Periods I and II in the horizontal circulation in the in-
termediate layer (300-1500 m):

1) A stronger southward current along the western
boundary slope off the Korean Peninsula during
Period I, i.e., the NKCC, which transports the ESIW

«—

phases of the ES MOC are classified as ES MOC index exceeds one-third standard deviation of
0.26 (magenta lines). (c) 5-yr moving-averaged AO index in January (solid red circle), February
(dashed gray triangle), and December (dotted blue square). (d) Time series of annual mean
meridional overturning streamfunctions from 1993 to 2012. (e) 9-yr (1996-2001, 2010-12) and
(f) 8-yr (1993, 2002, 2004-09) mean meridional overturning streamfunctions in Periods I and I,
respectively. In (e) and (f), the zonally integrated meridional transports are denoted by hori-
zontal arrows, and upwelling/downwelling at two depths of 300 and 1500 m are marked with
vertical arrows, with the sizes of the latter being proportional to the volume transport. In (a),

(e), and (f), the contour interval is 0.2 Sv.
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(or NKCW) southward from the northwestern to
southwestern ES, with amplitudes of the southward
current (three blue rectangles off the Korean Peninsula
in Figs. 6a,b) being 1.70, 2.41, and 2.86cms ™' during
Period I versus 049, 0.50, and 024cms * during
Period II.

2) A stronger northward current along the Russian
coast during Period I, with amplitudes of the north-
ward current (three red rectangles off the Russian
coast in Figs. 6a,b) being 0.93, 1.35, and 1.85cms ™!
during Period I versus 0.20, 0.93, and 0.46cms™!
during Period II.

3) Weaker anticyclonic circulation in the YB during
Period I, with amplitudes of the vertical relative
vorticity (red rectangle in the YB in Figs. 6a,b) be-
ing 3.91 X 107°s™! during Period I versus 3.37 X
10~*s~! during Period II).

4) An opposite (cyclonic and anticyclonic circulations
during Periods I and II) circulation in the UB (blue
rectangle in the UB in Figs. 6a,b). The most striking
feature is that the strong southward-flowing NKCC
along the western boundary slope in the intermediate
layer during Period I, which roughly followed a 1000-m
isodepth horizontally, was not clear during Period II.
This change was connected with markedly weakened
or absent zonally integrated southward transport at the
intermediate layer during Period II compared with
Period I (Figs. Se,f).

In addition, we found differences in the horizontal cir-
culation between Periods I and II in the deep abyssal layer
(>1500m). That is, there were stronger cyclonic circula-
tions in 1) JB, 2) UB, and 3) YB (blue rectangles in
Figs. 6¢,d), and 4) stronger northward deep abyssal currents
in the eastern UIG (previously called the Dokdo Abyssal
Current or DAC) and along the eastern slope of the YB
(named here the East Yamato Basin Abyssal Current or
EYBAC) during Period I (red rectangles in Fig. 6¢c). The
amplitudes of the vertical relative vorticity in the JB, UB,
and YB were 847 X 107% 867 X 107 and 1.021 X
1073s ™!, respectively, during Period I versus 4.43 X 10™%,
509 X 107% and 514 X 10~*s™!, respectively, during
Period II (blue rectangles in Figs. 6¢,d). The northward-
flowing DAC and EYBAC were stronger during Period I
(543 and 337cms ') than during Period II (2.66 and
1.50cms ™ 1). These strong cyclonic circulations within the
basins and the stronger northward currents along the
eastern slope of the basins in the deep abyssal layer during
Period I were much weakened during Period II.

d. Net meridional and vertical volume transports

The net meridional volume transport in the interme-
diate layer was southward (negative) at all latitudes
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from 37° to 45°N during Period I and at latitudes 37°—
40°N, 42°N, and 44°—45°N during Period II (Table 1). We
found a significant decrease in amplitude or northward
shift of the southward (negative) transport at the inter-
mediate layer by 0.21-0.80 Sv from the difference during
the two periods at latitudes 38°-44°N (bold in Table 1).
In contrast to this northward (positive) shift of meridi-
onal transport in the intermediate layer, there was a
significant southward (negative) shift of meridional trans-
port in the deep abyssal layer at latitudes 38°-43°N from
Period I to II (bold in Table 2). The northward versus
southward shifts of the meridional transport in the inter-
mediate versus deep abyssal layers during the two periods
were consistent with the change caused by the two coun-
terrotating MOC cells during Period I to one MOC cell
during Period II (Fig. 5e versus Fig. 5f).

Spatially coherent northward (southward) shifts of the
intermediate (deep abyssal) transport from Period I to II,
e.g., late 1990s versus 2000s, were confirmed from those
across the zonal subsections. In the intermediate layer,
the meridional transport was generally negative (south-
ward) at both the western and eastern subsections and
positive (northward) in the central subsections, regardless
of the period (Figs. 7a,b). However, strong southward
transport, with amplitudes ranging from 0.39 to 0.76 Sv in
the western subsections (off the Korean Peninsula) dur-
ing Period I, were found to be weakened significantly
during Period II, having a typical amplitude equal to or
less than 0.14 Sv. In contrast, those in the eastern sub-
sections, and particularly the northeastern part or eastern
JB, converted from southward during Period I to north-
ward in Period II (Figs. 7a,b). In addition, the down- and
upwelling at 1500 m in the southern (i.e., 37°-41°N) and
northern (i.e., 41°-45°N) subsections, respectively, during
Period I were weakened or reversed during Period II,
except 42°-43°N (symbols in Figs. 7c,d). Most interest-
ingly, southward shifts of the deep abyssal transport
were found from increased southward transports or re-
versed transports, i.e., at 38°N, from —0.03 to —0.18 Sv
across the subsection connecting JB and UB; 39°N,
from —0.03 to —0.22 Sv across the subsection connecting
JB and UB, and from +0.38 to —0.08 Sv across the
subsection connecting JB and YB; and 40°N, from +0.35
to —0.03Sv and from +0.06 to —0.20Sv (Figs. Se,f
and 7c,d).

Such contrasting northward and southward shifts of
the meridional transport at the intermediate and deep
abyssal layers from Period I to II were apparent from the
annual time series of the 3-yr moving-averaged winter
(JF) net meridional volume transport across the zonal
section at 39°N, e.g., late 1990s versus 2000s (shaded
areas in Fig. 8a). The winter net meridional transport
across the zonal section at the intermediate layer
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FIG. 6. Horizontal currents given by HYCOM at (a),(b) intermediate layer (700 m) and (c),(d) deep abyssal
layer (2000 m), averaged over (left) Period I and (right) Period II. In (a) and (b), three sequential small blue
and red dotted boxes represent the boundary current regions, and large blue and red boxes are UB and YB.
Blue dotted boxes represent JB, UB, and YB anticlockwise from the top, and small red boxes are deep abyssal
currents such as DAC (left box) and EYBAC (right box) in (c) and (d). The pale green background ba-
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TABLE 1. Net meridional volume transport in the intermediate
layer (300-1500 m) averaged over Periods I and II, and their dif-
ferences (Period IT — Period I) at 37°-45°N. Negative (southward)
values are in italics, and values in bold represent significant
northward shifts from Period I to II.

Transport Transport Difference
Latitude (Sv, Period I) (Sv, Period II) (Period II — Period I)
45°N —0.14 —0.20 —0.06
44°N —0.25 —0.04 +0.21
43°N —0.45 +0.24 +0.69
42°N -0.78 —0.28 +0.50
41°N —0.49 +0.31 +0.80
40°N —0.70 —0.18 +0.52
39°N —0.82 —0.30 +0.52
38°N —0.80 —0.44 +0.36
37°N —0.39 —0.40 —0.01

remained southward, with only the amplitude decreas-
ing from 1.03 Sv during the late 1990s (blue shaded) to
0.31Sv during the 2000s (red shaded). However, the
signs of those in the deep abyssal layer changed from
positive (northward) to negative (southward) during the
same period (Fig. 8a).

4. Discussion

The results of this study presented in the previous
section indicated a considerable change in the ES
MOC from the 20-yr mean structure with two coun-
terrotating cells, consistent with the 40-yr mean ES
MOC reported previously (Park et al. 2013). The
shallow and deep overturning circulations were in-
tensified in the intermediate and deep abyssal layers
during the late 1990s (Period I), yielding the coun-
terrotating two-cell structure that is closer to the 20-yr
mean ES MOC structure. Subsequently, the two-cell
structure changed significantly to become a single full-
depth overturning cell during the 2000s (Period II),
which lasted to before the early 2010s, when it re-
verted to the two-cell structure. We noted that the
intermediate and deep abyssal layers at 300-1500 m
and below 1500m, respectively, correspond to the
shallow and deep salinity minima and known water
boundaries (Kim and Chung 1984; Kim and Kim 1999;
Kim et al. 2004; Talley et al. 2006; Chang et al. 2016;
Nam et al. 2016; Yoon et al. 2018). This decadal
change in ES MOC accompanied contrasting north-
ward and southward shifts in the net meridional vol-
ume transport at the intermediate and deep abyssal
layers from the late 1990s (Period I) to the 2000s
(Period II), respectively. Although such decadal ES
MOC changes have not been examined previously, a
number of publications, discussed below, provide fur-
ther support to our findings.
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TABLE 2. As in Table 1, but the data are for the deep abyssal
layer (>1500 m). Positive (northward) values are in italics, and
values in bold represent significant southward shifts from
Period I to II.

Transport Transport Difference
Latitude (Sv, Period I) (Sv, Period II) (Period II — Period I)
45°N —-0.02 +0.04 +0.06
44°N +0.09 +0.13 +0.04
43°N +0.33 -0.28 —0.61
42°N +0.45 —0.08 —0.53
41°N +0.56 -0.51 -1.07
40°N +0.40 -0.23 —-0.63
39°N +0.37 —-0.30 —0.67
38°N +0.21 -0.21 —0.42
37°N -0.20 -0.13 +0.07

a. Intermediate layer (300-1500m)

Despite known difficulty in numerically reproducing
the shallow salinity minimum in the southwestern ES
(salinity minimum in the intermediate layer), HYCOM
could successfully reproduce the shallow convection of
the low-salinity intermediate water, i.e., ESIW, which
has long been recognized from hydrographic observa-
tions (Kim and Chung 1984; Kim and Yoon 1999; Kim
and Kim 1999; Kim et al. 2004; Talley et al. 2006). In
addition, HYCOM could reasonably simulate realistic
intermediate circulation in the southwestern ES, yield-
ing, e.g., decadal changes of ESIW properties associated
with the AO (Cui and Senjyu 2010; Tanaka 2014; Nam
et al. 2016). The formation, properties, volume, and
distribution of the ESIW vary from year to year and over
the decades, being influenced by the upper 500-m ocean
circulation in the ES, as well as atmospheric forcing
linked to AO (Kim et al. 2004; Teague et al. 2005; Chang
et al. 2016; Nam et al. 2016; Park and Nam 2018). This
influence is particularly prominent in the western ES,
where water formation processes, such as subduction
and the footprint of shallow convection in the north-
western ES (area A in Fig. 1) have been reported
(Chang et al. 2016; Nam et al. 2016; Park and Lim 2017).
These likely had a major impact on the southward
western boundary current at the intermediate layer, i.e.,
NKCC, off the Korean Peninsula and, therefore, the ES
MOC. The cyclonic horizontal circulations in the inter-
mediate layer reproduced by HYCOM, particularly
during Period I (Fig. 6a), are consistent with the obser-
vations made using Argo float trajectories between 1999
and 2010 (e.g., Fig. 5 of Park et al. 2013) and interme-
diate circulations derived from Argo float trajectories
between 1998 and 2004 in the southwestern ES [e.g.,
Fig. 4 of Park et al. (2004) and Fig. 3 of Park et al.
(2010)]. Here, we discuss the results of ES MOC in re-
lation to internal ES circulation at the intermediate
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layer and air-sea fluxes of heat, freshwater, buoyancy,
and momentum.

The two-cell MOC structures during Period I imply
enhanced shallow convection and more active ESIW
formation in the northwestern ES (area A) than in
Period 11, or, in other words, the ESIW formation was
likely less active during Period II (Figs. Se.f). Area A

(centered at 130°E, 41.25°N) falls within an area where
the sea surface salinity and depth of the salinity mini-
mum layer reach their minima where the ESIW is
formed (see Fig. 3 of Park and Lim 2017). In the early
2000s, the sea surface temperature and salinity averaged
over area A increased significantly by 0.76°C (from
4.10°C in the late 1990s to 4.86°C in the 2000s) and
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FIG. 8. (a) Annual time series of 3-yr moving-averaged winter (JF) net meridional volume
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surface potential density (in o¢; blue) from 1994 to 2011, averaged over areas A (dashed lines)
and B (solid lines) of Fig. 1. Those in Periods I and II are shaded with light blue and red colors,

respectively.

0.05gkg™ " (from 34.07gkg " in the late 1990s to
34.12gkg ! in the 2000s), respectively, yielding a sea
surface density decrease of 0.05kgm > (in o) for the
decade from the late 1990s to the 2000s (Fig. 8b).
Such decrease in surface density could be induced by
either buoyancy gain from the atmosphere or changes in
wind-driven upper-ocean circulation or both. Cross-
isopycnal mass flux estimated using the method used in
Speer and Tziperman (1992) supported more active for-
mation of the intermediate water (density ranging from
27.0t027.4kgm ) in area A during Period I than during
Period II. This indicates higher transformation primarily
because of higher isothermal (rather than isohaline)
volume flux and the larger surface area of water having a
range of densities corresponding to the intermediate
water (Figs. 9a,b). Indeed, the surface heat flux anomaly
averaged over area A changed from a negative phase
during Period I to a positive phase during Period II. This
resulted in buoyancy gain and a consequent decrease in
sea surface density in the late 2000s primarily because of
surface heat gain during the 2000s (Figs. 9c and 10a). The
increased heat gain from the atmosphere into the ocean

during Period II compared with Period I could be seen in
an area wider than area A, with contrasting surface heat
flux anomalies over the entire basins during the two pe-
riods (Figs. 11a,b). In addition to the surface heat flux,
surface momentum flux affected the low sea surface
density during the 2000s compared with the late 1990s,
showing the increase in northward Ekman transport
(vertical bars in Fig. 10a) in the southwestern ES (UB,
rectangles in Figs. 11g,h) because of stronger westward
wind stress (or weaker eastward wind stress) (Figs. 11g,h).
The northward transport anomaly of warm TWW to the
northwestern ES during the 2000s favored higher sea
surface temperature in the formation area (area A).
Therefore, both air-sea buoyancy exchange and changes
in wind-driven upper-ocean circulation were responsible
for the conditions unfavorable to active subduction and
ESIW formation during the 2000s. This resulted in en-
hanced stratification, with warmer and lower-density
surface water overlying colder and higher-density inter-
mediate water in area A (Fig. 9¢).

The strong stratification in area A could stabilize the
upper water column and reduce the ESIW formation
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during the 2000s (Period II), contrasting with active
water transformation during the late 1990s (Period I).
This behavior could also facilitate the weaker NKCC at
the intermediate layer and northward shifts in the me-
ridional transport at the layer during the 2000s (Fig. 6a
versus Fig. 6b). This decreased the southward interme-
diate transport across 39°N significantly (0.72 Sv) from
—1.03Sv in the late 1990s to —0.31Sv in the 2000s
(dashed line in Fig. 8a). We noted that the NKCC
transport at depths, particularly ranging from 300 to
700 m, near the western boundary decreased markedly
by 0.62 Sv (from —0.69 Sv in the late 1990s to —0.07 Sv in
the 2000s, not shown), which accounts for most changes
in the meridional transport in the intermediate layer.
To date, no results identical to those obtained here
have been reported for the decadal changes in ESIW
formation in the northwestern ES. However, our find-
ings are consistent with the water properties and trans-
port and their temporal changes reported previously
(Kim and Kim 1999; Kim et al. 2004; Cui and Senjyu
2010; Tanaka 2014; Nam et al. 2016). In particular, Nam
et al. (2016) suggest that the ESIW properties, volume,
and distribution are connected primarily to the winter
atmospheric conditions off the Russian coast in the
northern ES and AO index over the decadal time scale.
The decadal shift in the ES MOC index from the late
1990s to the 2000s covaries with the January AO index
(shift from negative to positive phase, Fig. 5¢) among
three winter AO indices (December, January, and
February). This yielded correlation coefficients of
0.62 and 0.65 between the January AO index and the
ES MOC index and between the January AO index
and meridional intermediate transport, respectively.
However, as also suggested by Nam et al. (2016), the
upper-ocean circulation in the southwestern ES can
play an important role in ESIW formation, properties,
volume, and distribution at the interannual time scale.
The greater EKWC transport and more volume of
TWW transported into the northwestern ES by a
weaker westerly wind (westward wind stress anomaly)
in the UB combined with reduced ESIW formation

«—

1I (solid line; one-cell). (b) Areas of each density class (interval of
o is 0.01kgm ) in area A in February are plotted for Periods I
(dotted line; two-cell) and II (solid line; one-cell). The densities of
intermediate water are shaded with light gray in (a) and (b). TS
properties of (c) sea surface water (black symbols) in area A and
intermediate water (between 100 and 700 m red to blue) in the area
west of 128.72°E and at 39.00°N, and (d) sea surface water (black
symbols) in area B and deep abyssal water (>2500 m, red to blue)
in the JB for Period I (February 1998; “X” symbols) and Period II
(February 2008; “O”” symbols), derived from HYCOM.
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could yield warmer (and more saline) ESIW, with
reduced southward NKCC transport at the interme-
diate layer.

b. Deep abyssal layer (>1500m)

As regards the deep abyssal layer, it has been reported
that the ES is severely ventilated down to the bottom
as aresult of surface atmospheric and oceanic conditions
off the Russian coast in the northern ES (particularly at
area B, Fig. 1). This yields the highest levels of deep
dissolved oxygen and lowest deep-water temperature in
the Pacific (Kim et al. 2004; Talley et al. 2006). In par-
ticular, the BW has been suggested to be formed in area
B during winter through deep-slope convection when
the sea surface density (primarily salinity) increases
because of brine rejection through sea ice formation,
more evaporation minus precipitation, and more TWW
transport into the formation area or area B (Noh and
Jang 1999; Kang et al. 2003; Talley et al. 2003; Kim et al.
2004; Cui and Senjyu 2010; Yoon et al. 2018). Most re-
cently, Yoon et al. (2018) have suggested that the for-
mation of the deep water masses (CW, DW, and BW)
and ventilation of the ES had experienced significant
decadal changes in the early 2000s in relation to con-
trasting surface conditions off the Russian coast be-
tween the 1990s and 2000s. Such changes in deep
ventilation could link to deep abyssal circulation and ES
MOC, although these have not been reported despite
several researchers suggesting dominant cyclonic abys-
sal circulations in JB, UB, and YB because of topo-
graphic control (Seung and Yoon 1995; Chang et al.
2002; Senjyu et al. 2005; Seung 2005; Yoon et al. 2005;
Kim et al. 2008; Chang et al. 2016). Here, we discuss the
results of decadal change in the ES MOC in relation to
deep ventilation and deep abyssal circulation.

The ES MOC structures imply more BW formation
through active deep-slope convection during Period II
than during Period I in area B. The winter (JF) tem-
perature, salinity, and density at the sea surface in area B
increased by 0.07°C from 0.45° to 0.52°C, 0.14gkg '
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from 34.01 to 34.15gkg ™", and 0.08 kgm > from 27.17 to
27.25kgm >, respectively, during the early 2000s (Fig. 8b,
solid lines). This increase in the sea surface density pri-
marily because of salinity increase (Fig. 9d) is associated
with both local atmospheric forcing and upper-ocean cir-
culation. More loss of surface buoyancy from ocean to
atmosphere was found because of more evaporation minus
precipitation during Period II in area B (Figs. 10b,c and
11c,d). Therefore, the results indicated the importance of
the regional air-sea freshwater (buoyancy) exchange on
the BW formation, as also suggested previously (Kim et al.
2002; Talley et al. 2003; Yoon et al. 2018). Furthermore,
horizontal salt convergence primarily because of volume
convergence at the upper 300 m into area B increased from
both the southern and the eastern cross sections by 0.88 X
10"kgs ' (—0.56 X 10"kgs ' in the late 1990s to 0.32 X
10”kgs ™! in the 2000s), further supporting the increase in
sea surface salinity and density in area B (Fig. 10d). This
increased horizontal salt convergence into area B is related
closely to the recirculation of saline TWW partly driven by
westward Ekman transport (vertical bars in Fig. 10b) be-
cause of the southward wind stress anomaly in the north-
eastern ES (rectangles in Figs. 11e.f).

These factors supported surface conditions that were
favorable to more active deep-slope convection to acti-
vate the BW formation during Period 11, yielding the sea
surface density in area B as high (~27.5kgm ) as that
corresponding to the bottom water density (Fig. 9d). In
turn, this facilitated the weaker northward abyssal cur-
rents along the eastern slope boundaries of the UB and
YB (DAC and EYBAC, respectively) that occurred
during the 2000s or Period II (Figs. 6¢c,d). Weaker
northward abyssal currents linked to a southward shift
from northward to southward transport over the decade
from Period I to II were found in the deep abyssal layer
across 39°N (Fig. 8a, solid line). This shift can be ex-
plained mainly by considering the weakening of the two
northward abyssal currents (DAC and EYBAC) that
occurred during Period II (Figs. 6c¢,d). The southward
shift of the net meridional transport in the deep abyssal

“—

represents freshwater gain from the atmosphere into the ocean, blue dashed line],
and surface net buoyancy flux anomaly [right y axis (kgm ™ 2s™!); a positive sign
represents buoyancy gain from the atmosphere into the ocean, black dotted line] in
areas (a) A, (b) B, and (c) C, respectively. In (a) and (b), superimposed are me-
ridional and zonal Ekman transport anomalies per unit width in the southwestern
and northeastern ES, respectively [right y axis (m*s~'); a positive sign represents
northward in (a) and eastward in (b), gray bar]. (d) Time series of 3-yr mean
January and February (horizontal and vertical) net salt transport [left y axis (gs™);
black solid line], salinity [right y axis (g kg™ ")] at upper 300 m of eastern (red dash
dotted line) and southern (red dotted line) boundaries of area B, and net volume
convergence into area B [right y axis (Sv); blue dashed line]. Periods I and II are
shaded by light blue and red colors, respectively.
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mean (e),(f) zonal and (g),(h) meridional Ekman transport anomalies per unit width [m?s™'; a positive sign

VOLUME 50

020z aunr 0g uo 1sanb Aq Jpd-g1z06 | Podl/yS90961/E 2L 1/9/0G/4Pd-8loie/0dl/Bi0"00siswe sjeunolj/:dny woly papeojumoq



HAN ET AL.

JUNE 2020
0
Shallow Convection
L 1000
E
2000
[
o
3000 1 e
(a) Period 1

- £2000+
[F]
[a]

35°N 37°N 39°N 41°N 43°N

1789

O. 0 ;

10001

Deep Convection

(m

3000T(b) Period 11 |

35°N 37°N 39°N 41°N 43°N

FIG. 12. Schematic of ES MOC for (a) shallow convection (subduction) in Period I (two-cell years, late 1990s) and
(b) deep (slope) convection in Period II (one-cell years, 2000s).

layer contributed to the ES MOC shift from two (shal-
low and deep) counterrotating overturning cells during
the late 1990s (Period I) to a single full-depth cell during
the 2000s (Period II), along with the northward shift
in the intermediate layer (Figs. Se,f). The more active
deep-slope convection and enhanced BW formation
because of increased sea surface salinity and density in
area B during the 2000s were consistent with the south-
ward shift in deep abyssal transport and the weakened
DAC and EYBAC.

These decadal changes in BW formation in the north-
ern ES have not been fully addressed to date, but some
features on abyssal circulation and decadal changes in
BW formation are consistent with previous findings
(Yoshikawa et al. 1999; Kang et al. 2003; Talley et al.
2003; Kim et al. 2004; Senjyu et al. 2005; Cui and Senjyu
2010; Yoon et al. 2018). Cyclonic abyssal circulations
in JB, UB, and YB, previously derived from moored
current-meter observations, are consistent with the find-
ings of the present study (Takematsu et al. 1999; Chang
et al. 2004; Senjyu et al. 2005; Teague et al. 2005; Yoon
et al. 2018). We noted that a recent study by Yoon et al.
(2018) came to similar conclusions with regard to the
importance of both horizontal salt convergence at the
upper ocean and air-sea freshwater exchange in modi-
fying deep ES ventilation. Previous studies using hydro-
graphic observations over the period 1969-96 and a
moving-boundary box model revealed markedly weak-
ened ES ventilation from BW to CW, with reduced BW
formation through deep-slope convection and greater
CW formation through open-ocean convection in the
mid-1990s (Kim et al. 2004). However, by incorporating
hydrographic data collected over the recent decade,
Yoon et al. (2018) revealed a slowdown in the deepening

of the DW-BW boundary since the 2000s, which is as-
sociated with the reinitiation of BW formation through
deep-slope convection in area B. Finally, the important
role of local air-sea freshwater flux and horizontal salt
convergence into area B in relation to the reinitiation of
BW formation in the 2000s were also highlighted by Yoon
et al. (2018), consistent with the results in this study.

5. Summary and conclusions

We have shown significant decadal changes in the
strength and structure of the ES MOC using the 20-yr
HYCOM reanalysis data validated against in situ ob-
servations of 1) net volume transport across the KS, 2)
zonal cross-sectional structures of the water tempera-
ture off the western boundary, 3) deep abyssal circula-
tion patterns, and 4) decadal changes in the deep
meridional currents flowing from JB into UB. The results
of the zonally integrated meridional volume transport
indicate a 20-yr-mean ES MOC structure having two
counterrotating overturning cells that consist of shallow-
anticyclonic and deep-cyclonic overturning circulations,
with upwelling in the south and downwelling in the north
at the intermediate layer and vice versa in the deep
abyssal layer, respectively (Fig. 12). More interestingly,
significant decadal shifts in the ES MOC were found to
discern two-cell and one-cell years (Period I, late 1990s
versus Period II, 2000s). That is, the ES MOC changed in
the early 2000s from two counterrotating cells (late 1990s)
to a single full-depth cell (2000s) associated with a
weakened southward NKCC (northward shift in net
meridional volume transport) in the intermediate layer
and weakened northward DAC and EYBAC (southward
shift in net meridional volume transport) in the deep

“—

represents eastward in (e) and (f) and northward in (g) and (h)] for Period I in (e) and (g) and Period II in
(f) and (h). Areas A, B, and Cin (a)-(d), Area B and the area in the northeastern ES for Ekman transport time
series shown in Fig. 10b in (e) and (f), and Area A and the area in the southwestern ES for Ekman transport
time series shown in Fig. 10a in (g) and (h) are plotted with magenta lines.
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abyssal layer (Fig. 12a versus Fig. 12b). Further analysis
suggested that the weakening of southward-flowing NKCC
(northward-flowing DAC and EYBAC) and the north-
ward (southward) shift in the net meridional volume
transport in the intermediate (deep abyssal) layer during
Period II were driven primarily by reduced ESIW (more
BW) formation, with increased sea surface temperature
(increased sea surface salinity) in area A (area B) in the
northwestern ES.

In conclusion, our results suggested that the ES MOC
responded to both external atmospheric forcing and
internal ES processes. The dominant internal forcing
mechanism for the decadal ES MOC shift is wind-driven
northward Ekman transport in the southwestern ES and
horizontal salt convergence in the northwestern ES, asso-
ciated with wind-driven westward Ekman transport and
recirculation of TWW at the upper ocean in the north-
eastern ES. These factors provided a condition unfavor-
able to ESIW formation and favorable to BW formation
during Period II. Such internal process could be enhanced
further by water mass transformation and buoyancy gain
(loss) from ocean to atmosphere at the surface in area A
(area B) in the northwestern ES during Period II. This
implies that area A (area B) was facilitated primarily by
heat gain from (freshwater loss to) the atmosphere during
Period II linked to the January AO. External forcing by
the westward (southward) surface wind stress anomaly and
the resultant northward (westward) anomaly in Ekman
transport in the southwestern (northeastern) ES likely
reinforced the upper-ocean convergence of warm and sa-
line TWW in the northwestern ES.

In this study, we have shown that the ES MOC, hori-
zontal recirculation of TWW, formations of intermediate
and bottom waters in the northwestern ES, transport at the
upper, intermediate, and deep abyssal layers in the ES, and
air-sea fluxes of heat, freshwater, buoyancy, and momen-
tum covary at a decadal time scale. However, our study did
not allow determining which drives which, or whether
other processes drive these. Given the importance of the
ES MOC for transport of heat, salt, and volume, it is likely
that feedback occurs between the external atmospheric
forcing and internal circulation. Therefore, future numer-
ical modeling study is necessary to address the feedback
mechanisms, if any. Understanding how such feedbacks
affect the decadal variability of the ES MOC has impli-
cations for the response of other marginal seas and the
global ocean to future climate change.
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