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The East Sea (also known as the Japan Sea; hereafter, EJS) is a semi-enclosed

marginal sea surrounded by the Korean Peninsula, Russia, and the Japanese

Islands. The EJS is connected to the Pacific through shallow straits. Thus, the

EJS has its own thermohaline circulation and the characteristic

biogeochemistry. The deep overturning circulation plays a critical role in

carbon cycling including absorption of atmospheric CO2 and its

sequestration into the interior of the sea. The turnover time of the deep EJS

(>1000 m) is ~ hundred years and probably varies depending on physical

climate forcing. Thus, the effect of climate change on oceanic processes

may be more easily detected in the EJS. In this paper, we summarize the

current understanding of carbon cycling in the EJS. We focus especially on the

Ulleung Basin in the southwestern EJS, from which more extensive data are

available. Notable features of carbon cycling in the EJS include the following:

primary productivity and the export/production ratio are higher than in the

adjacent Pacific; the EJS is a net sink of atmospheric CO2 and anthropogenic

CO2 content is ~1% of the dissolved inorganic carbon inventory; dissolved

inorganic carbon in the sea interior is mostly supplied by organic matter

decomposition rather than CaCO3 dissolution and thus, the deep waters are

vulnerable to acidification; N:Pmolar ratio of the deep waters is ~13, lower than

the Redfield ratio; concentration of dissolved organic carbon is significantly

higher than in the oceans; and sediment resuspension and lateral transport is

an important component of sinking particulate organic carbon (POC) flux.

Another important feature is the temporal trends observed for the last few

decades. For example, pH, calcium carbonate saturation status, and dissolved

oxygen concentration in the sea interior have decreased, whereas dissolved

inorganic carbon and likely, the inventory of anthropogenic CO2 have

increased. These temporal trends have an implication on better

understanding of the processes occurring more slowly in the oceans. Brief

suggestions for future research that will improve our understanding of carbon

cycling and its variability are provided at the end of the paper.
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Introduction

The East Sea (also known as the Japan Sea; hereafter: EJS; all

abbreviations are listed in Table 1) is a semi-enclosed marginal

sea that is connected to the Pacific Ocean via three shallow

straits (less than 150-m deep; Figure 1). The flux of the Tsushima

Warm Current (TWC), which flows into the EJS through the

Korea Strait, varies widely between 0.7 and 4.6 Sv (1 Sv = 106

m3s−1) depending on the measurement method and period used

(Yi, 1966; Byun and Seung, 1984; Chang et al., 2004). The 4-yr

mean for the period 1999–2002, estimated from submarine cable

data and calibrated using direct observations, was 2.4 Sv (Chang

et al., 2004; Park, 2007). About two-thirds of the influx exits to

the Pacific through the Tsugaru Strait and the remaining one-

third exits through the Soya Strait (Katoh, 1994; Na et al., 2009;

Han et al., 2020). A branch of the TWC flows north along the

coast of the Korean Peninsula and forms the subpolar front

around 38°–40°N upon detaching from the coast (Chang et al.,

2002). The difference in annual sea surface temperature (SST)

between the north and south of the subpolar front is 10–15°C
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(Gordon et al., 2002; Park and Lee, 2014). This distinct

meridional difference in SST has physical (e.g., sea–air gas

exchange of CO2) and biological (e.g., plankton community

structure) consequences.

Several water masses are present in the upper layer, down to

a depth of ~500 m, and they show associated horizontal

variations in biogeochemical properties (Kim et al., 2004; Kim

et al., 2008). For example, in the southwestern part of the EJS, the

East Sea Intermediate Water (ESIW) occurs below the TWC at

around 200–400 m (Yoon and Kawamura, 2002; Kim D. et al.,

2021). A salinity minimum (<34.06 psu), low temperatures (1–5°

C) with a high DO (dissolved oxygen) content and a subsurface

chlorofluorocarbon maximum have been observed within the

ESIW (Kim and Kim, 1999; Min and Warner, 2005). Water flow

from the shelf of Vladivostok to the Yamato Basin (YB) takes

12–15 months in the subsurface layer (Senjyu and Sudo, 1996).

Relatively fast horizontal circulations mix the deep waters of

the EJS. A simple calculation based on the average current speed

(~1.0 cm s−1; Senjyu et al., 2005) and the approximate path length

along the slopes of the three deep basins (~4000 km) implies that

it would take 10–20 yr for one circulation along the isopycnal

surfaces. Similarly, it would take 3–4 yr from the offshore area

near Vladivostok to the central Ulleung Basin (UB).

Vertical deep-water convection occurs on top of the rapid

horizontal circulation. A turnover time of ~100 yr has been

suggested for waters deeper than 1000 m (~9.1 × 105 km3) by

several independent studies based on various chemical tracers,

such as 3H, 14C, and 226Ra, and assuming steady state conditions

(Watanabe et al., 1991; Chen et al., 1995; Kumamoto et al.,

1998). This short turnover time implies that ~0.3 Sv of deep-

water formation occurs if it is evenly distributed temporally.

Kang et al. (2003) estimated that the annual vertical flux of cold

surface water to deep waters below 200 m is ~0.47 Sv. Deep-

water formation is probably confined to the cold season because

it is created by cooling and brine rejection during the formation

of sea ice (Talley et al., 2003; Talley et al., 2006). Hahm and Kim

(2008) reported that a maximum of ~1% of the bottom layer

(<2600 m) was replaced by surface water during the severely cold

winter of 2000–2001, and this corresponds to ~0.2 Sv of deep-

water formation during the three winter months.

Below the intermediate water, lies the Central Water, which

is defined as a water mass between 200 m and the deep salinity

minimum layer with its temperature being ~1°C (Kim et al.,

1996; Kang D. J. et al., 2004). The Bottom Water is the

homogeneous layer in the bottom and the Deep Water resides

in between the Central Water and the Bottom Water (Kim et al.,

1996; Kang D. J. et al., 2004). Hereafter in this manuscript, the

deep waters generally refers to the Deep Water and the Bottom

Water. The EJS has been experiencing changes in its deep

convection associated with physical forcing (Kim and Kim,

1996). The deep-water formation is believed to have fed the

Bottom Water in the early 1990s (Kang et al., 2003; Yoon et al.,

2018). However, the deep-water circulation in the EJS weakened
TABLE 1 Full names of the abbreviations used in the paper.

Abbreviation Full name

Geographical Terms

EJS East Sea/Japan Sea

JB Japan Basin

UB Ulleung Basin

YB Yamato Basin

Currents and Water Masses

ESIW East Sea Intermediate Water

TWC Tsushima Warm Current

Biogeochemical Terms

AOU Apparent Oxygen Utilization

BP Bacterial Production

DIC Dissolved Inorganic Carbon

DIN Dissolved Inorganic Nitrogen

DIP Dissolved Inorganic Phosphorous

DO Dissolved Oxygen

DOC Dissolved Organic Carbon

FDOM Fluorescent Dissolved Organic Matter

NCP Net Community Production

OUR Oxygen Utilization Rate

pCO2 Partial Pressure of CO2

POC Particulate Organic Carbon

PP Primary Production

SDOM Sediment-derived Dissolved Organic Matter

SOC Sedimentary Organic Carbon

SST Sea Surface Temperature

Sv Sverdrup (=106 m3s-1)

TA Total Alkalinity

THAA Total Hydrolysable Amino Acids
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in the mid-1990s (Gamo, 2011). The changes in the vertical

distribution of DO indicate an increased DO supply to the

Central Water from 1954 to 1996. However, an increased DO

supply to the Deep Water and Bottom Water from 1996 to 2015

was observed, and this implies re-initiation of Bottom Water

formation (Yoon et al., 2018).

The vertical and horizontal distributions of biogeochemical

properties should be interpreted within this context of

hydrographic characteristics. Although changes in biogeochemical

parameters during the short transit from the Japan Basin (JB) to the

UB are very small or insignificant, episodic deep-water formation in

the JB can leave imprints via the addition of water with low nutrient

levels and temperature, and high DO and chlorofluorocarbons

(Kim et al., 2002; Senjyu et al., 2002; Tsunogai et al., 2003; Min

and Warner, 2005). In turn, close examination of the long-term

variation of the biogeochemical properties may provide information

regarding the variations in the water circulation.

Because the deep waters are isolated from the adjacent Pacific,

the parameters related to carbon cycle in the deep waters of the EJS

may have their own characteristic features in stoichiometry and

rates of organic matter decomposition, oxygen utilization, and

nutrient regeneration (Chenet al., 2004).Also, characteristics in the

biology such as plankton community structure and their variation

in surface waters are reflected in the biogeochemical parameters in

thedeepwaters.The influenceof riverine input to theEJS, especially

the southwestern part, is relatively small despite its proximity to

land. Thus, the biogeochemistry in the EJS is mainly controlled by

oceanic processes.
Frontiers in Marine Science 03
Because the deep waters circulate at a much shorter time

scale than in the oceans, any biogeochemical changes caused by

physical forcing may occur faster and may be detected more

easily in the EJS than in the oceans (e.g., Kim et al., 2001). For

example, temporal changes in the carbonate system, especially in

pH, dissolved inorganic carbon (DIC) concentration, apparent

oxygen utilization (AOU), and calcium carbonate saturation

horizons have been reported (e.g., Chen et al., 2017; Na et al.,

2022). These temporal changes have an implication on better

understanding of the future changes in the oceans.

Characteristics of the carbonate
system and CO2 parameters in
the EJS

Flux of CO2 through sea–air exchange
and the uptake of anthropogenic CO2

A study based on the continuous measurement of CO2

partial pressure (pCO2) along the cruise tracks between 1995

and 1997 and subsequent modeling showed that the EJS released

CO2 to the atmosphere from June to September, but otherwise

absorbed CO2 (Oh et al., 1999). This study estimated a net sea–

air flux of −2.2 mol m−2yr−1 (negative values indicate flux into

the sea) if evenly distributed across the EJS (Table 2). The pCO2

in surface waters has been studied more frequently in the UB

than in other major basins of the EJS. Choi et al. (2012)
FIGURE 1

Map showing schematic surface currents and frontal zone (Kwak et al., 2013a) and expanded section with schematic view of abyssal circulation
(arrows) in the EJS (Senjyu et al., 2005; Aramaki et al., 2013). Stations for vertical profiles of properties in Figure 2 (circles) and sediment trap
mooring sites (triangles) are indicated.
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estimated a sea–air CO2 flux of −2.5 ± 1.3 mol m−2yr−1 in the

UB, based on four-times of underway pCO2 observation between

2006 and 2008 (Table 2). By using three machine learning

models with information including SST, chlorophyll-a (Chl-a),

and mixed-layer depth, Hahm et al. (2019a) presented a high-

resolution time series of surface pCO2 values in the UB and

found a net CO2 flux of −0.76 ± 1.15 mol m−2yr−1 in 2008. Kim

et al. (2014) measured pCO2 in the UB 14 times between 1995

and 2009 and showed that the region was mostly under-

saturated with a monthly mean DpCO2 (i.e., the difference in

pCO2 between the atmosphere and the surface seawater) ranging

between −100 and +20 matm. Those authors also proposed a

smaller net sea–air CO2 flux of −0.8 mol m−2yr−1. Another

recent study used satellite data from the geostationary ocean

color imager (GOCI) and machine learning to suggest that the

UB is under-saturated throughout the year and had a mean net

sea–air CO2 flux of −1.53 mol m−2yr−1 from 2014 to 2015 (Jang

et al., 2017).

Kosugi et al. (2016) measured pCO2 in surface water in the

fall from 2010 to 2014 in the eastern part of the EJS. Generally,

pCO2 was lower in the north than south. They found that

cooling was the major factor for low pCO2 in the fall, but the

influence of the Changjiang DilutedWater was also important in

the southern region. The average CO2 flux ranged from −0.31 to

−1.2 mol m−2yr−1 on the Otaru coast of Hokkaido, Japan, from

1998 to 2003 (Table 2; Sakamoto et al., 2008). In their summary

of the literature and unpublished data from global estuaries and

continental shelf regions (with a water depth of less than 500 m),

Chen et al. (2013) calculated an average CO2 flux in the EJS of

−3.9 mol m−2yr−1 (n = 2), which is 3× greater than the global

average CO2 flux based on data from 45 shelf sites (−1.09 mol

m−2yr−1). Overall, the sea–air CO2 flux estimates from the EJS

fall within a large range between −0.31 and −3.9 mol m−2yr−1.

Deep-water ventilation facilitates the uptake and transport

of anthropogenic CO2 (additional CO2 released by human

activities) into the deep sea interior (Kim et al., 2001; Lee

et al., 2011). Chen et al. (1995) first estimated the inventory of

excess CO2 in the EJS at 0.31 ± 0.05 GtC in 1992. Using the

extended multiple linear regression method, Park et al. (2006)

observed the highest concentrations of anthropogenic CO2 (50–

60 mmol kg−1) in the upper waters of the southern EJS where the

vertical stratification is strong. The vertical gradient in

anthropogenic CO2 in the northern EJS was relatively small
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and was associated with the active vertical mixing. There, the

anthropogenic CO2 levels of 15–20 mmol kg−1 reached depths of

~3500 m. The highest column-integrated anthropogenic CO2

values were observed in the JB (~80 molC m−2), with low values

near the Korea Strait and other shallow regions in the UB and

YB (Park et al., 2006). Those authors used a chlorofluorocarbon

tracer to calculate a total anthropogenic CO2 inventory in the

EJS of 0.40 ± 0.06 GtC in 1999. The sea–air anthropogenic CO2

uptake flux decreased from −0.6 ± 0.4 molC m−2yr−1 over the

period 1992–1999 to −0.3 ± 0.2 molC m−2yr−1 for 1999–2007,

potentially reflecting the previous slowing of deep-water

ventilation in the EJS (Park et al., 2008). Considering the

recent observation of new Bottom Water formation (Yoon

et al., 2018), further observations will be necessary if we are to

better understand the role of the deep-water ventilation in terms

of the uptake of anthropogenic CO2.
Dissolved inorganic carbon (DIC) and
total alkalinity (TA)

Based on the vertical distribution of DIC, the EJS contains

about 44 GtC of inorganic carbon. Several previous studies have

investigated the DIC and CO2 parameters in the EJS. Chen et al.

(1995) presented the concentrations and spatial variations of

CO2 parameters in the EJS measured in 1992. They showed that

both the nTA (salinity-normalized total alkalinity) and DIC

concentrations in the EJS were lower than those in the Pacific

(Chen et al., 1995). Later, CO2 parameters were determined with

greater spatial coverage in 1999 (Talley et al., 2004). Most

recently, DIC and TA data from the JB and UB in 2019 were

reported (Na et al., 2022).

DIC shows spatial variations in the upper layer (500 m), but

it is rather uniform in the deeper layer below 500 m throughout

the EJS (Figure 2; Talley et al., 2004; Na et al., 2022). Vertically,

the DIC concentration increases quickly with increasing water

depth from around 1966 to 2235 mmol kg−1 in the upper layer,

but it is then uniform (~2300 mmol kg−1) below 1000 m in the

EJS (Figure 2 and Table 2; Chen et al., 1995; Talley et al., 2004;

Na et al., 2022). One notable observation from the EJS is the

relatively small vertical change in TA when compared with the

oceans: TA decreases with increasing depth down to ~500 m,

then gradually increases with depth to the bottom (from 2240 to
TABLE 2 Inorganic carbon parameters in the EJS.

Parameters UB JB/YB EJS

pCO2 (mol m−2yr−1)1) –0.8 to –2.5 –0.3 to –1.2 –2.2

DIC (mmol kg−1)2) 0–500 m 1966–2219 2024–2210 1966–2252

>500 m 2236–2260 2242–2253 2217–2260
fron
1) These values were from Oh et al., 1999; Sakamoto et al., 2008; Choi et al., 2012; Kim A. R. et al., 2014; Jang et al., 2017; Hahm et al., 2019a.
2) These values are from Kim et al., 2019 and Na et al., 2022.
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2290 mmol kg−1; Chen et al., 1995; Talley et al., 2004; Na et al.,

2022). Therefore, the TA values near the seafloor were similar to,

or only slightly higher than, the values in the surface water. Most

organic matter remineralization occurs in the upper 500-m

layer. The DIC/TA ratio in the EJS is higher than that in the

ocean (e.g., DIC/TA ratio in the South Atlantic= ~0.955± 0.002)

(Chen et al., 1995; Na et al., 2022). This high DIC/TA ratio

(0.985 ± 0.002; Na et al., 2022) is caused by the large DIC supply,

which is related to the high primary production (PP) and export

production of organic matter, together with the limited supply of

TA related to the low rates of CaCO3 export (Masuzawa, 1989;

Hong and Chen, 2002; Kim B. et al., 2017) caused by the small

contribution from calcifying plankton (Kang J. H. et al., 2004).

The high DIC/TA ratio implies that the deep waters of the EJS

are especially vulnerable to acidification (i.e., because of the

limited buffering capacity of pH; Chen et al., 2017).
pH and carbonate compensation
depth (CCD)

A rapid decrease in pH (0.03 ± 0.02 pH units decade−1) since

1995 has been recorded in surface waters of the UB (Kim J. Y

et al., 2014). For deep waters, Chen et al. (2017) estimated pH
Frontiers in Marine Science 05
from long-term DO data and showed a rapid decrease in pH in

the interior of the EJS. Accumulation of CO2 from organic

matter decomposition, which was facilitated by the slowdown of

deep-water ventilation, was suggested as the main cause of the

acidification of the deep waters of the EJS (Chen et al., 2017; Na

et al., 2022). Recently, based on a multi-box 1-D model, Li et al.

(2022) suggested that, in addition to the reduced deep-water

ventilation, increased intermediate ventilation and the

particulate organic carbon (POC) remineralization rate control

the acidification of the deep waters of the EJS.

Accompanying the pH decrease, the carbonate saturation

horizons have been shoaling (Park et al., 2006; Na et al., 2022).

Chen et al. (1995) reported that the saturation horizons were

1300 m and 300 m for calcite and aragonite, respectively, in

1992. Kim et al. (2010) used a multi-parameter linear regression

model and found the shoaling of the aragonite saturation

horizon by 50–250 m with a greater magnitude in the

northern part of the EJS. The calcite saturation horizons

shoaled by 400–500 m (to ~500 m), while the aragonite

saturation horizon changed little (~200 m) in the UB and JB

from 1999 to 2019 (Na et al., 2022). The shoaling in the EJS has

been occurring at a faster rate than that in the ocean (for

example, >20 m yr-1 for calcite from 1999 to 2019, vs. 1 to

2 m yr-1 on average in the Pacific; Feely et al., 2012; Na et al.,
B

C

D

A

FIGURE 2

Distributions of (A) AOU, (B) DIC, (C) DOC, and (D) DIN in the EJS along the approximately meridional transect shown in Figure 1. Raw data are
available from Kim (2013); Kim and Kim (2013); Kim (2015); Han H. et al. (2021), and Na et al. (2022).
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2022). Further shoaling will affect calcifying organisms and may

reduce CaCO3 production via a positive feedback in the future.

Li et al. (2022) demonstrated that the CaCO3 in sediment would

have no significant neutralizing effect on the rapid acidification

in the deep EJS. This emphasizes the importance of local biology

(e.g., diatom domination of the plankton community) in

determining the carbonate chemistry of a marginal sea (Luo

and Boudreau, 2016; Li et al., 2022).
Dissolved organic carbon (DOC)

The total inventory of DOC in the EJS is ~1.2 GtC, which

amounts to ~0.19% of the oceanic DOC pool of 660 GtC

(Hansell, 2013; Hansell and Carlson, 2015). Only a few studies

have examined the characteristics and cycling of DOC in the EJS

(Kim et al., 2015; Kim et al., 2020). In particular, in light of the

relatively short timescale of deep-water circulation in the EJS,

characteristics of DOC are expected to differ from that in the

Pacific (Kim T. H et al., 2017).

The average DOC concentration in the UB and JB was 68 ± 6

mM in the surface layer (down to 200 m) and 58 ± 4 mM below

this layer (Figure 2; Kim and Kim, 2010; Kim and Kim, 2013;

Kim et al., 2015; Kim T. H. et al., 2017). Although the DOC

concentration in the surface layer is similar to that in the global

oceans, that in the deep waters is notably higher than that in the

adjacent Pacific Ocean (34–43 mM; Hansell and Carlson, 1998).

Faster deep-water ventilation in the EJS than in the global ocean

may be the cause of relatively high DOC concentration (Chen,

2011; Kim et al., 2015). The DOC concentration in the deep layer

of the EJS observed in July 2009 did not show any significant

spatial difference (Figure 2 and Table 3; Kim and Kim, 2010).

The high total hydrolysable amino acids (THAA)

concentration in the deep waters of the EJS (156 ± 37 nM;

Kim T. H. et al., 2017) is an interesting research topic. Their

value is higher than those recorded at the Bermuda Atlantic

Time-series Study (BATS; 87–103 nM) and Hawaii Ocean Time-

series (HOT; 45–70 nM; Kaiser and Benner, 2008; Kaiser and

Benner, 2009) sites. The THAA concentration and high yield (%

of DOC) indicate the semi-labile nature of DOC in the deep

layer of the EJS (Kim et al., 2015).

A few studies have examined the fluorescence characteristics

of DOC using excitation–emission spectroscopy with parallel

factor analysis (PARAFAC; Bro, 1997). Humic fluorescent

dissolved organic matter (FDOM) is produced by microbial

activity that uses oxygen. Tanaka et al. (2014) found that the

EJS has similar humic FDOM characteristics to the deep water of

the North Pacific, which is unexpected considering the great

difference in the deep-water age between the two water bodies.

Those authors proposed accumulation of bio-recalcitrant humic

FDOM during repeated renewal of the deep waters of the EJS.

Another study reported production of excess humic FDOM by
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an anaerobic process in the sediments and release to the water

column (Kim and Kim, 2016). Thus, both the bioavailable and

bio-recalcitrant fractions of DOC appear to be accumulating in

the deep EJS.

Recently, Hyun et al. (2022) further demonstrated the supply

of a substantial amount of sediment-derived DOM (SDOM) in

the UB. The SDOM contains bio-reactive components and

stimulates the heterotrophic microbial metabolism in the water

near the seafloor. The enhanced bacterial production (BP) in the

water samples taken from near the seafloor, amended with

SDOM-containing pore water partly explains the rapid

consumption of oxygen in the water near the seafloor (Kang

et al., 2010) and the accumulation of excess FDOM in the deep

water of the UB (Kim and Kim, 2016).

Studies of DOC in the EJS are relatively new and our

understanding is mostly limited to its concentration and the

characteristics of FDOM and THAA. Better spatial coverage of

DOC concentration measurements in other areas, including the

YB, together with the measurements of other biogeochemical

parameters such as radiocarbon content, and studies of the

interactions between microbes and DOC, are needed to further

advance our understanding of DOC cycling in the EJS.
Particulate components of the
biological pump in the EJS

Plankton community

The phytoplankton community affects both the magnitude

of PP and the export efficiency of POC (Edwards et al., 2015;

Basu and Mackey, 2018). The phytoplankton community of the

EJS is characterized by the abundance and diversity of diatoms,

dinoflagellates, and cyanobacteria (Choi et al., 2016). Diatoms

are abundant in most of the regions, whereas the cyanobacteria

abundance is comparatively high in the open waters (Kim S. Y.

et al., 2021). Cyanobacteria occurs mainly in the surface mixed

layer, whereas diatoms are dominant in the stratified zone at

depths below 20 m (Kwak et al., 2017). A dearth of

coccolithophores is also noteworthy (Shim et al., 1985; Kim A.

R. et al., 2014; Yoon, 2016). The small contribution from

calcifying plankton to the total plankton community (Kang J.

H. et al., 2004; Kwak et al., 2013b) results in the low CaCO3

content in the sinking particles (Kim M. et al., 2017; Kim et al.,

2020) and sediments. Hong and Chen (2002) reported that the

pteropod flux to a depth of 2800 m in the JB in 1994–1995 was

~6 mgC m-2yr - 1 , dominated by a s ing le spec ies ,

Limacina helicina.

Ashjian et al. (2005) recorded the taxa, size, and vertical

distribution of the zooplankton in the upper 80 m of the EJS

during the summer of 1999 using the Video Plankton Recorder

(VPR), which was mounted on a vertically profiling towed
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vehicle. The most abundant zooplankton taxa were copepods

(Oithona spp., Calanus spp.), and copepod nauplii, and protozoa

(Iguchi, 2004; Ashjian et al., 2005; Jo et al., 2017). Copepods were

most dominant to the south of the subpolar front, whereas

protozoans and copepod nauplii were relatively abundant to the

north of the subpolar front (Ashjian et al., 2005).
Primary production

The EJS, especially the UB, has high PP (Yoo and Park, 2009;

Kwak et al., 2013a, b). Shipboard measurements of in situ PP,

especially year-round results, are scarce (Kwak et al., 2013a, b). The

monthly PP in the UB ranged between 92 mmolC m−2d−1 in May

and 32 mmolC m−2d−1 in November 2010, with an annual average

of 23 mmolC m−2d−1 (273 gC m−2yr−1; Table 3; Kwak et al., 2013a).

PP data with a wider temporal and spatial coverage were

obtained from the SeaWiFS (Sea-viewing Wide Field-of-view

Sensor) and MODIS (Moderate-Resolution Imaging
Frontiers in Marine Science 07
Spectroradiometer)-Aqua satellite sensors, and the Vertically

Generalized Productivity Model (VGPM; Behrenfeld and

Falkowski, 1997) with size-fractionated PP model (Kameda

and Ishizaka, 2005; Yamada et al., 2005; Yoo and Park, 2009).

Yamada et al. (2005) reported PP over the period 1998–2002 to

be 18, 13, 16, and 14 molC m−2yr−1 in the UB, JB, YB, and off the

Russian coast, respectively. Joo et al. (2014) estimated the annual

mean PP in the UB from 2002 to 2012 to be 23 ± 1.2 molC

m−2yr−1, which is similar to the in situ measurements made by

Kwak et al. (2013b). Later, Joo et al. (2016) reported average

annual PP over the period 2003–2012 ranging between 19 and

22 molC m−2yr−1, with values being between 10% and 20%

higher in the southern part of the EJS than in the north. The

processes that might be responsible for the high PP levels in the

UB include wind-driven coastal upwelling along the southeast

coast of the Korean Peninsula (Hyun et al., 2009; Yoo and Park,

2009), shoaling of the nitracline onto the euphotic zone during

summer that stimulates new production (Kwak et al., 2013a),

and the upward flux of nutrients via the formation of intra-
TABLE 3 Organic carbon parameters in the EJS and in the NW Pacific. Note that the flux values in parentheses are in mmolC m−2d−1.

Parameters UB JB/YB EJS NW Pacific7)

Primary production (molC m−2yr−1)1)

In-situ 23 7.4

Satellite 18 to 23 13 to 16 19 to 22

New production, NCP, export POC (molC m−2yr−1)2)

Satellite 5.5 7.2 5.5 to 7.2 2.5 to 12
3He, 3H, OUR 5.3 5.3 to 9.2 5.3 to 9.2
234Th 4.9 (13)

NCP, DO2/Ar (24 to 55) (4.5 to 250)

Drifting trap (5.8 to 12; 60 m)
(2.1 to 6.2; 200 m)

Sinking POC: sediment traps (molC m−2yr−1)3)

Shallow (~1000 m) 0.8 (1.7) 0.4 (1.0): E-JB
0.9 (2.6): W-JB

Deep (2000-3000 m) 0.8 (2.1) 0.2 (0.5): E-JB
0.6 (1.4): W-JB

(0.5; 4810 m)

DOC (mM)4)

surface (<200 m)
deep (>200 m)

68
55

69
59

68
58

42–65
35–53

Bacterial production (mmolC m−3d−1)5)

130–200 (surface water) 4.5 (surface–500 m)

1.7–3.3 (750–2000 m)

Sediment (molC cm−2yr−1)6)

SOC accumulation 0.3 (basin), 4.8 (slope) 0.2 (JB) 0.2 to 4.8
1) These values were from Yamada et al., 2005. Kwak et al., 2013a; Joo et al., 2014; Joo et al., 2016.
2) These values were from Hahm and Kim, 2001; Hahm and Kim, 2008; Kim et al., 2011; Joo et al., 2018; Hahm and Lee, 2018.
3) These values were from Kim M. et al., 2017 and Otosaka et al., 2004. For JB, the two values were obtained from different mooring locations (eastern and western JB).
4) These values were from Senjyu et al., 2005; Kim and Kim, 2010; Kim and Kim, 2013; Kim et al., 2015; Kim T. H. et al., 2017.
5) These values were from Hyun et al., 2009; Hyun et al., 2022.
6) These values were from Hong et al., 1997; Hong et al., 1999; Otosaka et al., 2006.
7) Data from KNOT (44°N, 155°E) time-series observations at station for PP (Imai et al., 2002) and NCP (Tsurushima et al., 2002; Palevsky et al., 2016). New production from Northwestern
Pacific Ocean by satellite observation (Falkowski et al., 1998; Laws et al., 2000; Goes et al., 2000). NCP data are from the Station ALOHA (Ferrón et al., 2015), northeast subtropic and
Alaskan Gyre (Lockwood et al., 2012; Palevsky et al., 2013). Sinking particles in the upper 200 m were collected by using drifting sediment traps (Honda et al., 2015) and 4810 m by using
conical sediment trap (Nichiyu-Giken-Kogyo SMD26S-6000; Honda, 2020) at Station K2. DOC concentration from 8 stations in the Northwest Pacific (Ding et al., 2019) and bacterial
production from surface to 500 m, 2 stations in the Northwest Pacific (Yamada et al., 2012).
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thermocline eddies that are associated with the occurrence of the

Ulleung Warm Eddy in the center of the UB (Kim et al., 2012).

Seasonally, PP is highest in spring, lowest in winter, and

similar during summer and fall (Kwak et al., 2013b). The spring

bloom accounts for 42% of the annual PP (Yamada et al., 2005).

The fall bloom is short-lived and not as prominent as the spring

bloom, especially in the northern EJS. PP starts about a month

earlier in the southern EJS than in the north (Joo et al., 2016).

The wind speed in spring affects the interannual variability of PP

(Yamada et al., 2005). Jo et al. (2007) showed that the wet

deposition of Asian dust can also cause the spring bloom to

begin about a month earlier than in normal years. Another study

showed that the strong transport by the TWC can generate

nutrient poor conditions in the upper layer that suppress the

spring bloom in the UB (Yoo and Kim, 2004).
New production, export production, and
net community production

Kwak et al. (2013b) reported monthly shipboard

measurements of new production and regenerated production in

the UB based on 15N incubation. The new production ranged

between 371 gN m−2d−1 in June and 41 gN m−2d−1 in November

2010, with an average of 63 gN m−2yr−1 (i.e., 4.5 molN m−2yr−1).

The average resultant f-ratio, defined as new production:primary

production (Eppley and Peterson, 1979), was 0.59 (range = 0.39–

0.81), and such high values are usually observed in the productive

upwelling-influenced regions (Dugdale and Wilkerson, 1992). A

high contribution from diatoms was suggested as a potential cause

of the high f-ratio in the UB (Kwak et al., 2013b). Joo et al. (2018)

estimated annual new production in the EJS based on theMODIS-

derived sea surface nitrate concentration and it was 7.1 molC

m−2yr−1 in the northern EJS and 5.5 molC m−2yr−1 in the south

(Table 3). Hahm and Kim (2001) estimated export production

based on the upward flux of 3He and nitrate into the euphotic zone

(Jenkins, 1988) and reported 5.3molCm−2yr−1 in the southern EJS

including the UB and YB.

Hahm and Kim (2008) estimated oxygen utilization rate

(OUR) in the western JB based on the 3H-3He age and AOU.

Under an assumption of 90% oxygen saturation in the surface

water, the integration of the OUR between 0 and 200 m in the

water column yielded 12 molO2 m
−2yr−1, which is equivalent to

9.2 molC m−2yr−1 of organic matter remineralization under the

Redfield stoichiometry (Hahm and Kim, 2008). Because oxygen

is consumed by oxidation of organic matter the OUR integrated

for the layer below the euphotic zone can be interpreted as the

minimum value for export production.

The mean POC export in the UB based on the 234Th/238U

disequilibrium method (Savoye et al., 2006; Waples et al., 2006;

Buesseler et al., 2020) was 13 ± 6.3 mmolC m−2d−1(i.e., 4.9 molC

m−2yr−1), from the results of four cruises during spring 2006,

summer 2007, and the fall and winter of 2008. (Kim et al., 2011).
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Seasonal variations were small, except for the fall (4.1 mmolC

m−2d−1), when the flux was 4× lower than in the other seasons

(Kim et al., 2011). The e-ratio (defined as export production:

primary production) was higher during spring–summer than

fall–winter. The mean e-ratio, 0.34 ± 0.13, is higher than the

values (~0.26) obtained from the global formulation of the e-

ratio using SST and PP (Laws et al., 2011). Spatially, the POC

export in the shallow (<200 m water depth) region (26 mmolC

m−2d−1) of the UB was about 3× higher than in the deep

(>1500 m) region (8.4 mmolC m−2d−1) in August 2007 (Kim

et al., 2009).

Net community production (NCP) is equivalent to the export

production if integrated over a long period and under steady state

conditions. High spatial resolution (<1 km) NCP data were

obtained using the D(O2/Ar) method in the UB (Hahm and

Lee, 2018). The average NCP in the upwelling region of the UB

was 55 ± 29 mmolC m−2d−1, which is about twice that in the

ambient waters (24 ± 14 mmolC m−2d−1; Table 3). The values

from the UB are higher than those from the low-latitude Pacific

region (7.9–26 mmolCm−2d−1; Lockwood et al., 2012) and similar

to, or lower than, those from high latitude regions such as Alaska

(250 mmolC m−2d−1; Palevsky et al., 2013).

Overall, the values measured as new production, export

production, and the NCP were similar but within a large

uncertainty. The arithmetic mean of all of the measured values

was 8 ± 5 molC m−2yr−1. However, the discrepancy between the
15N incubation-based measurement (Kwak et al., 2013b) and

other estimates (Hahm and Kim, 2001; Hahm and Kim, 2008;

Kim et al., 2009; Hahm et al., 2019b) needs to be resolved.
Sinking POC flux in the deep-sea interior

Using a mass balance of 210Po and 210Pb, Hong et al. (1997;

2008) estimated that the sinking POC flux in the UB at 1000 m

was 4.5 and 0.6 mmolC m−2d−1 in spring and fall, respectively

(1.9 mmolC m−2d−1 on average). Later, Kim et al. (2017)

reported year-round results of the sinking particle flux. The

POC flux at 1000 m reflected the temporal variations in PP in the

surface waters, with a prominent spring peak and a smaller fall

peak (Kwak et al., 2013a; Joo et al., 2014). The POC flux varied

between 0.2 and 4.4 mmolC m−2d−1 (with an average of 1.7

mmolC m−2d−1) at 1000 m, and between 0.7 and 4.7 mmolC

m−2d−1 (with an average of 2.1 mmolC m–2d–1) at 2300 m (20 m

above the seafloor).

Otosaka et al. (2004; 2008) reported a time series of sediment

trap results from the JB and YB between 2000 and 2002. The

annual sinking POC fluxes were 2.6 and 1.4 mmolC m−2d−1 at

927 and 2746 m, respectively, in the western (W)-JB (Table 3);

1.0 and 0.5 mmolC m−2d−1 at 1057 and 3043 m, respectively, in

the eastern (E)-JB; and 2.0 and 1.5 mmolC m−2d−1 at 1175 and

2100 m, respectively, in the YB. Based on data from sediment

traps at four locations, the sinking POC flux was the highest in
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the W-JB and lowest in E-JB. The annual average POC flux at

~1000 m (sampling-duration weighted) was 2.1, 2.6, 1.0, and 2.0

mmolC m−2d−1, in the UB, W-JB, E-JB, and YB, respectively,

which corresponds to between 2% and 5% of the annual PP

(Table 3). The spatial distribution of the POC flux is not

consistent with that of PP based on satellite observations

(Yamada et al., 2005). However, the spatial comparison of the

sinking POC fluxes obtained at different times is difficult because

of temporal variability and will require more data to be

obtained simultaneously.

The biogenic particle flux at 1000 m in the UB was dominated

by opal, accounting for ~62% of the sinking material (Kim M.

et al., 2017). The opal dominance was also observed in the YB

(Otosaka et al., 2004). The opal dominance is consistent with

diatom dominance and low contribution from prymnesiophytes

(a major producer of CaCO3) in the phytoplankton community in

this region (Kwak et al., 2013a). The CaCO3 accounted for 14% of

the sinking particles (Kim M. et al., 2017). The CaCO3 peak flux

followed that of opal with a time lag of 50–70 days. The biogenic

components at greater depths varied in a similar fashion to those

at 1000 m (Otosaka et al., 2008; Kim M. et al., 2017).

A notable feature of sinking particles is the high lithogenic

material content, especially close to the seafloor. The lithogenic

material accounted for 34% of the sinking particles at 1000 m

and for an even larger fraction (40%–60%) at 2300 m in the UB

(Kim M. et al., 2017). This feature was also observed in the other

basins of the EJS. The proportion of lithogenic material ranged

from 14% to 51% and 9% to 65% at 1175 and 2100 m,

respectively, in the W-JB; 16% to 38% and 30% to 60% at

1057 and 3043 m, respectively, in the E-JB; and 20% to 55% and

30% to 64% at 1175 and 2100 m, respectively, in the YB (Otosaka

et al., 2004). The negative correlation generally observed in the

EJS between the radiocarbon content of sinking POC and the

lithogenic content of the sinking particles implies that the older

POC in the sinking particles was derived mostly from sediment

resuspension (Otosaka et al., 2008; Kim M. et al., 2017; Kim

et al., 2020). The lateral supply of POC explains why POC fluxes

at deeper depths, especially at depths close to the seafloor, were

greater than those observed at ~1000 m. Thus, the supply of

resuspended sedimentary POC to the water column is an

important feature of organic carbon cycling in the EJS.

Otosaka et al. (2004) showed that large fractions of sinking

particles in the JB and YB were lithogenic material of various

sources, including fresh particles supplied by aeolian dust fallout,

old particles transported by the TSW, and Island-Arc detritus.

Stable carbon isotope ratio (d13C) of sinking POC observed at a

depth of ~1000 m was in the range −21.8 ‰ to −25.0 in the

eastern JB (Nakanishi and Minagawa, 2003) and −22.0 ‰ to

−24.7‰ in the UB (KimM. et al., 2017). These values are similar

to or lower than the values typically observed for marine POC

(Degens, 1969), suggesting potential input of terrigenous POC.

Quasi-continuous time series data of the sinking particle flux

and composition were obtained between 2011 and 2017 in the
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UB (Kim et al., 2020) and showed an increased particle flux

during the 2015–16 El Niño. The POC transfer efficiency (POC

flux/PP) was significantly higher during this period, thus

implying that organic carbon sequestration is affected by

interannual variations in physical forcing (Kim et al., 2020).
Microbially mediated organic carbon
cycles in the water column and sediment

In the UB, during the spring bloom induced by coastal

upwelling, BP accounted for 20% to 25% of PP along the stream

and 58% of PP at the center of the Ulleung Warm Eddy (Hyun

et al., 2009). These results indicate that BP is closely coupled to

organic substrates produced by phytoplankton, and

heterotrophic bacteria are a significant component in the

channeling of photosynthetically fixed carbon in the UB. In

spring, BP in the surface waters of the UB was 130–200 mmolC

m−3d−1, which is comparable with that reported in highly

productive upwelling systems, such as the Iberian upwelling

system (33–3997 mmolC m−3d−1) and the Benguela upwelling

system (8.3–416 mmolC m−3d−1; Hyun et al., 2009; Kim B. et al.,

2017). The large supply of DOC derived from the high PP caused

by the upwelling appears to stimulate bacterial metabolism.

High DOC concentrations and the bio-reactive properties of

DOC (Kim B. et al., 2017) are probably linked to the high BP in

the deeper waters (i.e., water depths of 750–2000 m) of the UB.

The BP values in the deeper waters (1.7–3.3 mmolC m−3d−1)

were among the highest observed in various meso- and bathy-

pelagic water columns, including the North Atlantic Basin (0.4–

1.1 mmolC m−3d−1; 1000–3870 m depth), the NW African

upwelling site (0.2–1.7 mmolC m−3d−1; 2000 m depth), and the

Mediterranean Sea (0.1–0.5 mmolC m−3d−1; 1000–2000 m depth;

Hyun et al., 2022).

Geochemical analysis of the sediment along the continental

shelf, slope, and rise of the UB revealed that the sedimentary

organic carbon (SOC) content in the surface sediment of the

central UB was exceptionally high (>2.5% dry wt.), which is

comparable to that in the Chilean and Peruvian upwelling

regions (Cha et al., 2007; Lee et al., 2008; Hyun et al., 2017).

The high export flux and lateral transport of POC along the

continental slope of the UB (Kim T. H. et al., 2017; Lee et al.,

2019) are likely to supply substantial amounts of SOC to the

downstream surface sediments. The high SOC content is

u l t imate ly respons ib le for the high benthic SOC

remineralization rates. Benthic microbial metabolic activity

measured using the diffusive oxygen utilization (DOU) rates in

the UB (5.9–7.1 mmol m−2d−1; Hyun et al., 2017) and total

oxygen uptake (TOU) rates measured from in situ incubation

using a benthic lander (2.0–12 mmolO2 m
−2d−1; Lee et al., 2019)

were among the highest reported at the same depth range from

other continental margins. The total anaerobic respiration

estimated using the DIC production rates at the slope (14.0
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mmol m−2d−1) and basin (7.2 mmol m−2d−1) sites were also

comparable to those measured in the same depth range at a

Chilean upwelling site (9.2–11.6 mmol m−2d−1; Thamdrup and

Canfield, 1996). Benthic SOC mineralization showed temporal

and spatial variations related to the water column productivity.

Hyun et al. (2010) reported that SOC oxidation processed by

sulfate reduction appeared higher during spring when PP was

higher. Spatially, the sulfate reduction rates were always higher

at the slope sites where upwelling occurs than at deep basin sites.

Together with the high SOC content, the UB surface sediment

is uniquely characterized by the high levels of Mn oxides (>200

µmolCm−3) and Fe oxides (up to 100 µmolCm−3) in the center of

the basin (Cha et al., 2007; Hyun et al., 2010). The reduction of Mn

and Fe were consistently the dominant SOC oxidation pathways in

the center of the UB, accounting for 45% and 20% of total SOC

oxidation, respectively. By contrast, in the slope sediments, sulfate

reduction was the dominant SOC oxidation pathway, accounting

for 50% of total SOC mineralization (Hyun et al., 2017). Based on

RNA-stable isotope probing (RNA-SIP), microorganisms affiliated

with Colwelliaceae and Oceanospirillaceae were identified as

putative acetate-oxidizing Mn-reducing bacteria in the center of

the UB, whereas no sulfate reducing bacteria were labeled

(Vandieken et al., 2012; Cho et al., 2020). Instead, in the slope

sediments where sulfate reduction dominates the SOC oxidation

pathways, Desulfobacteraceae, known as putative sulfate reducing

bacteria, constituted a major SOC-oxidizing clade, comprising 22%

of the total bacterial 16S rRNA sequences (Cho et al., 2020).
Sedimentary organic carbon (SOC)
accumulation rate

Continental margins are an important SOC reservoir and

store between 80% and 90% of global marine sediment while

occupying only ~20% of the oceanic surface area (Keil, 2017).

Studies based on the vertical distribution of the excess 210Pb in

the UB yielded apparent sedimentation rates (ASR) of 0.02–0.2

cm yr−1, decreasing with increasing bottom depth from the shelf

to the central basin (Hong et al., 1997; Cha et al., 2005; Cha et al.,

2007; Lee et al., 2008; Lee et al., 2010). In addition to the 210Pb,

Kim and Park (2003) used the activity of 7Be, 234Th, and 137Cs

and reported ASR values of 0.06–0.08 cm yr−1 in the UB. Gal

et al. (2019) estimated the ASR on the slope of the UB to be

0.15 cm yr−1 for the last 240 yr, based on 210Pb and 137Cs dating.

Hong et al. (1999) reported 210Pb derived mass

accumulation rates of 22, 11, 18, and 71 mg cm−2yr−1 from the

UB, central JB, Yamato Ridge, and Korea Plateau (Figure 3).

Later, Otosaka et al. (2006) presented mass accumulation rates of

24, 58, 26, and 15 mg cm−2yr−1 from the UB, western JB, eastern

JB, and southern YB (Figure 3).

Lee et al. (2010) reported input fluxes of SOC to sediment

ranging from 0.66 to 0.92 molC m−2yr−1 (0.80 molC m−2yr−1 on

average), and burial fluxes (below a sediment depth of 15 cm) of
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SOC ranging from 0.17 to 0.26 molC m−2yr−1 in the UB

(Table 3). Therefore, 0.49 to 0.67 molC m−2yr−1 is

remineralized after settling to the seafloor (Lee et al., 2010).

The input flux, regenerated flux, and burial flux to the sediment

in the UB corresponds to approximately 4%, 3%, and 1%,

respectively, of the PP (Lee et al., 2010). Recently, Lee et al.

(2019) measured the vertical distributions of SOC content and

sedimentation rates, estimated using excess 210Pb, at nine

stations from the slope to the basin in the UB. The burial

fluxes of SOC were 4.00 ± 0.36 and 0.25 ± 0.01 molC m−2yr−1

on the slope near the Korea Strait and in the basin, respectively

(mean = 1.75 ± 0.25 molC m−2yr−1). Those authors proposed

that a significant fraction of the SOC in sediment (47% to 86%) is

supplied by lateral transport down-slope from the shelf.

The SOC accumulation rate is higher on the slope than in the

central basin (Figure 3; Hong et al., 1999; Cha et al., 2007), with

rates of 0.3, 0.2, 0.2, and 4.8 molC cm−2yr−1 reported from the

UB, central JB, Yamato Ridge, and Korea Plateau, respectively

(Hong et al., 1999; Lee et al., 2008; Lee et al., 2010). However, so

far, only sparse data exist. Studies with wider coverage and a

higher spatial resolution (e.g., Bao et al., 2016), as well as use of

source-specific proxies (e.g., Cao et al., 2022), will be required if

we are to better understand the sources and accumulation of

marine SOC. Furthermore, it will be necessary to obtain the

permanent burial rate below the reaction (and/or bioturbated)

layer using radiocarbon dating.
Stoichiometry of C, O, N, P in
particulate and dissolved forms

Chen et al. (1996b) reported ratios of biologically important

elements (i.e., C, H, N, S, O, P) in suspended particulate organic

matter in surface waters of the EJS and other marginal seas in the

western North Pacific. C:N molar ratio of the particulate organic

matter samples in the EJS was 10 ± 2 (n=17). C:N molar ratio of

sinking particles intercepted at a depth of ~1000 m was in the

range of 6.8−9.0 with an annual mean of 7.8 in the eastern JB

(Nakanishi and Minagawa, 2003) and in the range of 8.3−10.2

with an annual mean of 9.0 in the UB (Kim B. et al., 2017). Thus,

the C:N molar ratios observed for suspended particles in surface

waters and for sinking particles are similar to, or slightly higher

than the Redfield ratio of 6.6. To our knowledge, particulate P

content data in sinking particles are missing for the EJS.

Dissolved inorganic nitrate (DIN) and phosphate (DIP) are

depleted in the surface waters and their concentrations increase

rapidly with increasing depth to ~500 m and then more slowly to

~1000 m, below which are constant (Chen et al., 1996a; Kim and

Kim, 2013; Figure 2). The concentrations of DIN and DIP do not

exhibit any significant basin-to-basin differences in the deep

waters (Figure 2). The N:P ratios observed between 2001 and

2009 were always lower than 10 in the mixed layer (10–30 m)

(Kim and Kim, 2013). An interesting point is the low N:P ratio
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(~13) in the deep waters (Chen et al., 1996a; Kim T. H. et al.,

2010; Kim and Kim, 2013). Kim and Kim (2013) explained the

low N:P ratios as being the result of the combined effects of the

rapid supply of surface water with a low N:P ratio into the deep

water and the remineralization of sinking particulate organic

matter supplying nutrients according to the Redfield

ratio (Figure 4).

Chen et al. (1996a) used a mass-balance method to estimate

the elemental ratios for the waters deeper than 2000 m. The

resultant ratio of C:O:N:P was 98:125:13:1. Na et al. (2022) also

observed that the ratio of the increase in AOU to that in DIC in

the layer deeper than 500 m was ~1.3. Thus, the ratio of C:O is

similar to the canonical ratio of 106:138 for CO2:O2 associated

with the photosynthesis and respiration of organic matter

(Redfield, 1958).

Chen et al. (1996a) also estimated regeneration rates for

elements for the layer between 300 m and 600 m, and the layer

deeper than 2000 m in the EJS, using the turnover times of 18.2 yr

and 120 yr, respectively. For the deeper layer among the two, the

organic carbondecomposition ratewas 0.89 µmol kg–1yr–1 with the

oxygen consumption rate being 1.13 µmol kg–1yr–1. Regeneration

rates for nitrate and phosphate were 0.12 µmol kg–1yr–1 and 0.009
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µmol kg–1yr–1, respectively. If integrated over 1000 m-thick layer

below the 2000 m horizon, the organic carbon decomposition rate

would amount to 0.89 molCm–2yr–1, which is in the same order of

magnitude with the POC flux observed at ~2000 in the EJS (0.2-0.8

molCm–2yr–1, Table 3). However, sinking POC flux data aremuch

more limited than DO and DIC data for comparison. Later, Chen

et al. (1999) added consumption or production rates of C, O, and

nutrients at depths of 600 m and 2000 m using a 1-D advection-

diffusion model (Table 1 of their paper).
Temporal trends

Climate change affects hydrographic properties, water

circulation, and, consequently, the biological and biogeochemical

properties of the EJS (Chiba et al., 2008; Kim S. Y. et al., 2021). Joo

et al. (2016) showed that PP decreased by 13% between 2003 and

2012 in the EJS. The causes of this observed decrease in PP, and

whether this is a long-term trend associated with climate change or

part of the natural fluctuations of the EJS, requires further

investigation using a longer time series of monitoring data.

Recently, Park et al. (2022) examined satellite-observed time
FIGURE 3

Mass accumulation rate (colored circles; mg cm−2yr−1) and SOC accumulation rate (values in brackets; molC cm−2yr−1) in the EJS.
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series of chlorophyll-a concentrations from the EJS over the period

2003–2020 and found that chlorophyll-a concentration increased

in most of the EJS. Wind speed and direction, and SST, which are

important physical parameters affecting the long-term trend in

chlorophyll-a concentration, also showed characteristic trends and

were related to Arctic Oscillation index variability (Park, 2022).

Biogeochemical parameters show temporal trends in relation

with the deep circulation change. Increase in potential

temperature and decrease in DO in the Deep and Bottom

Waters in the EJS have been widely reported (e.g., Kim and

Kim, 1996). Accumulation of nutrients, DIC, and TA and

increase in AOU in deep waters are expected as a consequence

of slowdown of deep water circulation. Na et al. (2022)

compared results obtained in 1992, 1999, and 2019 and

showed that DIC increased by 21 µmol kg–1, accompanying a

commensurate increase in AOU by 29 µmol kg–1 from 1992 to

2019 in the layer below 1000 m in the UB. pH decrease was

observed in both estimates from long-term DO data (Chen et al.,

2017) and measurements (Na et al., 2022). Recently, Tishchenko

et al. (2021) reported a decrease in pH and DO, and an increase

in normalized DIC, pCO2, and nutrient concentrations in the

subpolar region of the EJS from 1999 to 2014.

Anthropogenic CO2 content is also expected to increase with

time. The inventory of the anthropogenic CO2 estimated for 1992

was 0.31 ± 0.05 GtC (Chen et al., 1995). The value increased

slightly to 0.40 ± 0.06 GtC for 1999 (Park et al., 2006).

Constraining the increasing trend in the anthropogenic CO2

inventory for the last two decades since 1999 is of importance.

Variability in deep water circulation holds a key for the

temporal changes in biogeochemical parameters. A possibility of

moving towards an anoxic condition in the Bottom Water was

raised if DO supply is outpaced by consumption because of a

reduction or cessation of new bottom water formation (Chen

et al., 1999). Re-initiation of bottom water formation in the EJS

(Yoon et al., 2018) will affect the future evolution of the

concentrations of the biogeochemical parameters. Continued

monitoring of these parameters together with the hydrographic
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changes in the EJS has an important implication in

understanding the future changes in the ocean.
Summary and suggestions for
future research

The EJS is a marginal sea with high primary productivity

when compared to the adjacent northwestern Pacific. The e-ratio

and f-ratio are also high. The EJS is a net sink of atmospheric

CO2. The EJS contains ~0.4 GtC of anthropogenic CO2, which is

~1% of the DIC inventory. This value is likely increasing, and

continued monitoring is necessary. Sinking particles are

dominated by opal and thus, contribution of carbon to DIC in

the deep waters from CaCO3 dissolution is much smaller than

organic matter decomposition. The DIC/TA ratio is high

implying vulnerable nature of the EJS to acidification. Molar

ratios of C:N and CO2:O2 in dissolved forms are similar to those

in the Pacific. However, N:P molar ratio, ~13, is significantly

lower than the Redfield ratio. The concentration of DOC is

higher than in the Pacific, which needs further research to reveal

the cause(s) and the implication on microbial carbon pump.

A schematic representation of the biological pump in the

EJS, focusing particularly on the UB, is shown in Figure 5. The

PP, calculated from in situ and satellite-based studies, is 18–23

molC m−2yr−1 (Figure 5; Kwak et al., 2013a; Joo et al., 2014).

New production and NCP estimated by various methods is 5–20

molC m−2yr−1 in the UB (Hahm and Kim, 2001; Hahm and

Kim, 2008; Kim et al., 2009; Kwak et al., 2013b; Hahm et al.,

2019b). The sinking POC flux is ~0.8 molC m−2yr−1 at ~1000 m

in the central basin, and 2.0–2.7 molC m−2yr−1 at ~700 m on the

slope (Kwak et al., 2017; Kim B. et al., 2017; Kim et al., 2020).

SOC is buried at a rate of 0.2–4.2 molC m−2yr−1 (Cha et al., 2007;

Lee et al., 2008; Lee et al., 2010). A significant fraction of the SOC

is supplied by lateral transport down-slope from the shelf.

These processes are most probably affected by climatic

variability. Having a short turnover time, the effect of climatic
BA

FIGURE 4

(A) Cross-plot of nitrate and phosphate for the entire water column. (B) Nutrient budgets for the surface and deep waters of the EJS (redrawn
from Kim and Kim, 2013).
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variability is reflected in temporal trends in biogeochemical

parameters for the last several decades. pH, calcium carbon

saturation status, and DO concentration in the deep waters have

decreased, whereas DIC and AOU have increased. Long-term

time series, collected either remotely or by field observations, are

essential if we are to detect any changes associated with the

ongoing climate changes (Lee and Park, 2019; Lee et al., 2022).

We recommend the adoption of various new approaches to

complement observations and in situ measurements, and extend

spatial coverage. Modelling studies and machine learning need to

be coordinated with field observations and satellite remote sensing

(Lee and Yoo, 2016; Restreppo et al., 2020; Li et al., 2022). For

example, Jeong et al. (2022) used monthly mean ocean reanalysis

system4data to investigate the long-term surfacewarming trend in

the EJS. HanM. et al. (2021) estimated the turnover times of the ES

MOC by using a global HYCOM reanalysis with data assimilation

for a 20-yr period (1993–2012) in addition to the previous estimates

based onchemical tracers. A3-Dphysical–biogeochemical coupled

model experiment applied to the Yellow Sea could also be used in

the EJS (Tak et al., 2022).

Adopting new technologies will help improve observational

resolution and spatial coverage. POC flux and remineralization in

the layerbetween thebottomof the surfacemixed layer (or euphotic

zone) and a depthof~1000m(commonly referred toas the twilight

zone; Buesseler, 1991; Buesseler et al., 2007) has been relatively

poorly studied. Underwater gliders and the Biogeochemical Argo

(BGC-Argo) floats that use physical and bio-geochemical sensors

(Park, 2013; Park, 2019) could be used to better understand the

processes in the twilight zone. At the same time, episodic in situ

deployments of free drifting, neutrally buoyant traps in the twilight

zonemayprovide criticaldataon the exportflux in theupperocean.

State-of-the-art analytical techniques, such as long-chaindiols used
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as a nutrient proxy (Gal et al., 2021), various biomarkers (Cao et al.,

2022), amino acid compositions and their compound-specific 13C

and 15N isotopes (Choi et al., 2022), and compound- and/or

density-specific 14C analysis of sinking particles, would

complement the bulk-analysis results.

Our current knowledge gap includes DOC cycling. Further

studies are needed to provide more data related to the spatial

distribution of DOC concentrations (e.g., YB) and better

characterization of FDOM and THAA. DOC 14C data will shed

light on the sources and ages of DOC in the EJS. Quantifying the

microbial carbon pump is also necessary.

As aminiature ocean, studies of the biogeochemical changes in

the EJS, which occur at faster rates than in the ocean, can help us to

better understand oceanic processes. Therefore, it is important to

monitor these changes by using well-designed, multi-disciplinary,

long-term observations. Although rapid horizontal deep-water

circulation homogenizes many biogeochemical parameters, the

spatial distribution of some rapidly changing parameters may be

potentially heterogeneous and thus requires basin-wide

measurements. In this sense, international collaboration among

the countries bordering the EJS is crucial, as exemplified by the

Circulation Research of the East Asian Marginal Seas (CREAMS)

program (Kim and Kim, 1996; Talley et al., 2004).
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FIGURE 5

Schematic diagram summarizing carbon fluxes and reservoirs in the UB (left-hand side arrows and values) and overall in the EJS (right-hand
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