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A substantial decrease in the dissolved oxygen (DO) concentration over the lower layers of
the East/Japan Sea (EJS), including the deep and bottom waters (1500 to 2500 m and
2500 to 3500 m, respectively), has been reported during the last few decades. This study
quantitatively explain the mechanisms underlying the long-term decline in the DO
concentration of the EJS for the first time using a coupled physical-biogeochemical
model. We demonstrated that the cessation of new water formation was a major factor
underlying the long-term decline in the DO concentration over the lower layers, and its
contribution exceeded the net decrease. In addition, our simulations confirmed that the
enhanced primary production in the euphotic zone accompanying increases in organic
matter exported to the lower layers accelerates the DO decline in a quantitative respect. It
was accounted for 12% of the net DO change at the lower layers from 1980 to 2015. The
enhanced primary production resulted from increases in available nutrients due to the
intensified vertical mixing caused by the strengthened inflow transport through the Korea/
Tsushima Strait. Physical activities such as vertical transport of oxygen from the central
water increased the DO concentration of the lower layers, and offset 42% of the net
decrease in DO concentration due to organic matter decomposition.

Keywords: dissolved oxygen, long-term decline, coupled physical-biogeochemical model, lower trophic
ecosystem, East/Japan Sea
1 INTRODUCTION

Global warming has caused a decrease in the dissolved oxygen (DO) concentrations and an
expansion of the DO minimum zones in the ocean interior, which may lead to changes in ocean
productivity, trophic structure, and biogeochemical cycling (Keeling et al., 2010; Stramma et al.,
2010; Falkowski et al., 2011; Schmidtko et al., 2017; Breitburg et al., 2018; Oschlies, 2021). The
globally averaged decline in the DO concentration during the period from the 1970s to the 1990s
was −0.93 ± 0.23 mmol kg−1 at depths from 100 to 1000 m (Helm et al., 2011), and the long-term
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trends in the DO concentration were greatly dependent on the
geographic location (Keeling et al., 2010).

In particular, a rapid decline in DO concentration was
observed in the bottom water (2000-2500 m to the bottom) of
the East/Japan Sea (EJS) at a rate of −7.6 mmol kg−1 decade−1

between 1977 and 1998 (Gamo, 1999) and −4.6 to −4.7 mmol kg−1

decade−1 from 1961 to 2001 (Watanabe et al., 2003). Gamo (1999)
predicted that the bottom water of the EJS would become anoxic
after a few hundred years if DO concentration continues to
decrease at the present tendency. This observational evidence
indicates that more obvious responses to climate change occur
in the EJS compared to the globally averaged condition. In
addition, the EJS is considered a suitable ocean for identifying
the signals of climate change as it is one of the lowest latitude seas
where deep convection occurs (Sudo, 1986; Seung and Yoon,
1995). The topographic features and flows of main surface
currents on the EJS are shown in Figure 1. In this region, the
deep convection generally occurs as open-ocean convection in the
Frontiers in Marine Science | www.frontiersin.org 2
northwestern part (dashed box in Figure 1), triggered by dense
surface water associated with high salinity and low temperature.

Many observational studies reported the long-term
decreasing trend in the DO concentration of the bottom water
in the EJS (e.g., Gamo et al., 1986; Chen et al., 1999; Minami
et al., 1999; Kim et al., 2001; Gamo, 2011; Cui and Senjyu, 2012;
Gamo et al., 2014). Gamo et al. (1986) suggested three possible
causes for this decline in DO concentration: 1. Reduced or
discontinued supply of new water mass from the surface to the
deep and bottom layer attributed to the weakening of the
ventilation system; 2. Increased amount of sinking organic
matter due to the increase in biological production; and 3.
Enhanced vertical mixing between the deep and bottom
waters, which may increase the DO concentration of the deep
water because typically the oxygen concentration in the bottom
layer of the EJS is higher than that of the deep layer. However,
because the DO concentration of the deep layer has also been
shown to decrease by the measurement record, the third
FIGURE 1 | Bathymetry and a schematic major surface currents in the East/Japan Sea. The dashed-box indicates the area where deep convection occurs.
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possibility was deemed as a negligible factor by Gamo
et al. (1986).

The first possible cause, i.e., the discontinued supply of new
water due to the weakening of the ventilation system, induces
ongoing oxygen consumption of bottom water by the in situ
decomposition of organic matter. Chemical tracer data indicate
that changes in the conveyor belt, that is, bottom-water
formation, are slowed down, while intermediate-water
formation is enhanced (Gamo et al., 2001). Such changes,
along with the other observational evidence like the decreased
thickness of the bottom layer and the deepening of the DO
minimum layer, render the first possibility the most reasonable
explanation for the decreasing trend of the DO concentration
(e.g., Gamo et al., 1986; Minami et al., 1999; Kim et al., 2001).

The increase in falling organic matter is caused by enhanced
biological activities in the euphotic zone, which leads to the
consumption of DO through organic matter decomposition in the
lower layers. Gamo et al. (1986) were not regard the second possible
reason as important for the decline in the DO concentration because
surface chlorophyll-a (Chl-a) measurements from 1977 to 1984 did
not show remarkable increases in surface primary productivity.
However, during this time period, the data did not have sufficient
temporal and spatial resolution to estimate biogeochemical
environment changes of the EJS.

The influence of changes in biological environment has also
not been considered in some numerical studies that predicted the
long-term variability of DO concentrations in the EJS. Kang et al.
(2004) reconstructed the structure of deep water masses of the
Frontiers in Marine Science | www.frontiersin.org 3
EJS using a moving-boundary box model and suggested that the
bottom water will not be anoxic, which is contrary to Gamo
(1999), because the alteration in water structure would replace
the bottom water. However, they allocated constant values for
oxygen consumption in the lower layers without considering
variations in the biogeochemical environment. Yoon et al. (2018)
derived similar results as Kang et al. (2004) using a one-
dimensional advection-diffusion model; however, they did not
consider the long-term tendency of biological activities either.

However, in situ and satellite-based measurement datasets
showed that obvious increases in the Chl-a concentration
occurred at the surface layer of the EJS, although the periods of
these datasets were not identical (Figure 2). The linear trends of
each observation dataset are as follows: +0.25 (Moderate
Resolution Imaging Spectroradiometer Aqua: MODIS Aqua;
NASA, 2014a); +0.11 (MODIS Terra; NASA, 2014b); +0.02 (Sea-
viewing Wide Field-of-view Sensor: SeaWiFS; NASA, 2014c); and
+0.04 mg m−3 decade−1 (World Ocean Database 2013: WOD13;
Boyer et al., 2013). Such changes in the biological environment of
the upper ocean influence the lower layers through the settling of
organic matter. The amount of organic materials exported from the
surface plays a key role in regulating the extent of DO consumption
by the decomposition process.

A coupled physical-biogeochemical model reasonably
represented the key processes of biological environments
including photosynthesis, respiration, and decomposition of
organic materials, and the spatial and seasonal distribution of the
DO concentration in the upper layer of the EJS (Kim et al., 2019).
FIGURE 2 | Time series of the surface chlorophyll-a (Chl-a) concentration. The orange circles indicate simulated Chl-a concentration values (the control experiment:
CTL exp.), which were selected to correspond to the closest location and date relative to the in situ observation data (World Ocean Database 2013: WOD13). The
gray circles and green, blue, and magenta squares show the in situ and satellite measurement data, respectively. The satellite data are represented by annual mean
values. The dotted lines denote the linear regression lines of each dataset. The long-term tendencies of the Moderate Resolution Imaging Spectroradiometer (MODIS)
Aqua, WOD13 and model data are statistically significant at the 95% confidence level (p < 0.05). The inset scatter plot compares the Chl-a concentration between
the WOD13 and the CTL experiment.
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This previous study contributes greatly to the realistic
representation of long-term variations in the biogeochemical
variables and the DO concentration in the lower layers. In this
study, numerical modeling is performed to quantitatively examine
the contributions of physical and biogeochemical causes with
respect to the DO concentrations in deep and bottom waters. In
particular, the mechanisms underlying recent variations in
biological processes and their impact on the decline of DO
concentrations are discussed.
2 MATERIALS AND METHODS

2.1 Coupled Physical-Biogeochemical Model
A coupled physical-biogeochemical model was adopted to reveal
the physical and biological influences on the decreasing trend of
DO concentration shown in the lower layers. The RIAM Ocean
Model (RIAMOM; Lee et al., 2003) developed at the Research
Institute for Applied Mechanics, Kyushu University, is used as the
physical model. A nitrogen-based lower-trophic (NPZD) model
composed of dissolved inorganic nitrogen (DIN), phytoplankton
(PHY), zooplankton (ZOO), and detritus (DET) is utilized to
represent biogeochemical activities. The DO concentration
incorporated in the NPZD model is determined by Equation 1.
The detailed parameterization of each term of Equation 1 is
described in Supplementary based on Kim et al. (2019). The
unit of DO concentration in the coupled model is ml l−1 (1 ml
l−1 = 1.428 mg L−1 = 43.537 mmol kg−1 = 44.661 mmol m−3).

d(DO)
dt = ±Advection ±Diffusion

+Photosynthesis

−Respiration of  PHY

−Respiration of  ZOO

−Decomposition of  DET

±Exchange with the Atmosphere :

(1)

The model domain is the northwestern Pacific (105°E–180°E,
15°N–63°N), with 1/4° spacing in the zonal direction and 1/5°
spacing in the meridional direction, and it is divided into 38
layers in the vertical direction. Nitrogen deposition from the
atmosphere was neglected in this model based on the sensitivity
experiments of Onitsuka et al. (2009), who found that
atmospheric nitrogen deposition contributes little (> 5% in the
nearshore region along the Japanese coast and < 2% in the
northeastern region) to the primary production. The coupled
model was demonstrated to well represent the fundamental
mechanisms of the biogeochemical environment in the upper
EJS, such as photosynthesis and remineralization (Onitsuka
et al., 2007; Kim et al., 2019).

The initial distributions of temperature and salinity were
determined based on the climatological mean of the Four-
dimensional Variational Ocean ReAnalysis for the Western
Pacific (FORA-WNP30; Usui et al., 2017). The DO and DIN
distribution in the initial state and at the southern and eastern
boundaries (15°N and 180°E) was set to the monthly mean
Frontiers in Marine Science | www.frontiersin.org 4
concentration from the World Ocean Atlas 2009 (WOA09). The
PHY, ZOO, and DET concentrations in the initial state were
uniformly distributed from the surface to 200 m layer with values
of 0.1, 0.01, and 0.001 mmol m−3, respectively, and 0.001 mmol
m−3 was given as PHY, ZOO, and DET concentrations for layers
deeper than 200 m. And their boundary conditions are equal to
the initial conditions.

The settings for the model and the parameters related to the
biogeochemical processes are basically the same as those used in
Kim et al. (2019), except for some experimental conditions. First,
the Japanese 55-year Reanalysis (JRA-55; Kobayashi et al., 2015;
Harada et al., 2016) data are used for the meteorological conditions
instead of the older generation Japanese Meteorological Agency
(JMA) reanalysis (JRA-25) used in Kim et al. (2019). Compared to
JRA-25, JRA-55 uses an increasedmodel resolution (T319: ~55 km
vs TL106: ~110 km in JRA-25), a more advanced data assimilation
scheme (4Dvar vs 3Dvar in JRA-25), and several additional
observational data sources (Kobayashi et al., 2015). Second, we
applied geothermal heating of 100 mW m−2 at the bottom layer
deeper than 1000 m to improve the deep water circulation (Park
et al., 2013). The introduction of geothermal heating improved the
model reliability for the bottom mixed layer thicker than ~1000 m
and long-term trends of temperature andDOconcentration.Third,
the initial conditions of the DO andDIN concentrations for the EJS
were adjusted from a depth of 900 m to the bottom with
consideration for several degrees of bias between the WOD13 and
the preliminary simulation results.

Based on these conditions, the experiment was conducted
from 1958 to 2015 and referred to as the control (CTL)
experiment. Sections 3.1 to 3.3 address the results of the
CTL experiment.

2.2 Sensitivity Experiments
We suggest physical and biological causes for the long-term
decline in the DO concentration in the lower layers of the EJS. In
order to quantitatively separate the causes, two sensitivity
experiments were performed. The experimental conditions of
the sensitivity experiments such as surface forcing, parameters
are basically the same as those of the CTL experiment, but there
are some differences.

The first possibility concerns only physical processes without
biological activities; thus, it can bedefinedby the physical effect. The
physical processes include air-sea gas exchange, advection,
diffusion, and vertical mixing between the water masses as well as
the oxygen supply from the upper layers. To identify the physical
effect, a no-ecosystem (NE) experiment, that includes “Advection”,
“Diffusion”, and “Exchange with the Atmosphere” in Equation 1
neglecting all biogeochemical processes, was first carried out. Thus,
the NE experiment directly provides us with the physical
contributions to DO variations, that is, the contributions of the
physical effect.

Next, we discuss the DO changes attributed to the biological
contribution. The amount of organic matters exported from the
upper ocean regulates the extent of DO consumption by the
decomposition process. The increased primary productivity
shown in Introduction increases the detritus flux settling to the
deeper layers, and which can be divided into mean and deviation
May 2022 | Volume 9 | Article 851598
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terms. The mean detritus flux induces the annually constant
biological decomposition and the deviation term results in the
additional consumption of oxygen.

The decrease in the DO concentration caused by the deviation
term of the detritus flux is ultimately due to the increasing trend of
biological production in the upper ocean. To extract such biological
effect exceeding the average, we simulated the constant detritus flux
(CDF) experiment. The experimental conditions of the CDF
experiment are identical with those of the CTL experiment, but it
assumes that the amount of organic materials sinking to the lower
layers is constant yearly. The climatological monthly mean
distribution of the detritus concentration from 1975 to 1985
obtained by the CTL experiment was given for the CDF
experiment within the euphotic zone (from the surface to a depth
of 312m) through a nudging technique. The difference between the
CTL and CDF experiments represents the temporal variations in
detritus flux. Thus, we can derive the impact of the additional
detritus flux on the DO concentration by subtracting the results of
the CDF experiment from that of the CTL experiment.

Of the total detritus flux that sinks into the deep layers, what
remains after excluding the deviation term is the mean detritus
flux. The bottom water formation of the EJS was reported to have
been completely halted in the 1980s, which is also realistically
represented by the model (see Section 3.1.2). In these
environments, the DO concentration basically reduced by the
decomposition of organic matters, that is, by the mean detritus
flux. In other words, the oxygen consumption due to the
annually constant influx of organic matter indicates the effect
of cessation of new water formation. Thus, the contribution of
discontinued ventilation defined as the difference between the
CDF and NE experiment: this effect implies a sustained oxygen
consumption by decomposition of organic matter (= CDF
experiment) irrelevant to changes in oxygen concentration by
physical contributions such as advection and diffusion (= NE
experiment), in an isolated lower layer environment.

Here is the brief definition of the three causes underlying long-
term decrease in DO concentration: 1. Physical effect indicates the
influences of advection, diffusion, and air-sea gas exchange; 2.
Increased biological productivity in the upper ocean induces
“additional biological consumption” through the increase in
sinking organic particles; and 3. Cessation of new water formation
results in “constant biological consumption”. The contribution of
the first cause is obtained from the NE experiment. The second and
third biological possibilities are explained by the difference between
the CTL and the CDF experiments, and the difference between the
CDF and the NE experiments, respectively. The sensitivity
experiments were performed from 1980 to 2015, when active deep
convection was ceased. The results related to the sensitivity
experiments will be given in Section 3.4.
3 RESULTS

3.1 Evaluation of Model Performance
3.1.1 Biological Changes in the Upper Layer
To evaluate the performance of the model in terms of long-term
changes in biological processes, we presented the Chl-a
Frontiers in Marine Science | www.frontiersin.org 5
concentration of the CTL experiment in combination with the
observation data (Figure 2). The model results were plotted
selected the closest location and date for each in situ observation.
The mean Chl-a concentration simulated in the CTL experiment
was similar to that of in situ observations, whereas three satellite
remote sensing retrievals showed higher concentrations. The
large Chl-a concentration estimated from the satellite
measurements may have been caused by ocean color
algorithms. Reports indicated that the algorithms for satellite
observation do not provide the Chl-a concentration accurately in
the entire area of the ocean (Darecki and Stramski, 2004; Gómez-
Jakobsen et al., 2016). The Chl-a concentration of the CTL
experiment was enhanced similar to other measurement
datasets, and its linear trend (+0.014 mg m−3 decade−1) was on
the same order as that of the in situ observations. The
comparison of Chl-a concentration between the WOD13 and
the CTL experiment indicated a positive correlation of 0.41 (p <
0.05; scatter plot in Figure 2).

However, because surface changes in Chl-a are not
representative of the biological production in the upper EJS
with regard to the Chl-a maximum usually located in the
subsurface layer (e.g., Rho et al., 2012), the long-term trend in
the Chl-a concentration over the euphotic zone (0 to 100 m) was
also investigated. Biological production was enhanced based on
the long-term trend in the Chl-a concentration within the
euphotic zone of both the observation and model (WOD13:
+0.019, CTL experiment: +0.002 mg m−3 decade−1). The
simulated Chl-a inventory over the EJS increased by 1.25 mg
m−2 from 1980 to 2015 (= 0.36 mg m−2 decade−1) in the euphotic
zone (0 to 110 m).

3.1.2 Deep Convection
As one of the lowest latitude seas where deep convection occurs,
realistic representations of winter convection are essential for
discussing the long-term variation over the deep layers in the
EJS. Winter deep convection can induce fluctuations in the
trends of DO or DIN concentrations through the direct supply
of surface water. According to observational studies, the
ventilation system of the EJS started to slow down in the 1960s
or earlier and bottom-water formation eventually completely
halted in the 1980s (e.g., Chen et al., 1999; Minami et al., 1999;
Kim et al., 2002; Kang et al., 2003).

To confirm the performance of the model in terms of
ventilation variations, we calculated the total volume of new
water formation caused by open-ocean convection exceeding a
depth of 2000 m. New water formation occurred in 1961, 1969,
and 1970, and then it completely halted. The total volume of new
water was 1.8×109, 1.8×1012, and 1.1×1012 m3 in 1961, 1969, and
1970, respectively. The volume of new water was obtained by
multiplying the extent of the grid and the thickness of the surface
layer whenever the mixed layer exceeds 2000 m. These values
present a comparable magnitude to the calibrated estimation: the
estimate of the annual new bottom water volume calibrated with
CFC-11 and tritium is approximately 0.02 Sv (~ 6.3×1011 m3) in
the early 1950s when ventilation was active (Kang et al., 2003).
The model represented the slow-down of the ventilation system
since the 1980s, which is consistent to the observational reports.
May 2022 | Volume 9 | Article 851598
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The model-simulated mean maximum depth of winter mixed
layer was approximately 516 m from 1980 to 2015; thus, new
water has generally not been supplied to the deep and bottom
waters since 1980.

The deep convection by brine rejection, i.e., the so-called
“slope convection”, could not be embodied by the present model
because the model does not consider ice formation. However, the
volume of the new bottom water, based on the extent and
thickness of the formation area of the new water, generated by
the slope convection episode in the winter of 2000 to 2001 is
deemed to not a great bulk (Senjyu et al., 2002). The estimate of
the new water volume is approximately 7.2×108 m3, which
corresponds to 0.03% of the annual bottom water formation in
the early 1950s, when ventilation was active (Kim et al., 2002).
Tsunogai et al. (2003) suggested that 3% of the total volume of
bottom water is substituted by surface water because of this
episode. Therefore, the new water supplied by slope convection
can be considered negligible because the concentrations of
biochemical tracers presented limited changes.

3.1.3 Long-Term Trend in the Lower Layer
The comprehensive review of Kim et al. (2004) and Yoon et al.
(2018) showed that the water masses of the EJS can be roughly
classified as deep water (DW) from 1500 to 2500 m and bottom
water (BW) from 2500 to 3500 m. Based on these studies, we
examine the model performance with a focus on the long-term
variation and properties of the lower layer (from 1500 m to the
bottom) covering the deep and bottom waters. The realistic
representation of the physical and biogeochemical environments,
Frontiers in Marine Science | www.frontiersin.org 6
especially in the temperature, salinity, chlorophyll, and DIN
concentrations, in the near-surface layer was demonstrated in a
previous study (Kim et al., 2019).

The performance of the model was evaluated by comparing the
long-term variations in temperature, salinity, DO, and DIN
concentration with WOD13 at depths from 1500 m to the bottom
(Figure 3). The simulation results were selected at the closest date
and location to each observed record. The observed temperature in
the lower layer of the EJS has increased by 0.017°C decade−1 during
the last four decades (Figure 3A). The acceleration of temperature
since the 1990s is also found in the EJS by the measurements as a
signal of global warming (e.g., see Figure 3.2b in Chapter 3 of the
IPCC, 2013). Although the model slightly underestimates the
increasing trend in temperature (0.007°C decade−1), it is believed
to be acceptable given that generating an exact representation of the
deep ocean environment is difficult.

Themean salinity of themodel (34.07 psu) is the same as that of
theWOD13dataset for the lower layer (Figure3B).Milddecreasing
and increasing trends in salinity are observed in the measured data
(−1.8×10−3 psu decade−1) and model results (+3.6×10−5 psu
decade−1) for the entire observation period. The salinity
observation records from the 1960s to 1980s lack credibility due
to their wide distribution. The measured salinity increased from
1990 to 2010 (+5.1×10−4 psu decade−1), which is represented by the
blue dotted line in the figure. Based on this evidence, our model
appropriately represents the long-term variation in the physical
characteristics in the lower layer of the EJS.

Observation data indicated that the DO concentration in the
lower layer steadily decreased at a rate of −0.16 ml l−1 decade−1
A B

DC

FIGURE 3 | Long-term variation in (A) temperature, (B) salinity, (C) dissolved oxygen (DO) concentration, and (D) dissolved inorganic nitrogen (DIN) concentration at
depths from 1500 m to the bottom. The gray and orange circles indicate the observation data and results of the control (CTL) experiment, respectively. The dotted
lines denote the linear regression lines of each dataset. All linear trends were statistically significant at a confidence level of 95% (p < 0.05).
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(Figure 3C). The modeled long-term DO concentration trend
(−0.18 ml l−1 decade−1) presented the same order as the observed
trend. Moreover, the modeled increasing DIN concentration
(+0.75 mmol m−3 decade−1) was similar to the observations
(+0.81 mmol m−3 decade−1; Figure 3D).

The modeled long-term variations were comparable to
observed variations in both physical and biogeochemical
environments from 1970 until recent years. This finding
implies that the spin-up of the model was completed in the
1970s. Therefore, we will mainly cover the model results
after 1980.

3.2 Mean and Changes in DO
Concentration of the CTL Experiment
In this study, the model-defined DW and BW correspond to the
depths from 1618 to 2250 m and from 2250 m to the bottom,
respectively, in accordance with the vertical grid thickness of the
model. The DO concentration was generally higher in the BW than
in the DW (average concentrations were 4.95 and 4.88 ml l−1,
respectively). This vertical structure results from a more vigorous
detritus decomposition process in the DW than in the BW. The
biological consumption decreases as the detritus concentration
decreases with increasing depth. The DO concentration
consistently decreased from 1980 to 2015. The reduction in the
DOconcentrationover the36-yearperiodwas0.686and0.687ml l−1

in the deep and bottomwaters, respectively. The decreasing trend in
the DO concentration of the BW reproduced by the model (0.19 ml
l−1 decade−1) was almost the same scale as that of the observation
data (0.17 ml l−1 decade−1) reported by Gamo (1999).

The spatial distribution of the mean and net changes in DO
concentration over the 36-year period is shown in Figure 4. In
both DW and BW, the mean DO concentration is high in the
Japan Basin and decreases as distance increases (Figures 4A, B).
During the last few decades, the DO concentrations decreased in
the entire area of the EJS in both deep and bottom waters
(Figures 4C, D). The decreasing tendencies are noticeable
around the Japan Basin, but weaker further away.

We firstly identify the mechanisms of the increased biological
production in the upper layer in the Section 3.3. In the Section
3.4, the physical and biological effects on the decline in DO
concentration of the lower layers are quantitatively evaluated.
Additionally, the spatial pattern underlying the net decrease in
DO concentration will be explained separately for each
causal factor.

3.3 Mechanisms Underlying Enhanced
Biological Production
The enhanced biological production in the upper EJS was
confirmed by the observed and simulated results. In the EJS,
the nutrient environment, which is one of the main control
factors for biological activities, responds sensitively to the vertical
processes attributed to vertical mixing, lateral upwelling, eddies
and so on. These processes can be altered by the inflow transport
through the Korea/Tsushima Strait, which refers to the Tsushima
Warm Current (TWC) characterized by warm and saline water.
The intensity of the inflow of the TWC and its migration route in
Frontiers in Marine Science | www.frontiersin.org 7
the EJS changes the vertical transport of nutrients by modifying
the physical environment of the upper ocean. The changes in
TWC also affect the amount of nutrients advected directly from
the external sea, but it is generally effective around the Korea/
Tsushima Strait.

Therefore, we investigated the underlying mechanisms of the
increased biological production, mainly focusing on changes in
the inflow of TWC based on the results of the CTL experiment.
We found an interesting change in TWC in the simulation
results. Figure 5A indicates the spatial distribution of the
linear trend of annual mean current speed averaged from the
surface to 110 m depth and the mean current vector to
understand the current system. The spatial pattern of the
linear trend in current speed obtained by the model indicates
that the TWC was enhanced in recent decades (Figure 5A). The
interesting findings are the strengthening of the offshore branch
(OB) and the East Korean Warm Current. The flow of the OB
was altered so that it concentrated offshore.

Previous observational reports also support our finding that
volume transport increased from the 1990s to 2000s (Takikawa
and Yoon, 2005). Kida et al. (2020) also reported that a long-term
increasing trend in the transport of the EJS throughflow based on
sea-level differences across the Korea/Tsushima Strait.
Furthermore, an increasing trend was found in the volume
transport estimated from the current data provided by the
Acoustic Doppler Current Profiler (ADCP) at the Korea/
Tsushima Strait for recent years (1997 to 2012), which is
consistent with the results calculated from the model
(Figure 5B). The observation and simulated results showed
increases in volume transport of 0.08 ± 0.10 and 0.11 ± 0.05 Sv
decade−1, respectively.

The strengthening of the TWC led to changes in the physical
conditions in the upper ocean accompanied by biogeochemical
variations. The intensification of the TWC led to increases in
temperature and salinity over the path of the OB in the EJS
(Figures 6F, G), and these changes were associated with the high
temperature and high salinity of the TWC (Figures 6A, B). The
increase in salinity deepened the mixed layer depth (MLD) in
winter along the OB by increasing surface density (Figure 6H),
even though the temperature increased. The MLD in the OB area
has deepened more than 10 m from the average depth about
100 m (Figure 6C).

The nutrients laterally advected from the external sea is
almost consumed before they passing through the TKS
(Figure 6D), thus the DIN distribution in the EJS is generally
determined by vertical processes. The DIN is typically sufficient
in the northern Japan Basin due to the deep MLD, and is also
high along the eastern coast of Korea associated with lateral
upwelling (Figure 6D). MLD development induced the increase
in DIN concentration along the OB (Figure 6I). It is attributed to
that the enhanced vertical mixing enhances the supply of DIN
from the intermediate to the upper layer. The increased DIN
concentration in the central part of the cyclonic gyre (i.e.,
northern part of the Japan Basin) results from the
intensification of upwelling due to the strengthening of the
cyclonic eddy. A distinct increase in the DIN concentration of
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the surface water over the last several decades has also been
reported in observational studies (Kim et al., 2011; Kim et al.,
2013; Kim et al., 2014).

The regional distribution and long-term tendency of the Chl-
a concentration are consistent with those of the DIN
concentration (Figures 6D, E, I, J). The Chl-a inventory and
the DIN concentration over the EJS have a high positive
correlation, with a correlation coefficient of 0.85 (p < 0.05).
The correlation between the Chl-a inventory and water
temperature or solar radiation was not significant.

In summary, the recent increase in the influx of Tsushima
warm water has altered the physical conditions to warmer and
more saline upper EJS. Thus, it enhanced the available nutrients
in the upper ocean by intensifying vertical mixing, with the
abundant nutrients enhancing photosynthetic production. The
long-term improvement in biological productivity was closely
Frontiers in Marine Science | www.frontiersin.org 8
related to the amount of nutrients rather than the water
temperature or solar radiation.

3.4 Physical and Biological Factors
Underlying Long-Term Decreases in
DO Concentration
Here, we discuss three causes underlying long-term decrease
in DO concentration in the deep and bottom layers: 1. Physical
effect including advection, diffusion, and air-sea gas exchange; 2.
Effect of the increased organic particles inflowed from the
upper ocean; and 3. Impact of cessation of new water formation
(leads to the sustained biological consumption). The influences
of one physical and two biological factors are described
by the NE experiment, the difference between the CTL and the
CDF experiments, and the difference between the CDF and the
NE experiments, respectively.
FIGURE 4 | Spatial distribution of the mean dissolved oxygen (DO) concentration (upper panel) and its changes (lower panel) for the 36-year period (1980 to 2015)
of the control (CTL) experiment in the depth range from (A, C) 1618 to 2250 m (deep water: DW) and (B, D) 2250 m to the bottom (bottom water: BW).
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3.4.1 Physical Effect (= NE Experiment)
Figure 7A shows the long-term variation in the DO
concentration of the NE experiment in the deep and bottom
layers. The DO concentrations by the physical processes
without biological decomposition tend to increase gradually
Frontiers in Marine Science | www.frontiersin.org 9
in the lower layers, and the increasing trend is more distinct
in the upper part. The vertical structure of the DO
concentration in the beginning, which was low in the DW
and high in the BW, was reversed without considering
biological consumption.
FIGURE 5 | (A) Spatial distribution of the linear trend in current speed (color) of the 36-year period (1980 to 2015). The vector indicates the mean current. (B) Time series of
the volume transport through the Korea/Tsushima Strait obtained from the model (solid line) and the direct measurements by the Acoustic Doppler Current Profiler (circles).
FIGURE 6 | Spatial distributions of the mean (upper panel) and linear trends (lower panel) of the control (CTL) experiment over the 36-year period (1980 to 2015):
(A, F) temperature, (B, G) salinity, (C, H) mixed layer depth (MLD), (D, I) dissolved inorganic nitrogen (DIN) concentration, and (E, J) chlorophyll-a (Chl-a) inventory.
Temperature, salinity, DIN and Chl-a patterns indicate the annual mean and are averaged from the surface to a depth of 110 m. The spatial patterns of the mean and
linear trend of the MLD denote the average in the winter season.
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The penetration of water masses from the surface due to the
ventilation event is a primary factor inducing increases in DO
concentration across deep and bottomwaters in general. However,
althoughdeep convectiononly reached the centralwater (<1000m)
after the 1970s, the DO concentration of the deep and bottom
waters gradually increased by the physical effect (Figure 7A). It is
because oxygen was supplied to the lower layers through bottom
mixingwith the central water. Because the sourcewas located in the
upper ocean, the physical contribution weakened with depth. DO
changes caused by physical processes without biological
decomposition over the 36-year period were +0.35 and +0.23 ml
l−1 in the deep and bottom water, respectively.

The increase in the DO concentration caused by the physical
effect was weak in the Japan Basin and generally increased
towards the southern area (Figures 7B, C). This distribution of
the physical contribution was considered to depend on the
geographic location: the physical effect was weakened in areas
with a deep topography. The depth of the Japan Basin is over
2000 m; thus, the amount of oxygen supplied from the upper
layer was highly diluted relative to that of the shallow areas.

3.4.2 Biological Effect
3.4.2.1 CTL – CDF Experiments
We derived the impact of the additional detritus flux on the DO
concentration by subtracting the results of the CDF experiment
from that of the CTL experiment. Figure 8A shows the time
series of the detritus flux into the lower layers obtained from the
CTL experiment and the CDF experiment, which showed almost
constant sinking each year (18.7 mmol m−2 decade−1). The flux is
calculated by the difference between the incoming flux through
516 m, which is calculated by considering the sinking speed of
detritus (43.2 m day−1), and the outgoing flux of the
sedimentation at the bottom. The outgoing flux is taken into
account to reflect that the detritus reaching the bottom is buried
in the sediment, thus is not decomposed and consuming oxygen.
Frontiers in Marine Science | www.frontiersin.org 10
Figure 9A indicates the long-term change in the DO
concentration from 1980 to 2015 for the DW and BW
obtained from the CDF experiment. The results of the CTL
experiment were plotted together for comparison. The sinking
flux of organic matter was larger in the CTL experiment than in
the CDF experiment except in 1981, 1993, and 1995, and the
difference increased over time (Figure 8A). The long-term
increase in the detritus flux sinking to the lower layers of the
CTL experiment (Figure 8A) is closely related to the increase in
Chl-a concentration in the euphotic zone. The correlation
coefficient between the detritus flux through 516 m and the
Chl-a inventory from the surface to 110 m is 0.52 (p < 0.05).

The detritus flux of the CTL experiment increased by 4% (0.89
mmol m−2 decade−1) over the 36-year period, and the difference
in DO concentration between the two experiments gradually
increased due to the significant biological consumption of DO
in the CTL experiment (Figure 9A). The effect of the increase in
detritus flux on the DO concentration was remarkable in the
upper layer, where the decomposition process is active, and weak
in the deeper layer, which is less sensitive to the upper
environment. The detritus is produced by mortality of
phytoplankton and egestion/mortality of zooplankton in the
upper ocean. Thus, the detritus is sufficient in the upper layer,
and as it sinks to the lower layer, the detritus decomposes into
organic matter, so the amount gradually decreases with depths.

The time series of the DO concentration obtained from the
difference between the CTL and CDF experiments is shown in
Figure 9B. The enhanced detritus flux increased the
consumption of DO over the lower layers. The decreased DO
concentration temporarily slowed down in the mid-1990s
because of the weak detritus flux of the CTL experiment
compared to that of the CDF experiment. This finding suggests
that the biological activities of the upper ocean directly influence
the lower layers through the settling of organic particles. The
decreased DO concentration caused by the increased detritus
FIGURE 7 | (A) Long-term variation in the dissolved oxygen (DO) concentration of the no-ecosystem (NE) experiment. Solid and dotted lines indicate the DO
concentration averaged in the East/Japan Sea from 1618 to 2250 m (deep water: DW) and 2250 m to the bottom (bottom water: BW), respectively. (B, C) Spatial
distribution of the changes in the DO concentration simulated by the NE experiment for the 36-year period (1980 to 2015) in the DW and BW, respectively.
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flux was quantitatively large in the DW but lower in the BW, as
we confirmed in Figure 9A. Therefore, the decline in the DO
concentration resulted from the increased detritus settling
was −0.092 and −0.077 ml l−1 for the 36 years in the deep and
bottom water, respectively.

The spatial patterns of mean and linear trend in the detritus
flux (Figures 8B, C) highly resemble with those of the Chl-a
concentration (Figures 6E, J). It suggests that the biological
cycles such as mortality of phytoplankton is well modeled. A
decrease in the DO concentration caused by the additional
decomposition is found in the entire EJS (Figures 10A, B).
Especially, the enhanced detritus flux considerably decreases the
DO concentration along the offshore branch of the TWC. This
relationship indicates that enhanced biological production
influences the biogeochemical environment of the lower layers
by increasing the export flux of organic particles. Therefore, we
can confirm that the increase in the amount of organic matter
sinking to the lower layers accelerates the decline in DO
concentration. The effect of the increase in detritus flux on the
DO variation decreases gradually with depth because the
decomposition process is more active in the upper layer.

3.4.2.2 CDF – NE Experiments
The cessation of new water formation results in the sustained
oxygen consumption due to the annually constant influx of
organic matter, thus this effect is obtained from the difference
between theCDFandNEexperiment. Thediscontinuedventilation
eventually induces the almost constant consumption of the DO
concentration over the DW and BW (Figure 9C). Because the
decompositionprocess accompanyingDOconsumption is active in
the upper part, the reduction in the DO concentration by the
constant detritusflux ismore significant in theDWthan in the BW.
The DO consumed by the constant biological decomposition
process is −0.94 and −0.84 ml l−1 for the 36-year period in the
deep and bottom water, respectively.

Figures 10C,D present the changes inDOconcentration due to
the constant detritus flux from 1980 to 2015 in the DW and BW.
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The reduction in DO concentration is less prominent in the Japan
Basin but increases considerably with distance from that area. We
expected that a significantDOreductionwould result fromthe large
amount of vertical influx of organic particles. However, the
horizontal pattern of DO reduction did not resemble the annual
mean distribution of detritus flux (Figure 8B).

We found that the spatial pattern of DO change by the
constant detritus flux, namely, a weak reduction in the Japan
Basin and a strong decrease with distance, is highly related to the
horizontal circulation. The Japan Basin is known as the source
area of deep water (Kim et al., 1992; Senjyu and Sudo, 1994;
Talley et al., 2003). The new water entering the deep layer is
advected to the west of the Yamato Rise, and it finally flows to the
Yamato Basin (Senjyu and Sudo, 1994). The oxygen content of
the water mass is gradually decreased by biological consumption
during transport. Therefore, the DO distribution by the cessation
of new water formation is largely dependent on consumption
while it circulates horizontally, rather than the decomposition by
the vertically settling organic materials in each region.
3.4.3 Summary
We quantitatively investigated the contribution of each causal
factor in the deep and bottom waters by calculating the ratio of
DO changes by the physical activities, the increased detritus flux,
and the discontinued ventilation to the net DO change
(Figure 11; Table 1). The physical effect increases the DO
concentration and cancels out a large proportion of the
consumption, and it offsets approximately 51% (DW) and 34%
(BW) of the net decrease in the DO concentration in a
quantitative manner. The positive contribution of the physical
effect is primarily associated with the vertical transport of oxygen
from the upper layers.

Increasing biological decomposition decreases the DO
concentration and accounts for 13% (DW) and 12% (BW) of
the net reduction in DO concentration, although its effect was
one order of magnitude smaller than the influence of
FIGURE 8 | (A) Long-term variation in the detritus (DET) flux into the lower layers averaged in the East/Japan Sea, which is determined by the incoming flux through
516 m depth and the outgoing flux of the sedimentation at the bottom. The black and blue solid lines indicate the results of the control (CTL) and constant detritus
flux (CDF) experiments, respectively. The gray dotted line represents the 3-year moving average of the detritus flux simulated by the CTL experiment. (B) Spatial
distribution of the mean detritus flux and (C) spatial pattern of the linear trend in the detritus flux of the CTL experiment.
May 2022 | Volume 9 | Article 851598

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Kim et al. Causes of Long-Term DO Decline
discontinued new water formation or physical effects. The
increased influx of organic particles sinking through 516 m
induced an additional reduction in the DO concentration. The
increased detritus flux accelerates the decrease in the DO
concentration along the offshore branch of the TWC.

The cessation of ventilation substantially reduces the DO
concentration and accounts for approximately 138% and
122% of the net decrease from 1980 to 2015 in the deep and
bottom water, respectively. The oxygen concentration of the
water mass introduced into the lower layers in the past
Frontiers in Marine Science | www.frontiersin.org 12
gradually decreases through organic matter decomposition
while it circulates horizontally.

The influences of the three causes on the net change in DO
concentration are not spatially uniform. The reduction in DO
concentration by the biological effect combined with the increase
in oxygen attributed to the physical effect eventually results in a
decline of the DO concentration over the entire EJS. A
considerable reduction in the oxygen concentration occurred
over the 36-year period in the Japan Basin, and it gradually
decreased with distance (Figures 4C, D).
A

B

C

FIGURE 9 | (A) Long-term variation in the dissolved oxygen (DO) concentration of the constant detritus flux (CDF; brown) and the control (CTL; red) experiments. Difference
in the DO concentration (B) between the CTL and the CDF experiment, (C) between the CDF and the no-ecosystem (NE) experiments. Solid and dotted lines indicate the DO
concentration averaged in the East/Japan Sea from 1618 to 2250 m (deep water: DW) and 2250 m to the bottom (bottom water: BW), respectively.
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4 CONCLUSIONS AND DISCUSSION

The long-term decline in the DO concentration in the lower
layers of the EJS has been considered to be attributed to the
biological consumption by the decomposition process of
organic materials in the isolated environment. This study
Frontiers in Marine Science | www.frontiersin.org 13
quantitatively distinguished the contributions of the physical
processes, the additional biological decomposition induced by
the increased detritus influx, and the discontinued ventilation
accompanied by the sustained biological consumption to the
long-term decline in DO concentration using a coupled
physical-biogeochemical model.
FIGURE 10 | Spatial distribution of the changes in the dissolved oxygen (DO) difference (A, B) between the control (CTL) and the constant detritus flux (CDF)
experiments; and (C, D) between the CDF and the no-ecosystem (NE) experiments for the 36-year period (1980 to 2015) in the depth range from 1618 to 2250 m
(deep water: DW) and 2250 m to the bottom (bottom water: BW).
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The measurement data showed that the Chl-a concentration at
the surface layer of the EJS has been enhanced during the last few
decades. The simulation results also delineated the increasing trend
in the Chl-a concentration over the upper layer, thus implying
enhanced biological productivity. The Chl-a inventory from the
surface to 110 m depth actually increased by approximately 3%
(1.25 mg m−2) from 1980 to 2015 in the model. Our study clarified
that the biological activities were enhanced by the intensification of
inflow transport (i.e., Tsushima Warm Current: TWC). The
strengthening of the TWC changed the physical and
biogeochemical environments and promoted photosynthetic
production by increasing the available nutrients within the
euphotic zone through vertical mixing.

The enhanced biological production of the upper layer
increases the sinking flux of organic particles to the lower
layers. The detritus flux into the lower layers (below 516 m
depth) increased by 4% (0.89 mmol m−2 decade−1) over 36 years.
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This increase in organic particles accelerated the decline in the
DO concentration by 0.08 ml l−1 over the lower layers, thus
accounting for 12% of the net DO change. The increase in DO
concentration caused by physical activities involving advection,
diffusion, and air-sea gas exchange cancels out the large portion
of the consumption, which is equivalent to 42% of the net
decrease quantitatively. The increase in the DO concentration
by the physical effect is mostly attributed to water transport from
the upper ocean through bottom mixing. The cessation of new
water formation, which is related to ongoing organic matter
decomposition, was estimated in excess of the net reduction in
DO concentration over the deep and bottom waters.

The three effects introduced in this study are slightly different
from the suggestions of Gamo et al. (1986). The first and third
cases in Gamo et al. (1986) are associated with the oxygen supply
processes of advection, diffusion, and deep convection (first case)
and vertical mixing only between the deep and bottom waters
(third case). However, numerical modeling could not distinguish
whether the changes in the DO concentration originated from
the oxygen supply from the upper ocean or vertical mixing of
deep and bottom waters. Thus, oxygen variations by all physical
processes are included in the physical effect in this study. But, we
can suppose that the third possibility proposed by Gamo et al.
(1986) (i.e., enhanced vertical mixing between the deep and
bottom waters) is negligible because if it is significant, the DO
concentration of the DW should increase and that of the BW
should decrease. The increase in the DO concentration in both
deep and bottom waters shown in the NE experiment cannot be
explained by the mixing between two layers.
FIGURE 11 | Changes in the dissolved oxygen (DO) concentration over the 36-year period (1980 to 2015) at each depth range from 1618 to 2250 m (deep water)
and 2250 m to the bottom (bottom water). Blue, green, and gray bars indicate the DO change of the no-ecosystem (NE) experiment, the difference between the
control (CTL) and constant detritus flux (CDF) experiments, the difference between the CDF and the NE experiments, respectively. The black bar indicates the net
change in the DO concentration.
TABLE 1 | Changes in the dissolved oxygen (DO) concentration (ml l−1) over the
36-year period (1980 to 2015) obtained from the no-ecosystem (NE) experiment,
difference between the control (CTL) and the constant detritus flux (CDF)
experiments, and difference between the CDF and the NE experiments at each
depth range from 1618 to 2250 m (deep water: DW) and from 2250 m to the
bottom (bottom water: BW), respectively.

DW BW

NE exp. +0.35 +0.23
CTL − CDF exp. −0.092 −0.077
CDF − NE exp. −0.94 −0.84
Net −0.69 −0.69
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Therefore, our modeling study confirmed that the
discontinued ventilation is a major factor underlying the long-
term decline in DO concentrations over the lower layers of the
EJS, which is consistent with previous studies (e.g., Gamo et al.,
1986; Kim et al., 2001; Yoon et al., 2018). These findings also
demonstrated that the increased organic particles settling into
the lower layers (second possibility in Gamo et al., 1986)
influence on oxygen variation, but its effects were relatively
minor. This potential that the increase in primary production
of the euphotic layer could affect the deoxygenation of the lower
layers was also suggested in a recent observational data-based
study in the northwestern part of the EJS (Tishchenko et al.,
2021). Our study and Tishchenko et al. (2021) agree that the
vertical mixing between the deep and bottom waters (third
possibility in Gamo et al., 1986) is negligible to explain the
long-term decrease in DO concentration.

Our results showed that biological production in the upper
ocean increased, which enhanced the influx of organic matter
into the deep ocean. This intimate linkage of the biogeochemical
system between the upper and lower layers was well modeled in
this study. Consequently, the long-term decreasing and
increasing trends of the model-reproduced chemical tracer DO
and DIN concentrations were comparable with the collected
observation data. However, the number of measurements of the
biological indicators is insufficient; thus, these data cannot
provide a better understanding of the recent changes in the
nitrogen cycle of the EJS and cannot be used to validate that this
study explains the mechanisms of long-term changes in the
biological environment. Continuous monitoring and research
on the biogeochemical cycle in the EJS are required to advance
our understanding and predict future changes in the oxygen
environment of the deep ocean.
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