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Abstract

While multiple studies have investigated oxygen decrease in Japan Sea Proper Water (JSPW; > 300 m in depth), oxygen vari-
ation in continental slope and shelf waters (<300 m) must also be investigated in order to assess its socioecological impacts.
In this study, historical oxygen data in the waters of three continental shelves and a bank of Japan Sea, off-Awashima area
(AW), Wakasa Bay (WB), East of Tsushima Straight (ETS), and Yamato Bank (YB), were collected and analyzed to assess
temporal variation of oxygen in each region from 1960 to 2000s. Significant decreasing trends of oxygen were detected in
the waters below 150 m depth in WB and YB, and below 300 m in AW, in the summer season. In winter, a decreasing trend
of oxygen was detected throughout the water column from 300 m to the sea surface in WB and YB. In ETS, a deoxygenation
trend was detected throughout the water column from the bottom to the sea surface in the summer season, while no trend was
detected in winter. The results suggested that oxygen decreases in AW, WB, and YB were the consequence of the upward
propagation of the deoxygenation signal from JSPW, while that of ETS was caused by horizontal propagation of deoxygena-
tion signal from the East China Sea. Assuming that the observed trend will continue in future, it is predicted that part of the
water in Tsushima Strait area will reach the general sublethal threshold of oxygen (134 umol kg™") by the end of this century.

Keywords Deoxygenation - Japan Sea - Continental Shelves - Yamato Bank - Global Warming

1 Introduction

There are growing concerns about oxygen declines that are
now being detected in oceans worldwide, oceanic subsur-
face, and coastal regimes (e.g., Helm et al. 2011; IPCC 2013,
2019; Ito et al. 2017; Koslow et al. 2011, 2015; Oschlies
et al. 2018; Sasano et al. 2015, 2018; Schmidtko 2017;
Stramma et al. 2010, 2011, 2012, 2020; Rabalais et al.
2010; Whitney et al. 2013; Zhang et al. 2010). The Japan
Sea is known as a one of key spot of ocean deoxygenation,
where oxygen concentration has dramatically decreased in
the waters below a depth of 300 m (i.e., Japan Sea Proper
Water, hereafter JSPW) since no later than 1950s (e.g.,
Chen, 1999; Gamo 1999, 2011; Gamo et al. 1986, 2001,
2014; Minami et al. 1999; Watanabe et al. 2003). These phe-
nomena are attributed to the result of diminished deep-water
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convection, which itself was caused by warming of winter
surface water of the northern Japan Sea. Although recent
observations indicated that the formation of Japan Sea Bot-
tom Water had revived intermittently since the 2000s (e.g.,
Talley et al. 2003; Tsunogai et al. 2003), the overall trend of
oxygen decrease in JSPW was maintained until at least 2010.

However, little were argued about temporal variation
of oxygen in the waters above JSPW, ca, shallower than
300 m depth. Although several observations (e.g., Chen
et al. 2017) indicate that oxygen concentration should have
been decreased even in the waters shallower than 300 m,
large horizontal variation of historical oxygen data in these
shallow depth ranges prevents detailed analyses at the basin
scale. However, the number of animal species in the Japan
Sea is far richer in the continental-shelf region than in the
deep-water region (e.g., Nishimura 1968). Fisheries com-
munities also use continental-shelf regions as well as deep
water regions, catching continental—shelf peculiar fish com-
position that cannot be obtained from deep-water regions
(Nishimura 1966). The temporal change in oxygen content
in shallow waters, especially those in continental-shelf areas,
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is even more important than that of deep waters when con-
sidering its socioeconomic impact.

In this study, the long-term trend of oxygen concentration
in shallow waters of the bank and continental shelves of
southern Japan Sea was investigated using historical hydro-
graphic data collected from the 1960s. Geographical varia-
tions in oxygen trends, possible causes, and their impacts on
ocean ecosystems will be presented and discussed.

2 Data and method

At first, historical ocean station data (OSD) containing
water temperature, salinity and oxygen concentration were
extracted from the World Ocean Database 2018 (Boyer
et al. 2018), as observed in three continental shelves and
one bank of the southern Japan Sea as follows: Yamato
Bank (YB), 133° E-137° E and 38.5° N-40.5° N; off-
Awashima area (AW), 138° E-140° E and 38.25° N-40° N;
Wakasa Bay (WB), 135° E-136° E and 35.5° N-36.5° N;
and the east of the Tsushima Straight (ETS), 130° E-132.5°
E and 34° N-35.5° N. These four regions were selected for
this study based on the following criteria: (1) continental
shelves and/or banks with enough size of area, and (2) hav-
ing a suitable amount of historical oxygen data with time
length over a period of 30 years. In each region, data from
the summer (July to September) and winter (December to
February) seasons for 1960s—2000s were collected and
analyzed separately to avoid potential effects of seasonal
variation. Unfortunately, the winter data of AW had sub-
stantial interruptions for 1976-1998; therefore, only sum-
mer data were analyzed for this site. Data for six refer-
ence depth ranges (0—1 m, 50+3 m, 100 +5 m, 150+5 m,
200+ 5 m, 300+ 5 m) were then extracted. After that, data
in each region were inspected by the following two-step
data selection.

Table 1 Metadata of each study area. Not all stations achieved full-
cast observations to bottom depth; therefore, a number of data in
deeper depth ranges are smaller than those described in this table. As

As the first step, horizontal distribution of water tem-
perature, salinity and dissolved oxygen within each region
were examined on each depth ranges. Then, geographic
area adopted for the further analysis in each region were
narrowed down so that all three parameters show homo-
geneous horizontal distribution within that region (see
Appendix 1). We made this selection, so that we can avoid
any affection of year-to-year difference of geographic dis-
tribution of hydrographic stations. As this result, latitudinal
and longitudinal ranges of the four regions were changed
as shown in Table 1 (also See Fig. 1). Range of years col-
lected in each study area is also listed in the table. The
oldest data were obtained during the years of 1965-1968
in all regions, but availability of the latest oxygen data var-
ies from 1999 in ETS to 2005-2008 in YB, AW, and WB.

As the second step, standard deviation (SD) of each
parameter (water temperature, salinity and oxygen concen-
tration) was calculated in terms of depth range and season
for each of the four study areas. Data outside of the range
of 3 x SD were then omitted to avoid analytical errors and/
or episodic events, such as extremely high precipitation.
Once any parameter of a water sample was omitted, the
corresponding data of all other parameters for that same
sample were automatically omitted. This omission process
was repeated twice. Number of stations extracted from
WOD2018 was 2663 at first, and from these ones, 1465 sta-
tions were remained after the first step selection. After the
second step data selection, 1291 stations containing 10,819
data (3607, 3607, and 3605 for oxygen, water temperature,
and salinity, respectively) were finally remained and were
used for time series analysis (Table 1). Solubility of oxygen
at 1 atm pressure (DO,;) were additionally calculated from
water temperature and salinity by using the equation of
Weiss (1970), and were also used for time series analysis.

a result, analyses on certain depth ranges could not be carried out for
WB and ETS due to large interruptions of their time series

Name of Study Longitu-dinal Latitudi-nal Range Bottom depth [m] Deepest Depth Number of Stations Time Coverage
Area Range Analyzed [m]
East of the Tsush-  130°E-1325°E  34°N-355°N <200 m 100 Summer: 398 Win-  Summer: 1965-1999
ima Strait (ETS) ter: 229 Winter: 1967-1999
Wakasa Bay (WB)  135.25°E-136°E  35.6°N-36.25°N <300 m 200 Summer: 161 Win-  Summer: 19682007
ter: 113 Winter: 1965-2008

Awashima area 138° E-139.5° E 3825°N—40°N  150m-3000m 300 Summer: 96 Win-  Summer: 1965-2005

(AW) ter: None Winter: None
Yamato Bank (YB) 134°E-136°E 38.5N-39.25°N 236 m-3000m 600 Summer: 175 Win-  Summer: 1965-2007
ter: 119 Winter: 1966-2008
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Fig. 1 Map of data extracted
for this study. Ocean Data View
4 software (Schlitzer 2013)

was used to draw this map.
Topography is overlaid by color
scale. Blue dots indicate stations
firstly extracted from WOD
2018, while the black dashed
line boxes denote area finally
used for the analysis after the
horizontal homogeneity assess-
ment described in Appendix 1.
The brown dashed line box
denotes area of WTS described
in Sect. 4.2

40°N

38°N

36°N

34°N

3 Results

Figure 2 shows an example time series of water tempera-
ture, salinity, and oxygen observed in 0—1 m depth range of
YB in winter. Time series plot of oxygen for all isobaths,
seasons and areas are further shown in Appendix 2.
Watanabe et al. (2003) estimated that the analytical
uncertainty of historical oxygen data in Japan Sea was
less than 5 pmol kg™, but the typical standard variation of
oxygen obtained from a single-year time slice of Fig. 2 was
10 pmol kg™'. This indicates that part of variations of oxy-
gen those are caused by the factors other than the long-term
variation (e.g., geographical variations, tides, weathers and
intra-seasonal variations within the 3-month window) were
still remained even after the data selection process. Water
temperature and salinity also showed single-year standard
deviation (+ 1.5 °C and +0.05 for water temperature and
salinity, respectively) that were far larger than the expected
analytical uncertainty (+0.002 °C and + 0.002 for water
temperature and salinity, Joyce 1991). The observed time
series further showed several episodic year-to-year varia-
tion indicating the existence of short-term variation of each
property in this depth range of winter YB. Nevertheless,
we can obtain significant linear decrease of oxygen at the
rate of — 0.50+0.12 pmol kg~'-y~! sustaining the whole
time period, as well as linear increase of water tempera-
ture (0.08 +0.02 °C-y~!) and weak decreasing of salinity
(= 0.002+0.01-y~Y). Similarly, linear long-term change
(e.g., trend) of each parameter that was statistically signifi-
cant even under the existence of short-term variation was
observed in many time series with various depth ranges,
areas, and seasons (Appendix 2). Linear trend of each

2500 m

3000 m

3500 m

Ocean Data View

4000 m

140°E

135°E

parameter (water temperature, salinity, oxygen concentra-
tion and DO,,)) over the whole period was calculated for
each depth range in each region, and are listed in Tables 2
and 3 for summer and winter data, respectively.

We additionally calculated 10-year average of each
parameter for the time period of 1965-1974, 1975-1984,
1985-1994, and 1995-2004, for each isobaths in each
region (however, the average of 1995-2004 was not calcu-
lated for ETS as only the data before 1999 was collected in
this region). Vertical profiles of each parameter typical for
each time period were then illustrated in Fig. 3.

3.1 Yamato Bank

Vertical profiles of oxygen in this region in summer sea-
son was characterized by a broad subsurface maximum
located from 150 to 300 m (Fig. 3c). This corresponds to
the Japan Sea Intermediate Water (JIW), the watermass
characterized by relatively low salinity and high oxygen
concentration bordering JSPW at around 300 m (Senjyu
1999). Significant negative trend of oxygen was observed
in JIW (isobaths of 150 m and 200 m, Fig. 10d, e in Appen-
dix 2) and upper JSPW (300 m isobaths, Fig. 10 in Appen-
dix 2). Although JIW was characterized by its low salinity,
no trend was observed in salinity within this depth range
(Tables 2 and 3), indicating that the volume of JIW has not
changed significantly during this period. Water temperature
showed significant decrease after 1975 on the isobaths from
50 to 300 m in summer season (Fig. 3a), and as this result,
DO, has been increased on these isobaths (Table 2). In
winter, both water temperature and DO, showed no sig-
nificant trend on the isobaths from 100 to 300 m (Table 3).
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Fig.2 Example time series of water temperature, salinity, and dis-
solved oxygen observed in 0 -1 m of YB in winter

The observed negative trend of oxygen in JIW is, therefore,
not explained by the change in the solubility of oxygen at
the source water of the JIW.

In wither, mixed layer was developed to the depth of
100 m in this region (Fig. 3a). Oxygen concentration of
these waters are generally equal to DO, (data not shown),
indicating that the waters were well saturated with oxygen
all through the period. The absolute concentration of oxy-
gen in the winter mixed layer; however, largely decreased

@ Springer

after 1995 (Fig. 3c). This was due to the decrease of DO,
caused by the rapid warming of winter surface water
(Fig. 3a). As this result, oxygen and DO, showed nega-
tive trend in the top three reference depth ranges in winter
(Table 3, Fig. 10g—i in Appendix 2). JIW remained below
the winter mixed layer (Fig. 3a, b), and negative trend of
oxygen were still observed in JIW and upper JSPW (150 m
and 300 m, Table 3, Fig. 10hj, l in Appendix 2). In 200 m,
statistical significance of negative oxygen trend became
week, but sign of the calculated oxygen trend was still
negative. As this result, oxygen showed negative trend in
the whole water column from surface to 300 m in winter.

3.2 Off-Awashima Area

Here, two peaks were observed in oxygen profiles (Fig. 3f).
The upper one (peak depth 50 m) was attributed to the
subsurface oxygen maximum produced by the photosyn-
thesis just above the subsurface chlorophyll maximum
(Kodama et al. 2015; Kim et al. 2019). The lower one
(peak depth 200 m) was attributed to JIW, with its thick-
ness becomes smaller when compared to that in summer
YB (Fig. 3¢). Oxygen concentration showed negative trend
in upper JSPW (300 m, Fig. 11f in Appendix 2) similar to
YB. Negative trend of oxygen was also calculated in JIW
(150 m and 200 m, Fig. 11d, e in Appendix 2), although its
statistical significance was lost in AW probably due to the
small data numbers as compared to YB.

A positive oxygen trend was observed in three reference
depth ranges containing the upper oxygen peak (0—1 m and
100+ 5 m, Fig. 11a, c in Appendix 2, Table 2). Significant
cooling was observed in these waters (Table 2), and as
this result, DO had been increased on these reference
depth ranges at almost the same rate with those of oxy-
gen (Table 2). Although the shape of the upper oxygen
peak is maintained by the biological processes, the pre-
sent result indicated that the temporal variation of oxygen
concentration in this depth range was controlled not by the
biological process, but by the temporal variation of water
temperature.

3.3 Wakasa Bay

This region also showed double oxygen peak in summer
season (Fig. 3i), and source of each peak was same as that
of AW. Figures 12a, b in Appendix 2 indicated that the
oxygen concentration in summer season had been increased
on the upper two reference depth ranges (0O—1 m, 50 +3 m),
but these signals were not statistically significant (Table 2)
because year-to-year variations of oxygen concentration
were very large on these isobaths. As this region locates
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Table 2 Trends of water Depth Range ETS WB AW YB

temperature (Temp), salinity

(Sal), dissolved oxygen (DO), [0-1 m]

f;‘i;:ﬁ‘iggﬂ‘i%’;ﬁ?‘rg;13 Temp ~0.01+001 0.00+0.01 —~ 0.06+0.02 ~0.02+0.02

each study area (summer data). Sal —0.003+0.004 0.006 +0.005 0.006 +0.003 0.004 + 0.002
DO —0.19+0.08* 0.07+0.07 0.32+0.08 0.15+0.09
DO, 0.03+0.04 —0.01+0.06 0.20 + 0.06 0.08+0.06
[50+3 m]
Temp —0.01+0.01 —0.04+0.03 —0.13+0.04 —0.10+0.04
Sal 0.001 +0.002 0.002+0.004 0.002+0.002 —0.003+0.002
DO —0.70 +0.10% 0.03+0.24 0.57+0.34 -0.12+0.36
DO, 0.06+0.06 0.18+0.12 0.69 +0.22 0.56 +0.21
[100+5 m]
Temp —0.01+0.01 —0.01+0.03 —0.11+0.04 —0.06+0.04
Sal —0.002 +0.001 0.000+0.002 —0.003+0.002 —0.002+0.002
DO —0.31+0.10% —0.16+0.25 0.38+0.19 —0.07+0.18
DO, 0.04+0.06 0.03+0.14 0.70 + 0.27 0.45+0.26
[150+5 m]
Temp 0.00+0.03 0.10+0.07 —0.05+0.03
Sal —0.001+0.002 0.008 + 0.002 0.000+0.001
DO - 0.29+0.14* -0.16+0.16 - 0.30+0.14*
DO, 0.00+0.19 —0.66+0.46 0.42+0.25
[200+5 m]
Temp —0.02+0.02 —0.04+0.04 —0.06+0.03
Sal —0.001+0.001 0.001+0.001 —0.001+0.001
DO - 0.67+0.19* - 0.16+0.15* - 0.46+0.21%
DO, 0.14+0.16 0.37+0.35 0.47 +0.23
[300+5 m]
Temp —0.01+0.01 —0.02+0.01
Sal 0.001+0.001 0.000+0.000
DO — 0.80 + 0.30" - 0.62+0.27*
DO 0.13+0.08 0.19+0.13

sol

Units are °C-y~!, y™!, and pmol kg~!-y~'for Temp, Sal, DO and DO

sol’

respectively. The plus—minus value

represents 1SD. Bold font indicates the trends which have statistical significance with p value less than
0.05. Superscripts # represents signs of the trends were not changed among TR;;, TR}, and TR .0 at
the observation—period sensitivity test (Appendix 3)

coastal side of the boundary current (First Branch of Tsu-
shima Warm Current, FBTWC), coastal processes, such
as patchy biological activities in the upper water column
may generate such short time variability of the oxygen in
this region. On the other hand, negative signal of oxygen
in JIW (150 +5 m and 200 + 5 m) were still statistically
significant even in this coastal region (Table 2, Fig. 12d, e
in Appendix 2). Note that the rate of oxygen decreases in
the reference depth range of 200+ 5 m (— 0.67 +0.19 pmol
kg~ !-y~!, Table 2) was far larger than those observed in YB
and AW on the same depth range, but this high rate was
mainly generated by the temporal increase of oxygen in

this depth range in the period of 1975-1984 (Fig. 12¢e). We
had not yet specified the cause of this temporal increase of
oxygen. It is known that coastal region of southern Japan
Sea sometimes experiences coastal upwelling (Nakada and
Hirose 2009), and such process may be a part of the cause
of this event.

In winter, significant winter mixed layer down to 150 m
was developed (Fig. 3g). Similar to YB, winter mixed layer
waters were saturated with oxygen, but absolute concen-
tration of oxygen showed negative trend following to the
long-term decrease of DO, due to the warming (Table 3,
Fig. 12f—

sol
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Table3 The same as in Table 2 but for winter data. AW is omitted
from this table, as analysis of winter data was not carried out for this
area

Depth Range ETS WB YB

[0-1 m]

Temp 0.01+0.01 0.05 + 0.01 0.08 + 0.02

Sal —0.001+0.001 -0.002+0.005 — 0.002+0.001
DO 0.11+0.28 —0.16+0.08*  —0.50+0.12%
DO, -0.06+0.06 —027+0.06 —0.54+0.14
[50+3 m]

Temp 0.01+0.01 0.05 + 0.01 0.06 + 0.02

Sal 0.000+£0.001  —0.006+0.002 0.000+0.001
DO —0.06+0.10 —0.28+0.08 —0.29+0.16
DO, —0.07+0.14 —029+0.06 —0.42+0.17
[100+5 m]

Temp 0.02+0.02 0.05+0.01 0.02+0.03

Sal —0.001+0.002 —0.003+0.002 — 0.001+0.001
DO —0.12+0.19  —0.23+0.07 —0.50+0.21
DO, -0.10+£0.17 —-031+007 —0.16+0.21
[150+5 m]

Temp 0.03+0.03 0.00+0.03

Sal 0.000+0.001  —0.001 +0.001
DO —0.26+0.10* —0.42+0.21%
DO, —0.17+0.19  0.04+0.21
[200+5 m]

Temp 0.00+£0.04 —0.01+£0.02
Sal 0.000+£0.001  — 0.0003 +0.0005
DO —024+0.16  —0.33+0.24"
DO, 0.02+0.28 0.09+0.18
[300+5 m]

Temp 0.000+0.004
Sal 0.0004 + 0.0002
DO —0.51+0.23"
DO 0.00+0.04

sol

Appendix 2). In 200 m, negative oxygen trend lost its
statistical significance despite of satisfactory data num-
bers, mainly due to the temporal increase of oxygen from
1970 to 1980s (Fig. 12j in Appendix 2). The cause of this
temporal increase of oxygen was discussed in Appendix 3.

3.4 East of the Tsushima straight
Similar to the upper layers of other three regions, this

region was filled with saline Tsushima Warm Current
(TWC) overlaid with fresh, warm East China Sea (ECS)

@ Springer

surface water in summer season (Fig. 3j and k, Onitsuka
et al. 2007). Both water temperature and salinity showed
no trend in all depth ranges, except the 100+5 m where
salinity showed little freshening trend (Table 2). As this
result, DO, showed no trend in summer ETS. Neverthe-
less, oxygen concentration showed significant decrease
after 1985 in all isobaths (Fig. 31). This was the distinct
feature of ETS, as oxygen had either stayed constant or
increased on the isobaths shallower than 100 m in all other
regions (Tables 2), and these trends were led by the long-
term change of DO, ;. We will discuss about the possible
source of oxygen variation in summer ETS in Sect. 4.2.

Water temperature in winter ETS showed large inter-
decadal variation, while the variation was not monotonic
and hence no trend was observed in all depth ranges
(Fig. 3j, Table 3). Salinity was almost stable (Table 3).
Oxygen also showed large inter-decadal variation, and
hence its trend component was statistically insignificant
(Table 3, Fig. 13d—f in Appendix 2).

4 Discussion

4.1 Two origins of oxygen variation in YB, AW,
and WB: Solubility and JSPW

Based on the analyses in each region, long-term variation
of oxygen in YB, AW, and WB can be summarized as two
major types of trend:

(1) Trend observed mainly in upper waters, in which
the observed variation of oxygen concentration was
consistent with that of DO,;. This type of variation
includes both positive and negative trend, reflecting
negative and positive trend of water temperature,
respectively.

(2) Trend observed mainly in deep water, in which oxygen
concentration was decreased independent to the vari-
ation of DOg,.

The vertical distributions of these two trend types in
each region and season are summarized in Fig. 4.

The upper boundary of the Trend Type 2 in summer sea-
son existed at 150 m in YB and WB, while it was located
at 300 m in AW. Although negative oxygen trends were
also observed in 150-200 m of summer AW, its statistical
significance was not enough due to the small data num-
bers in these depth ranges (Table 2). In winter, the upper
boundary of Trend Type 2 was slightly shoaled to 100 m
in YB, while it was stayed at 150 m in AW. The upper
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Fig.3 Vertical profiles of a water temperature, b salinity, and ¢ dis- with dashed lines denote winter profiles. Error bars of each plot was

solved oxygen in YB averaged for the period of 1965-1974 (blue), omitted to keep visibility. d—f Same as a—c but for AW. Winter pro-
1975-1984 (sky blue), 1985-1994 (orange), and 1995-2004 (red). files were not shown in these figures because of no data. g) —i Same
Solid circles with solid lines denote summer profiles, while the Xs as (a—c) but for WB. j-1 Same as (a—c) but for ETS

boundary of JSPW is typically set at 300 m (e.g., Senju 500+ 10 m) in YB and AW, although number of data on
et al. 1999), and we directly observed the oxygen trend  an isobaths became smaller and existence of data-absent
of this depth in YB and AW. Further oxygen data were  period became larger with depth became deeper. Oxygen
able to be obtained from the deeper layers (400+ 10 mand  trends additionally calculated in these isobaths are listed
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in Table 4. A relatively low decreasing trend of oxygen
was observed in the 500 + 10 m isobaths of summer AW
(0.33+0.12 umol kg~'-y~!, Table 4). As most of the data
on these isobaths in this region were obtained from the
slope area of the Sado Ridge (Appendix 1), local verti-
cal water movement along the ridge slope may have made
some affection to produce such relatively low trend. Except
these isobaths in summer AW, the rates of oxygen decrease
observed in the isobaths deeper than 300 m was settled in
the range from 0.51 +0.23 pmol kg™"-y~! (300 + 5 m, win-
ter YB) to 0.80+0.30 pmol kg='-y~! (300 +5 m, summer
AW). Reported rates of oxygen decrease in JSPW in the
historical reports varied from 0.46 +0.004 pmol kg~!-y~!
(Watanabe et al. 2003) to 0.69 pmol kg~ '-y~! (average of
Eastern Japan Basin and Yamato Basin, Gamo et al. 2014),
and the trend observed at the isobaths deeper than 300 m
depth in the present study was identical to, or even larger
than, that observed in JSPW. Therefore, we can consider
that this is the same signal of oxygen decrease that has
been detected in JSPW in the previous studies. Above this
depth range, the rate of oxygen decrease became smaller
with decreasing depth; however, a statistically significant
negative trend of oxygen was still detectable and was larger
than the estimated decreasing rate of DO, up to 150 m
for WB (both summer and winter), 150 m and 100 m in
summer and winter, respectively, for YB. These results are
the first evidence that waters along banks and continen-
tal shelves of the southern Japan Sea have already faced
deoxygenation.

Oxygen in subsurface waters could have been decreased,
if vertical flux of organic material transported from the pro-
ductive mixed layer has been increased. However, there are
no coincided understanding about the long-term trend of
primary production in southern Japan Sea. Although chlo-
rophyll concentration showed increasing trend, numerical
model simulation of primary production exhibited long-
term decrease (Ishizaka and Yamada 2019). As a situa-
tional evidence, Kodama et al (2016) pointed out that lat-
eral transport of nitrate from the ECS to Japan Sea showed
long-term increase at the rate of 0.005 Tmol-y~!, and the
observed long-term decrease of phosphate concentration
in the upper layer of southern Japan Sea can be explained
if this increased nitrate supply had caused increase of net
primary production (i.e., net phosphate consumption). If
their hypothesis is true, 0.005 Tmol-y~! increase of nitrate
supply corresponds to the 64 pmolC-m~2-y~! increase of
sinking organic carbon flux, assuming that all the supplied
nitrate is consumed in the mixed layer in the southern half
area of Japan Sea (ca. 515,000 km?). Even if we assume
that all of this increased carbon flux is decomposed within
the depth range of 150-300 m in water column, this pro-
cess decreases oxygen only at the rate of 0.0005 pmol
kg~ !-y~L. Since the observed decreasing rates of oxygen at
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these depth ranges were far larger than this simulation, we
must seek other mechanism than the change of biological
process to explain the observed long-term trend of oxygen.

The depth ranges of 100-300 m corresponded to JIW,
that has its origin in the winter surface water of the western
edge of the subarctic front (Senjyu 1999). The observed
negative trend of oxygen in these depth ranges thus can be
explained either by vertical propagation of deoxygenation
signal of JSPW, or decrease of JIW formation rate. The later
process also diminishes fresh water transport, and hence
salinity in these depth ranges should have been increased if
the later process had occurred. However, increasing trend
of salinity was not observed in the 100-300 m depth range
of YB, AW, and WB, with single exception of the 150 m
isobaths in summer AW (0.008 +0.002 y~!, Table 2). This
result indicates that the formation rate of JIW has not been
changed significantly throughout this period, and hence, a
decreased rate of JIW formation was likely not the cause
of the observed oxygen decrease. Water temperature in the
100-300 m depth range showed cooling trends in summer
season, with the exception of 150 m isobaths in summer
AW (0.10+0.07 ‘C-y~!, Table 2). This also implies that the
extent of winter cooling at the formation area of JIW was
not diminished during this period, and hence the formation
rate of JIW should have not been decreased.

Senjyu (1999) pointed out that newly formed JIW under-
goes strong diapycnal mixing with JSPW during its east-
ward propagation. This means that JIW in its downstream
areas, such as WB, AW, and YB, contains a certain por-
tion of JSPW water, and hence the deoxygenation signal of
JSPW can easily propagate to JIW. Based on this consid-
eration, it was implied that the observed negative trend of
oxygen in depth ranges of 100-300 m is due to the upward
propagation of JSPW deoxygenation.

The lower boundary of Trend Type 1 lies 100 m in AW
(Fig. 4a). We could observe a signal of oxygen increase
also in the surface waters of YB and WB in summer
(Table 2), although these signals didn’t have statistical
significance in the linear trend analysis due to large short-
term variation. Water temperature on the isobaths above
100 m showed cooling trend in summer season, with the
only exception of the surface water of summer WB (no
trend, Table 2). Recent report of Japan Meteorological
Agency shows that surface water of southwestern Japan sea
shows warming trend in summer, in far longer time scale
than the present study (ca, 1900s to 2010s; http://www.
data.jma.go.jp/gmd/kaiyou/data/shindan/a_1/japan_warm/
cfig/warm_area.html?area=E). Their result, however, also
shows temporal cooling of summer surface waters during
the period from 1960 to 1990s. As measurement of oxygen
in Japan Sea had started mainly from 1960s, the result of
the present study was based on the data from 1960s to early
half of 2000s. This overlap explains why the present result
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show cooling of summer surface water, despite of warm-
ing trend in centennial time scale. Kodama et al. (2016)
found similar trend of surface cooling in the almost the
same area with WB. Such cooling trends have led positive
trends of DOy, in the summer surface waters above 100 m
(Table 2), making primary forcing of oxygen increase in
summer Type 1 waters.

Interestingly, the lower boundary of Trend Type 1 sig-
nificantly deepened in winter and directly bordered Trend
Type 2 (Fig. 4b; Table 3). This is natural when considering
that both Trend Types 1 and 2 have negative trends of oxy-
gen, and the singular difference between them is whether
the rate of the trend is the same as, or larger than, that of
DO,,. In summer, Trend Type 1 shows a positive oxygen
trend, and as this result, the depth ranges with no oxygen
trend emerges in between Trend Types 1 and 2. In this
case, absence of oxygen trend in these depth ranges can
be interpreted as the signal of the positive trend from the
surface being offset by the signal of the negative trend of
JSPW. From this viewpoint, we can consider that the water
in these depth ranges is also affected by the deoxygenation
signal of JSPW, and the upper boundary of the propaga-
tion of the deoxygenation signal from JSPW is the lower
boundary of the Trend Type 1, rather than being the upper
boundary of the Trend Type 2.

4.2 Possible cause of oxygen variation in ETS

The deepest bottom depth of ETS is 120 m; hence, the
signal of oxygen decrease that was observed in summer
ETS must be transported horizontally to this area, rather
than be propagated from deep waters. The TWC, the main
current system of ETS, flows into this area from the ECS.
Therefore, we can consider ECS as one possible source
of deoxygenation signals. Previous studies have shown
that severe oxygen decrease is ongoing in several areas of
the ECS, such as the Changjiang Estuary (e.g., Qian et al.
2017; Wang et al. 2016) and Yellow Sea (Wei et al. 2019).
The negative oxygen trend developed in these areas may be
horizontally propagated, although their signal must cross
over the ECS to reach the ETS.

Another possible source is the Korea Straight Cold Bot-
tom Water (KSCBW), which flows into the west channel of
the Tsushima Straight and interacts with subsurface waters
of the east channel below 50 m depth (e.g., Cho and Kim,
1998; Isobe 1995; Kim et al. 2006). Since KSCBW has its
origin in the upper portion of JSPW (Cho and Kim 1998),
it may be possible that KSCBW transports the deoxygen-
ation signal of JSPW into the subsurface layer of ETS.
Because KSCBW develops in the summer season and
almost entirely disappears in winter (Cho and Kim 1998;
Isobe 1995; Kim et al. 2006), it could be stated that this
feature corresponds to the present results, in that significant

negative oxygen trend appears in ETS only in the summer
season.

To assess which source (either ECS or KSCBW) actu-
ally affect to ETS, an additional time series analysis was
carried out for the area named West of the Tsushima
Straight (WTS; 128 © E-129.5 ° E and 33 ° N-34 ° N in
the ECS, for the period 1967-2006, with N=218 and 298
for summer and winter, respectively, Brown dashed line
box in Fig. 1). As KSCBW does not extend to the area west
of Tsushima Island (Cho and Kim, 1998; Teagure et al.
2002), it was expected that we would not be able to detect
the Trend Type 2 in WTS if KSCBW is the main source of
oxygen decrease in this area.

The results of the WTS analysis are listed in Table 5.
Negative oxygen trend was detected in WTS, both
in summer and winter. Moreover, the maximum rate
of the decreasing trend of oxygen in summer WTS
(-0.77 +0.11 pmol kg='y~! in 50 +3 m, Table 5)
was almost the same as that observed in summer ETS
(-0.70 +0.10 pmol kg~'-y~! in 50 + 3 m, Table 2). These
results indicate that the deoxygenation observed in ETS
was actually the signal transported from WTS, and hence,
from further upstream areas of ECS.

For WTS, a signal of oxygen decreases larger than that
of DO, was observed in 50+ 3 m and 100+ 5 m depth
ranges in winter, a feature which was not observed for ETS
in winter. The volume transport of the TWC shows distinct
seasonal variation, with that in winter falling two-thirds of
that in summer (e.g., Takikawa et al. 1995). This feature
indicates that the deoxygenation signal in the subsurface
water of the WTS may be able to propagate to ETS only
weakly in winter. Strong vertical mixing within ETS in
winter (Fig. 3j) may erase the deoxygenation signal propa-
gated from the west by resetting oxygen concentration to
100% equilibrium with the atmosphere, although WTS,
where bottom depth is roughly the same with that of ETS,
kept significant negative trend even in the winter season.
No trend of DO, in winter ETS was sustained by no trend
of water temperature, but so far we have no simple expla-
nation why warming had not occurred in this area despite
that significant warming was observed both in winter WTS
and winter WB. Further study will be required to obtain
concrete mechanism of winter reset of deoxygenation trend
in winter ETS.

Because TWC further flows eastward and reached to
WB and AW as FBTWC, signal of oxygen decrease in
WTS might also reach to these regions. Watanabe et al.
(2009) estimated mean current velocity of summer FBTWC
in the area from ETC to WB as approximately 15 cm/s.
As WB is apart from ETC by approximately 500 km, we
can expect that waters that flow out from ETC will reach
WB by approximately 39 days. Thus, we can expect that
deoxygenation signal of summer ETC should be observed
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also in summer WB if this signal is not disturbed by water
mixing etc. However, summer water of WB did not show
any temporal oxygen decrease in the depth range above
100 m (Table 2). Watanabe et al. (2009) also reported that
eddy kinetic energy of summer FBTWC becomes signifi-
cantly high in the area east of Oki island, i.e., the area
just between ETC and WB. This result indicates that the
signal of oxygen decrease observed in summer WTC had
disappeared by the water mixing on the way to its eastward
propagation to WB.

4.3 Possible impact of observed deoxygenation
on biology

Typical threshold of oxygen under which most of saltwa-
ter fishes die is 62 pmol kg~! (2.05 mg/L, Vaquer-Sunyer
and Duarte 2008), and observed oxygen concentration in
the waters above 300 m depth was fairly larger than this
threshold in 1960. However, nonlethal impact of oxygen
decline, such as reduction of growth and/or failure of
reproduction often manifests at far larger oxygen concen-
tration than this “lethal threshold.” For example, Atlantic
cod starts to decrease their growth rate at the threshold
of 200 pmol kg~! oxygen (Chabot and Claireaux 2008).
These impacts are similarly grave for the fishes because
the species receiving these “sublethal” impacts could suf-
fer a disadvantage in natural among-species competition.
Numbers of experiments had estimated oxygen threshold
of these sublethal impacts (namely sublethal threshold)
for individual fish species, but accumulated knowledge so
far is not enough to figure out general sublethal thresh-
old of oxygen for each oceanic area. Vaquer-Sunyer and
Duarte (2008) summarized historically estimated sublethal
hypoxia threshold for many species and figured out those
mean value for each taxa. For fish, estimated mean suble-
thal threshold was 4.41 mg/L (ca. 134 ymol kg~!). In this
study, this global average value of sublethal threshold is
tentatively adopted to assess biological impact of oxygen
decrease in the upper waters of southern Japan Sea.
Although the oxygen concentration of JSPW showed a
high rate of long-term decrease, previous studies repeatedly
mentioned that the absolute value of oxygen concentration
in JSPW is very high compared to deep waters in other
ocean basins (e.g., Gamo et al. 2014). This situation is also
true for subsurface waters of the Japan Sea above 300 m
depth. Average +2SD concentration of oxygen in each
area and each depth range for 1960 are listed in Tables 6
and 7. In 1960, oxygen concentrations were larger than the
threshold of 134 pmol kg™! by at least 100 pmol kg~' for
BW, AW, and YB and by 55 pmol kg~! for WTS and ETS.
These results imply that the observed oxygen decrease may
have had no immediate impact on ocean biology. How-
ever, threshold values show large variability depending on
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species, especially in those that have adapted to high oxy-
gen concentrations tend to have high sublethal thresholds
of oxygen. For example, Atlantic salmon have been found
to reduce their growth rate when the ambient oxygen con-
centration drops below 174 pmol kg~! (ca. 70% saturation
in 16 °C seawater, Remen et al. 2012), and Atlantic cod
have been shown to have an even larger sublethal threshold
of oxygen, decreasing their growth rate at the threshold of
200 pmol kg™! (70% saturation in 10 ° C seawater, Chabot
and Claireaux 2008). Low tolerance of the above two spe-
cies toward oxygen are particularly important for Japan,
as fisheries in the Japan Sea make use of related species
(e.g., chum salmon and pacific cod) as one of main fish
resources.

In principle, each species has adapted to the environ-
ment of their original habitat; therefore, any species should
be expected to experience stress when one environmental
factor deviates from its original range of variation. From
this point of view, the concept of time of emergence (ToE:
e.g., Giorgi and Bi, 2009; Keller et al. 2014) provides a
useful index, as it indicates the point at which the environ-
ment of a habitat exceeds its natural variability after the
ToE period. Wang et al. (2020) introduced a new concept
related to ToE, year of emergence (YoE), which denotes
the year in which an environmental parameter deviates
from its natural variation from that of the preindustrial era.
Unfortunately, for the present study, we could not specify
the oxygen concentration for each area and depth range at
the time of the preindustrial period. Therefore, instead we
introduced a modified index of YoE, 4y, which refers to the
year in which the average concentration of oxygen becomes
smaller than the average minus 2SD in 1960 (Fig. 5). The
present study also calculated the year in which the esti-
mated concentration of oxygen reaches the predefined
sublethal threshold of oxygen (134 pmol kg™!), referred to
hereafter as year of threshold (YoT). As the calculation of
YoE ¢4, and YoT implicitly assume that the observed oxy-
gen trend can be extrapolated towards future, it is critical
to confirm that the calculated trend of oxygen in Tables 2,
3, and 5 are not influenced by the existence of decadal
variation, and hence these figures are the actual reflectance
of long-term trend. To assess this, we calculated two addi-
tional oxygen trends in that the observation period were
changed from the original one (Appendix 3). YoE, ¢4, and
YoT were then calculated only for the areas and reference
depth ranges, in that the calculated trend in Tables 2, 3, and
5 were robust against the change of the observation period
(i.e., trends with superscript of # in Tables 2, 3, and 5, see
also Tables 8 and 9 in Appendix 3). The results were listed
in Tables 6 and 7.

For summer, YoE, g4, was prior to 2020, or soon after
2020, in the depth ranges of 50-100 m for WTS, 50 m for
ETS, 150-200 m for WB, 300 m for AW, and 150-300 m
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for YB; thus, all areas in the Japan Sea analyzed in the
present study feature a depth range in which organisms
are facing low oxygen concentrations that were not expe-
rienced before 1960. These waters are already potentially
hazardous for the most vulnerable species in the ecosys-
tem, and hence a detailed assessment is required to further
understand the situation. Table 6 also shows that oxygen
concentration is expected to drop below the general suble-
thal threshold of 134 pmol kg~! by the end of this century
for the depth ranges of 50-100 m for WTS, and 50 m for
ETS. By the end of twenty-second century, 100 +5 m for
ETS, 200+ 5 m for WB, and 300+ 5 m for AW and YB are
expected to reach to 134 pmol kg~!. These results suggest
that despite of high oxygen concentrations in the present
Japan Sea, the ongoing deoxygenation will exert a hazard-
ous impact on the ecosystem of coastal shallow waters in
the near future.

The oxygen environment was slightly improved in win-
ter; however, values of YoE, g4, prior to 2020 were observed
for WB (50-150 m) and YB (surface), and those of nearby
2020 were observed for WTS (50 m and 100 m) and YB
(150 m and 300 m). Notably, the observed oxygen trend at
the depth ranges of 50—-100 m in winter WB and surface of
winter YB were the Trend Type 1 (Fig. 4); hence, satura-
tion level of oxygen in these water masses have not been
changed throughout the study period. Helm (2011) argued
that approximately 15% of the observed decrease in global
ocean oxygen content can be explained by the change in
DO, caused by the global warming. Agreeably, the pre-
sent results further indicate that a change in DO could
lead to the potential risk of ecological suboxic impact,
without the support of enhanced stratification.

5 Conclusion

This study analyzed temporal variations in oxygen con-
centration in waters shallower than 300 m in the southern
coastal areas of the Japan Sea. The results revealed that
the oxygen concentrations in these waters have decreased,
similar to those observed in JSPW. The mechanism of oxy-
gen decreases differed between the Tsushima Strait area
and other coastal areas. In the coastal area of the south-
ern Japan Sea, the oxygen decrease in the lower subsur-
face water was caused by the upward propagation of the
deoxygenation signal from JSPW (i.e., Trend Type 2).
In waters with shallower depth ranges, oxygen decrease
was caused in winter season by reduced solubility, which
itself was caused by the warming (i.e., Trend Type 1). The
upper boundary of the Trend Type 2 was located around
150-300 m in the summer season, while it shoaled to
100-150 m in winter. Trend Type 1 existed in surface lay-
ers with a thickness of less than 100 m in summer, whereas

it occupied the entire depth range from the surface to the
upper boundary of Trend Type 2 in winter. In Tsushima
Strait area; however, horizontal propagation of the signal
of oxygen decreases from the ECS caused significant nega-
tive oxygen trend throughout the entire water column in
summer season.

As a result of the deoxygenation observed in the present
study, oxygen concentration has already dropped below the
original range of the natural variation of 1960 levels in sev-
eral depth ranges of the southern Japan Sea coast. Moreo-
ver, it is predicted that part of the subsurface water in the
Tsushima Strait area in summer will reach to the general
sublethal threshold of oxygen (134 pmol kg™") by the end
of this century. By the end of twenty-second century, the
bottom water of other southern Japan Sea coastal areas is
also expected to reach this sublethal threshold.

Previous studies have focused mainly on deoxygenation
in JSPW, revealing that the absolute concentration of oxy-
gen in JSPW is significantly higher than those of the deep
waters of other ocean basins. As a result, few arguments
have been made regarding the risk of deoxygenation to
the Japan Sea ecosystem. This study, however, shows that
deoxygenation is presently ongoing in the shallow waters
of the Japan Sea, at rates significantly high to cause poten-
tial risk to the ecosystem in the present and/or near future
of this region. This study thus highlights the urgent need
for ecological assessment of the ongoing deoxygenation in
the Japan Sea, especially that in shallow waters.

Appendix 1: selection of analytical area
based on horizontal homogeneity

We firstly set potential analytical area widely in each of
four regions (YB, AW, WB and ETC), and then narrowed
it based on the horizontal homogeneity of three water prop-
erties (water temperature, salinity and dissolved oxygen)
in each reference depth ranges from 0 to 300 m. Detailed
oceanographic settings and the consequent area selection
in each region was as follows:

Yamato bank (YB): This bank with the shallowest depth
of 236 m locates center of Japan Sea, dividing Japan Basin
and Yamato Basin. Subpolar front locates at around 39.5°N
(Fig. 6a—e), and interannual movement of this front (e.g.,
Minobe et al. 2004) makes horizontal distribution of three
water properties very heterogeneous north of this latitude.
We, therefore, narrowed the study area to south of 39.25°
N. The data east of 136° E were then omitted, because no
shallow area exists in this area south of 39.25° N (Fig. 1).
The data west of 134° E was also omitted, because south-
ward propagation of subpolar water was observed on the
100 m isobaths in winter (Fig. 6a, d).
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Off-Awashima Area (AW): This region contains two
shallow areas: continental shelf that occupies west of
Honshu Island with horizontal width of 30 miles and the
Sado Ridge that occupies north of the Sado Island with
top depth of 150-500 m. The Mogami Trough divides
these two shallow areas, with maximum depth of 3000 m.
Most of data observed in this region located on the Sado
Ridge and its adjacent waters (Fig. 1). Some data located
on the off-Honshu continental shelf, but part of the con-
tinental-shelf data east of 139.5° E were omitted because
of the intrusion of extremely warm surface water (> 28°
C, Fig. 10a). The First Branch of Tsushima Warm Current
(FBTWC) flows northward through the area between the
Sado and the Honshu Islands (e.g., Watanabe et al. 2006),
and moderately warm, saline waters originated from this
current filled entire study area west of 139.5° E (Fig. 7a, b).

Wakasa Bay (WB): Wakasa Bay is the largest bay in
the southern coast of Japan Sea. Bottom depth gradually
deepens towards north and reaches to 200 m and 300 m at
around 35.8° N and 36° N, respectively. FBTWC usually
flows north of 36° N of this bay, and interannual variation
of the flow pattern of this current causes wide variation of
water temperature and salinity north of this latitude (e.g.,
Hase et al. 1999). We, therefore, omitted data north of
36.25° N (Fig. 8). South of this latitude, circulation flow
formulates horizontally homogeneous water properties
within the bay (Wada and Yamada, 1999), yet we omitted
the data west of 135.25° E where intrusion of relatively
cold water was observed in summer season (Fig. 8a). We
also omitted data of coastal waters south of 35.6° N to
avoid sporadic signal of river plume (Fig. 8b, d).

The east of the Tsushima Straight (ETS): This region
consists of wide continental shelf between Japanese Archi-
pelago and Korean Peninsula with bottom depth less than
200 m. FBTWC filled entire this region (Kawabe 1982),
and hence horizontal distribution of all three parameters
were quite homogeneous within this region (Fig. 9). As this
result, no stations were omitted based on the horizontal
homogeneity assessment.

Appendix 2: graphs of oxygen time series
on all isobaths in each region and season

Time series of oxygen in each depth range, season and area
is shown in Figs. 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14.
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Fig.6 Horizontal distribution of a water temperature, b salinity, and
¢ dissolved oxygen on the 50 m isobaths in summer YB region. The
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selected for the following analysis after the horizontal homogene-
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from 0 to 300 m, but here we show the results of 50 m isobaths as an
example, because horizontal variation of each property was the larg-
est on these isobaths in summer YB. d—f The same as (a—c) but for
the 100 m isobaths in winter YB. These isobaths were selected as an
example because horizontal variation of each property was the largest
on these isobaths in winter YB
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Fig. 7 Horizontal distribution of a water temperature, b salinity, and » (a) Water temperature [deg C] at 0 m
¢ dissolved oxygen on the 0 m isobaths in summer AW region. The

meanings of black and red dashed line boxes were same as those of
Fig. 6 40°N

Appendix 3: Sensitivity assessment

. . 39.5°N
of oxygen trends to the observation period

Watanabe et al. (2003) revealed the existence of bi-decadal
oscillation superimposed to the long-term decreasing trend
in the oxygen time series of JSPW. Time series of oxygen
obtained in this study did not show clear signal of bi-dec-
adal oscillation (Appendix 2). This result, however, does
not directly mean absence of bi-decadal oscillation in the

39°N

38.5°N

Ocean Data View / DIVA

waters above JSPW, because large variation of oxygen in 38°N

single time slices was enough to cover up small signal of 137.5°E 138°E 138.5°E 139°E 139.5°E 140°E
decadal or bi-decadal scale variation. Surface waters could

also contain many kinds of short-term variation of oxy- (b) Salinity [psu] at 0 m

gen caused by local processes, and such signal can affect 34.5
to the calculated rate of long-term trends in Tables 2, 3,
and 5. Unfortunately, relatively large variation of oxygen
prevented to obtain the signal of temporal variation with
the time scale shorter than 20 years with statistical signifi-
cance. In this study, therefore, dependency of the calcula-
tion results of oxygen trend on the observation period was
assessed by comparing the following three estimations of

oxygen trend for the same time series:
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Trend based on the original time series (TRy,;). 33.25
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. 260
TR j,st10 and TR .o Were calculated only for the iso-

baths on which TRy, was negative with the absolute value 40°N
larger than its 1SD (Tables 2, 3, and 5). The results are

listed in Tables 8 and 9 with TRy;,. For most cases, both

TR 4110 @and TR 4,0 sShowed statistically significant nega- 39.5°N
tive trend when TRy, was negative with statistical sig-

nificance. In some case, whether TR ;o or TR 4,0 lost

statistical significance due to the large variation of data, 39°N
but sign of the trend had kept negative even in such cases.

These features indicate that the negative trend of oxygen

detected by TRy, is robust for the most areas and isobaths, 38.5°N
although its rate can vary depending on the timing and

length of observation.

An exception was observed in winter YB, where TR}, 38°N
showed no trend, or even positive trends, in the depth range 137.5°E 138°E 138.5°E 139°E 139.5°E 140°E
of 50+5 m and 100+ 5 m (Table 9). Sign of the TR},
also changed to positive in the 200 +5 m depth range of
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Fig.8 Horizontal distribution of
a water temperature, b salinity,
and c dissolved oxygen on the

0 m isobaths in summer WB
region. The meanings of black
and red dashed line boxes were
the same as those of Fig. 6. d—f
The same as (a—c), but for the

0 m isobaths in winter WB

(a)
Water temperature [deg C] at 0 m
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(@ Water temperature [deg C] at 0 m (d) Water temperature [deg C] at 0 m
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Fig.9 Horizontal distribution of a water temperature, b salinity, and
¢ dissolved oxygen on the 0 m isobaths in summer ETS region. The
meanings of black and red dashed line boxes were same as those of
Fig. 6. Note that the black and the red dashed line boxes were over-

@ Springer

130°E 131°E 132°E

lapped in this figure, because no data were omitted by the horizontal
homogeneity assessment for this region. d—f Same as (a—c) but for the
0 m isobaths in winter ETS

Fig. 10 Time series of oxygen obtained in the depth ranges of »
a0-1m,b50+5m,c100+5m,d 150+5 m, e 200+5 m, and f
300+5 m in summer, and g¢ O-1 m, h 50+5 m, i 100+5 m, j
150+5 m, k 200+5 m, and 1 300+ 5 m in winter, in YB. Solid lines
indicate linear regressions in those statistically significant trend was
observed, while dashed lines indicate ones with statistically insignifi-
cant trends
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Fig.11 Time series of oxygen obtained in the depth ranges of » (a) 240,
a0-1m,b50+5m,c100+5m,d 150+5 m, e 2005 m, and f .
300+5 m in summer AW

£
L
winter WB, although its statistical significance is almost )
neglectable. Minobe et al. (2004) made complex empirical S 200
orthogonal functions analyses of water temperature in the
upper layers of Japan Sea, after the application of high- '
pass filter with a cutoff period of seven years. They found (b) 320 ' o . '
that the amplitude of the first mode (CEOF-1), that was 300 . o o
attributed to the meridional movement of polar front, was % 2800 . R N e ]
largest at the 100 m depth of YB area, and its time series E Jns e o _r', B T 3
indicate temporal cooling of water temperature in the latter 5 L L . 0.
half of 1980s. The amplitude of the second mode (CEOF-2) S A f . ° . . ]
was largest at the area just north of WB in the depth range of 220f * v . :
200-300 m, and its time series showed temporal cooling in 200 . . . .
early 1980s. Observed time series of CEOF-1 and CEOF-2 (c) 280 . : ; :
well corresponded the timing of oxygen increase observed
in the 100 m isobaths of winter YB and the 200 m isobaths w260 1
of winter WB, respectively (Figs. 4i and 6j in Appendix 2). E
Depth of maximum amplitude of CEOF-1 and CEOF-2 also § 240 ]
corresponded to the isobaths where TR ;o showed positive §
trend in winter YB and WB, respectively. These features 20 . ]
indicated that positive TR , ;o observed in several isobaths ool . . . .
of winter YB and WB were the results of decadal-scale vari- (d) 250 . . . .
ation of DO caused by local temporal variation of water
temperature. We believe the existence of long-term nega- _
tive trend of oxygen also in these areas and isobaths, but %ﬂ vt .
we could not estimate its rate because of the decadal-scale £ e e e e ]
perturbation. g" . STt
o [ ® L] *
240 . . , ,
(© | | | |
280F .t ]
g o ...' o b4
L T LA B
g : . )
240F ]
(f) 300 : . . .
_oasof° ’ ]
ié 2601 ° ]
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Fig. 12 Time series of oxygen obtained in the depth ranges of a 0—1 m, b 50+5 m, ¢ 100+5 m, d 150+5 m, e 200+5 m in summer, and f
0-1m,g50+5m,h100+5 m,i150+5 m, j 200+ 5 m in winter, in WB
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Fig. 13 Time series of oxygen obtained in the depth ranges of a 0—-1 m, b 50+5 m, ¢ 100+5 m in summer, and d 0-1 m, e 50+5 m, f)
100+ 5 m in winter, in ETS

Table 4 Trends of oxygen in the

. Depth Range Summer AW Summer YB Winter YB
waters deeper than 300 m in the
study area (umol kg™"y™") 400+10m ~05320.19 ~051+0.19 ~0.72+0.17
500+10 m -0.33+0.12 —0.48+0.16 —0.61+0.28

The data on isobaths of 400 m and 500 m were obtained from summer AW, summer YB, and winter YB,
and trends were then calculated for each depth range, season and area. The plus-minus value represents
1SD
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Fig. 14 Time series of oxygen obtained in the depth ranges of a 0—~1 m, b 50+5 m, ¢ 100+5 m in summer, and d 0-1 m, e 50+5 m, f 100+5 m

in winter, in WTS

Table 5 The same as in Table 2,

but for WTS region Depth Range WIS W~TS
Summer Winter

[0-1 m]
Temp 0.00+0.01 0.05 + 0.01
Sal —0.015+0.008 —0.014 + 0.002
DO —0.08+0.06 —0.29 +0.09*
DO, —-0.02+0.06 —0.24+0.07
[50+3 m]
Temp —0.07+0.02 0.05 + 0.01
Sal —0.003+0.003 —0.006 + 0.002
DO —0.77+0.11% — 0.43+0.09*
DO, 0.32+0.08 —0.24+0.07
[100+5 m]
Temp —0.02+0.01 0.03 +0.01
Sal 0.002+0.002 —0.007 +0.001
DO —0.41+0.11% —0.72+0.02%
DO 0.12 +0.05 —0.12+0.07

sol
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Table 6 List of average +2SD
of oxygen concentration in 1960
(DO 440, kmol kg ™), estimated
year of emergence referred from
1960 (YoE¢40), and year of
threshold (YoT), in each area
and for each depth range in
summer

@ Springer

Depth Range

WTS

ETS

WB

AW

YB

[0-1 m]

DO,

YOE 950 by TRy
Range

YoT by TRy,
Range

[50+3 m]

DO 960

YoE 960 by TRy
Range

YoT by TRy,
Range

[100+5 m]

DO 960

YoE 960 by TRy
Range

YoT by TRy,
Range

[150+5 m]
DO

YOE 959 by TRy
Range

YoT by TRy,
Range

[200+5 m]
DO

YOE 960 by TRy
Range

YoT by TRy,
Range

[300+5 m]
D096

YOE 960 by TRy
Range

YoT by TRy,
Range

223+36
2006
2003-2006
2078
2060-2078

191+31
2034
2022-2034
2098
2065-2098

221+30
2115
2035-2315
2406
2140-3011

229+37
2013
2008-2023
2094
2076-2124

205+35
2072
2020-2072
2185
2060-2185

256 +20
2029
2006-2057
2379
2182-2682

25927
2001
1997-2009
2146
2080-2223

261+35
2004
2002-2012
2119
2104-2158

278+23
2025
2013-2025
2440
2320-2440

280432
2029
2002-2170
2277
2121-3434

266+42
2015
1997-2039
2172
2073-2396

YoE¢4) and YoT were estimated from TRy, (Appendix 3), while range of three estimations based on
TR TR j4610> and TR 4.0 are additionally listed. Calculations were omitted where TRy, was not nega-
tive with statistical significance, and were also omitted where either TR} ;9 or TR 4,0 became positive
regardless of its statistical significance. Bold numbers indicate that waters which had already reached to

YoE 969
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Table 7 The same as in Table 6, but for winter data. AW is omitted, similarly to Table 3

Depth Range WTS WB YB

[0-1 m]

DO 44 247+31 270+18 302+27
YOoE 4¢o by TRy, 2065 2071 2014
Range 2027-2115 2045-2149 2010-2027
YoT by TRy, 2342 2786 2296
Range 2180-2590 2527-3494 2220-2403
[50+3 m]

DO g4 246+ 30 269+13

YoE 440 by TRy, 2030 2005

Range 2018-2034 2001-2006

YoT by TRy, 2220 2438

Range 2160-2244 2370-2463

[100+5 m]

DO g4 247+50 267+12

YoE 940 by TRy 2029 2012

Range 2022-2029 2008-2012

YoT by TRy, 2116 2535

Range 2096-2118 2464-2535

[150+£5 m]

DO g4 265+13 294 +29
YoE 440 by TRy 2010 2028
Range 2006-2011 2021-3451
YoT by TRy, 2470 2337
Range 2383-2503 2271-13,204
[200£5 m]

DO969

YOE 90 by TRy

Range

YoT by TRy,

Range

[300+5 m]

DO 449 266+30
YOoE 46y by TRy, 2028

range 2012-2093
YoT by TRy, 2254
Range 2237-2821
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Table 8 List of TR, TR jo10-
and TR ;. in each reference

depth range in each study
area in summer season (pmol

kg™ly™

Depth Range

WTS

ETS

WB

AW

YB

[0-1 m]
TRfull
TR—]LI&IIO
TR—ﬁrsth
[50+3 m]
TRy

TR just10

TR firsei0
[100+5 m]
TRy

TR ju5110

TR 10
[150+5 m]
TRy

TR just10
TR-ﬁrsllO
[200+5 m]
TR
TR-lasll[)
TR—ﬁrsllO
[300+5 m]
TRfull

TR jasti0

TR 10

—0.08+0.06
-0.19+0.09
-0.06+0.12

-0.75+0.12
-0.91+0.15
—0.80+0.20

-0.41+0.11
-0.49+0.14
-0.59+0.17

—0.19+0.08
—0.08+£0.10
-0.53+0.17

-0.70+0.10
-0.57+0.13
—0.84+0.25

-0.31+0.10
-0.39+0.17
—0.87+0.29

-0.29+0.14
—0.58+0.20
—0.16+£0.20

—0.67+0.19
-0.46+0.27
-1.18+0.26

-0.16+0.15
—-0.11+£0.20
-0.26+0.21

—0.80+0.30
—0.63+£0.42
-0.89+0.52

-0.30+0.14
-0.40+0.18
—-0.32+0.20

—0.46 +0.21
-0.97+0.28
-0.01+0.29

-0.62+0.27
-1.27+0.37
-0.27+0.36

Calculations were made only for the data for which TRy, was negative and its absolute value was larger
than 1SD in Table 2. The plus—minus value represents 1SD. Bold font indicates the trends which have sta-
tistical significance with p value less than 0.05

Table 9 The same as in Table 8, but for

winter data

@ Springer

Depth Range WTS ETS WB YB

[0-1 m]

TRy, —0.29+0.09 —0.16+0.08 —0.50+0.12
TR 110 —0.53+0.11 —0.08+0.14 —0.37+0.17
TR 10 —0.17£0.14 —0.244+0.11 —0.67+0.15
[5043 m]

TRy —0.43+0.09 —0.28+0.08 —0.29+0.16
TR 1,410 —0.57+0.11 —0.33+0.10 0.11+0.25
TR first10 —-0.39+0.13 —0.27+0.11 —0.36+0.20
[100+5 m]

TRy, —0.72+0.16 —0.23+0.07 —0.50+0.21
TR jast10 —0.85+0.19 —0.26+0.09 0.39+0.33
TR 10 —0.71+0.24 —0.23+0.10 —0.61+0.24
[150+5 m]

TRy —0.26:£0.10 —0.42+0.21
TR j10 —0.24+0.13 —0.01+0.35
TR 10 —0.31+0.13 —0.52+0.24
[200+5 m]

TRy —0.24+0.16 —0.33+0.24
TR 1,10 0.03+0.22 —0.20+0.42
TR 510 —0.63+0.20 —0.43+0.28
[300+5 m]

TRy -0.51+0.23
TR 10 —0.14+0.36
TR firseio —0.47+0.23
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