An Anoxic Sea of Japan by 2200?
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Abstract. It has been reported that the Sea of Japan was anoxic during the last glacial period and
did not become oxic until early in the Holocene. Studies have shown that the thickness of the
bottom layer decreased between 1969 and 1984 and that the bottom oxygen concentration
dropped between 1977 and 1984. Recent data have further confirmed those earlier observations
that properties in the deep waters of the Sea of Japan have been changing since 1969. Researchers
recently reported an increase in the potential temperature of the deep waters, a deepening of the
oxygen minimum layer, and a decrease in the thickness of the adiabatic bottom water as well as in
the oxygen concentrations. These temporal variations were interpreted as being transient and
probably caused by the recent reduction or cessation of new bottom water formation in the north-
ern Sea of Japan. Here, it is shown that this stagnation started at least as early as 1950 and is con-
tinuing. This is consistent with the heat flow data. It was also shown that the interpreted oxygen
consumption rate and the phosphate and nitrate regeneration rates since the stagnation began have
remained consistent with the rates calculated from the one dimensional advection-diffusion and
the mass balance models. These rates average 0.8+ 0.4 umol kg™ yr”' for oxygen, 0.007+ 0.003 p

mol kg yr”! for phosphate and 0.10+ 0.04 pmol kg yr™' for nitrate. If the stagnation continues,
the Sea of Japan could become anoxic below 2000 m 180-530 years from now.

Introduction

More and more evidence points to the fact that the oceanic
environment is changing. For instance, Read and Gould
(1992) found support to a cooling and freshening of the sub-
polar North Atlantic Ocean since the 1960s. Earlier, Free-
land (1990) found evidence of a warming trend in the sea
surface temperature along the coast of British Columbia,
Canada. Such findings may well reflect global environmental
changes.

The Sea of Japan is one of the major marginal seas in the
world with an area of 1x10° km? and an average depth of
1350 m. The rather deep sea, however, is almost a closed
basin because the deepest strait connecting the basin to the
outside is only 135 m deep. As a result, this isolated body of
seawater is an ideal place to observe temporal changes.

It has been reported that the Sea of Japan was anoxic dur-
ing the last glacial period and that not until early in the Holo-
cene did it become oxic (Masugawa and Kitano, 1984; Oba et
al., 1991; Uematsu et al., 1996). Gamo et al. (1986) have
shown that the thickness of the bottom layer decreased by 400
m between 1969 and 1984 and that the bottom oxygen con-
centration also decreased by 5-7 umol kg™ between 1977 and
1984.

Recent data have further confirmed the earlier observa-
tions of Gamo et al (1986) that properties of the deep waters
of the Sea of Japan have been changing since 1969. To illus-
trate, Kim (1997) reported a more than 0.1°C increase in po-
tential temperature of the deep waters, a deepening of the
oxygen minimum layer from less than 1000 m in the late 60s
to below 1500 m in 1996, and a decrease in the thickness of
the adiabatic bottom water and in the oxygen concentrations
by 20 umol kg™
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These temporal variations were interpreted to be transient,
probably caused by the recent reduction or cessation of new
bottom water formation in the northern Sea of Japan. What fol-
lows supports the view that the stagnation started at least as early
as 1950 and is ongoing. It is also shown that the interpreted
oxygen consumption rate since the stagnation began is consis-
tent with the rate calculated from the one-dimensional advection-
diffusion and the mass balance models. Finally, it is pointed out
that if such stagnation continues, the bottom layer in the Sea of
Japan could become anoxic within 200 years.

Sources of Data

Two cruises were carried out aboard the R/V Akademik M.
Lavrentjev in 1995. The April-May cruise occupied 22 sta-
tions in the Sea of Japan, while the November-December
cruise occupied 16 stations. A Niel Brown MK3 CTD/ Ro-
sette system was used to carry out the conductivity, tempera-
ture, and depth (CTD) measurements and to collect water
samples. Temperatures and depths were checked by revers-
ing thermometers. A Guildline Autosal 8400 salinometer was
used to measure the salinities of the bottled samples. The
IAPSO batch P121 standard seawater was used for calibra-
tion. The modified Winkler technique with coloimetric end-
point detection was used for oxygen determination (Dickson,
1994). Nutrients were measured by a Technicon Autoana-
lyzer.

For comparison, the Russian data collected in 1950 and 1954
(onboard the R/V Vityaz), Japanese data collected in 1969, 1977,
1979, 1984 (Gamo et al., 1986), KEEP-MASS data collected in
1992 (Chen et al., 1992) along with CREAMS data collected in
1996 (Kim, 1997) were used. Selected sampling stations are
shown in Figure 1.
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Figure 1. Study area and station locations in the Sea of
Japan.

Secular Trends

The secular variations of temperature, dissolved oxygen
and phosphate for stations in the same general region are
plotted in Figures 2a-2c. As reported earlier (Gamo et al.,
1986; Kim, 1997) there is an 0.07°C increase in the potential
temperature below 2000 m which is only slightly lower than
the value of 0.1°C reported by Kim (1997). It should be noted
that systematic and random errors in the measurements

as well as changes in temperature scale may all have
contributed to the observed differences. However, both the
1950 and the April-May 1995 cruises also occupied stations
in the Sea of Okhotsk. There is no clear systematic difference
in those two temperature data sets. In fact, other data
collected around 1950 in the Sea of Okhotsk show similar
trends (Fig. 3a). The implication is that the temporal increase
in temperature in the Sea of Japan is real. In addition, it is
quite certain that the thickness of the homogeneous bottom
water has decreased since 1950. Taking the basement heat
flow at 95 mW m™ (Tamakik, 1986), a stagnation of an
average of 500 m - thick water mass below 2000 m would
increase the temperature by 0.064°C. This is entirely
consistent with the observed temperature increase of 0.007°C.

The temporal variations of oxygen profiles are plotted in
Figure 2b. Clearly noted is that the depth of the oxygen
minimum layer and the oxygen concentration in the bottom
layer have been decreasing since the 1950s. The thickness of
the bottom layer has also declined. Again the 1950 and 1995
cruises also measured oxygen in the Sea of Okhotsk (Figure
3b). These and other data collected around 1950 in the same
general region point to no clear differences within the com-
bined analytical errors, rendering support to the conclusion
that the secular decrease in the oxygen concentration in the
Sea of Japan since 1950 is real.

Not as much data are available for nutrients, but it is evi-
dent that the phosphate concentrations in the bottom layer
have also been increasing (Figure 2c), consistent with the
suggestion that the Sea of Japan started to stagnate as early as
1950. As a result, the end products of organic material de-
composition, such as phosphate, have been accumulating in
the bottom layer. On the other hand, a reduced supply of
newly formed bottom water has been unable to resupply oxy-
gen, causing its concentration to decrease.
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Figure 2. Vertical distribution of (a) potential temperature, (b) dissolved oxygen and (c) phosphate in the Sea of Japan from
1950 to 1996.
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Figure 3. Vertical distribution of (a) potential temperature and (b) dissolved oxygen in the Sea of Okhotsk from 1949 to 1995.

Oxygen Consumption and Nutrient Regenera-
tion Rates

Assuming that the bottom water has not received any new
input of oxygen since 1950, and based on data presented in
Figure 2b, the oxygen consumption rate is approximately 0.8
+ 0.1 pmol kg yr'. The corresponding phosphate produc-
tion rate is 0.0058 + 0.0007 umol kg™ yr' supposing there is
a phytoplankton O/P ratio of 138. According to data pre-
sented in Figure 2c, the observed PO, production rate is
0.0075 + 0.0015 pmol kg yr'', which is in close agreement
with the value estimated from oxygen consumption.

It has also been possible to further check the internal con-
sistency of the above data. First, the one dimensional advec-
tion-diffusion model (Craig, 1969) was used to calculate the
oxygen consumption rate, and the phosphate and nitrate pro-
duction rates. Accordingly,

K (d*C/Dz%) - w (dC/dz) + =0 (1)
where K is the vertical eddy diffusion coefficient; C is the
concentration; z is the upward distance from the lower bound-
ary; w is the upwelling velocity, and J is the term representing
the non-conservation nature of the physiochemical parameter
under consideration.

The salinity and temperature data in the depth range of 600
and 2000 m were used to calculate K/w. In so doing, the &/S
plot is linear. The resultant value of 0.4-0.6 km is lower than
the value of 0.8-1.0 km found in the North Pacific (Chung,
1975). This is because the Sea of Japan turns over rather
quickly, in fact, in the order of 120 years for waters deeper
than 2000 m (Chen et al., 1995). This turnover rate corre-
sponds to an average upwelling velocity of 17 m/yr, which is
much higher than the value of 4 m/yr found in the Pacific
(Munk, 1966: Broecker and Peng, 1982). Smaller w makes
K/w higher.

By fitting the 1995 Russian and the 1992 KEEP-MASS
oxygen data and considering the probable upwelling velocity
in this depth range to Eq. (1), the oxygen consumption rate of
between 2.63 + 0.29 and 0.40 + 0.04 umol kg™ yr'! was ob-
tained. Chen et al. (1996) used a mass balance model to cal-
culate the oxygen consumption rate, and they determined a
value of 5.1 + 0.3 pmol kg yr! for the depth range of 300-
600 m. This is about a factor of 2 higher than the high value
of 2.63 + 0.29 pmol kg yr' obtained from the 1-D model.
This discrepancy might be expected as the 1-D model was
applied to a deeper depth range where less organic matter is
left to be decomposed, resulting in a lower oxygen consump-
tion rate.

Chen et al. (1996) obtained an oxygen consumption rate of
1.13 + 0.04 umol kg yr'! for the waters below 2000 m. This
is again greater than the low value of 0.40 + 0.04 umol kg™
yr'! as determined by the 1-D model by a factor of 3. These
rates bracket the value obtained by assuming stagnation in the
bottom water, i.e., 0.8 £ 0.1 umol kg yr' (Table 1). Chen et
al. (1996) found a total carbon production rate of 1.05 + 0.10
pmol kg yr! in the bottom water. The organic carbon pro-
duction rates are 3.7 + 0.4 and 0.89 £ 0.05 pmol kg yr',
respectively, between 300-600 m below 2000 m (Table 1).
The ratios of organic carbon production and oxygen con-
sumption rates are thus 0.73 0.5 and 0.79 + 0.11 umol kg
yr!, respectively. These are in good agreement with the Red-
field ratio.

It has been also possible to repeat the above calculations
for phosphate (Table 1). The 1-D model results in a high
value of 0.028 + 0.006 umol kg yr' for the range of 600-
2000 m. The value is 50% lower than the consumption rate
of 0.042 + 0.002 pmol kg yr' obtained from the mass bal-
ance model for the depth range of 300-600 m (Chen et al.,
1996). The mass balance model was applied at a shallower
depth range; thus, more organic matter was available for de-
composition, meaning that there was a higher phosphate pro-
duction rate.
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The 1-D model results in a low phosphate regeneration
rate of 0.004 + 0.001 umol kg yr' which is a factor of 2
lower than that obtained from the mass balance model for
waters below 2000 m, i.e. 0.009 + 0.004 umol kg™ yr'. On
assuming stagnation between 1950 and 1995 in the bottom
layer, the phosphate production rate is 0.0075 £ 0.0015 pumol
kg' yr!. This value happens to be the average of the two
values obtained from the above two independent methods.

Finally, in this study the 1-D model was applied to the
1995 nitrate data, and the nitrate regeneration rate of 0.05 £

0.008 - 0.33 % 0.055 pmol kg™ yr'' between 600 and 2000 m
was obtained (Table 1). Again, the higher value of 0.33%
0.055 umol kg™! yr'! is about a factor of two lower than that
determined by the mass balance model for the depth range of
300-600 m (0.62+ 0.06 pmol kg™ yr', Chen et al., 1996).
This difference may also be expected for the same reason as
that accounting for phosphate. The lower nitrate production
rate based on the 1-D model is 0.05 + 0.008 pumol kg™ yr.

Table 1. Consumption or production rates of carbon, oxygen, and nutrients in the Sea of Japan (umol kg™'yr™)
Depth 300~600 m' 600~2000 m’ below 2000 m
Total carbon production rate 3.7+0.8 0.40£0.07~2.63+0.44 1.05+0.10"
Organic carbon production rate 3.7£0.4 0.89+0.05'
Oxygen consumption rate 5.1+£0.3 1.13+0.04'
assuming stagnation 0.8+0.1°
from 1-D model 0.40+0.04~2.631+0.29
PO, production rate 0.042+0.002 0.009£0.004'
assuming stagnation 0.007540.0015>
from 1-D model 0.004£0.001~0.028+0.006
NO; production rate 0.62+0.06 0.12+0.008"
assuming stagnation
and N/P ratio of 16/1 0.1240.014°

from 1-D model

0.05+0.008~0.33+0.055

! Based on mass-balance model (Chen et al, 1996)
? This work

The lower nitrate production rate based on the 1-D model
is 0.05 + 0.008 umol kg yr'. There were no high quality
nitrate data around 1950, but if it is assumed that the phyto-
plankton N/P ration was 16, then the nitrate production rate
could be estimated based on the phosphate production rate.
Assuming stagnation between 1950 and 1995 the nitrate re-
generation rate thus obtained is 0.12 % 0.014 pmol kg yr’'
for the bottom water. This value is the same as that obtained
from the mass balance model (0.12 * 0.008 pumol kg yr';
Chen et al., 1996), but higher than the low value obtained
from the 1-D model (Table 1).

Discussion and Conclusions

The mass balance method and 1-D model rely upon
knowledge of the turnover time of the deep water, which
Chen et al. (1995) estimated at 120 years. Some physicist,
however, could not account for such a rapid turnover rate
based on the ice production and chimney formation (Nagata
et al., 1996). Although no quantitative rates are given, these
estimates were based on recent observations of the hydro-
graphic data collected after the stagnation started. It is, thus,
not surprising that lower rates were obtained. On the other
hand, the deep Sea of Japan waters probably acquired most of
the chemical signals before the stagnation started, thus yield-
ing higher turnover rates.

Nevertheless, it should still be pointed out that because of
the small vertical gradients of dissolved oxygen, nitrate and
phosphate, the 1-D model gives rise to large uncertainties.
The consumption or production rates calculated by assuming
stagnation also suffer two major uncertainties: one is that we
are not certain that the stagnation started around 1950 because
we do not have high quality, pre-1950 data to compare with.
If the stagnation actually started before 1950 then the rates
calculated are too high. The other uncertainty is that although
evidence provided above did indicate stagnation we cannot be
sure that the bottom water is entirely unventilated. A certain
amount of the oxygen-rich, nutrient-poor dense water formed
in a severe winter in the northern Sea of Japan and could have
penetrated into the bottom layer. In this case, the rates calcu-
lated would be too low.

Bearing these uncertainties in mind, it is still sufficient to
say that the Sea of Japan has started to stagnate at least since
1950. The oxygen consumption rate calculated based on the
mass-balance method, the one dimensional advection-
diffusion model, and direct comparison of the 1950 and 1995
data is 0.8 + 0.4 umol kg™ yr' below 2000 m. The average
phosphate and nitrate regeneration rates are 0.007 = 0.003 and
0.10 + 0.04 pumol kg' yr', respectively. With continued
stagnation the Sea of Japan bottom water could become an-
oxic between 180 and 530 years from now.
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