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Abstract

According to the authors’ calculation, the total amount of invasion
of oxygen from the air into the sea is less than the amount of consump-
tion by oxidation of the organic debris in the deep layer until the time
when the invasion and the consumption reach the equilibrium. The rate
of consumption of oxygen decreases exponentially with the depth. On
the other hand, the oxygen which is supplied from the air enters into
the deep layer according to the law of diffusion, decreasing rapidly ‘with
the depth. The combination of the above two makes the minimum layer
of oxygen at a certain depth at the steady state.

However, in the oceans, there are currents and eddy diffusion in
horizontal and vertical directions, and the pattern of oxygen distribution
is decided as the superposition of biogeochemical processes and the
dynamical motion of water. Using the equation given by Sverdrup con-
cerning the change with time of the amount of dissolved oxygen in the
sea, the distribution of oxygen in the western North Pacific is discussed.
The results showed that at the steady state, the effect of horizontal
advection is much larger than those of horizontal diffusion and biological
consumption and the former seem to be in balance with vertical diffusion.

1. Why is the dissolved oxygen in the deep water unsaturated ?

It is well known that the nitrogen dissolved in sea water is saturated in the
surface as well as in the deeper layers of the ocean. However, the dissolved oxygen
is nearly in saturation only at the surface and considerably unsaturated in the deeper
layers. If there is no biological activity in the oceans, the dissolved oxygen should
be saturated all the way from surface to bottom and the oxygen content should be

smaller in the surface than in the deeper water, because the water temperature
lowers with the depth.

However, owing to the biological activity in the ocean, the oxygen content is
controlled not only by the exchange of oxygen through the air-sea interface and the
mixing of water, but also by the photosynthesis, respiration and oxidation of organic
matters (MIvAkE and SarunasHi, 1957). As a result of the dynamical balance in these

changes, the dissolved oxygen in the surface layer becomes saturated or nearly
saturated or sometimes slightly over-saturated.

* Presented at the XIth Pacific Science Congress, Tokyo, Aug. 1966.
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In the deeper layer below the euphotic zone, the oxygen is mainly consumed by
the oxidation of the organic debris, though its rate is much slower owing to the lower
water temperature. The oxygen content in the deeper layer is also controlled by
the slow exchange of oxygen associated with the exchange of water masses between
deep and surface layers.

Now, we divide. the ocean simply into two layers, the surface layer with 100 m
thick and the deep layer with 3,900 m depth. At the steady state, the rate of ex-
change of water between the two layers is expressed as follows:

(1) k1w1 =k2w2

where, %k, and %, are the velocity constants of exchange of water respectively from the
surface into the deep and from the deep to the surface. The reciprocals of k&, and
k, are respectively the residence times of water in the surface and in the deep layer.
w; and w, are respectively volumes of water in the surface and the deep layer (//m?).
The change with time of the total amount of dissolved oxygen (mole/m?) in the
deep layer (0O,) is expressed as follows :

a0
a—tz =lyw, Cr—Faw,Cy— 1

(2
in which C; and C; are respectively the concentrations of the oxygen (ml/l at STP)
in the surface water and the deep water, f, is the oxidation rate of organic debris
(mole/m?, y) in the deep layer. In the steady state,

3) ki, Cr=kw,Cy+f 2

As Py, is equal to kuw, (Eq. 1) and f, is positive, C, must be larger than C, at the
steady state.

The primary production rate is estimated to be 80 g C/m2, y on an average. Itis
assumed that in 80g C/m? of the organic carbon, 30, 40 and 50 g C/m? is oxidized in
the deep layer into the carbon dioxide annually. In other words, 2.5, 3.3 and 4.2
moles of oxygen are consumed by the oxidation in the deep layer.

On the other hand, when the water temperature at the surface layer is 20°C, the
dissolved oxygen content C, is 5.5m//l (or 550/m? or 25 moles O,/m?) under the
saturation state. From the above equations (1) and (3), C, is obtained for the re-
sidence time (z;) of the surface water of five years and different values of f,.

Table 1. Calculation of oxygen concentration C, at deep layers. r;, 5 yrs.

C1 kl ' f2 C2
ml/l 1/y mole/m?, y ml/l Degree of saturation
5.5 1/5 2.5 (30g C/m2,y) 2.8 37%
5.5 1/5 3.3 (40 7 ) 1.8 25
5.5 1/5 4.2 (50 ” ) 0.9 12
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As the mean temperature of the deep water is 3—4°C, under which the saturated
amount of oxygen is 7.5m//l. Therefore, the degree of saturation corresponding to
the calculated values of C, ranges from 12 to 37%, which is in good accordance with
the observation. It is to be noticed that f, can not be greater than 60g C/m? for 5
years of 7;, or 7; can not be longer than 8 years for f, of 40g C/m?, y

In the surface layer, the change with time in the total amount of the dissolved
oxygen (0,) is expressed as follows:

: bl .
(4) ;)tl =—kyw,Cy+kyw,Co+E+P—f;

In the above equation E is the rate of entrance of the oxygen from the air (mole/
m? y), P is the rate of formation of oxygen through photosynthesis (mole/m? y)
and f, is the rate of consumption of oxygen through the respiration and oxidation of
organic matters (mole/m2 y)

At the steady state, the entrance rate of oxygen E is,
(5) E =k1w1C1—kZW2C§—P+f1

From the equation (2) and the next condition (Eq. 6), the entrance rate should be
Zero, or

(6) o o f1+f2=P

there is no entrance through the air-sea interface at the steady state. However, as
in the organic matter certain amounts of nitrogen and other oxidizable elements are
contained, P is a little smaller than (fi-f;), i.e. by about 10%, which makes the
entrance of oxygen from the air possibleé. In the equilibrium state, the amount of
entrance of oxygen will be about 0.7 mole/m?, y for the primary production of about
80 g C/m?%y. In other words, even in the surface layer at the steady state, the dis-
solved oxygen has a tendency to become slightly unsaturated owing to the condition,
P <fi+fe.

In different parts of the oceans, there are always some fluctuations from the
steady state in regard to oxygen, .causing small differences in the partial pressure of
oxygen between the ocean surface and the air above. Under such conditions, entrance
or escape of a small amount of oxygen may take place.

In the surface layer in cold areas where photosynthesis exceeds respiration and
oxidation in the spring and summer seasons, the. supersaturation of oxygen occurs.
However, the supersaturation has its physical meaning only at the interface between
the air and the sea. Below the interface, for example, at the 10m depth from the
surface, the solubility of oxygen is twice as much as the surface valué owing to the
hydrostatic pressure (Henry’s law). Therefore, there is no bubble formation of oxygen
even when a high degree of “supersaturation” is observed (Mivake, 1951). -

2. The rate of entrance of oxygen from the air

According to ADENEY (1923), the invasion coefficient v (m//cm? min), or the rate
of entrance of oxygen from the air to the sea surface can be expressed as follows :
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(7 R 7=9.6(t+36) (a—C,) x10~6

where ¢ is the Water temperature, « is the concentration of the oxygen at the satura-
tion at £°C (mi/l) and C, is the observed concentration of the dissolved oxygen at the
surface. o ' ‘ '

Assuming that # is 20°C and « is 5.3ml//, the total amounts of entrance of

oxygen from the air in a year for different values of C, are calculated as shown in
Table 2.

Table 2. The rate of entrance of oxygen (E) from the air into the sea (20°C)

C, Degree of saturation E

ml/l % mole/m2, y milll,y
5.295 99.9 0.5 0.003
5.29 99.8 12 0. 007
5.27 99.5 3 0.02
5.25 99.0 6 : 0.04

As shown in the above table, the annual rate of entrance of oxygen at the degree
of saturation of 99.9 and 99.8% ranges from 0.5 to 1.2 mole/m?y which is in
good agreement with the value (0.7 mole/m? y) obtained above on the basis of the
balance of oxygen in sea water at the surface. ’

As shown in Table 2, the averaged amount of entrance of oxygen from the air
into the sza reaches 3 mole/m?y when the degree of saturation is 99.5%. On the
other hdnd, in the deep layer the rate of consumption of oxygen by the oxidation of
organic matter is about’ 3 mole/m?y when 40g C/m? is oxidized annually (Tab. 1).
At the time when the degree of saturation reaches 99.5%, the rate of entrance of the
atmospheric oxygen increases to the same level as the rate of consumption of oxygen
by oxidation which leads to the equilibrium with respect to the oxygen in the ocean.
In other words, before reaching the equilibrium, the rate of entrance of oxygen is less
th'an‘ that of oxidation, which results in the deficit of oxygen in the deep layer.

3. The occurrence of the oxygen minimum layer

As stated in a preceding chapter, the rate of entrance of oxygen is less than
that of oxidation of organic debris in the deep layer until the time when the entrance
and the consumption reach the equilibrium. At the equilibrium, the degree of satura-
tion of oxygen in the surface layer will be about 99.5% and the rate of oxidation
will be about 3 mole C/m? y. It is known that the rate of consumption of oxygen
decreases exponentially’ from the bottom of the thermocline. On the other hand, the
oxygen which enters from the air is ffansfeffed to the deep by turbulent diffusion,
with a rate of diffusion decreasing rapidly with depth. If there is no biological con-
sumption; ~the dissolved oxygen content should increase with increasing depth.
However, there are the entrance of oxygen from the air and the consumption of
oxygen by oxidation, in which the rate of entrance is slower than the latter at the
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beginning. Therefore the oxygen gradually decreases in the deep. The combination
of the rate of entrance and the vertical change of rates of turbulent diffusion and
oxidative consumption produces the oxygen minimum layer at a certain depth. The
occurrence of the oxygen minimum layer is qualitatively illustrated in Fig. 1.

Oxygen content

2 1t
(SN B A L. L

Fig. 1. Schematic explanation of occurrence of O,
minimum layer.

4. Dynamical motion of sea water and the distribution of the dissolved oxygen

As discussed above, the primary pattern of the distribution of the dissolved
oxygen in the ocean is determined by the biogeochemical balance of oxygen in the
ocean. However, in the oceans, there are advection and eddy diffusion of water both
in the horizontal and the vertical directions, and the final distribution of oxygen is
controlled by the superposition of the biogeochemical processes and the dynamical
motion of water.

According to Sverbrup (1938), the change of the dissolved oxygen concentration
(0) in the deeper layer with time is given by the following differential equation:

a0 00 220 020 a0 a0 a0
® ot =D TPt D g Gy T

where D, and D, are the eddy diffusion coefficients respectively in the horizontal and
the vertical directions, #, v and w are current velocities on each direction, f is the
rate of oxidative consumption of oxygen by organic matter. At the steady state, .
neglecting the vertical flow, the equation (8) is rewritten as follows :

20 [ 30 & 20 20 30
©) D= (”W“W)‘D"(a_xz‘ +W)+f

By using the observed values of the vertical distribution of dissolved oxygen at 38°N,
148°E and the horizontal distribution on the iso-sigma-# plane respectively at o,, 25.0,
25.5, 26.0, 26.5, 27.0, 27.5 in the western North Pacific Ocean (Figs. 2-4) (Kawamoto,
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Table 3. Calculation of horizontal advection of oxygen (38°N, 148°E)
Depth Flow u, v a—o- ﬂ 20 , 1)ﬂ Sum
m rate cm Jsec ox oy 0x oy
cm/sec ml[1/10° cm mi[110° sec
300 30 21(NW) —0.5 1.0 —10 21 11
400 25 17 —0.1 —1.2 —1.7 20 18
500 20 ~14(SW) —0.1 —1.2 1.4 17 18
600 18 —13 —0.1 —1.1 1.3 14 15
800 15 —10 —0.1 —1.1 1.0 11 12
1, 000 . 13 -9 —0.1 —1.0 0.9 9 10
1,100 12 - 8 —0.1 —0.9 0.8 7 8
1, 500 10 -7 —0.1 —0.9 0.7 6 7
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Table 4. Calculation of horizontal diffusion of oxygen (38°N, 148°E)
(Dy, 5x10% cm?/sec)

2 2 2 2,
B z 6253
m//1/10' cm? m//l[/108 sec
300 0 1.5 7.5
400 —0.1 —0.2 —1.5
500 —0.1 —0.2 —1.5
600 —0.1 —0.2 —1.5
800 —0.1 —0.2 —1.5
1, 000 —0.1 —0.1 —1.0
1, 100 —0.1 —0.1 —1.0
1, 500 —0.1 —0.1 —1.0

Table 5. Vertical distribution and vertical eddy diffusion of oxygen (38°N, 148°E)
(D,, 50 cm?/sec)

Depth o 0, aT‘: a;(z) DZ%}
m ml/l ml/l/10* cm m!/[l/108cm? ml[l/[10%sec
300 26.75 4.2 —1.4 0.1 5
400 26.9 2.8 —1.0 0.4 20
500 27.1 1.9 —0.7 0.3 15
600 27.2 1.6 —0.4 0.3 15
800 27.35 1.1 —0.1 0.2 10
1, 000 27.4 1.0 0 0.1 5
1, 100 27.5 1.0 +0.1 0.1 5
1, 500 27.6 1.3 +0.2 0.1 7

Table 6. Comparison of advection, diffusion and biological effects on dissolved oxygen.
(unit, m/!/108sec)

D»?Eth Advection I:I:l?gfllf con]z;%tn. (A?—(}tﬁll- B) (Xiitf}frrt
300 11 7.5 0.4 4 5
400 18 —1.5 0.3 19 20
500 18 —1.5 0.25 19 15
600 15 —1.5 0.20 16 15
800 12 —1.5 0.13 13 15

1, 000 10 —1.0 0.07 11 10
1, 100 8 —0.5 0.07 9 5
1, 500 7 —0.3 0.05 7

1957), the horizontal and vertical gradients of dissolved oxygen and their secondary
differentials were calculated. The mean speed and direction of water current at
different depths are assumed as given in Table 3. The horizontal and vertical eddy
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diffusion coefficients are assumed to be respectively 5x10®cm?/sec and 50 cm?/sec.
The rates of oxygen consumption by organic matter are respectively 2 ml/l,y and
0.2 m{/l,y at the depths of 100m and 1,000m for the decomposition rate of the
organic matter of 40 g C/m?,v.

As given in Table 6, it is concluded that the effect of horizontal advection on the
distribution of dissolved oxygen is much larger than those of horizontal diffusion and
biological consumption and the former is mainly conpensated for by vertical diffusion.
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