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CO; oceanic sequestration is one of the technologies for reducing the discharge of CO, into the
atmosphere, which is considered to cause the global warming, and consists in isolating industry-made CO,
gas within the depths of the ocean. This method is expected to enable industry-made CO, to be separated
from the atmosphere for a considerably long period of time.

On the other hand, it is also feared that the CO, injected in the ocean may lower pH of seawater
surrounding the sequestration site, thus may adversely affect marine organisms.

For evaluating the biological influences we have studied to precisely predict the CO, distribution around
the CO, injection site by a numerical simulation method.

In previous studies, in which a 2 degree by 2 degree mesh was employed in the simulation, CO,
concentrations tended to be evenly dispersed within the grid, giving lower corcentration values. Thus, the
calculation accuracy within the area several hundred kilometers from the CO, injection site was not
satisfactory for the biological effect assessment.

In the present study we improved the accuracy of concentration distribution by changing a computational
mesh resolution for a 0.2 by 0.2 degree mesh.

By the renewed method we could obtain detailed CO, distribution in waters within several hundred
kilometers of the injection site, and clarified that the Moving-ship procedure may have less effects of
lowered pH on marine organisms than the fixed-point release procedure of CO, sequestration.

Key Words : The global warming, Caron dioxide, The Pacific Ocean, CO, Ocean sequestration, pH ,
influence to marine life

1. INTRODUCTION

The large scale consumption of fossil fuels, which
is increasing year by year together with economic
growth, is believed to be the principal cause of the
global warming problem; and great concem is being
directed at the accompanying increase of carbon
dioxide emissions. In November 1988, the World
Meteorological Organization (WMO) and the United
Nations Environment Program (UNEP) jointly
established the Intergovernmental Panel on Climatic
Change (IPCC). Together with this worldwide
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development, in 2005 the United Nations Framework
Convention on Climatic Change (UNFCCC), which
sets up an international framework to prevent global
warming, and the Kyoto Protocol, were established
by major intemational agreements. The Kyoto
Protocol requires nations to reduce greenhouse gases
at a fixed rate (6% in the case of Japan) during the
period 2008 to 2012. However, the global warming
problem will have its main impact in the future, and
the burden of taking countermeasures is large, so the
present reality is that specific countermeasures are
lagging. Bringing about a large decrease in carbon



50

NAKAMURA, WADA, HASEGAWA and OCHIAI

dioxide emissions without changing our present
social system is difficult.

Naturally, part of the effort will have to involve
increasing the efficiency of energy usage, but there is
also a need to promote research and development
work on measures to suppress carbon dioxide
generation and on Carbon dioxide Capture and
Storage (CCS)". Although carbon dioxide in the
atmosphere passes through the air — sea interface to
dissolve in the ocean surface layer, under natural
conditions the rate at which atmospheric carbon
dioxide is transported to intermediate layer and deep
ocean water is slow because of the stable density
stratification. CCS is being developed for the purpose
of directly injecting carbon dioxide into intermediate
and deep layers of the ocean, where it will be
dissolved and absorbed. This technology is capable
of dealing with the large quantities of carbon dioxide
which are presently being emitted, and it is expected
that it will be capable of long — term storage. In the
present research we investigate the possibility of
occanic storage of carbon dioxide by means of
carbon dioxide behavior prediction simulation
analysis. First of all, since carbon dioxide injected
into the ocean is advected and diffused as it spreads,
it is necessary to accurately determine the flow field
in the ocean.

Most present research on oceanic storage of carbon
dioxide focuses on the global scale. Nakashiki et al.”
did a calculation assuming that carbon dioxide is

injected into the ocean near Japan (Area I 145 ° to
I55° E20°t0 30° N, Area I 155° to 165° E

30° to 40° N) and determined the percentage of
carbon dioxide that is in water shallower than 400m
after 200 years. Tejima et al.” investigated the effect
of initial dilution of carbon dioxide injected from the
injection pipe by means of a 3-dimensional
investigation of flow and vortices in the back flow in
the pipe holes, and determined the characteristics of a
pipe that will be capable of stable transport and
injection of carbon dioxide. Masuda et al.*) discussed
the effect of difference of injection depth on carbon
dioxide injected into the ocean near Japan, but they
failed to consider important processes of the oceanic
carbon circulation such as carbon dioxide
interchange at the air - sea interface, and vertical
transport of carbon by organisms (the biological
pump). Sorai and Ohsumi” partitioned the global
ocean into 19 boxes, and investigated oceanic carbon
circulation processes including the solubility pump,
the biological pump and the alkaline pump. They also
considered acidification of the ocean due to exchange
of the increasing anthropogenic carbon dioxide in the
atmosphere with oceanic carbon dioxide.

In the present research, in order to evaluate the

possibility of oceanic sequestration, we constructed a
model that would permit the effect of marine
organisms to be considered. In the initial stage of this
research, we have computed the flow in the Pacific
Ocean and simulated oceanic sequestration of carbon
dioxide offshore of Kona, Hawaii® and in the ocean
near Japan”. In calculating the 3-dimensional
circulation in the Pacific Ocean, we used data on the
wind over the ocean received from NASA and
determined the 3-dimensional flow field in the
Pacific Ocean (see Fig. 1). The result of that
calculation, at least as far as surface flow is
concemed, agreed approximately with results
previously published in the literature and with
observations (the average surface flow field obtained
from buoy tracks) by the Japan Coast Guard. In
addition, the effect of data assimilation has been
incorporated into the equations of conservation of
temperature and salinity, and it has been shown that
this is an effective means of reproducing the ocean
flow field®.

In addition, we have done calculations to
reproduce the concentrations of radioactive nuclei in
order to check the accuracy of the flow field in
intermediate and deep layers. Based on this result, we
checked the appropriateness of the oceanic flow
model, and decided to apply a carbon dioxide ocean
diffusion model. Until now, with a horizontal
resolution of 2degree by 2degree, the concentration
of the injected carbon dioxide has been averaged
within the mesh and therefore has been somewhat
low. Throughout most of the Pacific Ocean, more
than a few hundred kilometers from the injection
point, this analysis is adequate, but within several
tens of kilometers of the injection point, the pH is
nearly unchanged, which is different from what
happens in the real ocean, so this model was not very
effective in evaluating the biological effect. In the
present research, in order to make it possible to
evaluate the biological effect within a few tens of
kilometers of the injection point, the existing model
was used but this time with a horizontal resolution of
0.2degree by 0.2degree, with the aim of improving
the prediction of carbon dioxide concentration. In
addition, the computational accuracy of the model
was improved by introducing an atmosphere in
which the carbon dioxide concentration is
continually increasing, the carbon exchange between
that atmosphere and the ocean surface, and the
vertical circulation of carbon due to the effect of
phytoplankton (the biological pump), into the model.
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2. Pacific Ocean Circulation Model

(1) Partition of the calculation region

The calculation region was the entire Pacific
Ocean: 110°E to 70° W, 60° N to 74° S, C grid.
Changing from a 2degree by 2degree grid to a much
finer 0.2degree by 0.2degree grid greatly increases
the calculation load, so we used the finer grid only in
the region near the point where the carbon dioxide

was injected, at 133 ° E 23 ° N. The fine grid was
used in a region centered on the injection point, from

127° E to 139° E and from 17° N to 25° N. The
mesh was also variable in the vertical direction: the
number of layers in the vertical was increased from
11 to 16 throughout the ocean (see Table 1).

(2) Analysis method

The fundamental equation system as well as the
boundary condition, the wind stress on the sea
surface was the same as the report by Nakamura et
al.”. In this research, an 0.2degree by 0.2degree fine
mesh system was nested inside the original 2degree
by 2degree coarse mesh system,

The velocity obtained from the coarse grid at the
boundary of the fine grid is interpolated as the means
of transmitting momentum to the fine mesh.
Information is transmitted back from the fine mesh to
the coarse mesh by simultancously solving the
pressure  Poisson equations for the degrees of
freedom of the fine mesh and the coarse mesh, so that
transport is strictly conserved. The pressure Poisson
cquations were solved by using the conjugate
residual finite difference method with incomplete
Cholesky decomposition on the structured mesh, If
nesting is performed, and a solver using matrices is
used, in connecting the blocks the coefficient matrix
becomes irregular; even if a structured mesh is used,
the unstructured mesh solver must be used,
increasing the work of programming and the
computational cost. For these reasons, we decided to
use a method involving a structured mesh solver that
does not use a matrix expression”. In doing this, we
used an unweighted finite difference method based
on the Stokes theorem'”,

The flow field before introduction of the fine mesh
is shown in Fig, 2, the flow field after introduction of
the fine mesh in Fig. 3. Comparing Figs. 2 and 3,
overall the flow is clockwise, with large velocities at
134° Eto 140° E17° N, and at 127° E20° N to

26 “ N. At 134 ° E to 140 ° E 25° N a clear
difference is seen between Figs. 2 and 3. This is
believed to be due to the effect of interpolation from
the coarse mesh. In addition, in the results of the
calculation a deep layer flow along bottom contours
is seen to result from introduction of the fine mesh.
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Fig. 1 Calculated flow field over the whole Pacific Ocean at
10m depth
Table 1 Bottom depths and Thickness of Model Levels
After subdivision Before subdivision
Layer | Depth{m) |thickness(m)| Depth(m) | thickness(m)
1 layer 20 20 20 20
2 layer 50 30 50 30
3 layer 100 50 100 50
4 layer 200 100 200 100
5 layer 400 200 400 200
6 layer 600 200
71 layer 800 200 it o
8 layer 1000 200
9 layer 1250 250 1500 700
10 layer] 1500 250
11 layer] 1750 250
12 layen 2000 250 2500 1000
13 layer| 2500 500
14 layer] 3500 1000 3500 1000
15 layer] 4500 1000 4500 1000
16 layer] 5500 1000 5500 1000
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Fig. 2 Calculated flow field with 2 degree square grid at 10m
depth
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Fig.3 Calculated tlow field with 0.2 degree square grid at 10m
depth

3. CALCULATION MODEL TO PREDICT
CARBON DIOXIDE BEHAVIOR

(1) Outline of carbon dioxide concentration
calculation

Next, we present an outline of carbon dioxide
concentration diffusion. Using the same grid system
that is used for the flow model, we constructed a
model with a fine grid near the carbon dioxide
injection point. In this model, the carbon dioxide
exchange is given as the boundary condition at the air
—sea interface, in constructing a model that considers
the vertical transport of carbon due to biological
activity (the biological pump) due to the amount of
primary production determined by Breger'". The
calculation formula used in the analysis is given as
Equation (1) to (4).
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Here, C'is the total carbon dioxide concentration (pt
mol/kg), 7 is time (s), Ky is the horizontal diffusion
coefficient (1.0 10°m?¥/s), Ky is the vertical diffusion
coefficient (1.0%10™*m?%s), Focpmar is the carbon
dioxide budget between atmosphere and ocean, [, is
the amount of carbon dioxide injected (pmol/kg * s),
F. 15 the amount of transport by the biological pump
(1 mol/kg -+ s), 4 is the spherical latitude coordinate
and ¢ is the spherical longitude coordinate, «, v, w is

castward, northward and upward velocity
components (m/s), » is radius of the earth(m).

(2) Carbon dioxide exchange between atmosphere
and ocean

The amount of carbon dioxide exchanged through
the ocean surface (the carbon dioxide budget
between atmosphere and ocean) varies depending on
the difference of carbon dioxide partial pressure
between the atmosphere and ocean surface. That is to
say, the higher the partial pressure in the atmosphere,
the more carbon dioxide that is absorbed from the
atmosphere into the ocean; the higher the partial
pressure in the ocean, the more carbon dioxide that is
released from the ocean into the atmosphere. The
carbon dioxide budget between atmosphere and
ocean is calculated using the following equation.

Focav-am =E-(PCO5_gopy — PCO2_4)  (5)

Here, E is the gas exchange coefficient (mol/m®
s * atm), pCO,.ocgay is the partial pressure of carbon
dioxide in the ocean (u atm) and p COpaR is the
partial pressure of carbon dioxide in the atmosphere
(n atm).

Near land, where there is a direct effect of fossil
fuel combustion, the partial pressure of carbon
dioxide varies from one place to another; but the
present research is concerned with the whole Pacific
Ocean, throughout most of which the partial pressure
of carbon dioxide varies little with location.
Therefore, we assumed it to have a fixed value. Since
the concentration of carbon dioxide in the
atmosphere is continually increasing, we assumed an
annual rate of increase of 1.8ppm. Meanwhile, since
the partial pressure of carbon dioxide in the ocean
varies greatly from one ocean region to another, and
observed values are few, we computed it from the
equation of Suzuki ' The partial pressure in the
ocean is believed to depend on several parameters
including water temperature, salinity, total carbon
dioxide concentration and total alkalinity.

- CO

PCO; oy = [_z(‘“!L] ©)
K H

Here [CO:faq)] is the concentration of

non-dissociated carbon dioxide, and K’y is the
solubility of carbon dioxide (mol/kg « atm).

The sign of the budget is determined by the partial
pressure difference, but the rate of exchange is
believed to be greatly affected by the wind near the
ocean surface. E in Equation (5) (the gas exchange
cocfficient) depends on the wind: it is a parameter
that determines the rate of exchange. Many values of
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this parameter have been reported; it is not presently
clear which is the most realistic. In the present
research, long term wind speed data provided by
NASA are being used to determine the effect of wind.
We have used the following equation for E which
was first reported by Tans et al.'.

U >3mis
: US3m/s

E=0016QU-3) 7
E=0 )]

Here U is the wind speed (m/s). According to this
equation, if the wind speed is not more than 3m/s,
carbon dioxide will not be exchanged between the
ocean and atmosphere.

Next we look at whether the method we are using
to determine carbon dioxide exchange between the
atmosphere and ocean is appropriate. The difference
of carbon dioxide between ocean and atmosphere
calculated using Equations (5) to (7), together with
the difference of carbon dioxide partial pressure
between atmosphere and ocean calculated by
Nojiri'® for the subpolar region, is shown in Fig. 4.
According to these results for the subpolar region of
the North Pacific Ocean, the negative of values are
preponderant. A negative value means that carbon
dioxide is being absorbed from the atmosphere into
the ocean. Calculations from the observed values
obtained by Takahashi et al.'” and Nojiri'? also
make it clear that this is a region of absorption of
carbon dioxide by the ocean. In addition, from Fig. 4,
comparing with the observational results of Nojiri'?,
the results of our model reproduce the observations
reasonably well, although there are some differences
in partial pressure values in the vicinity of the North
American continent, in the center of the subpolar
region.

(3) The biological pump

In the oceanic carbon circulation, in addition to
ocean — atmosphere carbon dioxide exchange at the
ocean surface, there is an important circulation due to
marine organisms. At the ocean surface,
phytoplankton create organic carbon from inorganic
carbon by photosynthesis using carbon dioxide
dissolved from the atmosphere, and nutrients, as raw
materials. This is called “primary production”.
Organic carbon produced in this way is used by
“consumers” (macroplankton and fishes). Organic
carbon that is not used falls out of the euphotic zone
(down to 200m) into the intermediate and deep layers
where it decomposes and the decomposition products
are consumed to return the carbon to the form of
inorganic carbon.

An outline of this transport of carbon from the
euphotic zone to the lower layers, called the
biological pump, is shown in Fig. 5'9'™®)_ Because

of differences in the supply of nutrients, primary
production is divided into regenerated and new
production. Regenerated production is the
production of organic matter using nutrients that
have been decomposed and regenerated inside the
euphotic zone, and is unrelated to the transport of
organic carbon from the surface layer to the deep
layer. Meanwhile, new production is the production
of organic matter using nutrients transported into the
ocean surface layer by upwelling from intermediate
and deep layers, and transported from rivers and the
atmosphere. In a steady state it equals the amount of
organic carbon transported from the surface layer to
the intermediate and deep layers.

The amount of regenerated production is far
greater than the amount of new production, but
regencrated production does not contribute toward
the transport of carbon, so in the present research
only new production is treated. New production,
which depends on the inflow of nutrients from
outside of the system, is related to the amount of
primary production. It is not clear what proportion of
primary production consists of new production, but
in general it is estimated to be about 10 %'®.

Construction of a model of the biological pump is
difficult because of the many complicated elements
and the lack of observations of amount of carbon
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Fig.5 The concept of the biological pump'®
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dioxide transport. In the present research we have
used Equations (8) and (9) below, obtained by
Eppley and Peterson'” to obtain the ratio of new
production to primary production.

f=PP/410
f =PP/400~ PP/340000

(<150) (8)
(150~500 (9)

Here f is the ratio of new production to primary
production, and PP is the amount of primary
production (gC * m? - year'). If the primary
production is 150(gC * m? - year') or less, then
Equation (8) is used; if it is 150 to 500 (gC * m™ -
year"'), then Equation (9) is used.

In the present model, the amount of new
production is taken to be the amount of carbon
transported vertically by the biological pump. In the
euphotic zone (layers 1 to 4 in the model), the amount
corresponding to the transport is subtracted from the
amount of carbon in the ocean; while in the
intermediate layers (layers 5 to 13 in the model) the
amount of sinking (downward transport) is added to
the amount of carbon in the ocean. In addition, in
Equations (8) and (9), the annual average by
Berger'” was taken as the amount of primary
production (PP).

4. PREDICTION OF CO; CONCENTRA-
TION

(1) Injection method

The ocean absorbs CO, from the atmosphere, but
at a much slower rate than the release of CO; by
human activity. Not all CO, that is emitted can be
absorbed. Therefore, CO, is stored in the ocean by
injecting it directly, so that it does not have to pass
through the oceanic surface layer where absorption is
slow.
Storage of CO, in the ocean is accomplished by
separating and recovering the CO, gas from
combustion of fossil fuel, then transporting it to the
oceanic interior to separate it from the atmosphere for
a long time. Three methods of minimizing the impact
of oceanic storage on the ocean environment have
been conceived. One is to lay a pipeline from the
plant on land where combustion takes place to a fixed
point of known depth on the ocean bottom where the
CO, is injected. The second is to liquefy the
recovered CO, and then transport it in a boat to the
target region where it is released through a pipe
lowered from the boat while the boat moves at slow
speed. This is called the moving ship method. The
third is to release it at the ocean bottom in a region
where there is believed to be practically no current or
turbulence®® (deep water bottom mooring).
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In the present research, the analysis was performed
for the fixed point release method and the moving
point release method. In the fixed point release
method, it was assumed that CO, was injected at a
single fixed point. As regards the moving ship
method, according to Ozaki®", if a ship moves at 9km
per hour, it can inject 0.1 ton of CO, per second. In
the present research, the computational time step was
3,600 seconds, and the horizontal grid was 0.2degree
by 0.2degree (about 20km by 20km); it was assumed
that the boat moved 1 grid spacing in 2 time steps,
moving as shown in Fig. 6. After 100 time steps the
boat returned to the geographical starting point and
started over from point 1.

(2) Setting of the amount of CO; injected and the
region in which it is injected

Public interest in global warming and energy
saving are steadily increasing. According to Japan’s
Economic White Paper for fiscal 20062, although
the amount of CO, emitted in Japan in 2004 was less
than that in the previous year, the amount of CO,
(actually CO; equivalent) emitted in Japan in 2003
was 0.357Gtons-C. This value exceeded the amount
of CO; fixed by COP3 in 1990 (0.307Gtons-C) by
about 0.052Gtons-C/year. Taking this excess amount
of CO, as the load, the increases of concentration
were predicted for both fixed point release and
moving point release.

The CO, was assumed to be injected in Japan’s
Exclusive Economic Zone (EEZ) (see Fig. 7). This is
because it can be expected that the amount of CO,
that can be stored in international waters will be
limited by both international law and international
treaties.

According to Takahashi et al.'®, the injection region
is a region of net absorption of CO,, so it is
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Fig.6 Navigation course of the moving ship
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Fig.7 The CO, injection point in the sea near Japan island

expected that the injected CO; will not easily rise to
the surface. The Japanese Research Institute of
Innovative Technology for the Earth (RITE) is

planning to inject CO, in the vicinity of 133 ° E
23 ° N in that region in Phase 2 of a CO; ocean
storage project.

(3) Result of CO; concentration prediction

First, in order to determine the depth at which CO,
should be injected, CO, was injected into each of the
layers at the target point and the results were
compared at 10 years after the start of the calculation.
Since storage of CO, in the ocean will not be
effective if it is released into the atmosphere after a
short time, and since many different types of
organisms live in both the surface and deep layers of
the ocean, the total amount of CO, arriving in the
ocean surface layer and the total amount arriving in
the bottom layer below 4,000m depth were
compared. The surface layers (layers 1 to 4) and the
bottom layers (layers 14 to 16) were excluded from
the injection depths. These investigations were
initially performed by Nakamura et al.”’. A finer
mesh was also introduced in the vertical direction.
The CO, concentrations are injected continuously
into each layer for 10 years, and the initial vertical
distribution of concentration (at the injection point)
are shown in Fig. 8. The initial distribution for CO,
were obtaind from the data of water temperature and
salinity (Chen-Tung et al., 1979)%®, From Fig. 8, it is
seen that there was an increase of concentration in
each injection layer, but in other layers
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Fig.8 Initial and calculated distributions of CO, concentration
in the vertical section (133°E 23°N)

the increase was small. In addition, the deeper the
layer in which CO, is injected, the greater the
concentration increase at the injection point, even
though the volume of each box is nearly the same.
This is believed to be because the deeper the injection
layer, the smaller the current and the smaller the
transport in the horizontal direction, so that the CO,
tends to remain in the box into which it is injected.
Meanwhile, from Fig. 8 it is also seen that the
concentration increases somewhat from the initial
value in the vicinity of the surface, but this is
believed to be because the partial pressure of CO, in
the atmosphere is increasing by 1.8 ppm/year, which
increases the amount of atmospheric CO, dissolved
into the ocean.

From the calculated result, it is seen that if CO; is
injected into the 10th layer or deeper, the amount of
CO; amiving in the euphotic zone (down to about
200m) is not more than about 0.5% of the total.
Further, it was confirmed that in the case of injection
into the 9th layer or shallower, the amount of CO,
arriving at depths of 4,000m and greater is 3% or less.
From economic considerations, and also according to
Ohsumi®”, due to the density difference with sea
water at depths of 3,000m and greater it is
conceivable that CO, will sink, so that the 9th
through 11th layers appear to be a suitable depth for
CO; injection. In the present calculation, among the
9th to 11th layers, in order to minimize the amount of
CO; that escapes to either shallower or deeper water
the 10th layer appears to be the optimum depth at
which to inject CO,.

Next, based on this result, we attempted to
determine the difference in concentration increase
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Fig.9 CO, concentrations with 2 degree square grid (Layer
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Fig.10 CO, concentrations with 0.2 degree square grid (Layer
10, 1,375m depth) after 10 years

between the fixed point release method and the
moving ship method. First, we investigated the fixed
point release method. We performed the calculation
for the case in which CO; was injected into the 10th
layer continuously for 10 years and also for the case
in which CO, was not released, and compared the
results to determine the amount of CO, increase
caused by oceanic storage. The difference between
the results for both cases (the CO, concentration
increase) is shown for only a coarse mesh in Fig, 9,
and after the introduction of a fine mesh in Fig. 10.
Enlarged views of the CO, concentration increase
distribution are shown for the case of only a coarse
mesh in Fig. 11, and after the introduction of a fine
mesh in Fig. 12. The CO; diffused eastward from the
injection point and its concentration decreased. At
this time, a check of the flow in layer 10 revealed that
the spread of CO, was affected by the flow field;
there was practically no spread of CO, concentration
toward the South Pacific Ocean. With only a coarse
grid, the CO, was averaged within each 2degree by
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Fig.11 CO, concentrations with 2 degree square grid (Layer 7,
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2degree quadrangle to a value of only about
62pmol/kg; but with a fine mesh the concentration at
the injection point increased to about 588y mol/kg.
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Comparing Fig. 9 and Fig. 10, the region within
which the CO, concentration increased within the
range of 2 to 10pumol/kg had a greater lateral spread
with only a coarse grid. The region where the CO,
concentration increased within the range of 2 to
0.5pumol/kg was about the same in both cases. The
region of increase 0.5umol/kg or less showed a
greater spread with a fine grid added. This is believed
to be because, compared to the case with only a
coarse grid, when a fine grid is added the CO,
concentration gradient is a larger in the vicinity of the
injection point, causing the region with high
concentration to be narrower; conversely, the region
of low concentration spread out laterally.

Next, an enlarged diagram of the CO, increase
distribution after introduction of the fine grid, as
determined by the moving ship method, is shown in
Fig. 13. From this it is seen that the point at which the
increase of concentration is greatest lies about in the
middle of the ship’s range of movement; the
concentration at that point is about 76umol/kg.
Comparing Fig. 12 and Fig. 13, CO, is affected by
the flow; it first spreads toward the west, then toward
the northeast. From this fact, it is inferred that the
moving ship method itself depends on the effect of
the flow. In the present research, the CO, was
injected over an area 100 times larger in the moving
ship method than in the fixed point method, while the
maximum concentration was about 1/8 that in the
fixed point method. This shows clearly that the area
over which low concentration is distributed is much
larger than in the case of the fixed point method.

S. THE EFFECT OF THE INJECTED CO,
ON LIVING ORGANISMS

The effect of oceanic storage of CO; on living
organisms was evaluated by collecting existing
information on the effect of CO; on living organisms
and applying that knowledge to the calculated results
given in Section 3-3 (Fig. 12, Fig. 13). It is believed
that when CO; is injected into the ocean, organisms
are affected via lowering of the pH of sea water, We
expected that injecting CO, into the 10th layer (at
1,375m) would be effective in diluting it, but at
present there is little knowledge about the effect of
exposure to CO; on organisms in the intermediate
and deep layers. For this reason, in the present
rescarch we have conducted the evaluation by
applying the results of Kikkawa et al.> ? and
Kurihara et al.””*® from experiments on the effect of
exposure of shallow sea fishes to CO,.

Kikkawa et al.>® *? studied the effect of exposure
to CO; on the eggs and fry of several fish species.
They reported that the normal hatching rate for sea
bream dropped to 0 when the pH fell to 6.55; while

when the pH fell further, to 6.16, the survival rate of
fry already hatched also dropped to 0. They also
reported that in an experiment on sand borers, when
the pH was 7.32+0.04, the growth rate fell to 10% of
that under normal conditions (of no exposure to CO,).
Here, “nomal hatching rate” refers to the proportion
of individuals that hatch not counting any that are
malformed or premature. “Survival rate” refers to the
number of individuals that survive in any condition at
all.

Kurihara et al.*” *® conducted CO, exposure
experiments on the survival rate of female copepod
plankton (Acartia steueri and Acartia erthraea) and
on the normal hatching of 2 species of sea urchin
(Hemicentrotus pulcherrimus and Echinometra
mathaei). According to their results, the survival rate
of A. steueri after 6 days at pH 7.55 was 50%
compared to a survival rate for the control group with
no CO, storage of 70%, the survival rate of A.
erthraea after 8 days at pH 7.08 was about 50%
compared to the control group survival rate of 60%.
As for the number of eggs laid, the A. steueri control
group laid 25 eggs after 6 days, compared to 20 at pH
7.55 and 1 at pH 7.02. The corresponding figures for
A. erthraea are reported to be 58 for the control, 48 at
pH 7.08 and 22 at pH 6.96.

Next, from the results of CO, exposure tests on
fertilized sea urchin eggs, it has been reported that for
H. pulcherrimus an effect is seen at pH 7.5; at pH
6.83 the normal hatching rate drops to about 50%.
For E. mathaei an effect is seen at pH 7.6; at pH 6.79
the normal hatching rate drops to 10% or less.

The results of CO, concentration calculation show
that the concentration increases in the vicinity of the
injection point, so the pH distribution in the 10th
layer in the vicinity of the injection point was
calculated, and the effect on marine organisms ware
investigated (Fig. 14, Fig. 15). The pH was calculated
from the following equation.

PpH =-loga,, (10)

Here, a, is the activity of the hydrogen ion
concentration. This is a type of hydrogen ion
concentration to correct the errors that exist in ideal
systems and real systems. a,, is computed from the
CO; concentration, water temperature, salinity and
alkalinity'".

Results of calculations done according to the fixed
point release method show that the minimum pH
occurs at the injection point, where the pH is 7.47 or
less (Fig. 14). From Fig. 14, it can also be inferred
that major reduction of pH occurs within several tens
of kilometers of the injection point. Results of
calculations done by the moving ship method show
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that the minimum pH occurs at the injection point in
that case as well, with a value of 7.89.

The reduced values of pH calculated by both the
fixed point release method and the moving ship
method are approximately the same values for which
significant biological effects were reported by
Kikkawa et al.”®*® and by Kurihara et al 2?*), These
results indicate clearly that in order to evaluate the
biological effects of the amount of CO; injection, a
model resolution of 0.2degree by 0.2degree is
necessary.

6. SUMMARY

In this research, we have focused on oceanic
storage of CO,, which is one of the technologies for
suppressing increase of the amount of CO,, believed
to be the principal cause of global warming, in the
atmosphere. We have used a model that considers the
processes that govern the carbon cycle in the ocean,
including the oceanic general circulation, the
ext:hange of CO, between atmosphere and ocean, and
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the biological pump. We used this model to predict
the CO; concentration and to evaluate the biological
impact of the increase in CO; concentration. We
found that in order to achieve these objectives, the
existing model (horizontal resolution 2degree by
2degree, 11 layers in the vertical) needed to be
improved by introducing a finer grid (horizontal
resolution 0.2degree by 0.2degree, 16 layers in the
vertical).

1) As the first step in this research, we attempted to
improve the accuracy of reproduction of the detailed
flow field and of prediction of the CO, concentration
by introducing a fine grid over part of the region
covered. As regards the flow field, it was confirmed
that there is a clockwise flow within the area covered

by the fine grid. From 134 ° E to 140 ° E, along

25° N, a large difference was found in the current
speed before and after introduction of the fine grid. In
the deep layer, a flow along the bottom contours was
found after the fine grid was introduced. Using this
flow, oceanic storage of CO, was simulated, and
investigations relating to the CO, injection depth
were carried out. The results suggested that the 10th
layer (1,250m to 1,500m) would be a favorable depth
at which to inject the CO, because practically no CO,
reaches either the ocean surface or bottom, and also
because it is a favorable depth from the point of view
of cost.

2) Based on these results, CO, concentrations were
predicted for both the fixed point release method and
the moving ship method. With only a coarse 2degree
by 2degree grid, the predicted concentration is about
60p mol/kg; after the fine grid was introduced, this
increased to 588pu mol/kg, with a larger gradient of
concentration. Different concentration increases were
seen with the fixed point release method and the
moving ship method, even with the same load. With
the fixed point release method, the concentration
increase at the injection point is large; with the
moving ship method, the increase along the injection
path is not so large but a smaller increase occurs over
awider area. The maximum increase in the case of the
moving ship method occurs at about the center of the
navigation path.

3) Next, we computed the pH produced by the
increased CO. concentration and compared the
resulting effect on marine organisms with that known
from previous research. As a result, it was found that
with the moving ship method, the increase of
concentration occurred over a wider area, but the
decrease in concentration was large, and the decrease
in pH occurred over a narrower area than with the
fixed point release method. This suggests a
possibility that the moving ship method might resuit
in a reduced effect of increased CO, concentration on
marine organisms as compared to the fixed point
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release method.
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