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g. 1 Relationship among the cases for the two leakage point
cases in Groups A, B, and C.
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Fig. 2 Pollutant distribution at = 129600 s and the observation
positions in Case Al for two leakage points.
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Fig. 3 Temporal change of the spatial minimum of SDN(2) in
Group A for two leakage points.

S
=]
o

—@—Re*Sc=377.2

300 4 -#-Re*Sc=848.7| A
\

200 - Y

Sum of Error in 2 leakage pos. [m]

,_‘
S)
o =]
[ 8
p

1 15 2 2.5
Spatial obs. range / Adv. length ,  L/L,

o
o
«w

Fig. 4 Effect of nondimensional spatial observation range on
estimated errors in leakage position in Group A for two leakage
points.
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Fig. 7 (a) Two seepage positions and sensors and (b) CO2
distribution on x =y in 3D domain.
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Linear regression between measured and estimated CO2
concentrations.
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When abnormally high concentration of a pollutant is observed in the ocean, it is necessary to search for seepage positions
and fluxes of the pollutant. In this study, to reduce time and expense of such detection effort, we proposed a numerical method
for estimating multiple seepage positions and fluxes using a limited number of observed concentration data. This method is
called the adjoint marginal sensitivity method, which is a time-backward probabilistic method to estimate seepage positions
and fluxes. We would like to emphasize that the proposed method can deal with multiple seepage points as its originality. In
this study, we validated the newly developed method and showed the conditions for successful estimation using the
simulation results of series of well-planned two-dimensional case studies where flow velocity, distance between two seepage

positions, and spatial observation range were changed to investigate their effects on the estimation accuracy.

Keywords : Adjoint method; Marine hydrodynamics; Marginal sensitivity method; Marine pollutant;
Multiple seepage locations

1. Introduction horizontal and vertical eddy viscosity coefficients, and g is the
In order to mitigate global warming, it is necessary to reduce gravitational acceleration, and fcor are the Coriolis parameter.
CO: emissions into the atmosphere. Sub-seabed CO, Capture
and Storage (CCS), by which CO: is separated and collected at
emission sources such as power plants, and then injected and

ou ou du ou
—tu—+v—+tw—— v
at + ax + dy + dz feor

stored in reservoirs below the seabed, is attracting attention. —_1d A o%u + ou + kA K, u )
. s . po 0x M\ gx2 ay? 9z \""M 55
Considering the possibility of CO:2 seepage into seawater, the
sub-seabed CCS operators are obliged to monitor the CO2 W v vy fou
concentration in the sea under the Marine Pollution Control Act. ot ax ay az = Jeor
If a high concentration is detected, it is necessary to conduct a re-
2 2
investigation, which requires a large amount of cost and a long =— ig—z + Ay (% + g—y];) + aa_z (KM g—:) 2)
time. Therefore, it is very effective to numerically estimate the
seep location while using the observed concentration data to 0=_Lo_»p g 3)
narrow the re-investigation area and reduce the cost and required Po 0z po
time. Mori et al. [1] and Sakaizawa et al. [2], who applied the ) o o
.. . e . . u v w
Adjoint Marginal Sensitivity Method, as prior studies on P % +5,=0 “)

estimations of seepage position, time, and volume under

unsteady flow successfully. However, multiple seepage points In this study, in order to investigate the effectiveness and

were not taken into consideration. In reality, because seepage usage of this method, CO is advected and diffused by a time-

does not necessarily from a single position, this study aims to forward numerical simulation. In Equation (5), C'is the CO2

develop a method that can estimate seeps from multiple positions, concentration, Sc is the seepage term, and Ac and Kc are the

and to show its application limits. horizontal and vertical eddy diffusion coefficients.
ac n a(u;c) _0
2. Method ot = oxj 0%

2.1 Time-forward calculation

ac
(D6 3E) + ¢ + inCin = douiC )

In order to obtain velocity data, we solve the Navier-Stokes 2.2 Time-backward calculation
equations (1)-(3) and continuity equation (4) under hydrostatic In the Adjoint Marginal Sensitivity Method applied in this
approximation. Where £ is time, #, v and w are the flow study, adjoint probability y» (n=1, ..., N) is advected and diffused
velocities in the x, y and z directions, p is the pressure, p and po in the time-backward direction using the stored flow velocity data.
are the density and the reference density, Av and K are the Here N is the number of observation points.
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where 7 is the reverse time, Xons, 7, Tobs, 1 are the position and
backward time of each observation, and 7/(x) is a rectangular
function that takes 1 when x = 0 and 0 when x # 0. The adjoint
probability has the dimension of time. A volume flux of one-
point seepage CO» fis estimated as

r o Z Gn"un
f =Lt )
tobs, +Aton 2
Gn = fto(;:: s Cn(xobs,n ’ t) dt ®)
_ |Ax5eep| Tseep *
Y, = [A%opsn] fTseep_ATseep lpn(xseep ) T) dr ©)

where £is a constant value, C;, is each observed concentration,
At is the calculation time increment, Xseep is the seepage position,
and 7sep and Atseep are the seepage start reverse time and
seepage duration. In case of continuous CO2 seepage, Tseep —
Atgeep = 0.

In the case of multiple point seepage, the observed
concentration Cy, is decomposed into the reaching
concentrations Ca» and Cg, derived from the seepage points A
and B, and the respective seepage fluxes fa and f5 are similarly
estimated, based on the principle of superposition regarding the
CO:2 concentration. Since the reached concentration is
unknown, erasing it leads to
Youafa + ¥npfs = Gn (10)
where ¥ua and ¥ are the time-integrated values of ¥, at the
seep points A and B. The estimated seepage flux, which is the
least-squares solution of this simultaneous equation, is
expressed by Egs. (11) and (12), and the estimated seepage
position/time is the position/time that minimizes the index
SDN2 in Eq. (13). However, in order to simplify the problem,
COz seeps from multiple points at the same time.

r o (2 GnlpnA) (2 lIlnBz)_(Z GnlpnB)(Z lI”m"ﬂ’nB)

AT (Z lI”nAZ)(Z lI”nBZ)_(Z lIlnA'“I"nB)z (11)
ra — (2 GnlpnB)(Z lIlnAZ)_(Z Gnq/nA)(Z lI”m"ﬂ’nB) (12)

B (2 lI”nAZ)(Z lI”nBZ)_(Z lI”nA'“I"nB)Z

J%Ea]ﬂ{@n—(WnAfAJr'l’anB)]z
SDN2 = —
N2n=1 Gn
JN In=1{Gn—(¥nafa+¥npfp)}?

= (13)

N=1Gn

3. Estimation of two-point seepage in 2D test area

Meas. range, Ly,
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& )
£l = ;
| % /
{1 @ e
518 i /
= @ Group C ‘\@/ )
© Case number
Fig. 1 Relationship among the cases for the two seepage point

cases in Groups A, B, and C.

In this study, CO2 was continuously seeped from the forward
time zseep = 51840 s (reverse time zseqp = 120960 sec) under
unsteady homogeneous flow in the 2D test area. The number of
sensors is 16 and the eddy diffusion coefficient is fixed at Dc =
0.46 m?/s. Then, the location and flux of the seepage were
estimated by changing the width of the sensor installation range
Ly (sensor interval AL), advection length La=Ub Ty / =,
distance between two seep points ds,, the flux ratio 7, and the
offset of the sensor arrangement from the seepage positions.
Figure 1 shows the relationship between each case. In Groups A
toC,r=1.

As an example, the seepage position at Case Al (Uo= 0.2
m/s), COz distribution (= 120960 sec), and the sensor
arrangement are shown in Fig. 2, and the temporal change of
spatially minimum SDN2 when Offset = 0 m is shown in Figure
3. SDN2 became the minimum near the seepage start time.
Here, Re Sc = L4*/ (DcTp) is a value on the order of 10%. Figure
4 shows the relationship between Las/ L4 and the estimated
position error when Offset =0 m in Group A. From Group A, it
can be seen that “Las/ L is about 1.7 or more” is required for
accurate estimation of the two seepage positions.
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x Leakage position
> Observation position

0
0

5000 10000

X [m]
Fig. 2 Pollutant distribution at = 129600 s and the observation
positions in Case Al for two seepage points.
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400

—8—Re*Sc=377.2

300 - -4A--Re*Sc=8487| A
\

Sum of Error in 2 leakage pos. [m]
5]
S
.

0 0.5 1 15 2 2.5
Spatial obs. range / Adv. length,  L,/L,
Fig. 4 Effect of nondimensional spatial observation range on

estimated errors in seepage position in Group A for two seepage

points.
700
*Sc =
600 4 —8—Re*Sc =377.2
-4--Re*Sc = 848.7
500 -

Sum of Error in 2 leakage pos. [m]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Dist. bet. 2 leakage pos. / Adv. length,  di/L,
Fig. 5 Distance between two seepage positions and estimation

error in them in Group B for two seepage points.
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Fig. 6 Sensor spacing and estimation error in two seepage

positions in Group C for two seepage points.

In Group B, ds was made shorter than Cases Al and A4
respectively. Figure 5 shows the relationship between ds/ La
and the error in the estimated position when Offset = 0 m. It can
be seen that the conditions shown in Group A hold when ds/ L4
is 0.15 or more. In Group C, the sensor interval was shortened
from Cases B2 and B4 where ds/ L4 was less than 0.1. Figure 6

- Earth Simulator Proposed Research Project -

shows the relationship between ALy / ds and the error in the
estimated position when Offset =0 m. When ds/ L4 is 0.15 or
less, "ALwm / dsis about 1 or less" is effective.

4. Estimation of two-point seepage in a 3D test area
simulating Kagoshima Bay

Shitashima [3] was confirmed two COz seepage points near
the top of the eastern slope of a seamount called Haorimushi
site in the Kagoshima Bay. In this study, we tried to estimate
these two seepage positions. The time-backward calculation
was conducted for 10 days at a time step of 0.3 s. The seepage
positions were set at A(12, 12) and B(14, 14), the seepage start
time was Tseqp = 691200 s, and the flux was 1x1077 kg/m’/s.
Figure 7 shows the horizontal grid setting of the computational
domain, the water depth (contour lines at 10 m intervals), the
seepage positions A and B, and the observation position in (a),
and the seepage positions and seeping CO: distribution in the
vertical section in (b). Since ALy is equal to ds, it is considered
possible to estimate the two seepage points from the knowledge
obtained from Group C shown in Fig. 6.
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Fig. 7 (a) Two seepage positions and sensors and (b) COz
distribution on x =y in 3D domain.

When the sensors were installed both at a depth of 77.5 m and
the seabed, we set Case (a) as the case using all the installed
sensors, and Case (b) as that excluding observation data with
large residuals when m = 0.5. Figure 8(a) shows the time change
of the spatial minimum of SDN2 and the estimation errors in the
seepage positions and fluxes. In Case (a), the estimated position
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B deviated from the true position by 1 cell (100 m) in the x and y
directions. Figure 8(b) shows the linear regression between
measured and estimated CO> concentrations at the estimated
positions and at the temporal minimum of the spatial minimum
of SDN2. In Case (a), the regression did not lie on a straight line,
but in Case (b), it did. Therefore, it is recognized that excluding

observation data with large residuals is effective when m = 0.5.
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Fig. 8 (a) Time change of spatially minimum SDN2 and (b)
Linear regression between measured and estimated CO2

concentrations.

5. Conclusion

In this study, we newly developed a method for estimating
multipoint CO2 seepage that is assumed in sub-seabed CCS.
Through 2D test calculations, quantitatively application limits
quantitatively using dimensionless parameters. In addition, we
performed 3D calculations and suggested the effectiveness of
excluding the observation data with large deviations.
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