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海洋で異常に高い濃度の汚染物質が観察された場合、汚染物質の漏れ位置とフラックスを検索する必要がある。

この研究では、このような検出作業の時間と費用を削減するために、観測された限られた数の濃度データを使用

して、複数の漏れ位置とフラックスを推定する数値手法を提案する。この方法は adjoint marginal sensitivity method

と呼ばれ、漏れの位置とフラックスを推定するための逆方向時間の確率的方法です。提案手法の新規性として、複

数の漏洩点に対応できることがあげられる。本研究では、新しく開発された手法を検証し、流れの速度、2 点の漏

出位置間の距離、および空間観測範囲につき、一連の二次元のケーススタディのシミュレーションを実施し、それ

らの推定精度に対する影響を調べた。 

キーワード：アジョイント法; 海洋流体力学; 限界感度法; 海洋汚染物質; 複数漏出位置の推定

1. 序論

地球温暖化の抑制のため，大気への CO2排出量削減が

必要とされる中，CO2を発電所や工場などの排出源で分

離・回収し海底下の貯留層に圧入・貯蔵する海底下 CCS 

(CO2 Capture and Storage) が注目されている．海中への

CO2漏出の可能性を考慮し，海洋汚染防止法により，海

底下 CCS 事業者は海中 CO2濃度の監視が義務付けられ

ている．その際に高濃度が検出された場合に再調査を行

なう必要があるが，それは多額の費用と長い時間を要す

る．そこで，観測濃度データを用いつつ漏出位置を数値

的に推定することで，再調査の範囲を絞り，その費用と

所要時間を削減することが求められる． 

海底下 CCS で想定される，非定常な流れの下での漏出

位置・時刻・量の全ての推定に関する先行研究としては，

Adjoint Marginal Sensitivity Method を適用した森ら[1]や

Sakaizawa et al. [2]があるが，1 点からの漏出しか考慮され

ていない．実際は 1 点漏出とは限らないため，本研究で

は，複数点からの漏出を推定できる手法の開発，および本

手法の使用に際しての知見と適用限界を示すことを目的

とする． 

2. 手法

2.1 順時間方向計算 

流速データを得るために，ここでは静水圧近似の下での

Navier-Stokes 方程式(1)～(3)と連続の式(4)を解く．ただし

t は時刻，u, v, w は x, y, z 方向の流速，p は圧力，ρ, ρ0は

密度および基準密度，AM, KMは水平・鉛直方向の渦粘性

係数，g は重力加速度，fCorはコリオリパラメタである． 
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本研究では，本手法の有効性および使用法を調べるた

め，計算上で CO2を漏出・移流拡散させ，それを推定す

る．式(5)の C はCO2濃度，SCは漏出項，AC, KCは水平・

鉛直方向の渦拡散係数である． 
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2.2 逆時間方向計算 

本研究で適用する Adjoint Marginal Sensitivity Method で

は，保存した流速データを用いつつ，逆時間方向に

adjoint probability ψn (n = 1, ..., N) を移流拡散させる．こ

こでN は観測データの個数である． 
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ここで τ は逆時刻，xobs, n, τobs, n は各観測の位置と逆時刻

で，Π(x)は x = 0 のとき 1 を，x ≠ 0 のとき 0 をとる矩形

関数である．なお adjoint probability は時間の次元をも

つ．1 点漏出の CO2体積フラックス fは 
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と推定される．ただし f は一定値であり，Cnは各観測濃

度，Δt は計算時間増分，xseepは漏出位置で，τseep, Δτseep

は漏出開始逆時刻，漏出継続時間である．連続CO2漏出

の場合は τseep − Δτseep = 0 とする． 

複数点漏出の場合は，CO2濃度に関する重ね合わせの

原理より，観測濃度 Cnを漏出点 A, B 由来の到達濃度

CAn, CBnに分解し，各漏出フラックス fA, fBを同様に推定

する．到達濃度は未知なので消去して， 

𝛹ே𝑓 + 𝛹ே𝑓 = 𝐺ே (10) 

を導出する．ここで ΨnA, ΨnBは漏出点 A, B で ψnを時間

積分した値である．この連立方程式の最小 2 乗解である

推定漏出フラックスは式(11), (12)で表され，推定漏出位

置・時刻は式(13)の指標 SDN2 を最小化する位置・時刻

である．ただし，問題の単純化のため，CO2が複数点か

ら同時に漏出するものとした． 
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3. 二次元テスト海域での 2 点漏出の推定結果

Fig. 1 Relationship among the cases for the two leakage point 

cases in Groups A, B, and C. 

本研究では二次元テスト海域において，一様非定常流

れの下で CO2を順時刻 tseep = 51840 sec（逆時刻 τseep = 

120960 sec）から連続的に漏出させた．センサ個数を

16，渦拡散係数をDC = 0.46 m2/s で固定し，センサ設置範

囲の広さ LM（センサ間隔 ΔLM），移流長さ LA = U0 Tp / 

π，2 漏出点間距離 dS，漏出フラックス比 r，漏出位置と

センサ配置の Offset を変更しつつ推定した．Fig. 1 に各

ケース間の関係を示す．Groups A～C では r = 1 である． 

一例として，Case A1 (U0 = 0.2 m/s) での漏出位置，

CO2分布 (t = 120960 sec)，センサ配置を Fig. 2 に，Offset 

= 0 m のときの spatially min. SDN2 の時間変化を Fig. 3 に

示す．真の漏出開始逆時刻付近で SDN2 が最小となっ

た．以下 Re Sc = LA
2 / (DC Tp) を 102のオーダーの値とし

た場合の考察を記す．Group Aで Offset = 0 m のときの

LM / LAと推定位置の誤差の関係を Fig. 4 に示す．Group A

より，2 漏出位置の正確な推定には「LM / LAが約 1.7 以

上」が必要であることが分かる． 

Fig. 2 Pollutant distribution at t = 129600 s and the observation 

positions in Case A1 for two leakage points. 

Fig. 3 Temporal change of the spatial minimum of SDN(2) in 

Group A for two leakage points. 

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. 5 Distance between two leakage positions and estimation 

error in them in Group B for two leakage points. 

Fig. 6 Sensor spacing and estimation error in two leakage 

positions in Group C for two leakage points. 

また Group B ではCases A1, A4 それぞれより dSを短く

した．Offset = 0 m のときの dS / LAと推定位置の誤差の関

係を Fig. 5 に示す．Group A で示された条件は dS / LAが

0.15 以上で成り立つことが分かる．Group C では，dS / LA

が 0.1 未満である Cases B2, B4 それぞれからセンサ間隔

を短くした．Offset = 0 m のときの ΔLM / dSと推定位置の

誤差の関係を Fig. 6 に示す．dS / LA が 0.15 以下の場合は

「ΔLM / dSが 1 程度以下」が有効だと分かる． 

4. 鹿児島湾を模擬した三次元テスト海域での連続

2 点漏出の推定 
下島 [3] は鹿児島湾ハオリムシサイト東側斜面の頂上

付近と麓の 2 箇所で低 pH を確認した．本研究ではこれ

を模擬した計算上の CO2漏出を推定した．逆時間方向計

算は 0.3 s/step で 10 日分とした．漏出位置はセル番号で

A(12, 12), B(14, 14)，開始時刻は τseep = 691200 sec，フラッ

クスはともに 1×10−7 kg/m3/s とした．計算領域の格子設

定と水深（10 m 間隔の等高線），漏出位置 A, B と水平方

向の観測位置と漏出点を含む鉛直断面でのCO2分布を

Fig. 7 に示す．x, y 方向に着目すると ΔLMが dSに等しい

ため，Fig. 6 に示した Group C から得られた知見より 2

漏出点の推定は可能だと考えられる． 

(a)

(b)

Fig. 7 (a) Two seepage positions and sensors and (b) CO2 

distribution on x = y in 3D domain. 

(a)

(b)

Fig. 8 (a) Time change of spatially minimum SDN2 and (b) 

Linear regression between measured and estimated CO2 

concentrations. 
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センサを深度 77.5 m と海底の両方に設置したとき，設置

したセンサ全てを使用した場合を Case (a)，m = 0.5 として

残差の大きな観測データを除外した場合をCase (b)とした． 

SDN2 の空間最小値の時間変化と推定位置と推定フラッ

クスの誤差を Fig. 8(a) に，SDN2 の空間最小値の時間最小

値を与える時間における推定位置における，各センサの

観測濃度と推定濃度の線形回帰グラフを Fig. 8(b)に示す．

Case (a)では推定位置 B が真の位置から x, y 方向に 1 セル

ずつずれ，観測データ点が一直線上に乗らなかったが，

Case (b)では一致した．したがって m = 0.5 として残差の大

きな観測データを除外することの有効性が示唆された． 

5. 結論

本研究では海底下CCS で想定される複数点CO2漏出

の推定手法を新たに開発し，本手法の使用に際しての知

見と適用限界を，二次元テスト計算を通して無次元パラ

メタで定量的に表した．また，それを基に三次元計算を

実施し，推定誤差の要因となる観測データの除外方法の

有効性を示唆した． 
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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
In order to mitigate global warming, it is necessary to reduce

CO2 emissions into the atmosphere. Sub-seabed CO2 Capture 

and Storage (CCS), by which CO2 is separated and collected at 

emission sources such as power plants, and then injected and 

stored in reservoirs below the seabed, is attracting attention. 

Considering the possibility of CO2 seepage into seawater, the 

sub-seabed CCS operators are obliged to monitor the CO2 

concentration in the sea under the Marine Pollution Control Act. 

If a high concentration is detected, it is necessary to conduct a re-

investigation, which requires a large amount of cost and a long 

time. Therefore, it is very effective to numerically estimate the 

seep location while using the observed concentration data to 

narrow the re-investigation area and reduce the cost and required 

time. Mori et al. [1] and Sakaizawa et al. [2], who applied the 

Adjoint Marginal Sensitivity Method, as prior studies on 

estimations of seepage position, time, and volume under 

unsteady flow successfully. However, multiple seepage points 

were not taken into consideration. In reality, because seepage 

does not necessarily from a single position, this study aims to 

develop a method that can estimate seeps from multiple positions, 

and to show its application limits. 

2. Method
2.1 Time-forward calculation 

In order to obtain velocity data, we solve the Navier-Stokes 

equations (1)-(3) and continuity equation (4) under hydrostatic 

approximation. Where t is time, u, v and w are the flow 

velocities in the x, y and z directions, p is the pressure, ρ and ρ0 

are the density and the reference density, AM and KM are the 

horizontal and vertical eddy viscosity coefficients, and g is the 

gravitational acceleration, and fCor are the Coriolis parameter. 

డ௨

డ௧
+ 𝑢

డ௨

డ௫
+ 𝑣

డ௨

డ௬
+ 𝑤

డ௨

డ௭
− 𝑓𝑣 

= −
ଵ

ఘబ

డ

డ௫
+ 𝐴 ቀ

డమ௨

డ௫మ
+

డమ௨

డ௬మ
ቁ +

డ

డ௭
ቀ𝐾

డ௨

డ௭
ቁ (1) 

డ௩

డ௧
+ 𝑢

డ௩

డ௫
+ 𝑣

డ௩

డ௬
+ 𝑤

డ௩

డ௭
+ 𝑓𝑢

= −
ଵ

ఘబ

డ

డ௬
+ 𝐴 ቀ

డమ௩

డ௫మ
+

డమ௩

డ௬మ
ቁ +

డ

డ௭
ቀ𝐾

డ௩

డ௭
ቁ (2) 

0 = −
ଵ

ఘబ

డ

డ௭
−

ఘ

ఘబ
𝑔 (3) 

డ௨

డ௫
+

డ௩

డ௬
+

డ௪

డ௭
= 0 (4) 

In this study, in order to investigate the effectiveness and 

usage of this method, CO2 is advected and diffused by a time-

forward numerical simulation. In Equation (5), C is the CO2 

concentration, SC is the seepage term, and AC and KC are the 

horizontal and vertical eddy diffusion coefficients. 
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2.2 Time-backward calculation 

In the Adjoint Marginal Sensitivity Method applied in this 

study, adjoint probability ψn (n = 1, ..., N) is advected and diffused 

in the time-backward direction using the stored flow velocity data. 

Here N is the number of observation points. 
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where τ is the reverse time, xobs, n, τobs, n are the position and 

backward time of each observation, and Π(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 CO2 f is estimated as 
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where f is a constant value, Cn is each observed concentration, 

Δt is the calculation time increment, xseep is the seepage position, 

and τseep and Δτseep are the seepage start reverse time and 

seepage duration. In case of continuous CO2 seepage, τseep − 

Δτseep = 0. 

In the case of multiple point seepage, the observed 

concentration Cn is decomposed into the reaching 

concentrations CAn and CBn derived from the seepage points A 

and B, and the respective seepage fluxes fA and fB are similarly 

estimated, based on the principle of superposition regarding the 

CO2 concentration. Since the reached concentration is 

unknown, erasing it leads to 

𝛹𝑓 + 𝛹𝑓 = 𝐺   (10) 

where ΨnA and ΨnB are the time-integrated values of Ψn at the 

seep points A and B. The estimated seepage flux, which is the 

least-squares solution of this simultaneous equation, is 

expressed by Eqs. (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, 

CO2 seeps from multiple points at the same time. 

𝑓̅ =
(∑ ீఅఽ)൫∑ అా

మ൯ି(∑ ீఅా)(∑ అఽఅా)

൫∑ అఽ
మ൯൫∑ అా

మ൯ି(∑ అఽఅా)మ
(11) 

𝑓̅ =
(∑ ீఅా)൫∑ అఽ

మ൯ି(∑ ீఅఽ)(∑ అఽఅా)

൫∑ అఽ
మ൯൫∑ అా

మ൯ି(∑ అఽఅా)మ
(12) 

SDN2 =
ට

భ

ಿ
∑ {ீି(అఽఽ̅ାఅా̅ా )}మಿ

సభ

భ

ಿ
∑ ீ

ಿ
సభ

=
ටே ∑ {ீି(అఽఽ̅ାఅా̅ా )}మಿ

సభ

∑ ீ
ಿ
సభ

(13) 

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

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 tseep = 51840 s (reverse time τseep = 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 m2/s. Then, the location and flux of the seepage were 

estimated by changing the width of the sensor installation range 

LM (sensor interval ΔLM), advection length LA = U0 Tp / π, 

distance between two seep points dS,, the flux ratio r, and the 

offset of the sensor arrangement from the seepage positions. 

Figure 1 shows the relationship between each case. In Groups A 

to C, r = 1. 

As an example, the seepage position at Case A1 (U0 = 0.2 

m/s), CO2 distribution (t = 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 = LA
2 / (DCTp) is a value on the order of 102. Figure 

4 shows the relationship between LM / LA and the estimated

position error when Offset = 0 m in Group A. From Group A, it

can be seen that “LM / LA is about 1.7 or more” is required for

accurate estimation of the two seepage positions. 

Fig. 2 Pollutant distribution at t = 129600 s and the observation 

positions in Case A1 for two seepage points. 
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Fig. 3 Temporal change of the spatial minimum of SDN(2) in 

Group A for two seepage points. 

Fig. 4 Effect of nondimensional spatial observation range on 

estimated errors in seepage position in Group A for two seepage 

points. 

Fig. 5 Distance between two seepage positions and estimation 

error in them in Group B for two seepage points. 

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 A1 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 / LA 

is 0.15 or more. In Group C, the sensor interval was shortened 

from Cases B2 and B4 where dS / LA was less than 0.1. Figure 6 

shows the relationship between ΔLM / dS and the error in the 

estimated position when Offset = 0 m. When dS / LA is 0.15 or 

less, "ΔLM / dS is 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 CO2 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 τseep = 691200 s, and the flux was 1×10−7 kg/m3/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 CO2 distribution in the 

vertical section in (b). Since ΔLM 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. 

(a)

(b)

Fig. 7 (a) Two seepage positions and sensors and (b) CO2 

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 CO2 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. 

(a)

(b)

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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