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Abstract

issue of underwater gas leakage has garnered increasing

In both natural and industrial settings, the

attention. This encompasses leaks resulting from human

engineering endeavors as well as those that occur
naturally. Such leaks have emerged as a major challenge
for the protection of marine environments. To accurately
forecast these emergencies and implement prompt
responses, experts across various disciplines have been
suggesting and investigating novel, dependable methods for
detecting underwater gas leaks over the last few decades.
Building upon thorough and detailed research of existing
technologies, this article examines carrier detection and
marine environmental detection, systematically evaluates
the current leading technologies for detecting underwater
gas leaks. Furthermore, the article offers a detailed
analysis of the various challenges currently faced by
underwater gas leak detection and anticipates future
development trends, with the aim of providing reference
and insights for research and practice in related areas.
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Fig.1 Schematic diagram of the main scenarios

of a submarine gas leak
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HEAT AL B, R 5% 45 18R] 0 BT 1 75 BOE B die (Su et
al., 2019) . @ i X X 26 5 4fs FEAT TR A 0 A, vl LAY
RCH e I A5 T I O, O RS 8 b g 7 i T R
(Miller et al., 1999) (& 5).

P EAT U Y G 0 B 3 15 S — T LA UH 28
N R BN G RPN Sl T SR ) 52 IO 26 A
SEH WG B T B N O3 B A 2 i DB D
TR AE T e 7S T, I 455 /D P o i
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Fig.4 Negative pressure wave method pipeline

inspection method illustration

HEKESHA
B R AT IR

S 7 I ik A T A 00 0 A

Fig.5 Acoustic emission gas leakage detection process

5B, LLSE B U A5 5 (985 5 7€ £i2 (Pan et al.,
2011 ; Xiang et al., 2011).

L T8 i T R R B R A SR R LR BF O
Liang 45 (2013 ) K 45 gl A 4 A g T — 4>
Yy AEE R IR A R, 025 1581 X B0 i O
ARG I 2R ABCRE . A AR, 7 R SR I B R B BF 5 A
B TAMES ML A E a5 N T RE 4L
ARAREE AT GUIF & T 5y i RORORS i 1 3R
B Lang 55 (2018) B&F /NP0l 7 i, $2 1 7 R
A s & OFH
Regression, ICR) [ IR & & {5 ™ %% ( Deep Belief
Network , DBN) , S B 145 18 it I 42 300 3 501t itk P
fLR/I. Cui 45 (2024) 85 & 1 ek 19 1 36 17 e 75 58
SEL RIS 7 % (Improved Complete Ensemble
Empirical Mode Decomposition with Adaptive Noise,
ICEEMDAN) 5 #f 3 fit & W 2% ( Probability Neural
Network, PNN) , 7542 % 1 470 1 P8 1 RE A D008 2
DI LT R T

R A B AR A A D i AT T ) e Y A T
5 T EL A R O B X L T AT R B i
AR R R A A I T BE, O 8 5 B X i

( Independent Component

(a)

¥ HUZ(EVAM )

"~ ERPVCITAL
S

(b)

.;.(;;-‘_A,-.-,'m.-:n::.i“?

16 LEOS it Ui K5 2 45 v B il FH A i 4
( Bryce et al., 2002)
(a) R ERE; (b) SLYE.
Fig.6  Semi-permeable tubes used in LEOS leak
detection systems( Bryce et al., 2002)

(a) Structural schematics; (b) Physical drawings.

T VR RS B 2 (190 2, 2007 ) . SR T, 73 R S R
F4 % BB 32 B o3 A A R WL 2 00 A TR] B 4 R
I, AG I 285 B 2 R L AR DR 8, A 552 B B2 3
UL AR AT SRy, T AR — E R L 4R TR Y
HERA P
2.5 HHELE

R IR B HIE — BER G I A Bl I8 Y B i 1 VIR A
T A1 S B 5 e A o Y oA LT i T[] AL 32 5 3
A A T ) B A W O T RO A A G
PEASTSLA IR N, M 2= SO IR B0 o BUR7E
BN BT S AL P 201 BE O i IS AR R B i Ay
Kl (Sperl, 1991). & 6 J& 75 T LEOS i i £ i) %
G b T 00 02 A 3 0 R i AT T
i i 1) i IR 18], 28 Gt mT LUK o6 At o T ORG #) AF AE K
7 (Bryce et al., 2002). QI oy T 4l B T
BB AR R B X R 5 AR TROK R BT R Y B 52 2
TR

I3 — 77 T, OB L W B R (Sandberg et
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al., 1989 ) F| F & 5 Mtk s ¥ 5t & A B 0y 1 4502 A
B PR 2 4, 3 A ) 2 4 1 L BHL | A SRR M R A
0t Y . 3 2 T R AR S R R R B B, R X i
U AR B A e PR BN, BE 6 38 2o 1 €8, 72 A B Ak 2
S5 T S 7 b e 19 0, R B A R A R U (B
A, TR R ek A B R 2R A BRI X ey
20 3 A R, I ELE DL S A B 4 1 1 ot
Sb, 73 BUEE £ (Lowes, 1990) Rl X XUZ & 38 Y H
23 319 (Langner and Bass, 2001 ) 284 AR, t[H &
KT LMK BB 2172 /Y L -

2.6 T HE X

AR B M R T2 B E TR A I X 2R
Jih . SR, X T U IV T A I O R 10, E AT, T M
7= #)1 ( Vertical Seismic Profile, VSP) f#= H[a] b
i I A2 b 52 2 DL A b B I O s, E AR R R E
A~ CCUS i H w43 5 1 )7 iz I ], 0 Sleipner,
Weyburn ,Frio , Otway %5 [# #p 35 H M 1 4¢ CCS . 35 #k
T EH R i Sy (R 4 ,2025) .

TS A R M, T IR Hb 52 X ( Ocean
Bottom Seismometer, OBS) [ £ I 43 10 Hb 2% 8 1) 4%
ARAGEN 7T Z W 38 2 ik TR ST N B RE %
F 58 IS 78 A 1) it J2 285 0 I ROIR 2. %8 T i Ak
HEBEEZEREZRE LR ES, RHZ W Z 0
e VR U M AR 7 1% BB A 0T b 2 PN AT ORG B AR (4R
AEFMAETS, 2008). HHT42ERC A 258 F
OBS X ¥ Ji% it A4 2 A7 2RI A9 52 48], 11 7 s (8
FE4, 2023).

OBS Z 7 B AR M £ AR A 2 % L%, &
8702 169 W 09 B TR A AR TR e 1 TR
DA B 5 R 1) Al 7 BEL 45 3 26 40 4 {453 1% B R RE %
AT IRV Bl A T VAR s W 0, O i i & A
e E A X IE AR, FEATTRE 48 X B 4 AT 4R
SRR R, TR S BT A P ) it T 5 A R
RS 252 Ak, 5T PP AL B A7 R A I O XU, 5 S g
RS (BAESE, 2023).

3k FEABERLN

JK T BRI I 3 T X K A AR B B R P AR AU
kP 7 A 9 T (A0 <) BEAT AR N e ) 4 T
BN M JE 7 3 U . 32 I O ik R R T A e A
PR (GG E 7 2 ik Fgsh 7 27 35 ) K il RE g
ARUL B A2 AR IR AR (151 8).
3.1 FEHEN

TEWE A I i 5 F , KRR U e

S B 2R 0T DTS V8 IR 1 R TR DA K R R K 1
il 445 T BOR B e S BT % T H B AE K R
PR V5 A TR X AT 3k S A A A 1 2 T I i K
S (BRICAR S, 2017 ;5 5K A NS5, 20205 P &5,
2022) . 7 BN K A BT 00 0 4 JE 1 H R U AE K
(4% 1 25 18 32 b 35 00 S 08, T P i DU B E /K T S5 B
BORR B GRS B T ARG E S 2L
YEVEH  NEOR 21 80A oK), IF H RS 5 /K L Y
FEAFREMEARSS G RGBT TR T A AR i
I A0 E TR (B sh 45, 2020 LR RSE, 2020).
R4l 75 2 A% A 1Y 25 55, 7 S A AT DAk — 25 R 43
Shy Bl 7R A R Bl R Ak

3.1.1 E#HEFE

F Bl 2R A O B Bl & G R I E K
T H bR, I8 0 4 S 1Rk B R AR S ok SR H
PaAs B A6 AR T 1 A I K, 2% 5 vk AR O 4
3 [ IR 2P A R SR R U, I R KRR 2 (]
0P BT 25 S 7 AR B R 2 I R DA A T 1Y)
FERE ;W 9 o, Li 45 (2020a) 78 b ¥ X K ML H
BB I HEAT T 3 Bl A A AR 3 T R T 4 T Y
PR EE W R AR A 2R
FEI PR R I AR S AL AR A A DL R IS
BT S 2 M A (AR MRS, 2023D).

F 21 28977, 3 3 7 2 H R 78 1 % AR i T A
D453 AF ) T )32 9 8 AL Greinert 5 (2006) iz A
Gy SR RGN BB I KR SOK G IREAT T4
D, I 180 2 b A P 2 AR b B TR KO R A )
Jit- Naudts 25 (2008 ) 1] F B35 5P il Xof B V6 114 91 <
W R BLR AT T RIS BB ST, 75 I ERE W b R
IR R ) b A KO AR T A L R R
(2010 ) 755 2= J% v 1 3 2ok O] 45 75wy A TR ) S v
JIERAR ARG WP, X 28 SO R AE R B2
U B 10 5 BEARALE 5 6] 4F , Sahling 4% (2010 ) {8 H]
5 A3 [ P I ) 1E 0 K A% (ROV) X SR 1) — 4>
RIRSAKE DT K47 T L, Il & T KT
AR A RS ST U AR S

Wil F AR I R 2k R R, 32 30 75 2E R 1 g A E
il 22 AN W79 K, He A R Rl A 52 0 A 32 ¥ 4 1) o
KB I E 5 I . Leblond 45 (2014 ) F] H A2 Jig A
T o A W 7 N e o111 9 IO+ 4 o 1
Blomberg 5 (2017 ) 4 & WAL &2 A W H AR 5 (5 5 &b
B O A A A B s L RR PR AR S G, AL
ST R SR 1 B B KL Young A (2018) R
FH 5 B 5 B AR 85 AL AR D5 12, K ) o
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' ) [ —— O OBS

P 7 A BRI EE R OBS J R B i i Ui AR 0 981 5 A 18T (B 2 55, 2023)
(a) 7 BU /R B AR5 T0E 15 75 30 il % PR 370 4 2 H A OBSS 1K 5 45 I ( Goswami et al., 2015) 5 (b) 4F @ Nyegga WL & OBS 451 ( Plaza-Faverola et
al., 2010) ; (¢) STEMM-CCS 7131, 74U #E 207 T — AN PR G0H 3 v 2 R 9 352 200 0 52 4% 1) 1 ( Bayraked et al., 2021) 5(d) J& H R =K
SRAUKE WO R AR (Sultan et al., 2011) 5 (e) 37 BUAR ELFERE 5 76 8 Rl 2% K AR SK G €I ( Chabert et al., 2011) 5 (£) 2009 4F ] ¥ 7 1
5V A5 R R AL TR R R AR UK B s R R A (W B SR, 2014) .
Fig.7 A global distribution of seabed fluid exploration surveys using OBS
(a) Electromagnetic and OBS joint exploration of pockmark structure on the western margin of Svalbard Islands ( Goswami et al., 2015); (b) OBS
exploration of Nyegga pockmark structure in Norway ( Plaza-Faverola et al., 2010); (c¢) STEMM-CCS project, analyzing the unique active source
seismic anisotropy in a pockmark structure in the North Sea ( Bayrakci et al., 2021) ; (d) Microseismic exploration of natural gas hydrate in Niger Delta
(Sultan et al., 2011) ; (e) Natural gas hydrate exploration on the western margin of Svalbard Islands ( Chabert et al., 2011) ; (f) Seismic survey of

natural gas hydrate on the northern slope of the South China Sea by Guangzhou Marine Geological Survey Bureau in 2009 ( Sha et al., 2014 ).

e T A AR 3. [F] 4F, Blomberg 4% (2018) F K LA, T B A BRI RCR 5 8 T o —
A 23 2P A B DX R =S TR AH 1k, S BE T Xfk APRYIESE. 7E 2019 2 2020 4[], Uchimoto % (2019,
AR B S 2020) j@ it — F B AL S B, JE R T A A 0 A R
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Fig. 8 Schematic diagram of underwater environmental

monitoring of seabed gas leakage
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BRZH 1 em Fl 1 ~2 mm. 5 [FEEF, Li 28 (2020a)
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Al B IS SIS T %) 38 . AE b R AR e 18 e
W i 5o, 2z 07 R T 83 AL Nadimi 5§
(2021) 3 3o 1) FH 036 F0 48 T8 U 9 78 & LR A
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HITC HIHD
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[F) #1192 A 0 A7 ik s S 00 355 BT L DX 43 AN [
T A SR 5. Guo 55 (2022) A 41 T — Tl il 4%
BTN RGE 1% R G0 T A0 Y L R R R I
K S [RD R B2 1 1505 ek B 3 3 %o g 9 12 9B K1 I
AR & TR TR B R R G A R R R B
J5 A R g

F Rk Al LB KR B bR I AR W, G
5 H AR B AR, R ORAE 185w i g AR R R
BN, X TR R REEOE T T HR AR S
REAE I 2= M I A5 44 B, LA B T 1 B 858 R 28 (49 n K
TRUFIZK BT ) I JEG b TR X 75 5 A% 6 3 A 22 Dl R 2K
FLEZ .
3.1.2 W FFE

Bl 20 75 2 R A O A T B R K R S5
SR AEAE I 75 s el H AR i R i 7 U T AR
F2 80 K R . B R G K T A R E AR R B
RIMEEES R E ARG R, BA BN 6E
T A TE WV R EE BT R AT M DA 55 A
AV e U S T U T, B 2l 7 2 B R S e A R
YT B b FORE TR 20 JUr 77 A= 18 P 2 R P ok 52 B U
ARSI . 33K S 7 2 A B S AT DA B AR 1 AT R
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.
| ——
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Fig. 9 Multibeam echosounder (70 ~ 100 kHz) imaging of a cavern methane plume

on four multibeam profiles( Li et al., 2020a)
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0 K e A O R A it D S dl . il an L i 2 (2021)
BT YA BOR 2 A B K W i B 51 7 L v 20
117 %45 CO, Mt i+ LA LA (1 10).

10 (a) ZEW IS AN AT KUT 28 B4 51 5 (b) K T &5 B 51 A
B 1 TR 8 A 0 1 AR RR A (Li et al., 2021)
Fig. 10

(a) Hydrophone array deployed on the seafloor;
(b) Leaking carbon dioxide bubbles captured by a camera
on the frame of the hydrophone array(Li et al., 2021)

UEAR R, B BN 75 2 SR A TS A T Oy
A T a3k &, il un, Nikolovska #1 Waldmann
(2006) B 11 B9 B 3l 75 27 D RE W6 R o I
7.2 ~16.8 mL/min [ (A3 e 0 5, 1R 25 8 ) AE
3% AN . Leighton #1 White (2012) 2 Hf 7 — Fp &b 3
DR RS T Y 96 R A 15 O B TN kD7 ik o B
SR AE S RO B AR KA T U R B e TR S
{59 2 348 K3 M ROF Jr 2 m al A7 . Li 4%
(2020 ) 7E 7Y P4 B 15 B3 A9 R AR — S0 A Bk M 1T 7K
XAEAT T eyl it S 3, BH X 1.3 ~ 2.2 L/min f)
TR TR 25 B AE 40% DAY, FE R E A1 T IR 2
AN E 10% LN HE T, Li 58 (2021) $2 1 1 —
il B SE NP O 5, % 0T 125 RE A TR W 2% B A v
P A B8 A RS 40 A I Al S AU G o
[7) i 3 5 A ¥ B 2 37 CO, Whiw SE e 3 ik 1% 07 ik
AT 47 4. Zhang 55 (2023 ) 58 i B 4h 4R B 28 4 A 2
4y f# ( Complementary Ensemble
Decomposition, CEEMD) J5 & S2 3 T A i 1R LR
RS RL R, S B T AR AR vk )

BB A vk AR B TE T I 3 3 KA S R
5, T EE B 1 XK AR IR A T 1 TR
SR, IR A 26 37 5 T R A B g 1 R M N R
PRAE . SR, 3 T A [] 496 T Il 06 O, 4 ¥ 4 PR 058
W P8 T 58 1 5 A g ME AL, DA KA S A AR v
A2 2 38 A A AN TRV 1R 2R 358 R 1Y [ 38 fE
A5 1] 2.

3.2 JKMEIER
JKTH] T2 JAG W) 2 T T M A R ARUK T R 4R

Empirical Mode

T DX 4528 H bR IR HARAE B %S 5 TR Aok
B /K AR KA, I 1 3 — &R 90 B b B 53 B
(2 LR BRI NG W T B N E R R S R T )
IR S R U % 9 % (Ellis and Scott, 2004
Manfreda et al., 2018). i i X E5F &, I AT HE 5 4k
YA 45 7T UL VL0 A0 TR Tk A 2 D IR B o HE R
AR B S, 285 LT A IE ORAUREIE A8 S IE
S5 AL AL TR, SE AR RO T I RE FIORS 8 R4S DL T K
T T2 R A BE % T 3 Ml R A7 RV R Al 1 TR
O REJEE F18 T T G 0, 1) ot s T S A R DX B
Hb B LU A TC ALV & BE T e R AR, R
HE A 1 1 R T A

7K THT 22 JE% A I AR LA HE Tz i A A O L
B HOULIN R 4 DL R JC T R ik H AR X B 3
DEHA, SRk T S He A 30 DB 4 ARk 4 T D S I Y
W RE 1. AN, ZHORBE S B S B R G
( Geographical Information System, GIS) % 4¢ gk Bl 4%
AR B, DT 552 B M 0 250 4f: 1) 22 () 2 A A0 ED WL 8 mT
WAL JE R .

LT, 7K T 2 SR AR Bl )3z T T i
WM. Fingas F1 Brown (2017 ) HE A& 7 HI T 46 I Jirt iy
T A T I i 1 22 B R R A Tk, K T 3 R
PR FEEOETE T WM K T LA B A X G, HAR I IR
5 3 K 1A 375 B B AL R R S R A IR, 7E S
GOK X BEOK T H AR J7 1, HGE A0 XA R o,
TE P IS AT 3R 55 H AR I, 2K T8 R R 2R 5
SRR RS OIS R BT AR R B TR, X AT
RE 52 el P31 1) TR 1 R ) o A AR 2R T DL BOG R AR
PEAREERITE DL T L 528 80 1 J5T 5 143 B 238 0T RE 2
BN, Bk — 2L AR H AR U5 BORS B[R, X5 4
AL TREFE RE A M T K b A, K T B R R T
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VT K AU, 7K THT 3 SR TN BE A 200 A ) O 52
I A5 00 A T 0 1 i s 155 5 -

3.3 EFEMERR
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ESHABE T, BE 8 AN 1] W7 1 s 45 76 /K v i) OC B 1k
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AR AR W IR L S E Y B K . X el 2
B S Sh A AL T A U v PR T RE A AR Y SR
00, B AN K BT 75 G B A 2 R G 21k

o A I LA G ) A B 1 R R BEE
DL AR 5 38 5 T B35 A DR ARG I . 6 M 00 96 i
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18 B — 7 B I . TR UK AP AR o R B R R R
IR A ANE G b I 2 20 25 2 4 AT ) T 3 B 5T K
Y, IR I o 5 Al o o A A TR SRS A A E AL
Yy T A e 2 R B2 . T 96 IS AR 8 AL~ A SR I 3 2
Ao A A e A R E O 2 D A A TR R AT
AR . A 5X — R, 202 18 W A W T B
AR B N = NN R A 7 o e R LS I AR R /e
TR A5 0 20 . 58 R A 0 45 3l R AR W M T RE
DADRIE HL A A2 2% T 7 B B8 v 1) A R P A ] gk (2
LNELE, 2023D).

4 MR T S 152 A 1y i P 15 i 11 1)
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Wt 5 % T R T i 1 Bl 1 S BT TR RS G e A
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— AR TARRCR AN A] S R G R G 5 2k
i BT 5 Bk
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Fig. 11 General flow chart for a subsea gas leakage monitoring program
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