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Abstract

To address the limitations of conventional ground-based approaches for urban underground water sup-
ply pipeline leakage detection, particularly their low efficiency and insufficient regional coverage, this
study selected the urban area within Beijing’s fifth ring road as the study area and integrated Sentinel-
1 data with Sentinel-2 optical remote sensing data to investigate surface soil moisture inversion under
vegetation cover and leak detection in underground water pipelines. First, the AIEM model was em-
ployed to analyze the response relationships among bare-soil backscattering coefficients, soil moisture,
and radar incidence angle, thereby establishing a soil moisture inversion model for bare-soil conditions.
Then, a semi-empirical inversion model for surface soil moisture under vegetation cover was developed
by incorporating the water-cloud model and estimating vegetation water content using the normalized
difference water index (NDWI). On this basis, a combined PCA-SVM approach was applied to identify
and classify suspected leakage points. The results show that the model, developed using three Sentinel-
1 SAR scenes, three Sentinel-2 optical scenes, and 738 valid samples, can effectively characterize the
spatial variability of soil moisture in the study area, with VV polarization outperforming VH polariza-
tion in model construction. Internal validation yielded a correlation coefficient of 0.6398 and a root
mean square error of 0.0677. Among suspected point-of-interest (POI) locations, leakage was success-
fully detected in 64 POlIs, corresponding to a prediction accuracy of 74.4%. These findings demonstrate
that the synergistic use of SAR and optical remote sensing for soil moisture inversion provides effective
technical support for leakage identification in urban underground water supply pipeline networks and
shows certain engineering application value for large-scale and rapid screening of urban subsurface
pipeline systems.
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1. 5|8

52K BEURFEAL S A AN A 8% D IR ] 2, FRE NI /K B R A R AR A 1] K BEUR VR 9%
SRS, #2807 FRE K B B SR A B0IR o T /K 8 IR A R BOR K SRS K,
TR T SRR XA BE K S F3(2] [3]. S REFER, 3R E X K SR B R H 2, B e AR Y
FERBREANWTR T R BRKETE KRR, BEIRIBE, TR N, 3 S 20 i
BRI T UT A BT 9 F (4]0 PRI, Xf3b R BORKE SRS 1. Puid B ks i 5 E iz, T L
NELRYEAP SIEZIRBE AT FEMRAE, IR FRARZR G5 2K 1 [F) I 92> 22 4 MUK AR B XU

FIAT, i F ALK TE 2 R I U0 32 SRR TR0 B, BT 3ok Tl 7K 8 9 ) RV B o, 9% 2R
TIRAE R AR 2 1A HE AR 5], e e R N D PN BE e RN PR 72 N, SEE M. B .
TR 1) R P) R A AT AR AR RO HE BEE o T 1 SR R R Je, U & LA 75 1 (synthetic aperture radar,
SAR)E & B HRN R, i B i AR A 78 i HeR F-BL[6] [7]. SAR REIEFEAT KT H
ML RE S AR 5 P, PO e PR 3 5 /K R AR A AR R RS T X . 45 b T T TR RFAE
RS S, AT SAR Bda #EAT KR 385 /K 8 i, WA 20 SR Dh m B s Xk, SEaion sl i it
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K PR R BRI . RS R

RECHMFTEY SAR FBIRAE T35 57K B SO A N RN b BAG W77, (BEM T E 4308 T,
MM SR B I TR AN LA GRS s VR B R R AT AR, 2 7 YA A FEE R3EE i e 7 THD M A7 A B 2 1)
[7][8]o BRItL, ASHFFT & A & FH T30 117 DX I 38 5 /K B S s R, FE4 ML 88 2 ) 3 2K i L R
BEKE PR S HEATIRAI9] [10]. @I 2 Y5 BREE AL & 5 L0 R AL, AAT LS S TR X )
PUEGHRE, WA M4E SR AT B E AR S 2, T X 5 29 /K B VR AT p it /K 22 4 HAT BB 3
2. IRXS5#IE
2.1. SCHXiE

R T G AIE TR A 3 K i S AR AR A M A K X e AR s A, AR SR B B TR I
XAE AT X IR 1, DabpRasog). %X AARX P, BRI NARZE 116.20°~116.55°, b4

39.75°~40.02° . M AL TR AN AR e /KT IR AE 2 Al 2 M, A RO R K8 R Y
TR O™ B, ORISR SR (It 1 L S AR A .

Figure 1. Schematic diagram of Beijing’s fifth ring road area

L AR ARXEREE

2.2. BIAFHEME

EFRHIE R TR BT AT X 88k, A< SCiHX T =5 Sentinel-1 5 1ME SAR ¥, 045 7] 20 51 2023 4E 4 H
TH.4H 19 0S5 A1 HEEGGEE WK 2). FGEEEES 2 A BRI B R, D23 B JL AT e A Jf: 5
WA ENL . BEJE, J3 3R T AR 15 R BN R 2, SRS MBURE S . R B, TSI
RS R HURAR AL, JER R 25 RS 7 A ) M RO B, T ZE DR AR 2 (DS BE R BT T, A 28000 Bt
REMPEGHE R, N5 LS K S R S IR s RS DB A P S B AR
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Figure 2. Coverage of SAR data
2. SAR BIRBEHA

23. BEAFRGEWIEY

T SR E X IR AE B ISR RIS K& R, A SUE 5 SAR HHfE i[RI AHXT B (1) Sentinel-
2 WG HAT T . AEBHEALFERT, BT Sentinel-2 Hiit AT T AR SHAS IEA R AR IE, LR KA ER
SRR SRR 35 1R 22500 SO SR 52l o B S ARIE R AK 7 BURBE B, THE T H— A ZE A FE #l(normalized
difference water index, NDWI), HTRIEMEY: wZ K0 & EOLE 3). NDWI 0@ T 20 7k B S T i
CLAMB BRI i 28 22 S IR K 20 RAS Wbt J2 7K 40 AR A B RRURR, DRI e 8 78 KO RUBE R ERf At
TR AR B K.

\E

Figure 3. Schematic diagram of optical imaging vegetation indices
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3. fARA=E

SR SE IR 3 T bR B K IR ST R SRR, AR TR T AR T YR R 1) T S K R S
T EARBINER R . SRR ERS: (1) $REL Sentinel-1 SAR ¥4 5 Sentinel-2 Y2418, $REUGE+ S5
B 5 U BB RS (2) 45A ATEM BRI 5K o8, W 200 HIR SR EA TR, SeEl
K2 LK B E B E 3) HeT RIESE R RFHES, K 155 #T (principal components anal-
ysis, PCA)HEAT B AEAL ], Pk Ab 22 5 (A RFAE S A\ SCHR# 1] 2 AL (support vector machine, SVM) 4 2545347 1)l
g5, DURBIFI o BN 2, I8 i 248 55 (point-of-interest, POT)Jifi it S 2% 1t [X H4) & 51 I e 74 s DX 35k fr) 2%
(A o Z TR RS T MR A6 18 B 200 s U AR RR AR, 3R A R POE . RS R
DAL T RHEAKHE o

3.1. REGEHHRBER

BRI 7 X TRt 3 2 2 HAFAEAE A 78 25 1) SEBRIG 0L, 5 RE3] SAR J5 M B R3S %K 5 2 ) A
FEGRIELM G R, ASCE et B2 N5 R BN RS T30S /K & 2 8] i R OC R AT T s
FEUL[11]o BT FTR A Sentinel-1 SAR $dfs NSt £ ¥ fl D 29°~45°, PRISL I I [ 58 NS A3 26 A OT RE 3 HT s
e R E K ERATE R E N 0.05~0.5 cm¥/em?®, HHKHL 0.05 em®/em®. & 4 LY 5 A1 BN £ %k
58 E 2 EMRR. WEFR, NS08 30°0, RZIEF] 0.9979; AL, EAFFIENS AT, #H
LR 2SS LK E LR R FRIH B RO R

R LS U R EON Sentinel-1 NS AL e SAFAE, AR SCEESZ IR T =& Z MK &R
PR, B3 RIE S KR ATEFE A 0.05~0.45 cm®/em?, [H]F74 0.1 cm/cm?; K Sentinel-1 NS £ 75 Bl % &
N 29°~40°, FF LA 2° B K AT 70 b T &L 5 AL 5 IR BSOR RS TR IE NG A TRl OR R 45 R R,
FEANE LSRR FAE T, B M BUR BB NS ARG TR e RECHEGLEGE T 0.99, BHIH
FHAFERZEH KK R,
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Figure 4. Logarithmic relationship model between soil moisture content and the backward scattering coefficient under bare
soil conditions
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Figure 5. Linear relationship between the backward scattering coefficient and the angle of incidence under bare soil conditions

E 5 REBHETERMHRRSNGBNLEXR

Zrey BIRBHUSRTTAL, BRSO RS HIE KB 2 A 2B OO R, TS H AN
i T U R B B I 2 VAR OGN - 5 FE B JE B8 it — 20 5l NI RN T A, BRI R
PR R EMBHEIE TEW L, A BRI 2 N A RS KR R . B, BRERE T )RR
HIUH R B TIENI Ay e 3 /KR 2 18] 5 AR UL A 5 (1):
=ky+k sin@+k,InM_ (1)

9011

3.2. K=ER

DRt A 7 5 AR 1 TR O U I RAREAE AR SCEI N K AR (water cloud model, WCM)XT A Ji5 ]
SHE SHAT I R[12]. IR, ARSI Rl E ZRVE T PN 4 H— ﬁfﬁ%ﬁf&”}:ﬂ)\%%
WE = e ) BB s O A AR R B R ST, A RN IR T e R AR AR S R ik
U E 5

Attema SFTEHE K 2RI, 0IHEHE - MR AH TR I R HEAT T WA 3, K Bl 2 LA PR B K
S TR AN [ 13], FH 288 b 2 U s, AR R RO DTk 2T R, MR A
Mo (R U R o, » MR SR MR R AU R o, A HIREU T o), (0) <, A

THIR:
Ot (0) =01 (0)+7°(0) 55, () &
o, (0) = AxvwecosO[1-7° (0) |ob, (0) = Axvwecos O 1-7° (0) | 3)
(0 )—exp( ~2Bvwesec) @)

Kt: o, (0) HEFRABEREG o, (0) oy, (0) 53 M0 SR RO TS R BN B vwe RAEAE
WegKE: o2 () RRMBIZZEE T 0 ATEENIT A A F1 B WA SLIFE AL 53143 (1 2 50
A

%ﬁkﬁ#ﬁ%%i&ﬂﬁﬁiﬂ@ﬁﬁ%i@%ﬁ HI T Sentinel-1 ™ g3 B AN S Ay 3 BT BAR P 4H
®, MR-V, BERMAATRESE—EiRE. Fit, AR ERIERA NS f1E K
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SR A RERGE KCOT, RGO T ERIR, EEERE; S8 B WAARE W ESHRE, %
SR A LG BRGBOFRA K. EARBRTT b, VV RS VH B A E A T 3 S KR R,
DI A i SRR R U, BERS S RCRAE R U W N . MHLEE B, VIV AR N T B S A
BN BB AR R AR R A, VH AL TE 5 AR P, AT HI 85 3 1)
HUE B RRIL

TR SRS HR AR b, RS KB 5 A O RFIE A R AL AT BB E Ao A% G0 Sl Js 2508 H Mt
PO KA S B AT AR, BARRERSIRAT AR A S5 R, (EAE KRN TE AR AR RCR AR A v ) 1 i
DNIE B IX A S AR R A SOR G 22 B8 IR E RO B /K R AT (R e A 55, R RATA — L = R oK
Jria%0 NDWI N EEERALE, JRt@ T eda s e kB2 RS RER LR, HitEAR8:

NDWI = (RNIR - RSWIR )/( RNIR + RSW[R ) (%)

K, Ry RoRIEAANE BRI R, Ry, [RRIIE LA %, NDWI #6351 Ry, PTIEF 1640 nm R,
UM B Sentienl-2 M35 11 B FET I L0/ FIRLIR £ A1 ik B 2 (¥ NDWI OGR4 7K 7 PR A e 5 B &2
RIS A T SO A 7K

X & AIEM. K 2R BUFI 206 SOy, A A5 & H WA CAREF, Mg S /KERH T
AT IR

YW\ pwiieso = 7-84NDWI (0 +0.6 (6)

HT ER AN, KA NDWIAEEHR &K E, R A K ZBR, DR REAE 2000 a5 1 A
SEHMBEEER. fEER E, #8E AIEM BERATE SRR LS U /8L BB A S LS KE
RER, BATERIT I XA RN 5] B BE o 26 10 B3R 2 38 B /K & S i Y

33. TEEKERE

TEKBAERAELE N, ASCE T 5 NDWI Pt BRI R B 5 /K & vwe REHBANERI S Bk R, H
TR R 2 0 TR G B S TR . AR, 454 ATEM REAY B+ 1 B RS RIS K E
F B IENIf sin @ BN R 96 2, SIS RO AR B A

BT RRREANLH, ARSI TEH TR E 5 X R E LR SRR AR RIER . 7R
Mg A v, AR R T = B B AT A P A, SRAS TR I S A (K (7)), H vV EL VH )ik
J5 U REUERAFE BN, AR SRR BT NDWI, FESUR A S, R4 & R NG K 2504
B SHGE IR E K E N E B R

InM, =k, +kac’ +k,sin0+k,c"vwesec 0 + k,a’vwe’ sec’ 6 o
+hkoywe® + k,ywe’ sec @ + kywe® sec” 0+ kgywe sec’ 0
A, o A Sentinel-1 XA TT 3N HG M 25, M,y HIEEKE(em’/em®). 6 NFEILRHEAL
i, ky ~ kg NEVATLE SR A R S5

EFXIRIFEIX, AHEFE3REL =5t Sentinel-1 SAR #(#5 J2 =5t Sentinel-2 Jt57 5218, 18 FALHIZ R 738
AN RREAR s SR T B AR AU A SRS AL 38 B /K i S AR 28, [ B 1) P 35 7 AR 1% 22 5 R R R AR A B NS
BTV . BEAE, ARSCHRHEUT Sentinel-1 VV A VH BF AR T 30T o°, 1454 Sentinel-2 AR B T
HARIME MR E(NDWL,,, NDWIL,,,), [FIFEIA 2023 £ E 1 km H5#%E H &R EMER 5K S
Heb g b RO 5 A RS OK B . BT AG)~6)), W T E S X FHRE RS KERE
B SRS, Oy S T K R AR B A T AT A B A A

DOI: 10.12677/hjce.2026.156159 96 T AT


https://doi.org/10.12677/hjce.2026.156159

ik <5

AR R, EARRR T RT, & REG RO LIRS KERRMRE A ZESR, H vV i)
T VH ffb . BARSKE, VV IR RAE R e 2509 0.4093, =T VH #4619 0.3896, 8 VV
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TELR G LIS R R AL 7 25 11BN R30S A SR BB R B6 Al L, ASCERUR RS B &N
R X 3 398 B /K S B L R B N i, B 2R VV AL ) U R 5505 R B F B ND W, AT 15
RUR A, FERETREA SERE R SR E 732 &y ~ kg TEISEUCR AR
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Figure 6. Network architecture of the algorithmic model
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Figure 7. Inverse distribution map of soil moisture content in Beijing
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4.2. WESHE SVM H#EBIMEE

BT SAR HHEEKE RIEAURE T REHEEE, JERFEARI D i m SRR AP, HrRai R
ke 8 Pw. M, RFORIER AR, 4R RoRN A A, RO R I. WEEAR A
DURAE, PIRFEARILL RAF AR 208, Ui BB R AR AR X 23 T i A B A Rt Rk gk
BEPPAT A R 1o KSR F1 2RI REFAE 0.9 BLE, RURMAMR GBI > K6,
Rl AT RAFRO AT et AT L 8K B il N K8 e R SR AL 1l 52 i SVEJR i

Table 1. Performance of the SVM model

% 1. SVM #ERIGgERI
LR BER F1 533 TR
0.9068 0.829 0.9078 0.9146
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Figure 8. SVM classification results map
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Figure 9. Distribution map of 86 valid POIs in Beijing
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Figure 10. Map of POI distribution for leak detection within Beijing’s fifth ring road
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Figure 11. Relationship map between observed values and soil moisture content
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