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Abstract: Accurate identification and characterization of the spatial distribution of the soil gley horizon are essential
for improving soil tillage capacity and arable land quality. However, at larger spatial scales, conventional methods
for gley horizon investigation—such as soil profiling and auger drilling—are constrained by low efficiency, high
labor and time costs, and poor spatial continuity. Ground-penetrating radar (GPR), with its non-destructive,
continuous, and large-area detection capabilities, has therefore demonstrated considerable potential for identifying
soil gley horizons. Nevertheless, rapid and accurate identification of gley horizons using GPR remains challenging
due to the pronounced spatial heterogeneity of soil structures and the complexity of GPR signal processing. In this
study, typical gleyed paddy soils in Chengmai County, Hainan Province, China, were selected as the research object.
GPR surveys using two antenna frequencies were conducted to detect the location and thickness of gley horizons in
paddy soils exhibiting both surface-gley and bottom-gley characteristics. By comparing wavelet transform and
variational mode decomposition (VMD) for GPR signal processing, it was found that VMD provides a stronger
capability for revealing soil structural features. VMD was therefore applied to identify the vertical distribution of
gley horizons, and the accuracy of gley horizon detection using the two GPR frequencies was systematically
evaluated.The results indicate that, compared with wavelet transform, VMD exhibits stronger spectral amplitude
intensity in the depth range of 7-36 cm, demonstrating a superior ability to characterize soil structure. In fields CM02
and CMO04, the errors in gley horizon thickness detected using the 1 GHz antenna (1.5 cm and 2.0 cm, respectively)
were smaller than those obtained using the 700 MHz antenna (2.4 cm and 4.0 cm, respectively), indicating higher
identification accuracy at the higher frequency. The spatial distributions of gley horizons differed markedly between
fields with typical surface-gley and bottom-gley features, while the coefficient of variation for gley horizon thickness
across all experimental fields remained below 3%. For gley horizon depth estimation, the coefficient of
determination (R?) was 0.83 at 700 MHz, with absolute errors mainly ranging from 2 to 9 cm, whereas the R?
increased to 0.90 at 1 GHz, with absolute errors primarily concentrated between 3 and 5 cm.
Overall, this study demonstrates that GPR combined with VMD provides an efficient and accurate approach for the
rapid identification of gley horizons in paddy soils, offering strong technical support for diagnosing soil constraints
and improving cultivated land quality.
Key words: Ground penetrating radar; Gley horizon; Spatial variation; Wavelet transform; Variational Mode
Decomposition
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Fig.1 Location of the research area (a, b, c¢) and its landscape photo and soil drill photo (d)
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Fig.2 Soil texture of different soil layers in CM02 (a) and CM04 (b)
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Table 1 Basic information of experimental fields in the study area

I 24 G SEE K LA 7 IR
Number Longitude Latitude Length/m Width/m Permittivity
CM-02 110° 51" 54" E 19° 54’ 6" N 42 22 12.49
CM-04 109° 55’ 59" E 19° 58" 10" N 32 29 10.51
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Fig. 3 Basic principles of ground penetrating radar (a) and experimental survey line design (b)
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BRZEEN22.5 cm, B3 FONBREINS—RFIEAY, N OGS DU R fE g, HALE
LR AT ZARFAE I (R AR R A2 B A8 Ak 700MHz R FE N BoRiE B 216 8~34.4cm, W H
JRIEEN 26.4 cm, bR FONBAERIE—RHER, N SONBGE RS IR, IR ELR L
T I B BN A A7 R A2 B R AR A . ] 9a FHIE] 9b BT, I & 25650 JE RN 62 cm, il
FON 1GHz FIKZEE 36 cm AL B2, SRINENE & 28N 64 cm; 700MHz (1K
1E 42 cm WIS E, WIS 2 BN 58 cm, HZAN 1GHz ) VMD 3% 7ERFIE I (16
LR LR BRI AL IFIRE R AR AR A . CMO2 F b 1GHz FIl 700MHz 1) GPR 4R IE % & 2R E
TEEIARE G R R B ZAE 5308 1.5 em AT 2.4 cm. CMO04 H k1 1GHz #1 700MHz )
GPR fRIWE B 2B S LA IS B R B LR Z 8 7379 2 cm 1 4 em, KB 1GHz 1)
GPR % B J2 5 FE (iR B2 2 T 700MHz.
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Fig.8 1GHz (a) and 700MHz (b) VMD spectrum, grayscale image and soil drill (CM02)
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Fig.9 1GHz (a) and 700MHz (b) VMD spectrum, grayscale image and soil drill (CM04)
2.3 HRREAEENZTETK

4 M2 A H 700MHz 1 1GHz ) GPR 43 A THRI, I S B B B e (3R A7
HE2 RIS EIEAE, LIS UERSEE, IREERE (CMO02 D AIJRE (CM04 HHD 1)
T 20 B AR )2 RESE AL (] 10). 78 CMO02 FBerf, 1GHz K2k (& 10b) E#R
M E _EFRIRBEVEEDNY 8~10cm; W E T FMERENIZE 32 cm 4 L NE3), 700MHz K%
(E 10a) RMEE EARFREZTEE N 6~8 c; WHE N AR EZHAT 33 cm, RED
oy XIRRELE 32 om b B R UEN. BT EREE 2 LA RE, WAER GPR
TRINVE & R E RN W —E W2, 1GHz RE (Bl 10b) #RINHE & /=1 R AR e
23cm, 700MHz R4 (K 10a) RIE & EHJEEVGHILE P AE 25~26 cm; 11 CM04 H
T IEAE 5 Bl A PRI FEE ) S 6, 32 RSOK THI AR FEAH R A7 B H P M= 2R 198 8 2 R FE A 22
R (B 10cs B 10d). Wk 2 fizw, CMO02 HBRGIIZE 1. Wk 2. W2k 3 FIdZE 4 /£ 1GHz

TWIE MR R TYER RN 23.12.23.26.23.17 1 22.98 cm, HEE & 2 TH)E N 23.08 cm,
700Mhz 7EZE L8 B )2 RN 25.94, 26.37. 25.78 F1 25.82 cm, B & 2 714 )5 &
A 25.88 cm. CMO4 HIER[) 4 25MZRTE 1GHz TIE NP B2 E N 58.78+ 60.66. 59.30
F159.00 cm, HBFC T F 2 EFE N 57.45 cm, 7T00MHz 4 ERF-I998 S 2 E N 59.41.
58.00. 59.09 1 59.97 cm, W H 2 FHIERE N 58.45cm, [FNSRIEHLNMZL -, 1GHz
FIR 22 BN T T00MHz. [FIR R BLE [F] — S0 A, 28 &% B B3 E 2 A2 R REC R EF
TE 10% LA, HSLIR S 2R RIS 3%, WHESLI Y, HEENEE
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Fig.10 Spatial distribution of the gley horizon of CMO02 (a, b) and CM04 (c, d) at 700MHz and 1GHz
R 2 1GHz F1 700MHz WEIARELNEREEREERR
Table 2 The thickness of the gley horizon measured by 1 GHz and 700 MHz radar antennas

B BEEEE HBHEEEE . BEHZEE .
. o Grov 1 Grov 1 AR RE Grov wE TR
5l £577 rey layer rey layer . rey layer "
) ‘ Z%  Error ) Error R
Number Survey thickness thickness thickness
) (6)Y /em /em Cv
line /em (1GHz) /cm (700Mhz) /cm
ML 1 22.05 23.12+1.57 679  1.07 25.94+1.80 3.89 6.94
MLk 2 23.52 2326+1.34 576  0.26 26.37+1.76 2.85 6.67
OMO2 MLk 3 22.05 23.17+1.28 552 1.12 25.78+1.9 3.73 7.37
MLk 4 23.52 2298+1.39 605 0.54 25.82+2.38 2.3 9.22
FH R
23.084+0.49  2.12 25.8840.72 2.78
T
ML 1 50.00 58.78+2.74 466  8.78 59.41+3.82 9.41 6.43
MLk 2 62.46 60.661+2.49  4.10 1.8 58.00£3.91 4.46 6.74
CMo4 WLk 3 53.75 59.30+3.43 578 5.5 59.09+3.57 5.34 6.04
MLk 4 52.67 59.00+3.30  5.59 633 59.97+2.89 7.3 4.82
FH R
57.45+139 242 58.45+1.47 2.51
)

2.4 FEFSRE GPR 3B B RIRFIBEE

AFAZR ) GPR XS E 2R R B 68 1A 5552 7, BiFIER GPR Wl Hg & 2B 1E
5y g R EESZIEMSE (B 11), HF 1GHz (K 11b) i) GPR X178 & )2 5 B il
¥ (R>=0.905, RMSE=4.96) & T 700MHz(I& 11a)f) GPR HIHEIKEE (R>=0.832,
RMSE=5.01), 5 F3CHFFgs R—8. R, BEEEEMEREREM, SOSR
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AL BRGNS . B H 2R AT iR Z B W], 700MHz X THRIE & J= 5 B (1 4
MR ZEAE ZHUE DL N A 2~9 em, 11 1GHz TR & 2 8B AR R ZEAE Z SO T /N T 5
cm, BN T ERMS, 1GHz K& 25T 700MHz.
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Fig.11 Accuracy evaluation and error analysis of the gley horizon boundary measured by 700MHz (a, ¢) and 1GHz
(b, d) frequency GPR

3

3.1 AEIRSHE S M7 AR L

fE45 GPR BB A3 43 A1 75 3% 32 B0 H5 R ) 8 FLH AR 4 (STFT) /MBS (WTD. S 48
. ZWHER DA (EMD) FIAE S0 E (VMD) 25, AWF 7R A S (VMD)
X GPR {5 S TR G — 041, 207k imid i B bR R CRLFE S 98 2 ORI oA 4y
B0 R ARAR S > B AR AR SR, R AR AR S i 1 o il A B E S e
HEUFIER, VMD @l ik o il SO AR S, AT GPR 155 7EME A 35 T 1
SR, ORE HIEE R USSR, RARETIEE IR ES, @il 5N AR
XTEGSEES, UESE T VMD fEOR B L5 BT H R RE 98, S GPR-VMD B R L% &
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JERIRSHERIRBE 7 J1 58 SRIM, AR FEAEEAT 1 /NBAR AT VMD FR A 18 5 HEL,
B AL BT IR o R VMD AR T/ A4 EL AT BE 53 1 e 20 it BE ) AN BRBES OR
BERFIENS], (B HARTVEDY R BT FUINE . B0 S AR HAH LU /INB AR S L I SRR R PR AN AR A7
PR EA 7 TR IR (B 147), LEBRII T 7K AL 555 S 5 A A 2 B0t B8 v R I A 23 3 2 o A
K, —EEFM B E I BT CAnFERE B S ANEAS) BAE GPR 15 5 AL FE b B L B
71 S Nk RECGHATE A, BEERS TREN R EE T, fHANE
LEs AR BT ARG N A e . BRI, FESE SRR FL R, AR 2 R A A kAT
R ERGRER, DAy RIES B, 25 GPR 55 & HE 1N LM 58§ 2R kS iU &
B BT NEREE SR SIHESE (Al — 4B S5 A B IHLED X VMD 43 fif fa AR s it
TR S EN, BRSBTS .
3.2 RESNFREFMTIRIMEXEE R RAEE RN SR

CABAEY] GPR RASFRBAC, RIMEREHER, 70 HFR AR, HAERIEE L,
700MHz HIAH BERMIR LN 1.5 m, FEEAEEN 7~10 cm, 1GHz A BERIA LN 1
m!", FEERGEEA 3~5 eml®. A FIEHHE RS, 1%H 200MHz. 700MHz #1 1GHz =
PSR R LR, R R/NFIRIE S BB, X 1 m PRSI AN 1) 588 F 2 XL 2= AR it
TERM . BT RIEMHIEIREL RN 1 m, AFRE T Z SRR, A TR
700MHz 1 1GHz RZH T8 B EALE 5 E LR FE4IERI, ks i R0 380 & E 1R fE IR .
SRR, 1GHz REAEE R IERENE PR 2T 700MHz, KAk 1A B3R
W, RESRE R, Rl T3 E R R 18R AR 700MHz 1 1GHz RE 40 1% 7% 75
HHEHIE 9em M 5em PN, 5Tl HIE P EIARLREE SRR 8. BEE
WUIRZ T BRI T R ETE B AR n IR o 5 R S m R R &, A ROR IR N A
Bt B RIME B B B SR RRIRS L o SR, A3 F vh SR () 7R AN 38 B R kAT
PURATHARAEAE — 7€ 1R Jmy BRA%E e T G IR BE  BR 1, b -TRS78 B 2 R e 1 578 55
X FERERE R, TG B SR R AR IR m RIS . A FUACK A 700MHz Al
1GHz PIFFAIR ) GPR A 1 m SR EEHIHE A B8 B E 2473100, ASRAT L — PR B &
J2 PRRAR AT 0B AS [F) A R 2 BRI ROR

TERA AR THE B 2R RE LRI RN, A0S % 1 GPR 15 SRR HIAMBIA B R K,
XU 3R SR AR B RA S TAER, TSI PRI B . 38 B Rl K8 TR S B R

BOKEARAEP R LEEAL, B A AEER AR SR, SEEREBE T

ARAERREE B AEIELL, 298 B B AN E R ZRYE . HaE K EX GPR /59
ARG 7B R A E 1 . ERFIASE T, W F 2 7R RIS K SZ BT SO 6T
e KX, AR RS AR RS I AR AR W A IX A K AR S| A ) F R B,
Sy M 5598 B J2 S S RAIE - B b, 38855 7K A e () ) T b R R IE S, T2 R IMBhEAR,
R FBORIEPALIER ERER R AR, MM GPR & 5 IR R T 0%, 1
Iy BB EERA E A E V. [RINY, 338 5T A I T L 0 o SRR AR E T R B RN,
Wk — B HI 2 7 E E AR B E R S AR R B AT B AR R AR
BREANT), X PR FRAR S R T &, G s R A SRR AR T R R RO R,
fEME R 2 RS, FERUIB oL, 1B H R R A AR IR S, ELREARE, R X
M LU BAR 2 AT R SO RFAE, AT IR & R A IR AT SE A0 o 5T 0k, B Fuxt J5ith
GPR {5 550 | BN A 2 IEAL B . 7 ol BEIR ) A R IG &, A RCMa: T
SHE T HEIR B B3k, BF R T T BRI 15 T R o B AIK K o R R 2 5 19,
S AP R AR 3 18 FEAE SRR R B B AT, DUR BN S /K BRI S5 R B REN o
Ab, L S A3 5 KB IR ] Topp 2 I L HL #E— P RIE T GPR (& 5 I [A]—F
FE R i e 1
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3.3 HFMEXRAKBLETELBRNFHEANESENX

TBH Z R AKAE T 0 H IR —, W E KR R A A b E R KRR X, H
HI TR THACIRES, AV e, B IR, CAPTTIRY], #H /KR EAEE
BT AR R SRR R, (I E R AL E &R RO K RE P R A AN . A
W TER WIS B R BRI T3 T B 7 B A B R R 5%~15%0%, R M
DRI = 3 BERZ LI, Uy O L, FIAR R PR S 2, i M B &
DLk, REHER TS A = AL B XA 8] oA, AT IEE B KRS LR Z A vl k. kgt
B R THVA ML AR B B 2, AL BEIR EAREEH, i BOGE M T R AL RS, HERL
FEH B B H AR LRI F 2 027 5040 . 1 GPR HORTRAN 1 iX—6kiE, JEd
I b BAEAE BSOS B R ALE, P 2 5% N S Hs 1 — S i DR e 5 2 4 )
1, ITSEBURTAR 308 B R R PRI, IS VBRI (B 1D, AEs
TR DT T U SO B A 1 R T SCBRAR S BRI B, R PR R
(1) GPR 5E4n] LSCELN Im HAR AT E R IR, w9 B KRS L RS 2 T s K
Yo AR, A I BN E T R A 8] AR B BRI TR AR B RAIE, AR I L
HIBEATIRAIRTC o AERIEEIE N B AR X LI 5 )2 5 HAR KL R 0 IRAE, TR P
DX, AR5 S TT bl SO AT IR T, R GPR BB IR E A sy 73 4 3 ) ) A Bl 5
BEEANVE T CUBREIE S . A UL AT IR R G, DI X IR e B &
JE YR B S A R K SO, Bt R /K AL st 8 5 )2 % 8 S A R SRS HLH] .
A ERTFT, AT RSB ARG B CHN T RS, JeiE B KRS LR R R S e KRR
BRI 5L (I HAR AR
34 MREMRESKRKRE

EARAHT SN GPR BARLENE B Z T IS T BRI RCR, B E K RIR
Phe B4, FeRARIEEEAEEINERON R —, EERET VMD 5N IR, KAE
THT 86 2 5 22 NI AT R o FLiRk, WFFE RS RIR T IR, MARY R XA R 1t
A, BT ECR A T AU & B e A - IR SGHER Topp 2 FORTHE A HUH 4L
EXRARAFAE—RE RZE, MIMTFEMT 178 5 )2 IR BRI I HER R o e Jm, WETC R B Z 1
FRIAIALA J 5 ot A A2 S A BRARAE 5 22 3 FEOTIR N 70 M7 » il nsk /b B TR ERIE IS L AL
JRALEL pH 3805 2 AR BER G 0 M, XA 7 XE B R R SRR R A, XERL
B R AR IR A A BS SR

AW FE AT ELR JUAS T3 T E— 2B 5T HATYE GPR 723 B R AR & . B %,
FIRNIRIT VMD X8 B TR AR AE A7 K 5 AL, 36 10E B 5 1 - 3845 5 (R B A P T 1 5
REMRAG L I 1R HIR, IR RERIESE, B PRI R LR R =2 R,
B EARMIUR Z M 322 22 B [RIER AR &R LA A X B SR AN RIA L A AT R I 755K . LA,
JREEWFUIE AT LLEE— DA B HE B Y, S0 2 B A TS5 10 AR ARIR P SRR 22
wJa, AT RR, KRR REXEREE, 4iaBEER RS (GIS) BE
LR EE, ST XER B RRIN R et 5 R gtk RN XIS RERE RS
() AT PR R o 3@ I 22 TR ML 5% > CRENLARAR s B ANASL [ ) Bl 2 2 5] (CNN/U-
Net) %5759k, SCHUEHEZHIR. BRSO ERRE MM AR E, M st KR REE &K
TR 2T e . RGEIEA AT HRAENE.

4 ZE

AWFFCR A (700MHz Ml 1GHz) HIRMER A R e, TN 1 X e R i 2R KR
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TR EE AT AR EIEK X GPR 55T, FFAf R UK 20012 S A H)
[, ASHEFUAEAS 5 A BB Be oI N T B B3 A Ak, eI I AR 8 o A Rk T B TR S T ek
MR SHREE, E RS 1 URHR S A S 9 o RN, JE T B Ah sl 3% 2K B4, K H
Topp £33 3R IEAS BREHA (1 T-3EADG A HL R KL, AT X T A A ik L AT P SEAC UL,
KigHTt 7 GPR 55 —IREG B HER I, JVJRERai RV FEESE 1 RSk al . £EbEE
fifi b, BRI RS e 4 GPR IS SIRERE E L, If BB ZREE RIR L
BENTAL /AN, R RIS R SR O OR R AR B N RS B (IMF) 2R IREHIE
5SS, RIS B MR, 5IRUGTE IAE S ORIERIK, T
RIS 7 B2 Oy H IR RS 5, MORVE SR HASRIR N (e = 0 A AR TR AR K
JE P45 G i R] DA BRI RIS R A B, R IR S BRI B R RIS, i
FLIRI AR AL AR A IR R LURA 5 3P hs 2 AL, LRI AR INECR RAF; PRI R
ZAE CMO02 HERTPRGINE T B (BHER) NS EMNER, FIEENEEREHRES
RN, BEFUREL CMO4 FHBRIIE Bl R R R 12 SR CMO02 BE R, X2l +
BRI NE, PO B ARBRR, TS R AR Z WA [RIN WF 70 W R A s, T
T REEE S =, Hrb 1GHz (RTINS RS =ik 0.9, FRINME B2 5 L I ZE0 iR 22 th e
fE5 em BUT . Uk, SRBEESARR U TR H38E 5RO EM G, HAR SR
fE N R IAAE T EANIEH, Oy SRR R AL T AR RN ik
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