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GPR and VMD Integrated Methods
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100049, China; 4. College of Land and Environment, Shenyang Agricultural University, Shenyang 110866, China; 5. Heilongjiang Academy
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Abstract: [Objective] The thinning of the black soil layer is one of the primary issues in black soil degradation. Therefore,
the accurate identification of its thickness and spatial variations holds significant importance for the protection and sustainable
utilization of black soils. This study aimed to integrate Ground Penetrating Radar (GPR) and Variational Mode Decomposition
(VMD) technologies to develop methods for in-situ identification and spatial prediction of black soil layer thickness.{ Method ]
Three typical slope surfaces with thick, medium, and thin black soil layers in Nenjiang, Heilongjiang Province, were selected
as the study sites. The 700 MHz GPR was used to detect the black soil layer thickness along the slope surfaces and validated
the GPR identification accuracy using data from soil drilling and profile surveys. VMD was applied to decompose GPR signals,
and key modal components were selected through spectrum analysis. Combined with envelope analysis, this approach enabled
accurate identification of black soil layer thickness. Furthermore, sparse sampling (lateral ratio of 50:1 and longitudinal ratio
of 100:1) and natural neighbor interpolation were applied to predict the spatial distribution of black soil layer thickness at the
slope scale. [Result] The GPR-VMD method effectively separated noise from the signals, resulting in root mean square errors
for black soil layer thickness detection at the profile scale ranging from 2.03 to 6.86 cm. The average root mean square errors
for the thick, medium, and thin black soil layers were 6.26, 4.30, and 3.73 cm, respectively. Across all validation points, the
overall detection root mean square etror was approximately 6.08 cm, the overall prediction error was controlled within 9.7%,
and the overall coefficient of determination (R?) reached 0.94. At the slope scale, the spatial predictions of black soil layer
thickness showed significant correlations with measured data (R*> > 0.87), enabling efficient, non-destructive, and continuous
detection of black soil layer thickness. The generated spatial distribution maps revealed associations between black soil layer
thickness and factors such as slope position and terrain, illustrating gradient changes and spatial differentiation patterns induced
by erosion processes. [ Conclusion] The integration of GPR and VMD methods achieved efficient, non-destructive, and high-
precision in-situ identification and spatial prediction of black soil layer thickness in typical black soil regions of Northeast
China. This study provides important methodological and technical support for revealing the spatial-temporal variations and
underlying mechanisms influencing black soil layer thickness.
Keywords: Black soil layer thickness; Ground penetrating radar; Variational mode decomposition; In-situ detection; Spatial
mapping
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Table 1 Basic information of representative slope surfaces in the study area

Zps ok g ek Bt R EEEH SRR ERERE F

Al Black soil thicki A lack soil H
h?.% KA Longitude Latitude Slope width  Slope length ack soil thickness verage b ack sot A
Representative slope surface o o m m range layer thickness Land use
/cm /em type
BEEEL (NJOD .
. . 125°37'52"E 49°8'16" N 53 539 43~120 67.83 EVN
Thick-layer black soil (NJO1)

T2 B 4 (NJ02) _

. . 125°2722"E  49°16'59" N 70 643 25~100 44.41 K&
Medium-layer black soil (NJ02)

2 2 1(NJ03) 125°44'15" E 49°44'5" N 52 453 7~48 31.44 EN
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Thin-layer black soil (NJ03)
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Fig. 1 Study area and spatial distribution of black soil layer thickness sampling points
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Fig. 2 Location of GPR survey lines and verification points in the selected slope surfaces
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Fig. 3 Single-trace spectrum (a, b) and VMD decomposition (c) of the soil profile (Using Profile 1 on Slope surface NJO2 as

an example)
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Fig. 4 VMD optimized signal envelope (a), grayscale image (b), and soil profile (c) (Using Profile 1 on Slope surface
NJO02 as an example)
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LRI . RER BRI, A TARXT I —, M 7 5 M 0 s F i, X /E— e fe g AR
T AR FRINEAE AR 5 R RN S, hEE A (NJ02) RSk, HEEARSRA, &
3 T R4 P88 2K B Ak e O B 5, PR R FE P2 A — s s JE 2 B (NJODD) SRR ZE A
ST, PTREH T R R L R A I R, RS TS, Nz B 5 R S
AREE, SFEOHHIR A E IR, TIT 46 2 R R 28R 5 2 5505 BTG ), B
PETHRNS B Shaett. 28 b, 7EfsAn Gl R, GPR-VMD J7ikxt 2+ 2 E g R 5
S 25 SRR v T Bk . A 10 ARGV R i B AL S BIE S RR T, 27V R E
HI77 MR ZE (RMSE) 8 Bl A& 42 H17E 2.03 cm~6.86 cm 2 [ . iX — B (iR Z V5 A€ T GPR-VMD
BRI B 55 AT AR A E R R REN e RGBS, FeAMIESE TiZ AR EE N B L E 44 T A
ATSEM RS BRI RE T, N5 82 R R 3 T RO (1 72 [ F0 BE 5 7 P P i ik

22 REBDENANET REEIRER

Table 2 Identification results of black soil layer thickness in representative soil profiles

- T A A A T 2 4 2 S - 2 R a1
Represeﬁafvreé:i;ﬁi surface Profile survey slope Predictefi black soil Measurefi black soil igﬁg%}ff
position layer thickness/cm layer thickness/cm

EEEL ¥ (NJO1-1) 62.30 68 5.71
Thick-layer black soil (NJO1) i (NJO1-2) 55.86 62 6.21
TH (NJO1-3) 63.32 70 6.86
L ¥ (NJO2-1) 28.31 25 5.12
Medium-layer black soil (NJ02) i _E3 (NJ02-2) 19.68 22 4.66
R (NJO2-3) 27.56 28 4.60
TH (NJ02-4) 48.14 50 2.80
WZEEL 3 (NJO3-1) 29.60 27 3.81
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Thin-layer black soil (NJ03) i (NJ03-2) 22.10 22 2.03
T (NJ03-3) 24.50 22 5.35

22 HRREELREEERRIRASHEERIE

FTHIHE VMD R AR LS S0 HHUREE T IR HL B A5 5 347 A58, 43 # 3 AN S 2 ptth
TR RO ) RO e I 2R A o T8I A R AT R S e PR B A (S S R R, AR A A R ) B
JZ 5 SR EE o BRI ZE0 I o, LR AR 2 I — 8 S (A DG, Wl RE S R DTS
FYIMIC, MR Z it — PR 1 5B 42 R AR A S R KA Bl e 4 1) 22 e T AE R B . 4
VMD Tl 2 4 2 R 5 A sl 1) A R R AT XS L, RS IRUEAS AR (B’ 5), VMD FiEiE
SRR R 2R B AT R B R ARG s ST GPR BRI BEAL T30, R Z AR %
RIrpEAE SRt ARERENE, FEBMAE—E KRGtk E: JEER M E R L HR
TR S ARR A CEREE 43591 -1.70 cm F1-4.43 cm), 17078 )2 2+ HERFIE R St we (BREEAN 9.99
em), 12 Al e SRR AR IR AU RR I A (AR e S B AR R N IR ZE R R A K.

ANTF] B A 2 TR B I T () GPR SIS B A7 AE W 3 25 81, A 7 S b AR IRE B, B b
A PP AR ZE (MAE) 5S04 R, 3E— 08T TR ZE R E 2 8 (RSP AR 5%
7)o Gt R ME R HPRRIRE R (RMSE 4 3.60cm, MAE 4 2.90cm), TRz
BHAELIN 92%, FEM T IZHIE L EEHE, TG, FiAEERRN, G5adka; P2
- PO R (R?=0.92), HAMHRZ R K (RMSE A 7.59 cm, MAE N 6.20 cm), FiRZ
SR (29 14.0%), RSP H P70 B B3 AR, SRR IR AL R AR O A
1, BT FERBMAS e JEE R HR4axT iR Z Rz (RMSE 4 5.80 cm, MAE 24 5.09
cm), FEREY TR B S EURTRE SRS, (B8R T B2 A SRR, HIHR 2 5 2 30RE,
INZ1H 7.5%.

2245 LA LA HT A T GPR-VMD i N 4a5HiR Z e b R E BE & T2 2+ (EE<40em) 1)
PO TCHA R . TR E KT, A Hretlm, 4axh iRz &/, BeREHERmPE NG R E AL,
TN TP A b P R A S AR I S S B s I S ME . [FIRS, R RS SR AR, 107
22 I HE B AR ) IO 5% 22 7 0, 50 BH LR DR R 450 o - 398 v [ L 4% o BEE 10 2 WP Ay vl bk o b7k,
WRTA R . 2 R R AR S TS, AR, AR s YIS R
BRI Cafk R = 0.94), SR IIRZE (RMSE) N 6.08 cm, “FIJZEXTiR2ZE (MAE) N
490cm (& 5d), BARFINAREZ T LN 9.7%. %L a4 Bitk— S AE T GPR-VMD J7iE7ER X}
A8 AN ) JE FEE A P R AR O R BRI, AR ELA AR e ELAR sk B2 I 2555 IR e 7
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Fig. 5 Scatter plots of predicted versus measured black soil layer thickness at the field scale

2.3 WERERLEERRIRA S 2= E N

BT GRITHD REZERIZE (MIZE) RZR GPR-VMD JiyRgE 1, FIFHUSIRE L (AR
ARG B AT SRAMEED R i P AR B R B b R R R R Al A B (B 6D 18 6 G =4ER
i AN 4B R 1 R R R FEAEANRACR YRS 12 (] o At . SRR SR 3 (& 6a) B
TR BRI, AT 50~100 cm Z [8], R AR X L RERBE & TR, BICR
JE SR IIRS R, U TR IR S R HACR A N R B R R E BT R Ry
(B 6b) JELRES A 72 5w B s, BEARVE R 40~90 cm, FH3 by g 5, L RERR BETE T, St
SRR K AR A -U O B AR RN, B b SRR ik, BN TR S R B (& 6c) R
TRERERN, EEERLE 20~50 cm Z 6], BT, JEEAXTS), AR R, Y
ZIX R FREA R, BRSR H KRB . Bk L, BREBREXEED A —.
IR 22, hRB R BE A, )= BN E R (H BRI, RALE 7 A
T 58 2 K S AR AR ORI R PR 2 ] i 32 AR

FE B R RE S (R TIPS BE 7 T, T GPR-VMD il 7592 14720 (] Tt A8 5 -4l s M A8 XIE
HAR 8 (R2>0.87), RUMFEHAA R IE 79 E A, [ ERA 0.5 m x 0.5m
PO IrHEER,  REMS RN IR0 L FH B A R JR RE I AR A, 36 A T R 1 P 75 K
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Fig. 6 Spatial prediction maps of black soil layer thickness on typical slope surfaces

3 Ui

3.1 GPR-VMD FERFIRFIE L EEE R mE R

GPR HEREM: AL R S IR R 308, B2 LIEAHEHGEm, NMEHE HIERSKE. &
HAHHUR FEEEMME B VI OE, R RILF w7 R 42 RN R B, RS
IKE R PRI B ) B F . KEARS RN B (L8 81D, HEERM/MIILA 2 B2
A SRR A BRI, DT SR HL R IR P A R TR SR R e L B B R R . AR 2 FHER 3 Sk
E, SKRESHITREE (RMSE) 2Hl—&FIEMAHGEHR (7=0.63, P<0.05, 55/H5%), F/KEE
BRI (B R B NJO1-3 A2 B 4 NJ02-3) HiR AR 22 AR B S TS 7K B I BR Y
FITH Chnid = 8 4 NJ03-1 AT NJ03-2) B3R iR 22 NIBLAIG . 1X 3R B 1 B 7K & 3 B A A AL Ff it
BEHRERERN, KEETEE, REAFHTVNREN K. TEEAEMAYRSERERELZ
5 RREEZ Z (B SR B 2 S B O B FR bR, ARE G PNRZEZ R 2 AKX KR = 0.64,
P<0.05, BE), HEEBEHEFEARLES FMREFZEZHPREZER. Flun, BATEEL
NJ02-3 M- HEEAEE S (1.407 grom™), (HUIFR B L ERH & TS FREFEA HEX, W
GPR Ak LRSI S o A, iR ZE AT (4.60 cm) . A, 224 NJ03-2 FIE A A (1.514
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grem®), HILFRERZMAEE &, XFEEZR N GPR (G S I-4E TIEM RS, SR
WA & (RMSE N 2.03 cm). AAHURA G BB BEE, HEE5R0RENEIN—
E AR (=-0.41, P>0.05, R E), 77 E B i R @/ i tLEE, AR T ARl
BN, =S4 NJ03-1 A NJ03-2 WP AU & B (7708 84.04 g-kg! Al 85.22 g'kg), X
PR ZERAK (3.81 cm A 2.03 ecm). W{EEZE R LA, REFIRGEWRES (W1 NJO1-1 24 61.82
g'kg), HET HBEER)E T E R AR A A, BeEERInE, AL R IR E F AT fe bl
HI55, FECARNFEE L (RMSE 4 5.71 cm).

AHWFFEIRTE T IR LI R F5F GPR-VMD $RMKE FE IR, FHE7R T 7571 TR A
EVE. FEIXEEPR b, RS KE M TAD A [A) RUZE b s bRl i) sl 29 Je 5 th o TE G ] fir3s)
FEPRH B IA BRI T K A HLELRF 7 BB Y, SKEM A S S RERANBFEE, FEEBBHE
PEARHF IR RE R A, IXIESE T M S K EX A S SER T EEERMAN R A mE. 456K 3 %
DB AP AT 0, A 5 XA T E A — 5 4B R, % T ) - S K B AR A AR R (A
T 0.222~0.283 Z[H]), A RONEE |1 N K P ATA LI R SR, ERZ TR R 2 T K
P R BB AR P SR X, 3 T K 0 MR S B0 F BRI, AU R R AR DR
HH R KA (14 i 2% ) S o PR e AR el , i P S S RS B . [RIRE, BT AR AR X AN [RI 2= 5 4R
DUE PP OER I, AR SCF5 SR DOVRI R 2 SCEE DT K IR 7E R B, B2 UREBE IR e RS s, B
3 7 [ K R S M A E R BT RS A o HAARR IR SERRERI . F 2=l =5 5k
BEEHRNE, KRB TERERESEIIFRIREFEBES: b, EELEFPECT R X i
RN B T A, AZFELIERIEEREGRS 2 S 80 AR R A RAE SR, FHik, 2
GPR #RM e 43 AE 4385 1 v B3 B/ 73 70 A A IR [ B 1 CRASAIF SR B 10 H 4 Kl
J5) AT AT SRARIMIE IR K S S5 A ORI BR ], ESGPR I, Xt IS K E AT R
SN, AR HE X T RS HY F 45 & 56 3 0 S s B ST A A A B BB R IEMLAR, AR S AN [RD K 49
ZE N R I I HERPE . Ak, LR A RS E RIS B RS N B Ak, HARAE 25 (R R
Ph: EHERLF, SAVRSEMNEENREEZRSNRELESHRENAMBEES, NG
AT S e E R LY, ESEEKAE AR P om R, HOE RSN A REA AN 55 . 1X
FhE LR, F— GPR-VMD A ] fETCIAIE F T 2E 2R, Aok R Ix s+ 58 J8 A
NEBNAR B, A B R SR R TR, AR AL B R AT A AR IE, DL E Tk
HERATERLE M. [EI, AR FEAEN O EAAE IR IERY, R Topp 450 2 X EE T Ik
FEAEYRSENY R, E8 SAIRNE LXK RE 4R 2, SR IARE T EAE,
T S e THOAG

3 FPRIEAARMEBIE LRIB MR

Table 3 Soil physicochemical properties of typical soil profiles at different slope positions

N . . BIKEIE A EME JREEWE
R A AR FEISE FHLR SR
. . Mean water Mean bulk density Mean organic matter
Representative slope surface Profile survey slope position - B
content/% /(grem™) content/(g-kg™")
E3 (Nj01-1) 0.271 1.298 61.82
BERL
) ) i (NJO1-2) 0.267 1303 59.47
Thick-layer black soil (NJO1)
T (NJO1-3) 0.283 1.306 58.55
E¥ (NJ02-1) 0.252 1314 42.70
hEEL oS (NJ02-2) 0.268 1.352 52.89
Medium-layer black soil (NJ02) PR (NJ02-3) 0.274 1.407 54.00
T (NJ02-4) 0.256 1.307 47.47
HWERL e (NJO3-1) 0.222 1.317 84.04
Thin-layer black soil (NJ03) sk (NJ03-2) 0.244 1.514 85.22
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T3 (NJ03-3) 0.256 1.306 50.06

3.2 GPR-VMD 753AIRIRIRFI BT EEE A E

AW T ERHTE L (GPR) SRR (VMD) X MEARBT TIRER S, RIh
AR T #48 GPR i ARTE S J4 - B8 P I (K15 5 AT 401, GPR {5 5 78 REE T R i 5 52 3]
R AR BHEZIS) . RER RIRE LU AR RS MR RN, FEER R,
JEHORTE U R 2 S N ARBEFRZ Z AR X 22 H i SR, SRS 51088 HAS . VMD {E
N FhEEEE I HIE N G S A Tk, HARE R A TR 2 5 5 o — RAVEH
e S Th VB R AT BR A S R [ A RS BB (IMF) o ASHIF T I % GPR 5 S 40EE (207, e
BT 5 B A S S AT R ARG, R R R T G IMF 43, AT SREL T
1 35 BB e 75 A RO bR o X — AR BF s ok 7 038 RS EERE T, 7635 T’ B0E 1T,
AR B Z R RIEZ (RMSE) #3#I1E 3.73 cm £ 6.26 cm Z [0, #HET 2 5 f+
SISV X1 i SR O1IE 0 PR M T TA AR AR 2+ 2 R B (A SR 9T, A TJ7E (GPR-VMD) it BB
2 B B R AT R AR B B R R T . UM E B, RIMEE LIRS KRR G, 55 2
FHEZ B A, R RS R R R RS B, fRAE T GPR-VMD @& HiARfE R 24
IR P EFEE. L2 N, 40 GPR (55 A0, W faj ol s s e st sl /N it 20, F f 0 DA
TEAREEA RS 5 B IR A 2 BM s, FLICVE [ 38 N7 b RSt AR ) A 5 T 5 SR PR AR AR

B T SR T RS FE SR T, 7ESEBREFANN I R, GPR-VMD J7iE M A& 4 A A 2 78 i Bl
BRI A 1 SeAE A A TN GE 1) b, 550 B+ 2 51 38 28 308 A0 1 et ) T 472 30 3
RURECHE, Fo2s () o A B o B, A DA ARG S Pt B 1 2 TP A 3 T RO P B AL RRAE ) T
GPR JELLIMZL AE0E S SR N 45015 5, PR A2 AR ik, REsE AT R v Hh %) i 2 1
J2 JEFE 2 ) AR S 01, HLvk, A RCR MNA 50 A A, GPR HoARTE 2+ 2 5 i Pk i 7
rhERE R BELSE . AR L (49 400~600m) GPR L [ BHE FEN T 20~30 min, #
R FH A G A s 3] ) 56 2 () Bt 2 32, 1 75 8 250/ B 7 22 SR PR TR D2 K PR N 7 AR ), [
i, GPR J& T EBIFEMEA, EHIIRBGSFE P RS BIR L 3sh 0, WASWHHEZ = EHE
Mz, 25 bRk, M TARSGRAE, AWFELE) GPR-VMD JETENERGRE . 25 [HELE
P A RCRE SRS DT T R B B SR, NIXIRRTE R o R ) S SR A A
RS Wi it 7 —Fh A . SR AT AR AR R
3.3 GPR-VMD FERBIAFIXBREZT EERNN A=

AHIE TR 2 ACTE T4 28 2 P R A R s R J 3 T S I T R, Sl A (]
U 1) P R FE s T L (R A AR A K AR R T A Gt TV TC AR S it B 2 TR s ) AR S
(1= PR, B EE AR ENE S N A5 . 22 2 B T i it A o T 2R 2 R S A
MR Z M NTERR (B 6). Flin, 2R IRt B3 b A3 R B v 1 5 17 il 3 3 Ao
FEAR AL (B 6b), e ek 7K SR SEUN « BRI k- R AU SR, o T E AL B4
RN B e E . 2RI (B 6c) SR/ An A 722 HLk = BA 551 2 B T
Hoas 1) AR S E R IUN R AN h, X A RS S 1% X I AR AR /N . R DI AN B3 B 3
JR R 22 S SR R 3R G o I ol v 20 2R 11 2 2 JBE 8 2 ) A 1 T oy 2 b R 12 W 5 RS i FH A%
POt E ERL RS . A A A B, RT DL S R R A RS R “EEE X7, A
RO PE IR BUAR A PR 5 v Pl sl it A WA S5 4 e

BRI S, GPR-VMD J7vExd 5+ 2 B RE I G R 6 o LT 5, RS EREe G J 46 1F T (i
KPR X B B RAR XD W REAFAE R AT I, (B 5 NP o8 B e S S it VR & v
RS (i3, KN AR g, Al — DR M RS B, SeBlsE N4
MRS PEAL . ROk, Nt —DEE A N TR Re. BEEWE . =k R BE LR sk
HEE A, SR AS R 25 (8] )RR 2 2 R R s R A LB 2 Zh A 2 W 51FA, 2R - HiB Ak
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1HEBEL 12 e PR -3 R4 55 AT S0 SRR SCEE AT DR SRR 430,

AHFFFET GPR 5 VMD BE R, R i B2 7 213 i = 28 22 18] o ik Qi 7 %, SEal
TRLEEENEREE. Z2JUZPEIRE. 72 GHED UZ L, B THRIEE (GPR) S5
I3 (VMDD KRG T2, 3R A0 AER Y 31.69 ~ 57.66 MHz HIRRAS 7> &, AR m B+
BRSO, HE VU (RMSE) 4 2.03 ~ 6.86 om, it EkE BE I JE AL PRI AR
FE4 GPR-VMD M fig 22 N2 RBEIE Re ey, 38 4 2 )5 FE TIAE 55 Bl S B4 DR 45 v B — 3

(B R = 0.87, FrAFEsl R2=0.94), LTI RMSE Y5 /T 3.60~7.59 cm 2 [1], & & RMSE
N 6.08 cm, MAE 4 4.90 cm, S RMXHRZESESIE 9.7% AN, X RE R ZIVER & RIFHIES
REREtE S ae . /e B, JET GPR-VMD J/iE R ERAE MR, 456 BSR4 A A 1k
St RORE R 4 R R R A [ oy AT B, TR MR s 1 R R R TR AL S IR 2 AT e DL K AR i
T PRI FERRIE . AW AL FEE T GPR-VMD A& (1 -2k —1H 2 B 22+ 2 B R P i)
SR TN T %, WO AR A X R R A DR I 5 PR 4R it B ROR S HE
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