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WE ., LR R B X Sk 2 2RI MR L R AL S IR L SRAE B X B — 2 SRS B L & i
FAE T AR TR )R A SCER Y —FPFE T Google Earth Engine V-4 , VB RL - HEJH 35 48 9 5 30 ( Modified soil
adjusted vegetation index, MSAVI) | #f 4 #8§ % ( Bare soil index, BSI) . £ 4> #8 %X ( Salinity index, SI) 1% & 43 &r
(Wetness, WET) fE N IEREFE R, D\ 4 A/ 5] 4 FE AL 2 + M4 55 1L 45 B0 ( Bare patch index, BPI) 77k, 7EULIER I,
SR BT T R B 2 AR PRLE G RN, J’réﬁ%ﬁfﬁﬁm#ﬁ R HERRARN TR B [RBTG5
1E BPL ] + bR G AL M RAEAG Rk . S5 RFH, 5 — F s SUBRZR A |, Re s i 4 il 1 b AR B8 Ak AH OG5 8.5 BPL
55 - AR R A B R — B0, L Pearson MHICRE R® 4390124 0. 944 F1 0. 890, RMSE 1 MAE 43-%1 2k 0. 102
F10. 065, ¥0LT NDVI MSAVI BSI F1 ST 25 88 —35 %, 2210 BPI fEfS TE £ 2 # S e + o iR @R b as ) 2 5%, 3£ T BPI
PR 23 A 25 SR e W D <22 T - H R o A EL AT P b 2 () S5 O AS [ S R o IR E P R TN 2 — 8 {28 1,
BPI BEfS I 22 4 3P FIEL55 20 )+ M AR Ak, 7T o DX - iR A W Al B2 A P RN [ 423 [|)36 I;'%ﬂ,\,

KR ARG (GEE) ; EMAHT; TR ks 5 (BPL) ; 25 [ | ARG
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Construction and Spatiotemporal Evolution Monitoring of Bare
Patch Index in Xi’an Based on GEE

Han Ling' Li Dongkun' Li Liangzhi' Liu Quanming® Ma Teng’
(1. School of Land Engineering, Chang’an University, Xi’an 710054, China
2. College of Water Conservancy and Civil Engineering, Inner Mongolia Agricultural University, Hohhot 010018, China)

Abstract; Bare soil exposure is an important indicator reflecting regional surface cover degradation, bare
soil distribution, and ecological environmental change. To address the limitation that a single remote
sensing index cannot comprehensively characterize bare soil exposure, a bare patch index ( BPI)
construction method for Xi’an was proposed based on the Google Earth Engine platform. The modified
soil-adjusted vegetation index ( MSAVI), bare soil index (BSI), salinity index (SI), and wetness
component ( WET ) were selected as basic indicators to characterize bare soil exposure from four
dimensions, including vegetation coverage, bare soil exposure, salinity or high-reflectance features, and
surface moisture conditions. Principal component analysis was then used to integrate these multiple
indicators. In addition, stratified random samples, manual interpretation of high-resolution imagery, and
comparison with different remote sensing indices were used to validate the effectiveness of BPI in
characterizing bare soil exposure. The results showed that the first principal component had a high
contribution rate and could effectively integrate information related to bare soil exposure. BPI showed high
consistency with the observed bare soil exposure values, with a Pearson correlation coefficient and R of
0.944 and 0. 890, respectively, and RMSE and MAE values of 0. 102 and 0. 065, respectively. These
results were superior to those of single indices such as NDVI, MSAVI, BSI, and SI, indicating that BPI
can more stably reflect the spatial differences in bare soil exposure. The spatiotemporal monitoring results
based on BPI showed that bare soil exposure in Xi’an exhibited obvious spatial heterogeneity, and bare
soil exposure areas of different grades changed to varying degrees during the study period. The results
indicated that BPI can comprehensively characterize bare soil exposure based on multidimensional surface
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features, providing a reference for regional land degradation monitoring, agricultural resource utilization ,

and territorial spatial governance.

Key words: Google Earth Engine ( GEE); principal component analysis; bare patch index ( BPI);

spatial autocorrelation
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FAEPRT 5 T B A 2 58 o LA R 4 b i e Ak 55
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Fig. 1  Overview of study area

1.2 HERESTAE

Ph GEE = V-5 R $iHls 34, 98 B 2000—2025
A Landsat R % T &2 # £ X 5 % ( Surface
reflectance ,SR) 725 . A A% EEAJFE Landsat 5
TM F1 Landsat 8 OLI (1) T1 2% , =59 & WRS
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AT R i DA Al D0 R A 1 Wiy AT BA 4 3t g v
30 m 1 7 9 F i 4E ( China land cover dataset,

CLCD ) X XIS AN I K T AR AR AT HE IR AL F %
PEAE S N 1 s

®1 BIERIRR AR

Tab.1 Data sources and description

Bmem 25 [8) 73 B /m ]

AL BT 1 B A I

2000 4F- 6—9 H
2005 4F6—9 H
2010 4F-6—9 A
2015 4 6—9 A
2020 4F 6—9 A
2025 4FE 6—9 Ji
2010 4F
2015 4F
2020 4F

Landsat 5 TM C2 1.2

Landsat 8 OLI C2 1.2 30

I

PGB M E 2

ST E AR, R R
1E Z = sy

https : // code. earthengine. google. com/

Zenodo JF A (https : // zenodo. org/)

1.3 WRAE
1.3.1 BPI BRI

ZWSCHR[ 16 ] #2 1 A RSET flA B, i35 5k
WA SR TR 4 NMESIRRSGR S
FAE X AR AR, 38 2 3 43 53 ( Principal
component analysis, PCA ) ££ i, MSAVI, WET, SI #1
BSI, H-454 SCiHk [ 22 ] % RSEI (9 3E— 440 #r, ¥ 2
T AN U RREE AL RFAE Y BPL,

Horpr  MSAVI GBS TEAT 0 ) 55 1 e 75 5 X Af
PAF DT, U TS 5 F TR B DX 4R 11X
FERRER 2, b AR i DX 1L HAT 50 A AR
#5 Tk etk EicER o 2AVRRIE, ST RE M5l Bh U X
o I ST . BSI RERS ELAEIG SR AR RN TR R
ARG TE IR I, Xof B B, AR B o DR A A3l
i HA BRI RE ), S T b AR R T R AE A%

B8R, WET S22 0 B AR R 00, 1 £
i AR A X el 1 B 2 TR AR AR FFRE T
B, KL WET AT DA 32 248 3 b 7 221 i 1 R % fL
fE,IFfE M fE i = 545 G Al &, %
MSAVI BSI SI Al WET J:[R] 44 A 45 5oty 2, G M
4 ANSTRI T T 8 R MR 25 Ak R, DA T R A
P —FRREFUN SR BR

BPL ARG A LST AE NI R, FEET 2 4
J7 1% % (DLST T 22 Jz Wit by 3% R - iy ol 2, oF 3k
TR BN S RG5O T S - R AL
TR R B B AL R R R B R Y T R
TR SS . QIEIRTT M3 X, LST ) 3% 51 %
JE R R K R BRI S e B 51 A
7, BRARFR RO R A AR A AT XY SR bR
HRAKXIE 2,

X2 BPI#EEHREITEAR

Tab.2 Calculation formulas of indicators used for BPI construction

EfEL) HEZAEN SR L
2

MSAVI Msayy < 2P 1= <2Pm2+ D7 -8(pnir ~Pr) P WILTINIE B S5 LT G B R %
BSI BSI = (Pswir1 +Pr) = (Pxir +Pp) pswin LI 1 BT oy LT B,

) (Pswiri +Pr) + (Pxig +Pp) P RGBT %R
St SI= pspr.

Landsat 5 TM; WET =0. 031 5p, +0.202 1p, +0.310 2p,, +

WET 0.159 4py = 0. 680 6p5yig; —0. 610 9oy, PG Pr Pswira T IFREOE LG JEELLST 2 BB

Landsat 8 OLI: WET =0. 151 1p, +0. 197 3p, +0. 328 3p + =

0.340 Tpyig =0. 711 Tpgyips —0. 455 9pswir

1.3.2  BPI ARPESRIE ) %

K Pearson #1356 R0 e RE R® 30y
HRIRZE RMSE FIF-34 46 % 1% 25 MAE PR AS [R] 48 5
5+ MR EE Ak B S 2 (B B — S . Pearson A G
FBONU T BPLAE 5 550 + Ho g1 #8 fL AR 2 2 )
AILE AR ICHE P R R® 3R AE BPT X B 5K

- R AR B AR AL A B BE 7 s RMSE T e
BPI {5 H.5{H Z [ B K1 22 ; MAE F T 2&A4iE BPI
{65 B IE 2 8] ¥4 5w 22, HH |, Pearson 4
KERFOM R ey, R 50 5L L A g 1k i
— 2 MR B  RMSE F1 MAE B , 26 B 38 %% 2
BN
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1.3.3  Theil — Sen Median # % 43 #f il Mann A »—BPIYE s 2 BT
Kendall #556 W, 23 (B A AR R i 5 j ARARI W, =1,
Theil — Sen Median &% #1 e —MffdrES RZW, =0

B, Tz N H TR R AR A R ]
9405 B AR
,3=Median(x;.:?i) (Vj>i) (1)
b 4 AR A RERIEH BPL
Median R AV B PRI

Mann — Kendall ;55 )& TAE S E0E AR50 77,
A TR )7 90 AR A2 5 B M, s
ST

S= I 2 sgn(x; —x;) (2)
Hrp ”'/’”i (%, —x,>0)
sgn(x; —x;) =10 (%, —x,=0) (3)
-1 (x;-%,<0)
Xt S— LT
n——0J 18] PP S AR A B
sgn—"F 5 R AK

S AT AR IEZS 34, m] F AR HE AL GE T3 3
o FE TR, TR AR

S (550)
v/ Var(S)
Z =30 (S$=0) (4)
S+l (s<0)
v/ Var(S)
e Var(S)=n(n_1i§2n+5) (5)
K Var(S) faj ik 7 22

Z——BPI W] FH AR bR AR B0 (B

#NZ1 > Z, ., , BPL Akt 5am it 2 PR 0 ; e L
a =0. 05 1EH B E PRI K-,

RS 2 R ST ik BPL AR Ak i AR 4y
g5 R A M (B< -0.0005,Z< -1.96) .
Rk (B< —0.0005, —1.96 < Z <1.96) A1
(-0.0005<B<0.0005) BHEL(B=0.0005,
-1.96 < Z <1.96) fil i % E AL (=0.000 5,7 =
1.96)
1.3.4 =5[] B SHT

42 J5) Moran’s 1( Global Moran’s 1)~ i T o
() FIAHDGRREE T H] T RAE AR 7R 25 ] b (9 OCHRFREE
PET S BP (AR RAFIE 25 R0 A RS, AR

32 Z W, (x, - x)(x, —x)
[= =1 (6)

2 i WijZ (xi _;)2

i=1 j=1 i=

1.3.5 Hurst %%

Hurst $8%0> & H T RAEHF 5T X BPI 5 [f] J5 51
HIJE AR L Z BRSO i, HRTE AEA 2 KX
SRR S SUIRAT B2 N . K Sen BHR S
J 5 Hurst 255458 A% 2 0, o7 400 534 4 Fps iy,
04, <O H>0.5(0,,, %/~ Sen R, H F£IR
Hurst $6%0) , #/R$F2 803550, <O . H <0.5, £/
HEcEAE R b 0, >0, H >0.5, FmFEEiR 1k
0,100 >0 H <0. 5,7 HIB LG

2 HFRESH

2.1 BPIMEZERSEHMRIE
2.1.1 PCA STmRF S FapRam 4T

XT 4 A8 AR AR AT 3 A, T PR HU AR
iy PC1 B fif S sTmkR (£ 3) . th# 3 Al PCl 5T
HRE N 81.93% ~86. 16% , V14 {H 1A 84. 69% , 7 W]
R AR A e AR 1 FEEREF B, Ktk , 5
F PC1 ¥y 3 BPL R AF PG4l - Hb R 8 AL 7E Ty
AT,

=3 2000—2025 £ PC1 #hfar & sk &
Tab.3 PCI1 loadings and contribution rates from
2000 to 2025

HEfF MSAVI  BSI s wer PPV BPIZLST

MR/ % TR %
~0.419 83.55  81.78
~0.325 81.93  77.74
-0.405 86.16 82.70
~0.456 86.01  79.13
~0.458 85.28  75.53
~0.461 85.20  78.26

-0.421 84.69 79.19

2000 -0.396 0.555 0.599
2005 -0.511 0.574 0.552
2010 -0.457 0.561  0.559
2015 -0.473 0.560  0.505
2020 -0.476 0.568  0.491
2025 -0.481 0.571  0.480
¥ -0.466 0.565 0.531

[, 76 4 A3 A R LAl B A LST 5 bRt
e RAE, 4520, LST M A K REH 58 =5
FRAES— ER TP TR I T 5+
HuBR R AL T AR AR R 58 4 —BUW HALE B, F 3%

R E—E KK IR PCA 84 AR AE 194 H: , 5T
TE TR bR Z B AH BLOC R , % MSAVI BSI,SI
1 WET #£47 Pearson FIE R B M (£ 4), HE 4
AT, #5486 A (B RH DG OC 22 343K 2 e 2 KF (P <
0.001) . vt BSI 45 SI &2 52 FAH ¢, M G R 8K
70.892; MSAVI 5 WET £ 1E #1256, M & R EH
0.643, F%Z F ,MSAVI 55 BSI SI 435 & k%,
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M R - 0.870 Fil —0.768; WET 5 BSI . SI 43
SR MR ECH - 0. 866 1 -0. 761,

%4 Pearson HHXEHER

Tab.4 Results of Pearson correlation analysis

D MSAVI BSI SI WET
MSAVI 1 -0.870 -0.768 0. 643
BSI -0.870 1 0. 892 -0. 866
SI -0.768 0. 892 1 -0.761
WET 0. 643 -0. 866 -0.761 1

2R 5 PCA 45 R B A B —FrE . BSL Al
SI T%—aﬁﬁiﬁqﬂi@%ﬂﬁmﬁﬁ,ﬂ_%zﬂz
TEAHSGE ; MSAVI FI WET 380 0 fa 4k, H =% >
[i) [l S TR AR DG, R W20 — 35 Lo R ML P L T
DI A 5 R M R R AR IR —AR - R R B AR SRR AR
BT ) AL B, R e bR Z R A —
JE AR DGR RNIEAT (5 B, (H A T8 43 ) 0] Eh A e 7
R REE EhOT IR RN 200 SN R b S 4, 4T
HA 250 RAEE L, R, PCA BEHEIE—2 &
EE L AN IO V=R a-ﬁmﬁl,vﬂﬁrﬂ: S NI]
MR BPI 255 RAE + Mo 85 AL RE A B
2.1.2  HURIAEX 25 (A — BRI
St — K BPI ZEAS [R) b 2 28 T AUAS [ i) 1A
ARk, PEHL A B .C 3 AMHLAIFEX 251K 2010

wHm Esme T

20152020 4543 W R 18 G A5 X - A 5 BPI
GORPEATR A (B 2) o W= o34 B3 A4
D43 A F V8 %2 T A (5] i 55 AN+ b R R 35 51X
B, RERSH LT I WL 5 IX P9 - b AR B2 Ak 1) 25 1] 25 57
FRAE, o, A XD T Rqe T —#R iR & 3 Ry
F, HhF B R AL R B A, BPT UL ] 2 B
X A; FREFB I X 2k, LIAKHL A 3 I 44 Rl i i
ST 25 X055 C X 004 VG 35 1L R b X
HIE AR, - Ho A A R E

VAR, BPL 7E 25 (8] I BB 0% 4 4 i 2 b 7 42
TR R 36 5 F H R e 22 7, HmE
X B X RMIAE X 5 R FH 2SR Al 7 s
FIb F MR TR 2 0] 2 o — Bk, R F8 41
FUA — 5 25 Al il R AN S PR & B |
2.1.3 FREO IR

Shitt—2E B 0E BPT X+ M4 28 1L i R A BE
L 2020 4F NIIEARGY , 35T BPI /r 45 k700 2
BEHLICRE , 3 9 B 100 N S8 IEREAS /5, 45 &
Google Earth [J7 52 5 43 AR N L HNEFEAZE v
DX A RR B b 2 LU 5], B AR S - b R 8 b S AA
i — 25 $ A AR A 55 % B 1Y) NDVI, MSAVI BSI, SI
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Fig.2 Local details of BPI for different years
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HIZR 5 W0, A [ e B e 7E — e RE JE B
W+ iR 82 AL RRAE , (H RAEBORAFTE W] 822 57
NDVI MSAVI, BSI #l SI 5 + Hi 81 &% 1k 5 S {H 1Y
Pearson AH ¢ & %43 )il 41 0. 617 ,0.585,0.750 il
0. 632, R BIHE 48 £ AR L5 HOMER 73 5= S 4
WO BRAT— R RALRE S, o, BST 7 L —f5 2
FILEAS , Pearson A& R ELH R* 43514 0. 750 Al
0. 562, F B L AL 52 15 B L AR AL U B A 5
SRR

R5 FREREHSHHRABUELERIEER
Tab.5 Validation results of different remote sensing

indices against observed BPI values

iR Pearson #H ¢ R4 R? RMSE MAE
NDVI 0.617 0. 381 0.220 0. 160
MSAVI 0.585 0. 342 0.242 0.177
BSI 0. 750 0.562 0.188 0. 135
SI 0. 632 0. 400 0.220 0. 151
BPI 0. 944 0. 890 0. 102 0. 065

FHLLZ T, BPL 5+ 4R 87 1k L S (E Y — 3otk
fern , H Pearson A1 R BRI R® 4350134 51 0. 944 FlI
0.890, ¥y T HAth B —F5 %k, W), BPI ) RMSE
I MAE 43 51 24 0.102 F1 0.065, ${% T NDVI,
MSAVI BSI 1 SI, 28 BPI AV 5 B 52 + i &% 1k
HAESRALIE—S0E, HAR TR 2ZE TN, %48
FW BPLM 2R S w3 55 MR+ 258 ek
SRR LA S M 00 A 5., RE A AR o — F5 27
825 MRS T U 2, SR RS b e R VY 2 T
T BR AR AL 2SR 22 5

AR, BPL 45 2 5 N T4 352 4 M R 5 AL Y (H 2
FE T (F6) 1 ~5 FAEA XS B 1Y EL S 5%
{EIME 4354 0. 095 0. 225 0. 470 .0. 605 F10. 730,
FHH BPI r 45 0 5 50 + MR R A LA 35—

oM #E— P BIE T BPL 34 R0 & Bk

*6 BPISEXBEZEME
Tab.6 Mean between BPI and observed land bare

exposure across different BPI classes

BPI BEAS  BPLVIOE HSGHREREF M
0~0.2 20 0. 100 0.095
0.2~0.4 20 0.270 0.225
0.4~0.6 20 0.522 0.470
0.6~0.8 20 0.616 0. 605
0.8~1.0 20 0. 850 0.730

2.2 WZETH BPIHZ=EESH
gt — B R V6 2T BPT Y48 [ 40 SR AE | R
FHAE B) B 2 Gt BPL AT 950143, BPL A 0 ~
1, B R R 7R Hh SR V0 0 R B | - R R A
BERGE , BRI RARIEANER 7 FR
®7 THBBRUEHRS

Tab.7 Classification of soil exposure levels

BPI IR G

AR

0~0.2 MWRE
0.2~0.4 RJ¥

-l MR AR AR AR R
AL AR B s BE AL LR, A B AR B
0.4~0.6 HE - SRR R Bl B A Ak AR A
0.6~0.8 HEF TR AR L B B &
0.8~1.0 MHERE LIEREARE RS, IRRERERI

MEFE R EER (£ 8) , 5% B A ER AL T AL L
1 2000 4FRY 33. 349% 4N 2 2025 41/ 43. 40% , IF
TE 2020 4F 35 B I (48.26% ) . 5% & R &8 AL X I
FFE S e %, mA 5tk il 18.99% A&
24.47% , —FH AT A bl 2000 4F14 52.33% $# &
2025 4F11 67. 87% , 2% WA V4 22 T (I AR 8 A P B X
EEYT R i B AR R A X AR L B 2000 A5 Y

&8 2000—2025 FFERT BPI EZEMAK G
Tab.8 Area and proportion of BPI grades in Xi’an from 2000 to 2025

- 2000 4F 2005 4F 2010 4F 2015 4F 2020 4F 2025 4F
WA/km® (GH/% EA/km? /% @R/ /% A km? /% ER/km? A% R /km? 5 H%
Wi 3481.08 33.34 3578.09 34.35 4073.88 39.02 4281.64 41.01 5038.24 48.26 4530.55 43.40
Lzl s 1982.78 18.99 1804.25 17.32 2177.72 20.86 2475.96 23.72 2462.47 23.59 2554.35 24.47
e 1422.39  13.62 1213.32 11.65 1669.15 15.99 1818.34 17.41 1476.51 14.14 1619.43 15.51
Eigiy 1893.38 18.13 1977.75 18.98 1449.64 13.89 1106.83 10.60  846.72  8.11 941.50  9.01
e T 1660.88 15.92 1844.37 17.70 1069.48 10.24  757.70  7.26  615.93  5.90  794.18  7.61

13.62% P sh F+ 2 2015 460 17.42% , M5 % = 15.91% B & 7.61%, — & & iFm 5
2020 4F 1) 14. 14% ,2025 4E/NIE T2 15.51% , 8 34.04% [ % 16. 63% , 7 W = 21 55 AL B X 1 45 2]
JFERIRY R AR AR A X e AR ] s b, Horb R WETR4A,

BREE fL DX BRI AL 4 L 2000 4F 9 18.13% B & SAIRITTE,2000—2025 AF Y2117 BPL 4 4451
2025 4F19 9. 02% ; M BE AR R AL X B AR 7 L il RIS SRS YU R 1, - R (L AR
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2026 4F

JE SRR . H 2020—2025 AF ], 5 RE R H R X
B Her 14, 019% 81T 2 16, 63% , 2617 Jayif X AT 7
FERRER AR SRR, | Jo 2 e S R R T
MZS T RBER (K 3) MR B iz B g Ak X
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Tab.9 BPI change trend and area proportion from 2000 to 2025
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