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62.80 km*) . % (181.65 km® E 161.50 km?, 4EHH/0 0.58 km*) (1AL EBUR /D (3) WFFsI iy, #iih
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BRAT Y A b it B HEAT PEAG, T0I0 Hy ot T ok
AORPRRE SR, DR R ZBESR ) 30 A A0 e DA
2, FHATRFLL N LA (Chen 55, 20215
Regasa 5%, 2021),

T R M IX AR Ze i LA 22 I T R -
A BB AL, R A A b DA T HERR Y LUCC
5 B2 U — T2 A PR AE 55 (BRl 45,
2021; Khwarahm 5§, 2021; 223 % %, 2016) .
BB AR RS (Remote Sensing) 1] PAH I i) ] R
JER B EE, S TAL e R oy SRR W
GYRITEE, R BRI R T A AR S AR
FE (Lyons & 2012; Rawat fll Kumar, 2015; &=
— XA, 2019). BLEs7 A BEHA G
PRI 058 KEE S (Bangira?$, 2019), AEWE
T TSNS Y e B AR X A, Sl A
DB, S 1T R L X LUCC % B4R K
HOREIE . SZRFREALSVM  (Support Vector Machine ) |
2 WEB CART (Classification and Regression Tree) |
BEHLAR A RF (Random Forest) 55515 T 4% ) 1z )
JH TR 53 28 (Kiggundu %, 2018; Li %,
2018; Tu?f, 2021). #RifN, HlwssJHikAEab i
A Tv) T3 A0 A W 1 R R B 12 0 O T 1 2 T Oy
W, EAATEA AL 2SR (VLW 45, 20205 F)
Fifh 55, 2018) . — S I B AR HO A . K
(NG I I S R S P SN 1= = 2 s
PCA (Principal Component Analysis) sk g™
MR e, T Y T B A ) R AR 22 8] A R OGP
(Abdi Fl Williams, 2010). 4nfaf ] A1 £eas A R
U DX P R A s ) g b Sy, 5% B PR A AR A
IR B 1 JRy B, i v T R IR 3 S b R
AR IBCHE A P R (R A L 1 [

- MR T s 728 A ) S S o A B AN T ORYE L
MR . R BE Y I 7 s, AR i s SR
LUCC 7 fi (17 SR Bl A Nk e i % SR H 2 55
TH o R U R Y b B A ) S AR AS E U T
NZEX HBR BRI B 5, A e L B 1 R
T B PR R V5 52 A e A BB AR T T I Pk A
(Ghorbanian %, 2020) . LA GEE =& FHFEM
PERBRAfEM TG R, &~
A S VR4 e B A ey o B PR RT3, T AR T 2
U5 0 2 ROBE Y 42 8K i JE K1 18 (Akar 1 Giingor,
2012; Rodrigues fl Souza—Filho, 2011), e RKFEREE
ST A LR E M. GEE =R E
BTz 0 T R XS LD AR AR I (PR 5

2022; B{HIEH %, 2021) . /K= FRGEEHREL (Sun
&, 2020) . TAEFERHIEEEL (TRERI S, 2022) .
WA (BREERR %, 2022; FEENEE %, 2022)
8, FEVTIRACR A T T SR AR A DR

B S 2 22 o G 1 AR T, R A
TSR AR T 2 s L F T R X H K e Y
WA, REPERT ARG S, s
it 6000 5N (BRZE 4, 20145 22 Ak AT £ 1l
£, 2020) . AHFSETE MBS X5, KT Landsat
Kufia] 73 DEEGMGEE = V-6, KEMAE
JEAE BORN 32 43 43 B I BEPL AR PR 2R, 224l
1985 4£—2020 4 (5 AFH ][] fF ) Y LUCC ¥
B2, B T BT T XA - i) FH 2 R Y B ]
PR A [AARAE . ARWFFERENS N LUCC A5 B A 2R L
PEOLEEAR S, b= AR BN LUCC Bds S Xt
TR Res R R B EEE L,

2 WX SEHRER

21 HIREX

PO A F W LA ARAGES, T T
Ji, d6AR B, ARESFINEES, REZEMASY
W DX R 52 2 OB % 0 (LiSE, 2017;
Tian 55, 2021). TR RIWUE S 8081 B 1 5R Z1
TG ISR T, XoF X Sk St FE = A T AR
M, S TN VS GO Dl R R TR (Wang 55
2017) . 204t 60 AR ISR, A T3 7E Jb 0 51
@, BHIE T HARARfk, T 0 0 6 R 2R PR T T
iy AR AR FIEAE 3 b 5 | % ik B TR T G AR Ak
Rt A 21 et Dok, AL ARG 80T
PO DXl 22 i I 20 AR Ak, PR IR . AR A
ATEREW, FHik, Pk, #E T EeHE +
R K h A28 5 B E S fe JE . BFR XA dG
BT 3R (41l 2L WAR) MWL
(O IXEE (P, W7, MgEh . SR, FIFF. B
W, bR Uk, ZZE), S 11429.80 km’,
A 1R .

2.2 HER

GEE =1 {5 J& — 1> 1 [n] 43k RUBE (1) Hl 74 =5[]
YA T H AN{EAR R TV 17 b BRI 3 SRR B e
Jg, i A KA =it A RE T, ST H ek
BEF ARG A AR T — A B 72 (77
Il %, 2022).
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2005 4F . 2010 4F M2 1R K H Landsat 5 % 822 X
TM (Thematic Mapper), 20004514k H Landsat 7
B AL 25 AL ETM+  (Enhanced Thematic Mapper
Plus), 20154F ., 2020 4F 152150k H Landsat 8 [ifi
AR 01T (Operational Land Imager) , HARmzE 1
Bz o Hor T™M 5 ETM+ 1% 2% g A0 B0 7 o £ il
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Fig. 1  The study area

(Landsat Ecosystem Disturbance Adaptive Processing
System) AT 1 KAMLIE . OLIAL A 1 A4 7 i
it AR 181 56 [E6] b o ] A5 Jeg oA 90 S 1) b o S S5
S LaSRC (Landsat 8 Surface Reflectance Code)
BT T ORARLIE

F1 WERFEAR Landsat T2 2 B
Table 1 Landsat satellite data used in the study

PR REEE MHERm AE0Y lidE

LANDSAT/LT05/CO1/T1_SR  Landsat 5 ™ 30

LANDSAT/LE07/CO1/T1_SR  Landsat 7

19854 (1990 4F- 1995 4% |

Blue .Green .Red .NIR .SWIR1 .SWIR2 .LWIR
2005 4F 20104 e Lreem e

ETM+ 30 2000 4F- Blue .Green .Red \NIR .SWIR1.SWIR2 .LWIR .Pan

20154F 2020 4F Coastal \Blue ,Green .Red \NIR |

LANDSAT/LCO8/CO1/TI_SR  Landsat8  OLI 30

SWIR1.SWIR2 ,Pan Cirrus

3 WERITIL

AHIFFE I 1) XS A, AR T R B SRS AR
R o B B HLAR AR P SR, IR T
RIS, XEHUHITE H X LUCC 25 4% Jay 18 728 R A
BEAT T 30T, WA 1% R T2 A 1 Y I )
M AR J o AR SCHAR B ANIA 2 Fs

3.1 HIREERAE

TE GEE = - 5 Hp e £ AH 7 I AH 1) T2 328 JB L
Pa 25, 1HH cloud mask T & BH 2 22 Bk Al 2 1 45
YE (Mateo—Garcia %5, 2018). ZJ5, 1A (EE
W AR BUEBR & AR, B A RS UG (4 1
MG I BC— SR, TR IS8 AR 0y B A 2 Je%
EHEE W —A, 13RI RERETE M . 588 BosiF 5T
DX 2 5 BB R R (Wang 55, 2018;
Zurqani%, 2018),

3.2 ETHEVZRKR LM F A/EHENERIRR
AR FE DX - Mo M SE B B0, 4 = k)

FRP N6 FUHM . AR it B, #R
HAIREDR , AR 2B

321 ETHVNRREERNS L[ EE

RF 53k 02 — Fi E S 80l 3 77 75 (Breiman,
2001) . HHAEEFEM L, RFEZRASTEL
A, REEACRERE, HAS NS IGTIE Tk,
AN 5 LB I S AR R PE A B (Breiman,
2001) . LA, RF B ANNT T AR Fo: ol i Ji A5 gt
TR AT B, I HLaT LA B30 A 50 KoK
1o XL A A L o AR 9T 15 R A 1 A
h1100, HAPRaAE . BRI A BEHLILFD
TSR RBEINE ., X TREAR S, 70% HT
BN, 30% FHTRS B AL .

322 BMSERBBEHMERSSENBIARKL
MR RS

N TR RAMERYE, BR T bR SRR
Y25k, AT A R AR R B
SECISE S TE RS [
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Fig. 2 Flowchart of the study

F2 HihFFREREREGRRIFE
Table 2 Various land use types and the performance
characteristics of remote sensing images
TR SRR R
(PREMBOR €5 1)

Z&) 7E X

VI RS e R T A A H

FI SR Bt A dek KRBt FH b

ik R

Al REA AT A AR

Bt SPARRTIEF B E R AR H

o LI AT

73
it R A U

WEVR e TR 2 B £ 3047 W B X

(1) ERHEHOTH LS. AT, A
TSR ) A 2O, R 0T — AR AR B AR KR
NDVI (Normalized Difference Vegetation Index) .
JH — b 2 55 ) 45 U NDBI (Normalized Difference

Building Index) , 2l IH—4k 25 F/KIAFEEL MNDWI
(Modified Normalized Difference Water Index) A
B UE R AR, DARG SR A H ) 26 0 Y T IX
Oy, PRE SRR . SIREOTA AT

NIR - RED

NDVI_NH{+RED (1)
SWIR - NIR

NDBI = SWIR + NIR 2)

MNDWI:GREEN—SWHR 3)

GREEN + SWIR
#H, NIR. RED., GREEN, SWIR 434l #/R Landsat

EUR T 20 B . 20 BE . S BERNJE ik 21 4
e B b 2 S I

(2) TR BT BRI PCA J2& — Pk B4
PN S U B T 4 3 55 /0 A M G B gt R
(Abdi f Williams, 2010). A3CH, K PCA BTG
(1 3 WA o wE N B A R R G AR, JFR
PCA SZAR P R B AT VN R AR R R B, DA 4R
1A LA 28 ) R e ST 1
FEEEM
B DE A 2 18 S 2 AR IR H AR U0 o
A/D AR, AALRERS TN S5 RS R, R TF
flirbEee . LSS % (R %, 2018;
IMEAE 4, 2020) . EVAKEEE OA (Overall Accuracy)

3.2.3
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T 1 TE 4 73 28 098 T E H T B TRV 4 0 R 2
o3, EER A SEER B ], kappa R BN
T 5 A TR T 25 A S BR Ay R A R R — B
OA Fll Kappa ZELAI A AT Uis

P,
RJJ% )

Nzxii - Z(xn X x+i)
i=1 ri:l (5)
N? - E(xH x ‘x+i)

(=1

K, PREMBIEMEERE, PREEER D
TR R AT RO, xS i TR 141
FRUINEL, w, S22 i AT R PR AR, «, A 0B
AP S, NI

33 ITHMAA/EREUNEREEEST

HERR A LU CC AR SRS T PR+ 3 A
AEVE L R T R R A R B B
ARG A R R A AR AR
UL, il ] o M e A% R I 7 70 A7 4% - ]
PR S (6] ) A S5, BI# LUCC &
AL TR o

0 - |

Kappa =

4 BRI IES R 5 5 b

41 FMMETAR/BEHETHERBRIENGR
ARG R T il 3 S s BRI 32 5 o0 o0 i 1) B
MLERMGE IR MG3 25 0775, FEGEE R PR LFFT,
FIFH Landsat £ B[] 7 371) 10 12 B8 s, $E T T
FEXZABF AR LUCCAF ., BARIE 3 s .
BT IRIEFERE T OA Fl Kappa R ELLIIEM 43
BRI MERE, SR ME I HE4FR. WEK3
AL Y, 1985 4E—2020 4F OA il Kappa 2 504>
HIRF 91.00% F10.8900, “F-¥I{E 537 4 92.83% FlI
0.9108, FHAPAREERENHEN, AEHE N 52T
25 K% Jey e A8 43 BT B A A A TR P AR S
42 MMELA R/ EET AR ESREET S

4.2.1 HEERSHT

ABFFEGETE TR . KA bR Bt
PRI A AR | T AR | T AR A A A

Bhr, 4Rk 4 .

(a) 19854
(a) In 1985

(b) 1990 4F
(b) In 1990

(¢) 19954
(¢) In 1995

(d) 20004F
(d) In 2000

(e) 2005 4F
(e) In 2005

() 20104F
(f) In 2010
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Fig. 3 Classification of Hangzhou Bay from 1985 to 2020
®3 HEEENEBE
Table 3 Sample points and classification accuracy
A4 1985 4F 1990 4 1995 4 2000 4F 2005 4F 20104F 2015 4F 20204F ¥ifE

YIERFEA R 450 446 497 514 486 546 635 699 —
YOUFFEAEL 193 191 213 220 208 234 272 300 —
SRS BE 1% 93.26 92.15 9531 93.18 91.35 92.31 93.75 91.33 92.83
Kappa 224 0.9144 0.9033 0.9414 0.9141 0.8941 0.9049 0.9212 0.8932 0.9108

0
(a) 1985 4RI HIRE (b) 1990 4F-JR ¥ 4 4

(a) Confusion matrix in 1985 (b) Confusion matrix in 1990

0
(c) 1995 4FIR 1B R (d) 2000 4F V& I 4 1
(¢) Confusion matrix in 1995 (d) Confusion matrix in 2000

0

(e) 2005 FIRIGHE 4 (f) 2010 4F-TR VA 56 4

(e) Confusion matrix in 2005 (f) Confusion matrix in 2010
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0 0
(g) 2015 4F R IR ALIE (h) 2020 4R B HERE
(g) Confusion matrix in 2015 (h) Confusion matrix in 2020
&4 RIGHERE
Fig. 4 Confusion matrix
F4 FrEAER ARTUERELE
Table 4 Area, area change and area change rate of each land use type
AE Eizt A PINEN it b PR W
19854 278.26 509.32 2159.49 6998.45 768.99 181.65
1990 4 320.31 441.05 2140.14 7214.30 647.05 343.65
1995 4 789.55 486.05 2133.05 7181.41 247.43 247.43
2000 4 Tk 1056.88 780.97 1994.95 6753.54 396.45 236.58
2005 4 1457.04 718.73 1948.21 6113.29 884.74 139.75
20104F 2009.46 920.60 2122.58 5237.38 995.76 243.16
2015 4F 2654.50 872.26 2211.47 4941.86 748.86 174.18
20204 2984.76 680.21 1881.52 4800.59 1078.13 161.50
1985 4E—1990 4 42.05 -68.27 -19.35 215.85 -121.94 162.00
1990 4F-—1995 4 469.24 45.00 -7.09 -32.89 -399.62 -96.22
1995 4F-—2000 4 267.33 294.92 -138.10 -427.87 149.02 -10.85
2000 4F-—2005 4F- TRV A /km? 400.16 -62.24 -46.74 -640.25 488.29 -96.83
2005 4F—2010 4 552.42 201.87 174.37 -875.91 111.02 103.41
2010 4F—2015 4 645.04 -48.34 88.89 -295.52 -246.90 -68.98
2015 4F—2020 4 330.26 -192.05 -329.95 -141.27 329.27 -12.68
1985 4F—1990 4F- 15.11 -13.40 -0.90 3.08 -15.86 89.18
1990 4F—1995 4 146.50 10.20 -0.33 -0.46 -61.76 -28.00
1995 4-—2000 4 33.86 60.68 -6.47 -5.96 60.23 -4.39
2000 4F-—2005 4F: TR /% 37.86 -7.97 -2.34 -9.48 123.17 -40.93
2005 4F—2010 4 3791 28.09 8.95 -14.33 12.55 74.00
20104E—20154F 32.10 -5.25 4.19 -5.64 -24.80 -28.37
2015 4E—20204F 12.44 -22.02 -14.92 -2.86 43.97 -7.28

(1) B Gt T A FEWFFE A0y 2 i
iy i) D RRURT T AR AR A, BLR G E S B o dE Ot
EISFIZRATTLUE S, VRN, B FH
FUH 1985 4 119 278.26 km? A W | T+ 2 2020 4 1Y
2984.76 km?, AEHEK 77.33 km®, FEFE 5 AR 1
Jin 42.05 km’, 469.24 km’, 267.33 km’, 400.16 km’,
552.42 km*, 645.04 km® F1330.26 km®, XJ I (1) 7%
1353 51k 15.11% . 146.50% . 33.86% . 37.86% .
37.91%. 32.10%. 12.44%.

(2) Kk, Gt T AFEBFR GG TR
T KA R A ifEdsk) i i AR T AR fk

w, HiRmE e frn. Mk efME4TLIEH,
KT RS AR S T, 4K 4.88 k', {H
AT R B, B0 S AR AR E 50 R
-13.40%. 10.20%. 60.68%. -7.97%. 28.09%.
-5.25% ., -22.02%.

(3) ML, Goit T A [R5 AF 03 bR 1 T AR
A A A R, BRI 7 iR, it & 7 fnEk 4
AU, bR T B AR A A SRR, AR B
7.94 k', BB 5 AEAR AL EE 500 -0.90% . —0.33% .
—647%. —234%. 8.95% . 4.19% . -14.92%.
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Fig.5 Area change of Hangzhou Bay construction land from 1985 to 2020
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Fig. 6 Area change of Hangzhou Bay water area from 1985 to 2020
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Fig. 7 Area change of Hangzhou Bay wood land from 1985 to 2020

(4) Bk, GEit T R EVBEGE AR 0 Bk b i T AR
A b, BRME 8 iin . il &l 8 ik 4
ATLLE Y, R AR 1985 4E 8 6998.45 km?* 1 fill
1990 4F 4 7214.30 km®, 22 Ji AW /b 2 2020 4
f) 4800.59 km®, 41787 62.80 km?®, £EBF S 4EAE (L
Ay 9N 3.08%., -0.46%. -5.96%. -9.48%.
-14.33% . -5.64% . -2.86%.

(5) #iMH. Gt 7S EBIFFEAR O # ) T AR
AR, BRI 9 iR, St 9 Fis 4 0] LA
FE i, BRI, A R R R B K R

1985 £E—2020 A7 M 725 WA s 1 AR AR b

AR K 8.83 km?, {H 1995 4EH120154F B T K&
Wb, R S AR AR N -15.86% . —61.76% .
60.23% ., 123.17%. 12.55%. —24.80% . 43.97%.

(6) MR Ll T ANIRIBFTEAR Gy METR A THIER
A, BRI 10 s . i & 10 FiZ 4 a]
DI, BFSEIEIN, DR T A R A S s a3
M 198541 181.65 km® i/ %2 2020 41 161.50 km?,
AEH/L 0.58 ki, BER S AEAS L5500 89.18%
-28.00% . —4.39%. -40.93%. 74.00% . -28.37%,
~7.28%.
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Fig. 8 Area change of Hangzhou Bay cultivated field from 1985 to 2020
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Fig.9  Area change of Hangzhou Bay bare land from 1985 to 2020
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Spatio—temporal land use/cover change dynamics in Hangzhou Bay,
China, using long—term Landsat time series and GEE platform
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Abstract: Land Use/Cover Change (LUCC) is generally defined as the use of land by humans, which is the direct result of the interaction
between humans and nature, and reflects the basic process of the interaction between the Earth’s environmental system and human
production systems. A bay is an area where land and water interact, with a relatively fragile ecosystem and easily damaged resources and
environment. Large-scale long-time series and high-precision LUCC mapping is the basis for territorial spatial planning and environmental
protection in bay regions. Random forest algorithms received considerable attention in recent years owing to their high interpretability and
reliability in handling complex data. However, room for improvement exists in optimizing the performance of random forest algorithms in
processing long-time series datasets. Most existing mapping methods are aimed at original remote sensing images, and fully tapping and
jointly utilizing the information potential of the feature space and transformation space are difficult, resulting in the poor application effect
of traditional methods in bay areas with high surface heterogeneity. The combined application of the remote sensing spectral index can
effectively increase the separability of object categories in bay areas, and principal component transformation can effectively eliminate
correlations between features and achieve data compression and image enhancement. Based on Landsat long-term satellite and Google Earth
Engine images of the Hangzhou Bay area, this study proposes a random forest remote sensing image classification method that integrates the
remote sensing spectral index and principal component transformation and analyzes LUCC mapping spatiotemporal patterns from 1985 to
2020 (at 5-year intervals). Results show that (1) the random forest algorithm, integrating the remote sensing spectral index and principal
component transformation, can accurately extract Hangzhou Bay LUCC information, and the average overall accuracy and kappa coefficient
of the eight time phases are 92.83% and 0.9108, respectively. (2) During the study period, the construction land area (278.26 km® to 2984.76 km®,
with an average annual increase of 77.33 km?), water area (509.32 km® to 680.21 km’, with an average annual increase of 4.88 km?), and
bare land area (768.99 km” to 1078.13 km®, with an average annual increase of 8.83 km®) showed an increasing trend, whereas the wood land
area (2159.49 km” to 1881.52 km’, with an annual average decrease of 7.94 km?), cultivated field area (6998.45 km® to 4800.59 km®, with an
annual average decrease of 62.80 km?), and tidal-flat area (181.65 km” to 161.50 km?*, with an annual average decrease of 0.58 km?) showed
a decreasing trend. (3) During the study period, the cultivated field area was the main transfer source, whose total area proportion decreased
from 64.23% to 41.43%. The transfer out of the cultivated field area was mainly to construction land (2268.05 km®) and bare land (630.20 km®),
and the transfer in of the cultivated field area was mainly to water body (376.22 km?) and forest land (352.22 km?). This study provides data
support for the scientific management of land resources in the Hangzhou Bay, and the obtained LUCC dataset is of considerable significance
to the sustainable development of the region.
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