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Fig. 1 Location of the study area
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Table 1 Formula and threshold of Fmask algorithm

K ARG EE NG
Pswirz > 0.03,NDSI < 0.8, NDVI < 0.8,
%ﬂ:*ﬁl\(ﬂﬂ NDSI = (pc,,m _pSWlRl)/(pGreen +psw1x1) (D)
NDVI = (pxir = Prea)/ (Onir + Prea)

. Whiteness = |(or.s — MeanVis) /MeanVis| + |(0gen — MeanVis) /MeanVis| +
I BRI (Whiteness ) . . ) (2)
|(0Be — MeanVis) /MeanVis| < 0.7, MeanVis = (0geq + Pcreen + Pbiue) /3

AL AR (HOT) HOT = ppe — 0.5 X preg — 0.08 > 0 (3)
ktﬁ@(ﬁlu PNR /pswml >0.75 (4)
&AM (Cir) Cir = pc;/0.04 > 0.01 (5)

Water = (NDVI < 0.01, py < 0.11DBINDVI < 0.1, py < 0.05)
KA (Water) : o o (6)
B(GSWO > 0, snow/ice = false)

ICloudp = 1Var X IHOT + 0.5 x Cir > ICloudt,

P HOT = HOT - (HOT,,,, — 0.04)
Hii s 2= B2 (ICloudp) (HOT, ,, +0.04) — (HOT, , —0.04) ™
1Var = 1 —max (INDVI|, INDSI|, [Whiteness|)
TKNIE A (wCloudp) wCloudp = wBright + 0.5 x Cir > wCloudt, wBright = min(ogwg;,0.11)/0.11 (8)
. § Par < 0.25
PR CEZ el " (9)
Pswiri < 0.11

TE: PBiues PGreen~ PRed> PNIR> PSWIRI~ AswWir2-FPeir TN L &k 21, ITL4LA ., I 5% = B 1R . MeanVis B %, GSWO(Global
Surface Water Occurrence ) A A BRI IK & A B, Mo ik & 43, Hidh0% KR Ak ARG, 100%367R K A 7K snow/ice H T | UK
Opater WK B A FEBHE, BTSN A KRG TT AR ARAE (17,5 43O fH) B 25 5% I GS WO IR 22 . IHOT At HOT = ME R, HOT,,, 55 Fhfi 48 X
TR TTHHOTIRAA (17.5F 43 {H ), HOT i, % TRl M 4833 JC = AR TC Y HO TR (82.5F 43 (i {H); 1Cloudt il = MESR B, %l b 4a 3t = 150¢
FYIC loudp i {H (82.5 1 AL E) FEAN_ L3 %10.2, IVar MG 22 R4 . wCloudt /KR = MER BIMH, 45 T /KR4 X} JE =12 i wCloudpi (B (82.5
SR PN #8002 wBright 7K IRSEEHER



S WA SE: GEE & T 2 il An 78 1 B AR 1l 0 A0 R 1 B 56 S0 15 T 0 3t N 2 b 18 SRk ) 2 107

RS bR 22— AR 4 NDVI B[] 3 51 08 19 il 2602
A, BOE — € B (B T4k i 48 E il 5278 fb HUR Y
PAE A, AT DABA GE A B i RR IR S 5, HATT 2 0
FH B R (R AE 280 32 A A K ZE T IR B[R]  Start-
of-Season Time, SOS) . A & Z& 4% 7 A5} [6] ( End-of-Sea-
son Time, EOS) . /£ 1 Z= 1 ] i} [1] ( Time of Middle of
Season, MOS ), 4= K Z=H} K (Length of Season, LOS)., 4=
K ZTJT 46 18 ( Start-of-Season Value, SOSV). 4 K &4k
{8 (End-of-Season Value, EOSV). Z:/E{H (Base Value,
BV). & {H ( Maximum Value, MV) . & & ( Amplitude,
AV), ZE=Y] 3 K K (Left Derivative, LD), 2% A 1 i %
(Right Derivative, RD), KZ=75 #1473 (Large Seasonal In-
tegral, LI) F1/NZ=75 #1143 (Small Seasonal Integral, SI) 3t
13 Fifoa,

i i 5w A FE S 8 RS AR T 5 B NDVI B [E]
P VB , A7 A S (8 M s (55 ) B, i, 2%
LR L AN NDVI I [H] 5 510 85040, R i S-G g
e vk A NDVI I (8] 77 1) 4 oS-G B i 5 1 2
Savitzky 1 Golay T* 1964 4F 42 i i %4l °F- 18 i, %
J7 BT R HAE B AR U BE 7, BE T A b s AR
BEAEREA KR P 0 LS AR A2, H A L

i=m

Ciyfﬂ'
=y = (10)

K, j i NDVI i 8] )5 51 5088 i R 51 vk S-
G UE P J5 1Y NDVI B[] Fp 51 50 5 Y., 2 NDVI i [f]
FES YRR C % i > NDVI A 38 9% 250, /D
Z e LW A P A B m A UEWEE LS NN UE
Wt DS, N=2m + 1, 382 5056 Kk B0, K U8 ik i 1
i BN 13, Z IR R 3 B, BBk 2 HAR Y $U
BRI
AR S S — S A 1 A R ) R AR S
B, BIER FH sh S BEE TR e . ShAS BIE &
1 B B AN 1% 5T 19 NDVI I ] 5 50 588 09— 1k, H
NDVI 9 A K 7R 245 70 B AR 2 R Bl e, Hoa
BT A
NDVI, - NDVI,;,

_ NDVIL-NDVL, (11)
NDVI,... —NDVI;,

NDVI,.,

X H1, NDVI,,.. NDVL, 43 %] & NDVI £ K {f . NDVI
i /MHE, NDVL,,, %75 {8, NDVI, /R A K I IR 5L
G5BT A NDVI{E . A SCICE NDVL,, 4 0.5, HiZ{H
T 7 )L 00 AR A 5 80 e 4 0V T 0 b A A
M SLIE L, D3 4h, T E A 5 09 NDVI ] 77 51
B 2 A i E] (a1 B (5d) B, A K =R BUME A K
119 NDVI -2 8 3 LA A= K 2 0 .

33 BAEEBER

AR ST M 2 48 S5 e W7 5 SR A 7 22 T oK b
il 7 T 1 [ Ay X R, mT LR MISIC B9k AT
i [ 3 371 3 SRS AR G I, 759 3 e s« BRI G L
18, 38 XF LA BURE AR R R K 7 22 ok AR AR
1) i A L

MSIC F3 32 J2 38 3 36 5 — > 61 48 £k B Xk ) [
JE AR SR AT BAR OTHE Y, BRI TR 5 1 5 K AE
HEBEAGTT I [] 3 51 AR R vh i o HH Ok, A i ¢
() e KIS FE B G s R,

T 7K 1A () NDWI B E = T 48 9 Fl %R, NDVI
{ELAIS A B AR, I ELGE A NDWI {E A NDVI {H
300 55 R 2 AR A 1 L A O AR A DG 6 R 00, A I,
i 3 6 MERE A B9 NDWI, NDVI -2 {5, % 45 5
Sentinel-2 5 {4 #E A7 b5 i I HE ¥, P36 B 2 HE 44 5
i 195214, B+ NDWI, NDVI /E A MSIC 83 i 45
Bk e e BeAE B s L BRI B R

1E 52 bR 45 AR I, AR SC 43 i DG WA A% ) ND-
W1, NDVI - 45 HE 4 17 20% G A 7T LUR 48 == 75 4
(AR B B AR ) 12 AR, O B A s A S U 1R
(NDWI fiz KOG 148 50 G B 18) AR & e
& (NDVI s KGR E0A A5
34 EigiEMiSE

LEA 2 R AR A R B R, 1,
RN AR A 43 S PR | BREE L HAEOK B P BRI
fib 5 Fh A K R 0 A R AE S B0 Ry oy SRR, R
FHBENL AR PR TL SE B0 25 | % . BAEK B PR
PRI FLUC, T A 0 7 5 450 BT K AR AR
(= NDWI 5 ik NDVI), B #24 Otsu 553 5 i H T fx
LG AR, R R0 K R, B Bh e RRR
V6] 5 22 d R 28N 22 e/ N ) 4 3 R A O S A B,
7 £ NDWI = i #B 43 1) fie K50 B 45 31 e K 1 5 o
Je , A A 2SR v g TR IR T AR TR A3 R G
ME7K, AN T KOl T AR o R 43 R R K AR, 2 —
A PR Otsu B33 W FH T AU 55 S 5 98 7K ) S5 (1 0
P A RS, 58 WO ME S 1 7K I 40 B, S0 BIE T Y
F14) 38 JEORG 40 1k 4325 .

4 %%

4.1 HEWWIRFFEREUR 547

K3 o T A S-G Uk I 3k U 14 B B BIE Y
DA P35 L B L AR K RSP B 4 A B DS T A
7 53 NDVI P 82 {6 19 B[] e 510 40045 il 26 DA S Al
PP IE S BOBUE NS 0L . T LA ), S-G I P 4b L AE



108

(GRERE T LE

Ui B8 I 4y NDVI I [|] )5 5 FR AR 0 8] B, KB 1 =
18, UEROREL . Ho, PRGSO A, ¥
MR 22 RMSE #¢ /)N, } 0.028 8, P& 1 R 5 R B K,
41 0.971 4. BLAh, IIE 3b KB, BREAE 7 H A K
WE BRI, 9 H B3R AE, B[] [ 5 T 58l i A e,

0.8

a i

i i 1 I I ! i I
202141

20204E1 A

S-GUEPLH A th £k
&3 OR[FIAHBE ST NDVI B E] 55 845 i 4k

Fig. 3 Time series fitting curves of different vegetation types

SR T A X TR VA A 1 R R W I
TEZH, A% SCHE 53 B B 90 10 R i 2 B30 2 1 1y
b, B T S AP TUREAR 0 B A R AE S I
B 22 5, DA 13 Fike Bl o A S 800rh 0 3% T 6 A AR
0, sl 4 R

XoF b 8 3k v v T8 b A [) 4 25 TR 1 A K 2R ]
M 4o AT LA B, 5 35 B A R 2 O B i ) B g R
BAEE . HALK R 5 PR R R ZE T IR A 4R T A 160~
200 d; T B A8 K Y Az 4 2 45 A0 R) B A R, R
5 aE S PR AR R ZR A U (R4 7E 280~330 d.
PRI, S0 500 7 =45 0% A 0 A e A0 180 1905 L Oy - ZE K 2R
FE UG I 1] 120~ 150 d; 1 57 B AR K B (04 4 45 40 4 4 i
SR AT R AR R RS R ] 340~380 d.

M IE] 4b 1AL 4c BT LLE ), 4548 B A 0 (E . SE
55 4R 19 35 B A5 5 HoAh 3 Rt 58 4 X 43 JF, Il 1Y)
WA R X S /D, MR e, IR A/ BRI, 40 531k
TE 1) AE B W R AR S B0 E VL R BEEE R T
0.22, JRMF/NT 0.4, H T E Y S EAH T ES, K
ANBEAE S J 500 003 O ME — S8 5 B R A e
TESHO 57 | e 8 B AR A 3 S, (HAH

Sy AT LR 9 ) R b i O Fh i B, B 2 R
£1 LRSS, 7E NDVI B[] 7 51 £ 408 v 22 30 0 = {8, 1
Wt S-G UE P A IE A B LA (5 S PR B 2T,
1 75 f ¢ M S0 ) s TR0 I, O R, AT bk 4K B
19 A A 2R T B B ] A 3

0.8

b. %

O y et : 1
202041 A 20204E7 A 20214E1

0.8

CFE

20204E1H
o JREANDVIN [F)F51

Xof #5¢ ve 1 A W 5 3 OE 4 43 B (A 4o), B R AE K
I 5 P R E AR K B8 4 4y 5 (8] 4d), BRI, )
S L P R A ) A R S BBV TR Ry s AR KRR
/NT 130 JF HARIE K T 0.55,

MK de B, EMRETRGENTHES
HAEKE, A 5P LF 8 2 E A, AN 5%
FIRE T o ITTBK I A /N 22715 B4 W A0 1 A 3 b
FE A (] 40, PRI, B (/N2 45 B3 2 5% (3 [
R/ 50,

25 FRTIR, 1E AL W S AL Y NDVI B[R] 7 371
A 2 S W R S 800y 5Lk L, e B K 2R
TFUR Y ] (SOS). A= K Z= 25 J A [H] (EOS), A K ZE
K (LOS). EHEME (BV), HiRiR (AV), /NEETTF 4 (SD
SEFIBN PR | BROZE  HL AR K BRI B E ) (R R A
SR, IR 4 FIAE YL SRR R T AR R A A B 4 1
TR 280 A, T3 2 s .

42 BUREER SRS

AR SCHE B 1 fe e 5 B I AL 32 22 02 45 Sentinel-
2 T AR X N Y B v 5 B AR 7, A 2 A0 i 1Y
RICHIAL o 38 3 6 MERE AR ) NDWI, NDVI V¥ {E bR



SHA A GEE -5 F 25 OHI 0L A8 Tl B AR 490 A0 4R AIE 11 e 30 1 V0 b ' 20 10 3 J 4324 109

400} 2
1% 350b b KL %
=2
® L H
T
g 250 -
% 200
AK
150t ‘
A KZEFF RIS ]
100 s ' . .
P % HAKRE FH
C
08|
2 0.6| ' ?
5 o
lﬂéli
B == $
$
0.2 s . . .
A % HAEKRK Fh
_ 140} e
=]
Z 120
% 100
b/ !
40 ‘ : ‘ .
i W% HAKRE FH

b
0.8}

VEEAE %

2 6] % %

z .

@

@

w04l

m

m

g o2t %
AN ?
A

0 1 L L 1
ik WE HARKHE E. 300
240 d ,

. .

2 200¢ +

= .

% 160 :

X . H 3
‘w1 o
80 : : : .

P W E HAKH P
S 100} £
E 80l
< ol
Fha
E 40l
‘ﬁ‘ 20}

ik W E HAKE FH

Pl 4 3 T V0 b A B 0 M R FE S B0 L

Fig. 4 Comparison of vegetation phenological characteristics parameters of Yancheng coastal wetland vegetation
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a. Classification results map of Yancheng coastal wetland; b. the mixed zone of vegetation; c. the adjacent zone of vegetation and inland water;

d. the adjacent zone of vegetation and tidal flats
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Table 3 Accuracy evaluation of coastal wetland classification
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Fig. 6 Classification results of the object-oriented methods
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a. Classification results map of Yancheng coastal wetland; b. the mixed zone of vegetation; c. the adjacent zone of vegetation and inland water;

d. the adjacent zone of vegetation and tidal flats
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Refined remote sensing classification of Yancheng coastal
wetland considering tide-level changes and vegetation
phenological characteristics on the GEE platform

Gu Rong', Zhang Dong"?, Qian Linfeng’, Lv Lin®, Chen Yanyan®, Yu Lingcheng'

(1. College of Marine Science and Engineering, Nanjing Normal University, Nanjing 210023, China; 2. Jiangsu Center for Collaborative In-
novation in Geographical Information Resource Development and Application, Nanjing 210023, China; 3. Sea Area Use Dynamic Surveil-
lant and Monitoring Center of Jiangsu Province, Nanjing 210017, China)

Abstract: Coastal wetlands have important economic and ecological value. Rapid and accurate monitoring of the
status of coastal wetlands is of great significance for the protection and management of coastal wetland resources.
Due to factors such as the variability of the tide-level changes, similarity of vegetation spectra, and frequent cloud
cover, remote sensing monitoring of coastal wetlands faced certain challenges. In this paper, we proposed a multi-
technology coupled remote sensing classification method of coastal wetlands that considers tide-level changes and
vegetation phenological characteristics. Based on the Google Earth Engine (GEE) platform, the Fmask (Function of
mask) algorithm was first performed for cloud testing and cloud removal processing. Then, the S-G (Savitzky-
Golay) filtering algorithm was used to reconstruct NDVI time series data and extract vegetation phenological char-
acteristic parameters. In this phase, the random forest algorithm was applied for the classification of four vegeta-
tion types namely Phragmites australi, Suaeda salsa, Spartina alterniflora, and Imperata cylindrical. Finally, the
Maximum Spectral Index Composite (MSIC) algorithm was used to generate composite images of the highest and
lowest tide levels. The tidal flats and seawater were precisely extracted using the Otsu algorithm based on these two
composite images. Combining these feature types, the refined remote sensing classification of coastal wetlands was
ideally obtained. The results showed that start-of-season time, end-of-season time, length of season, base value,
amplitude, and small seasonal integral were the six key vegetation phenological characteristic parameters for distin-
guishing different types of coastal wetland vegetation. Applying this method to classify coastal wetlands on the
Yancheng coast, the overall classification accuracy was 96.50%, and the Kappa coefficient reached 0.957 1. Among
the wetland vegetation, the highest user accuracy was 96.59% for Spartina alterniflora, followed by P. australi and
Suaeda salsa, and the lowest was 93.55% for Imperata cylindrical. Compared with object-oriented methods, our
method can extract the complete range of tidal flats, and the overall accuracy is improved by 10.25%, reflecting the
potential application of vegetation phenological characteristics in remote sensing monitoring of dynamic changes in

coastal wetlands.

Key words: Google Earth Engine; tide-level; vegetation phenological characteristics; cloud testing; Savitzky-Golay filter-

ing algorithm; Maximum Spectral Index Composite
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