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P R BB SRS B 5 (3) A AGB S JH A 2 22 1]
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(a) Map of Ningho city (b) Sentinel-2 map of the (¢) Sentinel-2 map of the (d) Sentinel-2 map of the
Hangzhou Bay Meishan Bay Xieqian Bay
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(e) UAV map of the Hangzhou Bay (f) UAV map of the Meishan Bay (g) UAV map of the

Xieqian Bay

K1 BT IXCH AT (P Ca) BT O RE S 0 A T T BV R L2 5 Sentinel -2 TLARLSEAR LM (A R0R
(R: band8, G: band4, B: band2))
Fig. 1 Maps of the study area (Panel (a) shows the Hangzhou Bay, the Xieqian Bay, and the Meishan Bay, each outlined with a red
border; The Sentinel-2 satellite imagery is presented in a false—color composite (R: band8, G: band4, B: band2))

22 HIEE KA (Korhonen %5, 2017; Shoko £l Mutanga,
2017),
GEE V- & figg 42 k17 TR G RIE . R
Sentinel-2 J& FH I il #H {1 2% 180° i Sentinel— 1F %5 4 P S B3 v A L2A 4% Sentinel -2 5245
2A. Sentinel-2B 41 W (1) £ 6 % i oy BE R T o WFEE ETFHET 288 T 3N
PR T AL B R TR TR U R A e & Sentinel-2 %1%, ZSM 43 HEFE K 10 m, 7% T B,
5d, P PEFREE N 10 m, FIE K 5] 290 km, B8. B10ZAMH 104~ Bz o g LUV RS VS 1 5
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Table 1 Sentinel-2 image information for the study area
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Table 2 Field collection status of samples for the three types of salt marsh vegetation
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(a) Distribution of samples in the Hangzhou Bay

REFE, SRELPAT70 CHET 48 h H & A FMEE, Il
ST, SR E AR R B AN I Bk I A M+
FEA B 55 1 R 5

29°46'30"N

121°57'00"E
(b) Mg IITEREA I3 A1
(b) Distribution of samples in the Meishan Bay
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29°1820"N

121°4é'00"E
(o) BEHHEHEA M
(¢) Distribution of samples in the Xieqian Bay
B2 6L A

Fig. 2 Distribution of samples for six types of land features
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Fig. 4 Thresholds of the decision tree
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UERHERR L, & TR AR B AT AR

TR A Wy B it T A =0
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C... =S X (AGC + LGC + BGC) (10)

AGC = AGB X K X W, (11)

LGC = LGB X K X W,.; = AGB X LS X K X W,

(12)

BGC = BGB X K X Wy, = AGB X RS X K X Wy,

(13)

A, TBREAEYEEE (g), AGB AL E/AEY)

wEEE (g), LGB AMEWEEE (¢), BGBAHLT

AYRbEE (g); LS KM%, RSARELL; C,.,.

FFAE XL R A (o), S MFSE X RE w5 7 55

A (m®), AGC HAE#H Ei it (g/m?),

LGC M 7 ik fiti it (g/m®), BGC A ML Hb

T mAE R (gm®); KNP E, W, h

H BRI IR, W, NIRRT, W, i
TEB A E R

WFE IX BB i it . - B i e SRV (T

RN W

TC=C,, + C, (14)

Csy =S x SOC (15)

SOC = D H, X D, X Wy, (16)
1=1

D, =W, xV, (17)

R=PxTC (18)

A, TC A FE X A B 7 56 X R R R (o),
Co JIHIF T XA W78 35 X8R 4 AR i (g) 5
SOC A HIE RN A WK (gim®), i N E)E
W5, HONSEIZMRE (em), Weoo BB ZHA
Ml & & (g/kg); DN IZNHIEAE (gfem’),
W, RN EIETE (o), VNS ZEN LR
U (em®) o RHFFEIX BRAE R RIC M, PN
I 22 Sy th i, 4% IR 106 Jo/noit 5 (T C
1E, 2023),

4 AR5
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WEFE DN I F AR K 35 L oA 3h VA A B R T
HERAEVERME, ARG, [ A [a] 28 51 ER
TRAEDEHE TS AC AL 2 I BR A 5SS s IR A AR Kl o



XUk S A B s MW IW) 04 22 RUBE 7 g T S0 T A 0y b X e it b A 5 155

B A B AEOK B 3 03 A1 T E 5T AR TR AN S
TR DX S5 7 = B A AE PR A X5 A
e TR PR, A AE T
WFFEIX A AL, T2 280 A 7 P8 A0 76 DX 380R rh R
M3 AL AL IR 1D %, MR HLERE R 2% H
32 NG SR R, SRR AR A AT R L

30°24'N

30°16'N

1 1
121°00'E 121°10'E

(a) HUMITE > 4G

(a) Classification results of the Hangzhou Bay
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(¢) Classification results of the Xieqian Bay
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Fig. 5 Classification mapping of the decision tree based on the Sentinel-2 imagery
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HERf BB 20, INHIEDR B R, B ALK E
Oy EWERG R, S RNl VA AR Bl 43 2 o
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SRR BE . —BOEAE . TSR Z R

WAL RRAE , (HZEAR L KB G R 1R A e P, 35
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T P i e RS R L X L R 1L b X
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(b) Classification results of the Meishan Bay

1
(TS A R ERUET
k:EE R

TRA T, R MW G RRAE 5 B AR K B
AL, BEANH AR E R B R A B >, B
IEHE SRR RO AN K BEAR (SORE 4, 2023;
Chen %, 2022). ZEGEtERE &AL E, &
SR PSR 72 $ B 3 A VA L 7 i DXk A 3k
R RIAE

BIS I REs R BoR, AF5E XN I b 25 50 4y
A7 S 00 L B )V o s ) o R AR, e )
Bt AR R KA . #R . EAEKREE . S H
MR TRA BRI AR AR . 450 T RS IX N 3 Fh L 7R
B 7 5 X T R G TR E SRR A A A X
BT BN 111,47 km®, FBIF 5 X £h T8 48 1% 8 25
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AR /NHERR e UM (97.65 km?) >4 1L
(9.33 km?) SEEHIE (4.50 km?) ; FEh VA MG

B HK/NERF N BAEKRE (52.29 km?) >H
Mo ER EAEBE (4098 km®) > (18.20 km?),

3 RRWHLKBEEERE
Table 3 Confusion matrix for the classification based on the decision tree
PR 22t R
Ho 5T \ . L L . "

KK A ARk £ AR A A FOTN Js¥i| P 1%

IR, 48 4 2 0 0 1 55 87.27

At 0 67 0 1 4 0 72 93.05

H AP KR 2 1 127 5 16 1 152 83.55

FiE 0 0 2 55 8 0 65 84.61

HAL i

SRREA HAth L BB 0 2 5 13 92 0 112 82.14

PO 0 1 0 1 5 13 20 65.00
S 50 75 136 75 125 15 SRS /%  Kappa 23X

il FETAS B2/ % 96.00 89.33 93.00 73.33 73.60 86.67 84.45 0.8028

R4 HAREIMBBFERBEZER TR BUE i AR /e, A I B AR g

Table 4 Areas of the three types of salt—-marsh vegetation

in the study area

/km’
X HARKR A HAbhARY B
B 46.14 16.48 35.02 97.65
ML 3.08 1.54 470 9.33
i ipe 3.07 0.17 1.26 4.50
ST 52.29 18.20 40.98 111.47
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(a) Performance of the Field-UAV AGB models for spartina alterniflora under five vegetation indices

NDVI GNVI 0SVI NDRE LCI
5000 —~ 5000 - 5000 — 5000 — 5000
< 4000 < 4000 - < 4000 [- 4000 < 4000
B 8 | E
s S S 5 s
8 3000 3000 - 15 3000 - 8 3000 P & 3000 - o
] .t |8 o H 8 o 8 .
# o # o A # # > # oL
2000 - o 2000 o4 2000 2000 - o 2000 HEA
2 s 2 2 2 * 2 ¥
- G = = o = B
1000 - 4 #1000 - B 1000 - ot #1000 - #1000 -

1000 2000 3000 4000 5000 0
Tifitidty A (g/m?)
Il ZRHER=0.39 RMSE=676.64

1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0
Ffli_ b A (g/m?) FifiliHs b4 (g/m?)

YIZHER=0.32 RMSE=711.93 I ZR4ER>=0.78 RMSE=403.36

LiiF42R?=0.27 RMSE=722.39 LiF42R=0.49 RMSE=601.41 YiE4ER?=0.43 RMSE=635.72

(b) PR AE 5 MHEBEE KT R —JC AHL AGB B BUDL& R

(b) Performance of the Field-UAV AGB models for phragmites australis under five vegetation indices
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(¢) Performance of the Field=UAV AGB models for other salt—-marsh vegetations under five vegetation indices
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Fig. 6 Field-UAV AGB inversion models for spartina alterniflora, phragmites australis and the other salt—marsh vegetation
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(a) AGB map of the Hangzhou Bay
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Fig. 7 UAV AGB maps of the study areas
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(a) Performance of the UAV-Satellite AGB models for spartina alterniflora under five vegetation indices
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(b) Performance of the UAV-Satellite AGB models for phragmites australis under five vegetation indices
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(¢) Performance of the UAV—-Satellite AGB models for other salt—marsh vegetations under five vegetation indices
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Fig. 8 UAV-Satellite AGB inversion models for spartina alterniflora, phragmites australis, and the other salt—marsh vegetations
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Fig. 9 Satellite AGB maps of the study area
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Table 5 AGB of salt marsh vegetations in each study area

. H ARk ok HAb LA . AGB
5 IX N HAGB

AGB AGB i AGB g

BOMITE  1.77x10° 3.14x10°  6.74x10*  2.76x10° 2826

ML 1.06x10*°  2.42x10°  8.57x10°  2.16x10* 2318

AT 9.35x10°  2.61x10°  2.21x10°  1.18x10° 2627

&t 1.97x10°  3.41x10*  7.82x10*  3.09x10° 2775

VE ;AR h L B B g/, TR m
4.4 HWEEITIEEmEEEE

R YA SRR TR WA i DX A AR IR L i
fifiie, ASSCIR 1T 3 MERTRAE B IS L . RO L
RO AL R, ZARUNER 6 TR

*o6 HBEEHMEELEEXSH

Table 6 Parameters for the estimation of carbon stocks in

salt—marsh vegetations

AGB LGB BGB
THRARI% FRERI% FTRI%

HAEK 0.29 1.72 40.38 37.12 35.54
41.28 39.04

RS e Rl

P 0.41 2.39 40.94
HAbEERE  0.50 0.78 40.34 42.46 42.07

SRR, AR AR ) b b i A
FE3, MATEY) SR Ao a S ARy . HARK
O (37.12%, 35.54%) <P (41.28%, 39.04%) <
HAbER VB (42.46%, 42.07%) . BIMELE[R—2
RURE R, N RERA AR & A i 2 . BAE
K BRI P 0 b b e e v TR A, T
At R VA AR B AR B, b b 0 Rl i TG
THU T &R [l —ZERUER VE M AE BTN T | B i
TSR LL TS 3 B8 X Z i & i 25 S 0, JF S

JERE (2014) FE 52T 0 SE RGBS (B AEOK
40%, FiFEA%, IR 38%) ML,

TR T S 3 FhER VR AR B+ HEAC R A LK
TS EE R . A PR & T L 1) bR
A 2 B B 8 n Se R S T A, 0—20 em
TR BE B 22 )2 A HLAR & A XA R, 20—60 cm
TR B ) 1 2 A BRI 5 Sk i R 184 T 58 34T AR A1
60—100 cm IR FE 1 )24 HLAR & 0t WA fr 8l A A
GEITE 3 A IRw: FER/IR S W=k (N FeU
F: HAEKE (8.88 gkg) > (5.97 ghkg) >H
R TE AR (4.52 g/ke) o

®7 HBEH0—100 cm HEEHHRESE

Table 7 Content of soil organic carbon in (—100 cm depth

in the sampling areas for the salt marsh vegetations

FRT— HAEKE S HAbIR B b
(glke) (glke) (glkg)
0—20 13.82 6.32 5.13
20—40 10.01 5.81 3.17
40—60 6.54 5.54 3.45
60—80 7.30 6.19 4.76
80—100 6.74 6.00 6.10
A LR 8.88 5.97 4.52

AN TR ER TR AR 4 SR ) - AT BILAR 5 8 7E 7
FTE A R A AR A R IE B & A
2013; 5K3CHL &, 20145 BRSRT 5%, 2011). B4k
K 5 XSk P A R B R R, RIR)Z 0%
AL SR (13.81 g/kg) i THAL )R, pEE
T ZEREERG I, R 2 S kN L E AR TE R
H AR KR £ 5 HLBK 32 4L TP 43 AR 7E 0—40 cm
+ 2, HoAhER AR B 0 1 A MR I 5 22 4 A



160 National Remote Sensing Bulletin  i# & 54k 2025,29(1)

TE0—20 cm +2W (513 glkg) . MILZ R, M
0 IEH IR A L2 oA s, %
JEHE (6.32 g/kg) W THADZ . TR T
) 80—100 cm J& , 3FPHEHALN A ML T =BT
A .

HE A A B A IR A IR, 5 T SR IX
7 5 X Bk A ARG s (1 10), JFREET T
BT X B 45 R AR TR A B B Al e B . I
et et . WA Il (8. £ 9). B
WY, 5T DXk VA A B 7 35 DX R A BB fif A 1,68
10°t, YRR K 15.07 kg/m®, EBRICMEZ N
1.7812.7C « 45 W5 DX b VH 4 9% 7 2% DX 3l e i 12
R ENEET B BN TS (1.48x10° 1) >4 L7
(1.27x10° 1) > (7.39x10° 1), SHFFEIX 1
fe % B R B/ INHE o . BEHE (16.43 kg/m®) >
UM (15.14 kg/m®) >HFILTE (13.65 kg/m®) o 45
FAVER TR AR B S i B R B NHEY e BAEK
FO(1.02x10° v) >H AL ERHE M B (2.50x10° 1) >

PR (4.08%10° ), £ SRR VA M B T e %
R B/NHEF 8 BAE KRB (19.55 kg/m®) >/ 35
(13.72 kg/m®) >HAWFLVEMHEBE (9.95 kg/m®) o 34
TF 5 DX 1) S 257 Rl 285 35 RS- 349 26 W k2 ) R/ INHE
JP A T D, 38 AR W e A K b DXy A M
T, T 4y e it e R e R b DX Ol BT L A
BRI B A LU 2SR 1 2 10, IR A e AH
A5 T B e e A S B i R POl T AR
(4%, 2014) o EhTH A4 ST X B ff 15t 1) 52 ) 3
BRIUAE A MR & 5, HOAROK R g
B B i T AL PR AR VR R R, TR A M X
AEA BB 55 AR LU TR O, R O 8 S 1) - 2 Bk
W B iR o AR SCAE B T XS4 e A o £ B 4 SR
55 2022 AE BTNV B R U R A AR A A L PEAR S5
EAZSE I H PR A 25 5 Chu NV B 5 0 8]+ AF o
DT FR 189.13 km®,  ShBAf i 1.15x10° 1) [hAcdin
(WL HERBEIRIT, 2023),

N N
A A
RS R (kg/m?) i/ (kg/m?) b s
-»v‘ 7 20.0176 . §19.927 & §19.978
0255 10 S N2 o QR?
km 1924834 km 1 9.24865 L ikm 1921053
(a) HUMH TS b I 2By i b P (b) MELLTS H 1A ] (c) BERH TS M 124 ik Hb ]

(a) AGB map of the Hangzhou Bay
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Fig. 10 Distributions of total carbon stock in the study area
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Table 8 Carbon stocks, carbon densities, and carbon

sink values in each study area
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Table 9 Carbon stocks, carbon densities, and carbon

sink values for various salt marsh vegetations
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Fig. 11 Performance of the Situ—Satellite AGB models under five vegetation indices
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Estimation of multi—scale biomass and carbon storage in the coastal
wetlands of Ningbo City through Field-UAV—-Satellite synergy

LIU Yangyi', FENG Tian'?,CHEN Binjie'’,YANG Gang"?,YANG Xiaodong"*, WANG Yumiao'?,
LIU Jing',FANG Zhen',MENG Yanjiahui',NIU Xiaomeng', SUN Weiwei'’

1. Department of Geography and Spatial Information Techniques, Ningbo University, Ningbo 315211, China;
2. Ningbo University Donghai Academy, Ningbo 315211, China

Abstract: Coastal wetlands, especially salt marshes, play a vital role in global carbon sequestration due to their substantial biomass

accumulation and unique ecological functions. Understanding the carbon stock in wetlands is essential for evaluating their contribution to

the global carbon cycle and assessing their potential for climate change mitigation. This study aims to accurately estimate the carbon stock in

coastal wetland salt marsh vegetation areas by focusing on integrating remote sensing technology with ground-based measurements. Given

the challenges of traditional field inventory methods, which are labor-intensive and spatially limited, and the limitations of remote sensing

inversion methods in terms of accuracy and scope, this research proposes a two-step inversion modeling approach to enhance the estimation

process and to improve the precision of carbon stock assessments. The methodology developed in this study integrates both UAV (Unmanned

Aerial Vehicle) imagery and Sentinel-2 satellite data to estimate the aboveground biomass (AGB) and carbon storage of salt marsh vegetation. The

first step involves constructing inversion estimation models that relate the field-measured AGB data of three types of salt marsh vegetation—
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Spartina alterniflora, Phragmites australis, and other species—to UAV imagery. In the second step, the UAV-based AGB data inversion
estimation models are expanded to incorporate Sentinel-2 satellite imagery, allowing for extensive mapping and monitoring. Subsequently,
carbon coefficients are used to calculate the vegetation carbon storage, soil carbon storage, and total carbon storage. This two-step inversion
process enables the synergistic estimation of AGB and carbon storage. It overcomes the limitations of traditional methods and significantly
improves accuracy over larger spatial extents. The inversion models for AGB estimation show high determination coefficients (R*) for three
salt marsh species: 0.48 for Spartina alterniflora, 0.42 for Phragmites australis, and 0.45 for other species. The corresponding Root Mean
Square Errors (RMSE) are 613.89 g/m* 650.6 g/m’, and 624.03 g/m’ respectively. This represents a significant improvement in estimation
accuracy compared to using the Sentinel-2 satellite inversion models directly. Using these models, the study estimates that the Ningbo
coastal wetland has a total area of 111.47 km? of salt marsh vegetation. The total AGB for the wetland is calculated to be 3.09x10° tons, with
an associated carbon stock of 1.68x10° tons, resulting in a carbon sequestration value of approximately 178 million RMB, highlighting the
economic potential of these ecosystems for climate change mitigation. The integration of UAV and satellite remote sensing technologies has
proven to be effective in overcoming the challenges of traditional ground sampling methods. This integration enables high-precision, large-
scale estimation of carbon stocks in coastal wetlands. The two-step inversion modeling approach developed in this study offers a cost-
effective, scalable, and accurate method for monitoring carbon storage in wetlands. This method not only enhances the estimation of carbon
sequestration in coastal ecosystems but also provides valuable tools for environmental management and policymaking, especially in the
development of coastal conservation strategies and sustainable carbon management. Furthermore, it demonstrates potential for broad
application in various coastal wetland regions, providing a strong solution for future environmental monitoring and management.

Key words: Field-UAV-Satellite sampling collaborated, coastal wetland, remote sensing inversion, aboveground biomass, soil organic
carbon, wetland carbon stock, Sentinel-2, UAV
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