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Abstract

Abstract

Since 2008, a large-scale green tide disaster has occurred in the Yellow Sea for
10 years. Every summer, the southern coastal cities of Shandong peninsula have to
invest a large amount of resources and manpower to salvage, collect and deal with
green algae landings along the coastal zone. As well as the ecological environment,
aquaculture and tourism industry in the coastal cities. In addition, masses of floating
green tide biomass significantly impact the coastal tourism industry, the coastal
economy, ecological environment, and aquaculture industry. This study focuses
mainly on the green tide detecting algorithm based on unmanned aerial vehicle (UAV),
in order to make up for the defect of spatial and temporal resolution in the early
monitoring of the green tide and the control of regional green tide by the traditional
satellite remote sensing monitoring. Four kinds of color indexes based on the RGB
image of UAV were used to identify the green tide of the sea beach and the sea
surface and the green tide algae attached to the raft frame, respectively, to determine
the best green tide recognition algorithm under different scenarios. Then, using the
UAV to investigate the initial biomass of green alga in the radial sand ridge area, and
the initial biomass estimation model of green algae in radial sand ridge area was
proposed. In addition, the initial biomass was estimated with UAV images and
sentinel-2A image, with the help of the field survey data. The authenticity of the
MODIS green tide monitoring was tested by using the unmanned aerial vehicle image
data, the voyage survey data and the synchronous GF-1 WFV image, and the error of
the MODIS green tide monitoring was also quantitatively analyzed. On this basis,
MODIS image data was used to extract the information of the green tide in recent 3
years in the Yellow Sea. Then, the temporal and spatial variation characteristics of the
green tide since 2015 were analyzed, and reference was also provide for the
comprehensive prevention and control of green tide. The main conclusions were listed
as follows:

(1) The best monitoring index of green tide is GLI under the beach environment,
and the NGBDI index has the highest monitoring precision for the floating green tide
of the sea surface, and the best monitoring index of raft attached green tide algae is
NGRDI. (2) The tracking aerial survey about the harvest of P. yezoensis and removal

of raft found that the main source of the initial biomass of the green algae in the radial
i



The UAV and Multi-resource data-based research on green tide monitoring in the Yellow Sea

sand ridge area was the green algae attaching to the rope of aquaculture rafts. (3) The
initial biomass estimation model of the green algae attaching to rafts in the radial sand
ridge area was proposed, and the initial biomass was estimated with the help of
satellite remote sensing, UAV aerial photography and field survey data. It showed
2900 t green algae were discarded into the sea and became the initial biomass of the
green tide in 2017. (4) MODIS image data has low monitoring precision for the green
tide patches below 10 m, but high precision for the patches above 100 m. There is
about 50% monitoring error when using MODIS to estimate the area of the large
green tide, but it still has high monitoring accuracy for the location information of the
green tide, because of its better temporal resolution and historical data consistency;,
MODIS data is still an important data source for green tide monitoring in the future.
(5) Through the analysis of the spatial and temporal characteristics of green tide in the
last 3 years in the Yellow Sea, the results show that the area of green tide in 2016 is
the largest since the outbreak of the green tide in 2008, followed by 2015, and the
declining trend in 2017. The whole process of green tide in the last 10 years is in
conformity with the regular pattern of "appearance, development, bloom, treatment,
and disappeared”. The best time and location to salvage the green tide is when the
green tide is in the "development” stage and is located in the muddy water area of
Northern Jiangsu Shoal.

The innovation points: 1) The suitable color indexes for UAV green tide
monitoring in different environments were verified. 2) A initial biomass estimation
model of green algae in radial sand ridge area was proposed. 3) Quantitative analysis
of MODIS green tide monitoring error using multi-source synchronous data.

Key words: UAV, green tide, biomass, MODIS, Sentinel-2A.
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Table 1.1 Global distribution of Ulva species

YRR E LB FR R i A 2 Jwm AR F R 1 R
Ulva rigida #[E Langstone Harbour Ulva rotundata L& Brittany
= KA Sacca di Goro lagoon Ulva fasciata E2 75 Cabo Frio region
ELPE Cabo Frio region Ulva ohnoi HA Kochi Bay &%
Fi#i%E Golfo Nuevo Patagonia  Ulva reticulate JEHE T Mactan Island
faf == Veerse Meer lagoon Ulva pertusa #%1E Thau Lagoon
Ulva lactuca JZ[E Ythan Esutary Ulva armoricana 7% & Brittany
faf 2= Veerse Meer lagoon Ulva curvata PU3t 4 Palmones River Estuary
dEf 5 Mactan Island fif 2% Veerse Meer lagoon

ENFE Jaleswar Island

Ulva fenestrata % [E Nahcotta Jetty Ulva scandinavica faf 2= Veerse Meer lagoon

R 1.2 WrE REREI I BRI AT

Table.1-2 Global distribution of Enteromorpha species

RSV R LR S 1B Hb R Y ERUIEN JB I R
#1747 Mondego estuary Enteromorpha £ [E Tokeland
[E South California prolifera & Yellow Sea
Enteromorpha F[H Enteromorpha %
intestinalis Hood Canal Belfair State Park Linza Hood Canal Belfair State Park
%% =% Espoo, Haukilahti Enteromorpha

22E Muskegon lake
252% West Coast flexuosa

A H SR T ATVE R, AT I RTEEO P 5 o B GRI5T 45, 2009),
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F MODIS &Ll iR 2=/ K2R . Qiao 25 (2011) N NFET MODIS %¥
Fiy o] s 00 5% 22 T RE R AR K, TR LA (2013) H4 HI-CCD #di # i i 4%
115 55 MODIS R i I i 45 SEEAT X0 LG, I MODIS £ 1 0 1 1% 22 7 30%
Ffi

[ o LR RAR RIS S R AT IA 16 oK, MI%T- MODIS RESE N
SRR B2 18 43 A0 15 s 53 A TE AL A BB 25 A o e A xS 3R 4T 14 452
AW EAL I EE J7 o £5E TENNL BEE MBS AR & 53 #e TR AR AT LA
it MODIS £ i I () B0 SV EAT 70 00 (I B0AIE . AR 17T 6 T3 J7 THI R BIE 783820 L AR
.
1.2.2 iR & R E R EFBHLHIH R

KT ERRIRR IS DA IR RN A RIL IR S TR A LR R
Hu %% (2010) %1 MODIS F1 Landsat ¥ UL 7 #4850 (FAD 535, AT
2000 4 4 H % 2009 4 5 H s #EMARBFRISEITE L. SRR, W\, REH S
E e HBE LA, R ot AR AR, YOS S TR AR 5
FHHA R BKIESE (2013) fEKIE. Hxis. Rl T o i BT &SI A%

ZEOLI s 5, JE I Sy BT AR B I A A TR I 1) AR A R DL AR G

SRR AT, 5 SR AR SO N B SR IX AR AL AR 5 Sl B (MR b AR e B
VIR, SERFEHMAY Tk ] G & AL B R M F ZE N . i TERFRE T
SRR, SRR R P AR AR IR T AR KBS, TR RAE A TESR
VR R A AR B N S B B0 L, R AR SR R K 1) B L) R SR IR
(Keesing %%, 2011; Xing and Hu, 2016).

Pang 4§ (2010) XVL7RH A 3 H 2 5 A4 B 2 AN RAE s AT 8 247 047,
RIFE YR IZAFAE T 8N RFE R, IF BN 7 3 3140 ML A5, T —
A5 B 53 B I A S IR 35 1) 7K = IR B B (0 5 R S 2008 4R T i R 11
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WP B BRI DUEC AT, X ) RS2 D R B R G N e P K X 388 5 E R, B8
TRAA ™ B B TR, RIS IE B 7K 77 R A A ] 1 B R Sk

A I T3 DA R A AT 3 3 5 T A BRI, 0 T B 2 (5 k «
Lin % (2011) @it LR sig i i /K (L8R, RDEIR IR S 2R 8
KA AR s 3 b B3, AR W B R A B RISl 1R R AT,
IV 7K A3 B 5 W & S W G, BEITACRYA K B A LE R 4%
Yl o ) R

SR T R B I BRI AR SRR, TR K 5 G W A 1S A I
FFAE R BT AR E . TRIRT4E (2009) AIARAZZE (20100 #:TF MODIS 444
RGN T E R, JFEERRIAG . Bk, BRIMERE . =TS KE
OISR VORIXT 2008, 2009 AR B SR 1 B R AN RS R R HEAT T A0 AT . AT
R T B V3 22 5 ] 0 R R I R DG R T R THT IR 3 2 S A 1) 2
IRB) 7, W VR SRE IS 78 77 T A A AT XU — B 29U, miAA % (2014)
5T MODIS il SAR T B # #5454 QSCAT 3 M X7 %kt, 44T T 2008, 2009
ISR IR 22 T B L, SRR, MR X S BRI RS
MR T2 5 L FVE A R SR B 2 22 e I E BRI . 35 0R %% (2014)
T MODIS. HJ-1A/1B. COSMO SAR % £ PR, X 6 4 54k 4 bx
BACKSIE, IR ATRHE . DA B SEAT T X, RINEEAE 4
F A5 W12 U I 2 (0 B A HLE T3 AL ME R AR YD ATAR VDRI Kb
B AT i 35

Qiao &% (2011) iz H =4EPGR-FIV - TR AR-SBTLN; 2008 4 3 g 4% ) 2 ]
SR A B RHEREAT TR AL, RINTE B B IR e W 1 3l ) B H A
AR TR, 17 X330 AR U S MR A S R — R B F B . (R
FZA S BALE TN 1 2010 47 6 H R & M I AN 2 H LK T AR 5 i 2R
SR, I+ HEIAR SR A BIESL. Son & (2015) 3T GOCI 154504,
izH GOCI ZrEEfa#t (IGAG) itk B KL B R, Xf 2011 438, 7R
i o FEREAT TIBER A, R INTHE . AR AT REVE TUL A A5 KT i
X, R IR AR A K LA R 520 T (14 S 8 K A B 8 R
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AR R . AmBHSE (2011 [FFEFIH FVYCOM B R B H kL7 ER Ak H
X} 2008 4 5 F & 7 H iG] IR B AR AT 1B BN, RDLAE R B R
BBV E, B IR T 2RI T 75 AL IR R I 45 18 .

25 L RTIR , YRR 1) 8 U Sk T R D AL HRIMERR S VDI X FRIE ARG A Ak
NILR, R AL e SRR I 2R B) Jy, IR IR ZK . & RS 4
(R R A A — 5 S o SRS T~ 290 B S A% SR AR MLt RV TR /b, [RINF il =
RIS IHOR T AR B, % 2015 4 DR B SRl 2% FIUAHE DL S I 2 AR AL RR
TER R GEIERIT FE IR > WARTE

1.2.3 E TR ANMGZFIRAIHAR

LR R FEARGTCT, (HR g BRI AR & o KR AR AR TR M, WV I 35
WL BN, RIS E (Wang 45, 2009). T REIK i T m i AUE
FECTE I, BT PA— A RV Rl Ay, DRI e P ke M 0 K5 e £ g M
M (Kumar 2%, 2015; Xing 2§, 2015a). X T Qi iy 5 X IX A ) /) i FE 4
VB R B X, FARE DR A AN BRI AR I L T 457 P 7 S A IR TR) 70 N 4 ]
IIHRE.

UEAESRTE AMLEARAE Ay 2 I A TR S R N aa i A, DASLAARRUIN
PR BTG, RIEMEE . AR SEm AR . AT FERR IR X R S5y 1, 7R
ARSI L AV L B R R T U T B8 S SRR AR T TR A T AT
BACIIME S 2 i 20 1 30 R AR SR I A B 2 T 2 —, A L R 3 [
BRI mAb7E (Wang 55, 2014). AT 12 5 s 1 B EHE wT DAd 5 T I 20
AMNB B S LT B R A FE 2 (A — A 4 FE 2k (normalized difference vegetation
index, NDVI)) SKFE/REE (4 (Motohka 55, 2010), 4%tk G AL AHHLET UAV
AR BB RE SR UG ATAT: TR D il 20 A0 i B 80 , AE R s SR O T R e Ty R A
EFBIRT WO'G H £ B 5 4ot ik BOM @ B 0 P BOR SR (S B . H AT AL 4t
B AL G 2 L B i B B R IT 2k F5 20 (excess green index, EXG). i
gkt 2T H5 %0 (excess green minus excess red index, ExG-ExR) FlJH—{k &t —41
Z{E 8% (normalized green-red difference index, NGRDI) % . Woebbecke %5 (1995)
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7E 1995 SEMPR T 4 FhEETFEE AR (r, g, b) WIBIEFEEL ((r-g), (g-r), (g-b)
I|r-g| F1EXG (2g-r-b)), &I EXG $8E T X w5 HIEA B S R,
K ExG B a e e R o b O T 2 51 Ot 45, 2007 g i
%, 2011; ABAEER &5, 2012). HABBUEOAREON T X 51 55 B A8
IR, Meyer 2% (2008) il i %f tt NGRDI, ExG A1 EXG—EXR (3g—2.4r—b)
PRt s, KRBT 2 BEM EXG—EXR ¥ B 51 SR E R,
R TR T RREN T ZE (OTSU) HZBEE LN NGRDI 5 EXG 54,
I HA X 43 BRR A B 5 AN [R) 1 SR R RO iRc i - Louhaichi 55 (2001) ) FH 2
T 0 HE KM% (greenleaf index, GLI) #REXE S K, 08l MU /N 22
[I5M . Eraymondjr 25 (2011) A1 Hunt £ (2013) B = M E IR
(triangular greenness index, TG THE I G &R XBEGIN THKE
EXHRBOHATIEIE, £ m AR BON S iR R X3, TG R85 M4 R
AU . Shimada %5 (2012) i TFEARARIF 4 (poaceae abundance
index, PAD SRIX7p ARAKHE 15 HAM 1 .

CaA AT AN 7R K FHEAT T T FT, JF S SLF R I 2R
(Shang %%, 2017, Xu 5§ (2017) A I VYJiE 30 ALK AT 57 DX I I v i ik
477 S NI, S BhET AT W B R B ML . 5 R R R TE ML Sk ik
FREAT W AT TR W, BT I AL 2880 R ) AT O B FH R

124 BRFZPEREVEGLENAR

St R 5 E A B, At R R CETFR T REMN T, HiEil
NHEK & B SR AR R SR I E 2R (Hongyan, 2008; XIfERT 4%,
2014). Tfi%t T E B ISR 9, ARE TR R, BR T KR EE S
LR A BRARAG DL AL, T3 A6 S8 SR TR B AR 7 P I B 1 K R S T ] (4
POt T VIR YR, G O H R N BB R R (Liu 4%, 2013a; Zhang 4%,
20110 A7 I 2 A7 1 R s M AR R I g V) 5 R ) ) 7 A A KA
REFAESHPINE (Xing and Hu, 2016), 847 2% 21 0F 7t &k DR S Vb 3 X 35K
(IR S SR SR A AR AL b ) G AR K, A i VA K T AR S 18 A it
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THIERIAEY R (Liu %%, 2010; Liu %8, 2009). [F Al HER IR VEAG 4R 50
I DX AR 5 ) A 400 8 ) DR AR S 1 60 K THI R R ) P R 48 e 2 A i, ]
R () FE L SR A S

AT FRVAIE 78 ponT T S I X 3 A 0 TP 9 DK Tl e 4 2 18 sl
Z R Gt 4 %85 07 O SR I IR I AR AT A B, RS (R 4,
2008; Qi %%, 2016). XIMAF2% (Zhang 2%, 2014) #id TR IR 5t SR A
TG 7RSO IX SRR, I DU T W A E . Bl T8
SKACBRHOK I 723 8] RS L RBCR A BRI, 3 GeAR B AEE RE IR & 180T,
LR FH R B AR B AR TR AT S AR 2 SO B AL TR 1 iy, JE T 48
DT SRV X 35 A2 B il B R 22, AN T S o 35 1 I DRI PR R A T A
EYIDF e

UEAESR, T NLRAAR A TR RAAGAR LE BAT 2 1R 0 3 2 A i AR B34 PR A/
LEA R R I B2 RACIRGLSZ 0N, DRI e AHLEAAR A AR ) B v Sk e v B A
HIRIFHI N AT 5 (Jannoura 4§, 2015; Vega %%, 2015; Senthilnath %%, 2016).
SRIERSE CGGRIEE 55, 2016) T35 /K 55 fm S SR RE AT 1) o A ML AT OGS4 A
HO T SRR A, S AR 5 2 Fin] WA o P 0 Fia Rl AR, o A [ A
WA B AL ) A i SR P V2 5, R WG A Fi S B 5 A 2k IX 43 B
HAMA R, AR ST BR AR R [MiFs%% (2016) BAMY
N8 £ B AR R S XURTZ VA AZ 9 50 5, R e AHLER BTG B S i i AR it
AW B (177 SRAR A AR AL (CAY B, 31454 BF 40 Sl (11942 (DBH),
#2571, DBH 3Bl A, S ILEE T8 AHLE BGUAR R U Bk CA 532l DBH
FAERUTF AR RO OG R, BT SL B B 10L& 82, LEBAR A o A bR
BRI S, TR IR AR CA BT RFAE W& (Al SR A 20 . Herwitz 25
(2004) FII FITE AHLHE K 0 22 56 1 4 Jeas o mim e K] Fro il = B 047 17 A 5, IE B
TANAEAEY RS F EAB K /7. Sugiura 25 (2005) EEIFKR T HENE -
(A2 B AU AR MR T AR S (LAD TR G, (RIS N E S,
FEOTASANTE, BRI 7RI E 2, BRI 2 B 70 & R T3-SR V& BE I
MMM FBL (Dean %, 2000) . Hunt %% (2005) i F AR K HLSREL A B
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P15 NGRDI 84k MG FAFIRI Y &, BUSEFIRCR . Bl EEEE (2017) L
2 AT o AN LBRBCECHE A 5 P Ry 2 A, 38 I A A @ ABOR S R BT
WIS SRt E Y E . HERAE (2017) R TR ANLSZAR A i) SFM Hdf x4
I E Y ERAT TS, SRE RAABS NG, BRTENNAAR
e R PR DAL T 48 (R, (ELBRLRT B e AHLEEAT 25 (0 i 550 A
L FHAEARMRMY,, 5 T0 AHLRLH 2SS TR ISR b il A2 0 A S5 AT L R L
s
g BRIk, T R i ) P e AT 7 32 B A T R S AR ] 2
KNI BARRFAL, AR AT S B AR ERAS AR L PRI 8] 5 HEAT B R I
DB FT, IS B AR UL R SR RAE 7 M BRI Sl b AT T 7. (HA2 2
T TSGR S AU ) M UK 2 3 0K S 7 00 SR S e L 1) LS ] 4
URAENE AL SR AR BEATIR NI T o D5 G 18 7] 75 RS 2 B8 v ) 3 s 00T B LA R
A AR AE LS S B I A AL T A St I R o TR ) M 1 B S AT
B, DSOS I 2 2 28 I S SN} 2 mI 5 1 2 25 s

1.3 AREX#R

NI R — AN L g, HE4 N T 31.6-39.8 N,
119-126.8 E 2 [A] AHZ A FUARIE 2008 4F LAK B4 i SR 5 R 1) 25 18] 43 A R AIE
B 72 LT @ B0t 70 DX 2 R i B I I, 24 G . 31.6-37.5 N,
119-124 €. ZWIFRXICE IR P BB, BRI AR, RATAR[E 45
WEAMELE DRGSR, PEEmeE AR LI, B XN R 2 a K20
2446 km. MAbEIF, #F7X EEHIGLAR, THaHE, HPafigigl. Wa
mi. HEW. HEA B, Sk, sl 7 M gUrEix.

XA NI AR, BRI KR b & 2, BIERUN. S ERE
fRpishK X B ATAELL 548 BT, G IR AL ME B I iitek, i A6 e L 2R
2 B B A Ve 7K B Rl Atz B30T 2 R VAl /K B R, Dl B LR
DR b MR T AU, BRI 2 ) S8 ¥, P 9 IX PA) ¥ /KO T A8 75 B i (i 1, 2014
M E SO R 1k, DL IX A K AR T, R AT A /K A B T B A N
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Z, KX ZE, PPERTE—Dueg. R gl Rk R E S =
e, HPUSCAE, MLZR N BT A KR B R B R, iz BT R IR KK
JR S T R KA (BRI, 2011,

R 5 51 R I 2 SRR 1) £ B A 77, SRS J7 A A 5 AT Ry
A —3. BEFCIX N KRB TTRE B s, A ZRES N mE I EH N EIT AR, £
FEdb RN E, JEHEZE NE. N FINW 51, APERGESN 6-8 mis; 1M E ZE1E
PACE R0 AT R E R, R mr X, EZLL SE. S, SW KRN E,
HPRGE S 4-6 mis (ZETiil, 1993: [EfR{E, 1993). XL i % 2
A, PR T 3 me HAr il ZR e B I — O IR, T
TR FZEAME G RN, B TR AL BRME R4 Sb IN IX 3R 2 IR A8 B (1 Ve
(ERELH] 2%, 2016).

MR AATE2 A PRRRRIS, #ERZEKIENT 2-8 C2Ih), bR
EK, FEAmmdgnmEs; 258 AN TR, BKEmMEENT
24-27 "C[a) (GKIEJE, 2014), [RIMES HACHEINRES . 4-9 H o5 X i
KR B AL RIEEE S, Kb 4-6 Hopigingasm g, mE T 7-9
F WA A REE B KT P B R ZRIl 4 7E 6-8 4%, FELIIA] i) B Y ]
AERF N R 50%-70% (EARE, 2013).

14 FARASFGE
141 RAR

ARG A EE A U

(1) HTTo AWLGRE R FER 7

DAY e 3ok 5E T AHL BT, FIFH NGRDIL. NGDBI. EXG. GLI PUFEitats
H oy IR R SR U TR 2o DA A A R B S S B HEAT IR I AT 78, 1 8 A (R A
ST REFE B B TR, 93 T I8 AL S e DU B i A B

(2) SR N X S B 4 A= ) i Ak B

B T 4 S I DX 8 S TR B R AR I R ) R AR R T, I N T ] v
(ISR, [R] B R Fa e R Vo X S ST A AR A A Y, R AT A B
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Figure 1.1 Flow chart of this thesis
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(3) T ANLSCHF 2 J5Ed MODIS S i I 5 SEPE A6 56

ERE MR AN U KIS TR 2 00 DL R e 7 9 R S AR S X [
FHH) MODIS SZAR 21 L B AE RBEATRILL, 2 EAG IS MODIS SR il 1R 7% .

(4) I =5 S A I 2 AR AR AT 7T

A MODIS Xt 2015 £ LK SHFER RIS BN AT FFEEMF[A] . A AR SIS
SRFEEAT AT, FEPr s, sl G iR fts %,

142 ARFFHE

AR SCR TG AHLABE £ o J2 ME S 9 VA TV S ) DA S SR b W [X Sl i3k 47 1
ST, 0 B AN (R FR T T ] M P e e F R S AR X A SR Vb I X 5K 5
FETHEEAWCIOS AR PR EF AT T 2, BB NI S R SRR, R R 2 T 0N
HUAN BB SR BRI X SR W AR AR ) il AR, JFxf gk AT il 5. [RIS
SRR 7S X3 3 4F 4 & 8 Ay MODIS 2%, FHiik T8 =l F A& 34T
EHR AR SALIE, RJG3ET NDVI BERECR (A B T AL B,
FEHX 2015 A LLREGUENE B, JFEATSRU 0. 255 [F I AR I 0 AHLER e
By MRS T A R DA K GF-1 8 SAR Sl M Wl 25 SR MODIS 338 Hs )
WERAT N, BRI MODIS Sl i B ST e . ARSEASCHE L N ZE, e
BoRpg2k, W 1-1 fios.

1.5 BILELRLEH

[ 560 NSRRI 22 U5 B B v ] I 0 > B A, AR AT 72 4 25 RO 52 7792
WG AT JUAS 3 IR FE A 18

B, iR,

TN T AL RS 57 S S, SR 0 IS0 35 VA S A DS T SR
SR RIAGN LS, B ARSI 3 B SN 2 ST 5. TR SR AT IX A
MYERE IR K3 W S B REAT TR Ui

B, B S5 AETE.

FENG T ACHBIN T AR . TR R R . WA AR S
SRR DA AR B B AL B 7 VAN B 1 S EEAL P A
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H=m, T RAN S R

PABE IR 2891 98], A FETHA TC AN il od j2 LR o i T Vo ] DA S 55
FEPAAELE b SR AT IR AR 3058, 20 W = PRSI 7E RGB I B et HRFAIE
FEPEULFERE 1R 4 FhET RGB 838 A b 20 € 48 50t S mi kAT U3 e, o
LR 73 B B 2800 5 AN TR 5T T AHLER ) 00 F)od B SRk

HVE, T ANSCREAR D YN X AL LR SR WA 46 A V) B Ak SR 5K

M X SR SRR AN AR R B RE AT ER B A B, W SV AR R UG
Ve BRUE ;s [RIINSR F UK 2 K 6 AL AR 456 5 18] 73 #2910 KA S S2A
Bl PIEI L @ AW RAE B 1 S A AR S I A AR ) A B, X
VDN X S8 DA S AR 4 | S 1 SE X 1) a2 A B AT R 25 R T I B s — Ak,
T

FhE, HETRANIZIEERER MODIS S bn il 5=t se ki .

EF Xt MODIS 7E ] Wil iy s st e J, SR B ANLTAE 28 B Mk
I EHE DL R i R TR AR 6T MODIS 23 Wil 4 SR 47 e B A 56 70 AT

SNE, T 3 R I ARRIN S AR R AL

K MODIS 52454} 2015 4F %8 2017 4F g S i AL RHE AT I 7L, JF
G BT B S 1 9 SR, DS B SR (K 45 B B SR LA Rl F 22

FhE, iR SR, A ARSI, B RAEER A, SR
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828 BRESHIELE

2.1 T AHAEEE
AHPF 58 H R FH KR Ispire 1 EANLRGUHAT LS H08 . X R GH— A/ IT4%

(Kl 2.1a, 2.1b), P EEES DL R PR (B 2.1d). EHLEA ©AT
I FRHS T P AR R 3 P B App B SR AR, AT LA — 5 R 3 5 E B R .
FEIESHITHAVE NI AR b, AN R 42 38 T LAGy SR T A7 e 42 R 58 £ 82 DA A4
BREH]. RATE RN 3060 g, HOAE KE RN 3500 g, mORF CEE EIL 79
km/h, £ 2500 m & 5 V0 FEl A AT BLE E TR . S AHLR] A DI X3 HoidAH AL
St EAREAT R, AT 2N BRI RRERL RS (GPS) Wl LA iR A4 14T
AEFREAL UL K BEAE R, W R PRI R R . R WIT RGN EH—R
Lightbridge sris ML AR, 7 AR e &4 4K Midhsetg, X3 720p M5
Ko W= 6 RS CAT & AT LR Hb i 2 ) b SERHE [R5 53 e 8ulE (B
2.10). TANLRGHMEEATRE /12008 30 4rdh, ABLIRAIIEAS 10 BoKE &8 6
R, PRIE— R IIVENAESS F L RR K

K 2.1 EAMLEREIin TAER: (@ AT RIEANL: (b HmiE EFEANL: (o &
BT BT TR 2] s (o) R & A TE ABLEAT AR I

Figure2.1 UAV green tide aerial photograph:(a) The flying UAV above the study area; (b) The
UAV on the ground; (c) The aerial photography of floating ulva biomass; (d) Using remote control

to make aerial photography to UAV.
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2R HERIRSHRA

2o i [v) B B R 5% ) B S A I K T AL BB AE Pix4Dmapper #f it
ATIESSAR P B DRt AL B0 o A2 A 2 T SR R R AL PR L $R R & LA S A AlE B
BOREETT R — K BURALFRHA, mTRASEIL—3k 2 B3l AR, o ab 2o AL
BRI 2L GAEHESE, 2016) . Bi 1 @GS, ZE rT DAL B 2% ()i
ZLAh RAAMIEESE, Refg i i s, R AR AR R ),
A U BLIL I 2 A R ok iP5, 2016). M T WATE N E A =g E
GPS #4:, KRR B &G A E AR N s G B AT G EBEER
I R IR B\ PixaDmapper B FEAT 42 Bk 1R 1 BRIV AT SR AT AT DX T AR
IESFAAR . BT WTSREWASAEER, B EinE v WGS_1984 i
HARRR R GE, TR LIRS AT IR AR I e b1

ARSI TE AU BB AL B ZE ArcGIS 10.2 B4 FiE4T. ArcGIS
10.2 &L E IR ES R GewE 5 (Environmental Systems Research Institute) 2 & JF &
HEAT s R E S (GIS) THREIHAT RS, T LAS I = 1) B B0 HmN |
WD B AT, (RIS P DART S el i B 38 S 0 ) M BRAE B ERAEAT 55, BUFE
s BEgmiE . 2Smotr. rTAAesE CHEIL 20105 T4%4, 20100,
FEAHIT AT R IS B TIAR G vt 1 B B A TG AW S AR I 150 55 2 (RS
SERETE ArcGIS 10.2 M4 F 5. KA ArcGIS 10.2 {41 Project T HX}
PixdDmapper {1 it 35 45 1 B8 i 52 R HEAT IR IR 1R AR, o BRI SR
WGS_1984 i FEALFRFERS N WGS_1984 UTMBSIN #5244 KR

N TR E & T T AL AR S ) e DU R B a4, 7 S R 5 e ALEE
BREATEE TR BRI AL ER, X AEAE ENVI 5.1 81 FE4T. ENVI (The
Environment for Visualizing Images) #7144/ & [H Exelis Visual Information
Solutions A & HF &I T2 HAKHE (IDL) 155 FIBKERG AT & . %540
SRS FAL ARG 0, B0, motih . Fik. HBEUES 2 R
PElsrs o AR R EEE NN L fth . BESE RS, JUATRIE. R
K. BBk, BTG BRI sR G AL B B R e R BE S BTl SiTH R
FAEAERI A IRAR, Aeg P Emh i W AAR PSRBT R B R, CARI\/IREZ
G T ITARL S K TR (B, 2014). FIF ENVI 5.1 # £Ff) Bandmath T
H, WEENAEEGEH RGB 3B/ %12y bandl. band2. band3, MR 5T%
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TR R 0 8 o URA SE X LI S5 A3, FRIMATHE SR . Sy A% 20— By
TIFF #&30, #T 5 4L ArcGIS 10.2 A RIE Bl H .

2.2 DEEMIGEIE
AW AT Je 1) TR VR IR 1% 545 MODIS S48 5038 . GF-1 WFV 52153k
Pa DA Fe S2A 521G 8dE . BT B2 A% 3R EX H 3 DL K AR IR 2505 Bk 2.1

2.2.1 MODIS &%

MODIS & 91 7 #¥ 2 BB G S A K i #%, 2581 EOS-Terra L& M
EOS-Aqua D& PR EEAL®REE, B 1999 FAH LEROAEINIZITE
B, JF—EIE X BB et R Gt RE, REUCOA T . XL R 1 IE AT
BB AKBARS L REEE, B3R 10:30 158, THURZF 13:30 g8, &K

IEBE DUV, B IR o 2R A R, BN [ AR 9 T AT SR 4 M U F A 7 (it
TR 5, 2010). BBIREAZEE 1 PBOREE 2 P B o i AL BRI 2L A B
SrHEAE N 250 m,  AHIETE A SR X AN B HOE AT S 15 S B L

MODIS REJE&FARAE S H H KM M F AT R (NASA) Wk T #, Mk
= https://ladsweb.nascom.nasa.gov/search/. R #Z[{] MODIS 5444 1 576 ENVIS.1
AT AR ST AR R TR IE AL B . RS Edr i A2 AE ENVIS.1 BEHGE KRN &
BT A, RSB W EFLAASH BT FAI S HME . N
TR B AER F aE RAREUN M, KRS IE S 1) MODIS SR 1E
ArcGIS 10.2 R R “Extract by mask” T H.45 AR 7t X 0 AL 805 5 5 B0 4o
TR BT D AR

PR IR TR KARALE ) G UR B SN 3B, LD M B RO R A, X
FEME R C TR AEAR AR, T SRR eI 2 R R (F=0k %, 2010,
R W & 7K AE AT OG- 3T 20 A1k B i) D' v SO R, R A — A i A 4 2K
(NDVD) %aeiRIF IR BGHF & 205 B (FRE &, 2010),

B2-By
B,+B4

Horp, By R 26U B S 3, 65k W, MODIS 158 1 9 B¢ (0.620~0.670 um),
B, TN LI AN BRI e S 28, v, MODIS %5 2 B (0.841~0.876 um); Bi.

=N H

NDVI = (2.0
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B, PV B A5 (8] 43 E 15 9 250 m. SRJE1E ENVI 5.1 B4 FF) f“Bandmath” T
EXF NDVI fefdt T =1 5.

R 2.1 AW BERGEIIE

Table 2.1 Image list used in this study

AR AR ARICH ] RS
MODO02HKM.A2015134.0245.006.2015134140144.hdf 20150514 MODIS_Terra
MODO02HKM.A2015136.0235.006.2015136134421.hdf 20150516  MODIS_Terra
MODO02HKM.A2015141.0250.006.2015141135117.hdf 20150521 MODIS_Terra
MODO02HKM.A2015151.0330.006.2015151133817.hdf 20150531 MODIS_Terra
MODO02HKM.A2015156.0210.006.2015156141018.hdf 20150605 MODIS_Terra
MODO02HKM.A2015163.0215.006.2015163142642.hdf 20150612 MODIS_Terra
MODO02HKM.A2015172.0210.006.2015173181440.hdf 20150621 MODIS_Terra
MODO02HKM.A2015178.0310.006.2015178135536.hdf 20150627 MODIS_Terra
MOD02QKM.A2015182.0245.006.2015182134658.hdf 20150701 MODIS_Terra
MOD02QKM.A2015185.0315.006.2015185134858.hdf 20150704 MODIS_Terra
MOD02QKM.A2015211.0215.006.2015211133742.hdf 20150730 MODIS_Terra
MOD02QKM.A2015217.0315.006.2015217134449.hdf 20150805 MODIS_Terra
MOD02QKM.A2016133.0310.006.2016133134833.hdf 20160512 MODIS_Terra
MOD02QKM.A2016138.0150.006.2016138140414.hdf 20160517 MODIS_Terra
MOD02QKM.A2016140.0315.006.2016140134855.hdf 20160519 MODIS_Terra
MOD02QKM.A2016146.0240.006.2016147134436.hdf 20160525 MODIS_Terra
MOD02QKM.A2016151.0300.006.2016151134815.hdf 20160530 MODIS_Terra
MOD02QKM.A2016153.0245.006.2016153205101.hdf 20160601 MODIS_Terra
MOD02QKM.A2016165.0310.006.2016165222418.hdf 20160613 MODIS_Terra
MOD02QKM.A2016176.0250.006.2016176133203.hdf 20160624 MODIS_Terra
MOD02QKM.A2016176.0255.006.2016176133213.hdf 20160624 MODIS_Terra
MOD02QKM.A2016178.0240.006.2016179142753.hdf 20160626  MODIS_Terra
MOD02QKM.A2016199.0255.006.2016199134854.hdf 20160717 MODIS_Terra
MOD02QKM.A2016204.0315.006.2016204220238.hdf 20160722 MODIS_Terra
MOD02QKM.A2016207.0210.006.2016207132903.hdf 20160725 MODIS_Terra
MOD02QKM.A2017137.0255.006.2017137131834.hdf 20170517 MODIS_Terra
MOD02QKM.A2017148.0240.006.2017148132843.hdf 20170528 MODIS_Terra
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Table 2.1 Image list used in this study

SCAFAATR ARICH ] RS
MOD02QKM.A2017155.0245.006.2017155132342.hdf 20170604 MODIS_Terra
MOD02QKM.A2017168.0215.006.2017168132044.hdf 20170617  MODIS_Terra
MODO02QKM.A2017172.0330.006.2017172133829.hdf 20170621  MODIS_Terra
MODO02QKM.A2017177.0210.006.2017177133300.hdf 20170626  MODIS_Terra
MOD02QKM.A2017190.0315.006.2017190132529.hdf 20170709 MODIS_Terra
MODO02QKM.A2017195.0335.006.2017198181256.hdf 20170714 MODIS_Terra

MODO03.A2015134.0245.006.2015134092646.hdf 20150514 MODIS_Terra
MODO03.A2015136.0235.006.2015136092824.hdf 20150516  MODIS_Terra
MODO03.A2015141.0250.006.2015141092452.hdf 20150521 MODIS_Terra
MODO03.A2015151.0330.006.2015151085923.hdf 20150531 MODIS_Terra
MOD03.A2015156.0210.006.2015156091258.hdf 20150605 MODIS_Terra
MOD03.A2015163.0215.006.2015163123603.hdf 20150612 MODIS_Terra
MOD03.A2015172.0210.006.2015173133943.hdf 20150621  MODIS_Terra
MODO03.A2015178.0310.006.2015178093210.hdf 20150627  MODIS_Terra
MODO03.A2015182.0245.006.2015182091839.hdf 20150701  MODIS_Terra
MODO03.A2015185.0315.006.2015185095124.hdf 20150704  MODIS_Terra
MOD03.A2015211.0215.006.2015211085556.hdf 20150730 MODIS_Terra
MOD03.A2015217.0315.006.2015217133735.hdf 20150805 MODIS_Terra
MODO03.A2016133.0310.006.2016133095517.hdf 20160512 MODIS_Terra
MOD03.A2016138.0150.006.2016138124417.nhdf 20160517 MODIS_Terra
MOD03.A2016140.0315.006.2016140095006.hdf 20160519 MODIS_Terra
MOD03.A2016146.0240.006.2016146091336.hdf 20160525 MODIS_Terra
MOD03.A2016151.0300.006.2016151094117.hdf 20160530 MODIS_Terra
MOD03.A2016153.0245.006.2016153091714.hdf 20160601  MODIS_Terra
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Table 2.1 Image list used in this study

SCAFAATR ARICH ] RS
MODO03.A2016165.0310.006.2016165184506.hdf 20160613 MODIS_Terra
MODO03.A2016176.0250.006.2016176105200.hdf 20160624 MODIS_Terra
MODO03.A2016176.0255.006.2016176105233.hdf 20160624 MODIS_Terra
MODO03.A2016178.0240.006.2016179120020.hdf 20160626 MODIS_Terra
MODO03.A2016199.0255.006.2016199104806.hdf 20160717 MODIS_Terra
MODO03.A2016204.0315.006.2016204090345.hdf 20160722 MODIS_Terra
MODO03.A2016207.0210.006.2016207132015.hdf 20160725 MODIS_Terra
MODO03.A2017137.0255.006.2017137093003.hdf 20170517 MODIS_Terra
MODO03.A2017148.0240.006.2017148090657.hdf 20170528 MODIS_Terra
MODO03.A2017155.0245.006.2017155092414.hdf 20170604 MODIS_Terra
MODO03.A2017168.0215.006.2017168085756.hdf 20170617 MODIS_Terra
MODO03.A2017172.0330.006.2017172085522.hdf 20170621 MODIS_Terra
MODO03.A2017177.0210.006.2017177085151.hdf 20170626 MODIS_Terra
MODO03.A2017190.0315.006.2017190094755.hdf 20170709 MODIS_Terra
MODO03.A2017195.0335.006.2017198180722.hdf 20170714 MODIS_Terra

S2A_MSIL1C_20170228T023631_N0204_R089_T Sentinel
20170228
51SUR_20170228T024641.SAFE 2A_MSI
GF1_WFV3_E119.7_N33.9 20160601 L1A0001617337.tiff 20170601 GF-1 WFV
GF1_WFV3_E120.1_N35.4 20160601 L1A0001617336.tiff 20170601 GF-1 WFV
GF1_WFV4_E121.8 N33.5_20160601_L1A0001617349.tiff 20170601 GF-1 WFV
GF1_WFV4_E122.2 N34.9 20160601 L1A0001617346.tiff 20170601 GF-1 WFV

o HALE RS & NDVI BIE 0 #EAT I 6 (5 B3R B 5EHiE NDVI
[E 5 R, AT By BIAb AR R X AE ], KA R A PR R AT
73 A% R MODIS
L1B fJ58 1 IE 58 2 JEIE . 55 1 @I . th IV W & 75 20 A B i S i i

Jiiik. HALMEREEEAIE S M RGB B,

& iE
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LREIRTE S AR E R0, 2RI A M, MK LLANILL3 BRI %
R, Pk B8 EOu#FRE, =FEZRVE, FHIX—frEL K e AL
P m] DU RO B 7K AR
2.2.2 GF-1 WFV 5 Sentinel-2A MSI #1%

GF-1WFV &2 #f R GF-1 AL AL IFR, 2 rb BT B v 20 A%
wvo GF-1 TLE/E 2013 4% 4 A 26 HAM ), 2 LG 16 m pHiR2 6l
FAPLSE AL (WRV) o 1% BB ISATHE N R B[R [HE, By 2 K,
WFV 256N AG A5 v WOk BRI 204N B, 28 (B 3 #0114 16 m, W
Mir 98 830 km. Z PR ST IR 261 L mIN A7 PR BOR st
LT RBE, HFREAE 5 2 8 F A an W N 4ERRECm AT SEE, B HATIRE R B A
iRk (XIJR%E, 2013). GF-1 WRV 5215 M A [ 95 35 T2 B H Aot 3REL,
W1k http:/Awww.cresda.com/CN/ . fEACH, GF-1 WFV 2R 4B Tk
MODIS FAZKL, B SEAE ENVI 5.1 A N EATHR S @ hr AR R IE . EARE R
T w97 o B8 v ] R T B RO P R KSR IR AL S I R R
K5 MODIS &AL 5 2UHEAT X LA FT X I 2R S B o

2015 4 6 A 23 H, M4IE Sentinel-2A (S2A) TR TE e & At KAt 0 Tl
R5Fe S2A TR ZRM B F e TR 6 BUGAE S5 I A BT HUE Dy K
[FIAPENE, EYTIADY 10 Ko HAREE 20618 g A MSIERHHER g, 78
A WL 5T 4T A0S 8] 43 B T 31 10 m, 1@ %5 4 100 km. E8A 2015 4FJR A f4 ]
A I RE RGAR , (E R B e 2 () 7 R AL 3 A A AR A E DRI A7 38 L 3
TSSO I S ARAR M 0 e LA S K AR B SR IR sk AS 21 1 T2 N (Du
&%, 2016; Fernéndez-Manso %%, 2016; Immitzer 4§, 2016) . A 5T #1458 ] S2A_MSI
SAR 10 m 75 8] 73 33 ) £ BT 21 A RO AR St v i X A SR T AR AT 4 1) g
A5 B IRHL, IHAE Arcgis10.2 Fh e it Fifi AR . S2A_MSI 5248l WA R J= (ESA)
P, FEMAE AN http://www.esa.int/Our_Activities/Observing_the_Earth/

a

Copernicus.

2.3 HthiEnE

2016 4 5 H“Bt£ =5 il LA AR, /AT 1 KRS u AW AE 2 .
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2R HERIRSHRA

FERL IS AR P SR TRV S W R HROR N, AR L RT 847 70 38 41t o Kol
FHE XTI 1 B A 422305 1) MODIS AR AT S A L B A, 33k 1T 55 WLl 25 SR gk 47 5% L
FF53 4T MODIS S M kS 2

SCH R B 11 v 2 T R 3 A R i 2 T i P A R VR T 5 [ 1R SR AT R
S J5 (NOAA) Muk: http://pifsc-oceanwatch.irc.noaa.gov/, #5743 E T BRI o 1
RA TR A0 (ECMWE) Wk - http://apps.ecmwf. int/datasets/data/ interim-full-daily
[levtype=sfc/.
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£ 38 ETRANBENRSFRMENNIESSZE

A5 R TS ADoK 5 2B AT 1 B IR 7E, I B e g 1) M 00 AR
(Shang &%, 2017). Jo AMLAE SR 00 7 T thAT R0 (RN, 451 dn 2 P i B
80 900 T 495 DX A Vv Sk ) AT 1 ST RN, ol B AT A R AT SR EEAE
(Xu 25, 2017), {HRAZREEMTIREZE. SR BRI IE BN 2 o 3 3t
A7 W0 BRI TR W, FE T AHLH ] U 70 i Tt — 2P 7 . A= L
SFSR B, MR TE AR TS MR e T T SR LA 5 S R R A
2 RSB EAT IR AR, M SR EEIFE RGB B G THRHIE, JRAE
BEAEA FR A 4 Pk T RGB sk i A th 15 KO0 Sl BEAT IR0 ML, 5 s
JEE 73 M B 240 AN TR S5t e AL e 0 3 B 4502, WO S B A e A
BRI BRSSPI 2 255

3.1 RS RHE
3.1.1 T AHBIEIREL

2016 4, TELRMIMEA T A7 AR RN, SR KE# Inspire 1 T AN RS
3 T L1 AR VB o ot 18 ] ¥ T V7 ) DA SRS VD N X S TR B AR R L
(R BEEAT IE S a0, SREBUCE AN A .
3.1.2 E7F RGB W& I5H

ARE SRR T EAHE . S ada s (EXG)  H— &L ZH TR
(NGRDD) . H—{hE4r Z HiE% (NGBDD . &t (GLD . HARXKIE
LU

EXG=(2G-R-B) (3.1)
NGRDI = (G-R)/(G+R) (3.2)
NGBDI = (G-B)/(G+B) (3.3)

GLI = (2G-R-B)/(2G+R+B) (3.4)

Hrf, Ry Gy B AR NANIER BRI 2k BEHE.
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3.1.3 T A EIEAIE

R 2.1 T (1 T8 A LB b 22 75 72060 3R A3 0 AW R SAAR A T R ik b
WhER . SRJEARYE FEME . T LA A BB R [F R ERAE ENVI 5.1 B4 T X B AMLIE
SR EORE Y, GRS K. HEESE . YO, BEARSE, ok E—
SERCRRAE A, JEPAFEARE AT RGB BB . BEMLIEEURE 2 B 70%1E
RFIERE 2, FEr AT RGB HFME, T4 30%FE S0 iiE s, X &l W i &b kA7
FEEIAE . ARSI E X (AR 31, AR 32, Ax33, AKX 34)
WA 2.1 ARV EIEN TN AGIAT A, FERF BEE 5 4
AN A1 S5 B o R P SRR R0 R4S A S5 B AT AS BE AT, BT e AN
A1 55 i B AR R 4L

3.2 BT R AN E MG

FRMERL TR S s, FRAE A Gy A AR BN AL, 2008 FEL
SR R B i 20 T R R TR AR Lk ) s e B B K (Wang: 4%, 2009)
773K 8 55 22 R 7 7 DX AR AR AR R ), PR TR R IR L AN R A2 B
FT43 P it 2 OIS 1) 9 R RS () 0 . R ANLEA(ES . RIE . S JR iy
s ] DA XSt Vgt AT I S 2l A5 B DR e 22 D AL o i) s D00
FARF WL E

3.2.1 HARIEEFERHIELE

FEAX A TR GHET (B 3.1a), ZEAAAARA: 121°8'53", 36°40' 1", %
X 42k Ay i B 77 B B I I 5K, iRV R Ik o B 2008 4 AR S 5 LK
TRAEHRA K S HERRAE S5 DO, e IX SOl 3™ AR, StIX TAE AN R R
ANKEIN T IRATITHAR . ISR HIOE R B R, R X
Pk, St DX R a2 R TR

IRAEIF T XAFAE, 23 T3 R MERR ST (1 3.10) R IVb i, WK DL K S
BEATREE, BERE Ay 136, 123 A1 164 . FRVDHE. ik LUK 538040 51 b
HIEHL 95, 86+ 115 M fUEAT RGB S BURFIE G vt 70T, TR RV IHIE £,
I8 T AL S ] U 00 PO 55 2
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120°30'E 121°0'E 121°30'E

37°0'N

36°30'N

36°0'N

K31 HEAKA BERER: (@ BHRXAEREZRER: (b X e rER, T
WK B B HERRAE D, ™ BRI R G ek e

Figure 3.1 The location of study area:(a) The location of study area; (b) The UAV image of study

area.

3.2.2 FM4RE RGB FEHES

VR 5 XA [ HBAY KA 2 RGB I B A TR AE (1 3.2) s, R (40D ¥
BSEB IR IME, TIA 160, AR IEMSEE, (99, AHR, ML
fE G (50 BB ML B T fe ity 142, #/K ST G I BLAME MK T 140,
B () WEURERIRIEAK, BMEN 141, JLUCRIMER 113, s KT
100,

MIF— WA [ B 26 7R, MG R =N G WEL, MEN
142, b R BB 39.43%, LA B I B TE /& i T 144.42%, 57 g
RAOMAGRHE . WIS E R = S BRI 2 0 R B B B, Horh R IEBUL G
Pt 16.200, 1 G BECUEL B B 19.80%, Ft LAV R4 #h £ Sk
L B (1 TR BURHE . WK SE A i, H A B s U BON B UREL,
M R W BURAK; G B R B Y 6.63%, 1 B I B UH G ik BL s HY 4.90%,
SHERK “ BT B ATRHIE.

3.2.3 EMGF N EE B Ig =8 o 4T
WA R EESE N E X (A 3.1, AR 3.2, 433, AX34), HH
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MRS F e B s B A (B 3.3), AILLEH, EXG. GLI Al NGBDI —
TR 2 18] 0 A BN — B FEERIA T AR DCEUE IS, T o ] 2]
W BUE B . NGRDI FEEE 25 [ 43 A L TEVE X 3 4 R M i K X dk, - i)
WA BUEMRAR, RSEE SR FTRERJF RIS Ry B BEAE N
T G EMME (K3.2b), MK (K 3.20) MR, GEBRA ML,
LA NGRDI S50 LAIX 73 7RI THT 23]

120 170

. BUEFE =115
170 ?ﬁ\ﬂg n=95 150
160
130
150
140 110
130
a0
120
110 0
(a)
100 . , _ (b)
3 G B 30 N . 5
170 -
A n=86

160 K

150 |

140 A

130 |

120 {

(©
110
R G B

K 3.2 i) RGB I BIGtHFIE: ()b TE ANL RGB SAAR L IIGTTHAFAE; (D) 7Sk
FIETC AN RGB 248 LG THRAE:  (c)iE/KAETC AN RGB S48 LGt THRHIE .

Figure 3.2 Statistical characteristics of seabeach based on UAV RGB image:(a) Statistical
characteristics of seabeach; (b) Statistical characteristics of green tide in seabeach; (c)Statistical

characteristics of seawater.

MM B SR HCs M i (B 3.3) RLEH, TURREd R A X
MR AfELR S 8] 70 A7, (H2 NGBDI 550 Al A BEAR RO, HERE A
XLl e G BT B B (18 3.2), ivb M A A A X R 2 (K

27



BT I0 N L2 2 55w 1A A o] MU 7

3.2a), FE NGBDI f5HUICiEW s S5y MAER X 0 K. 74b, NGRDI
FaBAS 18] o0 A S HE K ORI, A5 N A3 BN, S S
T . B

)

High : 0.42

K 3.3 R IR S AR (a) EXG 5 a0 A6 B (o) GLI #5502 1] 4045 & 5
(c) NGBDI f5 %7 /04 ;. (d) NGRDI 484075 ] 7347 &

Figure 3.3 Distribution map of four vegetation indexes of seabeach based on UAV RGB images:(a)
Distribution map of EXG; (b)Distribution map of GLI; (c)Distribution map of NGBDI; (d)

Distribution map of NGRDI.

3.2.4 FEMEEmMEER I
SR FH BBV SR B AV i 55 DX g T ) A 1] 3.4 Bz, NIRRT LA H NGRDI

BRI G R, REHAEAMIES—H. R I1ALIED, WNER
FEFE R /2 EXG AT GLI fa 4k, FHIRMIRSRE3Y =T 90%. NGBDI 5 % % bl F
J&, BEDKEE Y 82%, 1M NGRDI HIAS A 71%. X2 I EXG HI GLI 5%

(a3 3.1, a3 3.4) HHH T L 5K G BB B BB LHIZE R,
1M NGRDI #5848 (~303.2) WHHIH T R # S G BERIX &l 5K, 2%
REZE . GLI Fa X T NGBDI 488N 7 R B HIE R, M Z0 G BB
5 REBMZER /N (K 3.2b), FHIX 55T NGBDI.
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& 3.4 ATLAE i, NGRDI FEHC HFMELRI I I 25 B, IR B2
71%, £ FAKIBLIBDPRZIONGER] . GLI FEHCEEMESE W I 45 SFAS B,
HRR EXG, W& IR E 48w T 90%. SR GLI 5 EXG 8% (A 3.4, &
X 3. #AHEIT R G M B #E, GLIf8ECRAH T IH— IS E, 4R
PHRE R, 1 EXG HE BN BB, SERIPHRERIR, X5 EXG M GLI %
A (& 3.3a, [ 3.3b) &% —F. NGBDI fii#i T4 51DMEE G
WBS B URBUIAHEBIME, SRR /N T GLI A1 EXG 8%, Z& L LT,
GLI F8H0E F T MV S 1) e o

K 3.4 frie sl MM EE R - (o) Wi sl R 4n R (b) EXG Fa it i il LM S5 2R s (o
GLI F5 &Gty i 2 MM EE R (d) NGBDI i AGhz i 20 i 45 4L (e) NGRDI 5 $iif i #x

I AR

Figure 3.4 Distribution map of green algae of seabeach based on UAV RGB images:(a) Original

image; (b) The map of green algae extracted by EXG; (c) The map of green algae extracted by

GLlI; (d) The map of green algae extracted by NGBDI;(e) The map of green algae extracted by
NGRDI.
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Table 3.1 The accuracy of seabeach green tide mapping with four vegetation indexes

e W
PRETREL
R FE (%)
EXG 28 91
GLlI 0.015 96
NGBDI 0.040 82
NGRDI 0.016 71

3.3 ETRANEEHRFRBINAR
3.3.1 HAKIER RHIELIE
FEA DAL T P S 2 6 U BH T BRI, AR 9 2R 48 121°8'54", b4,
36° 40" 2", TEZFIA) b5 3.2 TAREARX L . %X I H T H (R ik Ui
S, BRI YA B . 2008 SEGE R E LR, LT RAEE
A R B G S T T X A T, 5 BOK B S 2 191 ¥ 5 S5 AE LU PRI IR
BERTF LG 220 A S IREE P AR AR RE I o S AMEF AR IERT R, S
BERIE 22 Ak SR ) i R K EIEAE R 5IX, HREFERE R 1N
JIREILTEAT IR B, 25 AH LM e DX A2 71 B B I, S 2 e 0 72 s e AS N 2K o
ARYEWETCXRHAE, 73 A E RS T PR BE T 1) S LA i /KA T A (] 3.5b),
BSR4 ) 128 #1180 />, FEBENLILHEL 90 F1 56 MFF AT RGB RHIE/ T,
Tl A 5 F T8 AL U TV S ] s S PEE BT

3.3.2 '8 H/Z/F 5 RGB KERFFHIE

H VA TRV S SR i RGB S B BT THAFAE (18] 3.6) FiTu, ¥ T S 35 M o
i G B, YIMEDN 161, L R BB 153 Mt 4.66%, HLEARA) B B
104 g 1 53.97%, £ U R ARIE . /K RGB YME & e 5 AR 73 7))
N B IR R W E, BB BN 142 F1 117, 1 G WBAT B BB R B
], ¥ME N 130, % R PE R H 11.15%, i B 3B U G B H 9.74%, T
AR /K FRARAIE il 26 S AP Bk D 1« BT BUARAE .
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Figure 3.5 The location of study area:(a) Location of study area; (b) The UAV image of study area.

170

200 EEEE n=90 K n=56
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K 3.6 W IEVF SR IR K RGB WS THIHIE - (a) I 4WI/E TC AHL RGB #48 L4t
THRFE:  (0)#EKAETC AN RGB A% LIS THRFAE -

Figure 3.6 Statistical characteristics of floating green tide and seawater based on UAV RGB

images:(a) Characteristics of floating green tide;(b) Characteristics of seawater.

3.3.3 BEGHA R B Ig = B 7 R HFHIE
WRIEAFEE S E L (A3.1, Ax3.2, A:3.3, A:X3.4) , Al
FARIS I S FEAR XA R Bt Fe 2 8] A (B 3.7). ATLUEH, EXG. GLI
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A1 NGBDI =Fh e $02= [8) /- AR o —2, BRI MIANA L MK X 3%
TEEAR, T R A S 4 Bt 5 i . NGRDI F8 30 7E 2= (8] 2904 B vk X 43 72 F
AR X, AR BUE RIS, SR SE BRI E.

Lo

o
b

v

LAY

High:0.19

.@ I Low :-0.04

High : 0.39 High : 0.06

I Low :-0.08 I Low :-0.02

K] 3.7 IS REA X St fe B s 10 0 A & () EXG 183051817045 B (b) GLI 4554 7] 2y
fil; (c) NGBDI #5%u[a]sr fill; (d) NGRDI 5402 (1] 70 A7 K

Figure 3.7 Distribution map of four vegetation indexes of floating green tide based on UAV RGB
images:(a) Distribution map of EXG;(b) Distribution map of GLI;(c) Distribution map of

NGBDI;(d) Distribution map of NGRDI.

M T S s B 18 A L (B 3.7) ATLLE Y, DURMHE B e A e
WLV 0 25 (R) 43 AT, {H/2 NGRDI $8%5075 (8] 73 A BRSO, HHREA S
XA REAE R T 20 R B BSEM /N T G B (K 3.6a), HIMEAEZE
4.66%, TdEK (B 3.6b) MR GWEIIMEMZEL N 11.15%; AHX L, Lk
) G WEA B B BB E A ZE M 50%, HATMEMXH. FrUIET G
F R B ) NGRDI S5032:1] fig Mk LUK i 7RI THD 20 v Afl X 43 K

S Y A1 3 B G v T 4 6 SR 40 ) 3.8 s, AR AT LA Y NGRDI 15
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ESIEUN, FEERIUSCR B % . GLI FREUHEXT T NGBDI fa 403 n 1 R S B
TR, ML G WL R BAHZER/N (B 36a), HILX /R fEL
NGBDI.

3.3.4 EEGFHMTNEER S

i3 3.2 7] LA i, NGRDI $8 065 [ 57 4 i i W 25 S 22, 1 48%,
K 3.8e FF AL T AHEK IR A AR BRI 4] . NGBDI 55wk i W0 435 GRS 1 5t
s FLUGR GLI, P WIS B 41 T 90%. B4R GLI 55 EXG 5 5#0 2] T R,
G I B B, 1M GLI FRECRH 7 A— S HO T, SRl HHRE 5 5, 1 EXG
KB MBA BTHL, SRR BRI, 1X 5 GLI R EXG #fE =3 7] 445 & (& 3.7D,
& 3.7a) % —5. NGBDI fa4 i T T E 400 5i/KIE G B S B B
EAHZENEY 50%, RAWIRMZESR, T G EEM R EEK NGBDI Hi%Lw]
DK i /K RO T SRR X 2 TP oK . 4545 LA 24T, NGBDI 8 £d& F Tt i
T R0 PR

2R 3.2 1 2] AN TR €0 415 0t T 2] 2 BB {5 B UK FiE

Table 3.2 The accuracy of floating green tide mapping with four vegetation indexes

i
R fi :
ol HiE (%)
EXG 36 87
GLI 0.014 90
NGBDI 0.130 94
NGRDI 0.015 48
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Figure 3.8 Distribution map of green algae of floating green tide based on UAV RGB images:(a)
Original image; (b) The map of green tide extracted by EXG; (c) The map of green tide extracted
by GLI; (d) The map of green tide extracted by NGBDI;(e) The map of green tide extracted by

NGRDI.
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W, NG R IR IME A Y B (Liu £, 2010, PRIMAR 75 6T 5 5 b 3 X 45k
TR AR S AT W R 5, DA SR 1 45 A B4R AR 2 4 4« SR
T E T gt 8 1 3 1) JURE KRR KR GG L P9, 9 BB & i SR i X
o TR A RO 2 A=A T AR Rk . R RS S TE AR
FE TP S 5 0 A7 W DU E 0 % 5 ARk A PR X 2 AL T A ey 5 o TR AR 1 gt 2%
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Figure 3.9 The location of study area.

35



BT I0 N L2 2 55w 1A A o] MU 7

3.4.2 FRFATRERERH RGB K ERAFE

HI 5T AR SR A XA FI MUV R A i RGB i Begi THRFIE (& 3.1 Ffoms,
AR IER IR, R BEBIME R FEDHME, ik 181, mARr2%
3, BN 39, JeMERZREIE Y T ZIE, HIME DA 134 A1 61, Xt T G K
Bt s M IR 2 7T 48 54658, Ve MEMZREI N T8 20| . [FIRERD, B JBt
AR R

K 3.10 SRBIEIXHEA: () EANUILA T EATREZAT B (b)) TEANIARIIEE
WIS, (o LR HEFTRIE SR .

Figure 3.10 UAV image of P. yezoensis aquaculture rafts:(a) aquaculture rafts which are arranged
in a rectangular arrangement;(b) The orthophoto UAV image of aquaculture raft;(c) UAV image

marked in the red rectangle in panel b.
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Figure 3.11 Statistical characteristics of P. yezoensis aquaculture rafts based on UAV RGB image
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Figure 3.12 Distribution map of four vegetation indexes of P. yezoensis aquaculture rafts based on

UAV RGB image.
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TRH, HAEREARRX b7 s i A =i . X5 GLI i8S a & B i
Bk, BUORTESCEFR X, TR B IS A T ot 22500 GLI frI42E
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Table 3.3 The accuracy of green algae on rafts mapping with four vegetation indexes

HEAR IR
B :
ol Bl (%)
EXG 30 82
GLI 0.024 91
NGBDI 0.050 87
NGRDI 0.018 96

FIRER, EXG HREUMIRIUBRL B, (U 82%, BANZSHEIFS GLI
BB, FRSAT T I — (OB, RILH TR 250 L GL
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Figure 3.13 Distribution map of green algae attached to P. yezoensis aquaculture rafts based on

3.5 KB/

UAV RGB image.
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Figure 4.1 UAV images of P. yezoensis aquaculture rafts
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Figure 4.2 Harvesting of P. yezoensis
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Figure 4.3 UAV images of bamboo rafts dismantling
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Figure 4.4 UAV images of ropes dismantling
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Figure 4.5 UAV image of P. yezoensis aquaculture rafts which are arranged chain-like.
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Figure 4.7 Distribution chart of the aquaculture nets in the raft complex, where w represents net

width, g represents net spacing, r; represents cmpledx width, I represents complex length.
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Figure 4.8 Extraction process diagram of aquaculture rafts based on sentinel-2A image:(a) UAV
image of aquaculture rafts;(b) S2A pseudocolor image of aquaculture rafts;(c)Distribution map of

NDVI based on S2A image;(d) Distribution map of aquaculture rafts based on S2A image .
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Figure 4.9 Superimposition of P. yezoensis aquaculture rafts with seawater depth.
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Figure 5.1 Capturing photos of floating green tide by the UAV:(a) Location of study area;(b)The

UAV image of Hai Zhuang Yuan.
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Figure 5.2 The continuous orthophoto images taken by UAV.
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Figure 5.3 UAV mosaic image of green tide and the distribution map of extracted green tide:(a)

UAV mosaic image of green tide;(b) Map of extracted green tide.
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Figure 5.4 The MODIS image of UAV aerial photograph region:(a) Pseudo-color image;

(b)Distribution map of NDVI.
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Figure 5.5 The distribution map of green tide and SSW in UAV aerial photograph region:(a) Map

of SSW of May 25;(b) Map of extracted green tide.
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Figure 5.6 The distribution map of research stations
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Table 5.1 Magnitude levels of floating Ulva patches based on cruises data
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Figure 5.7 The false color composite of MODIS image in the study area
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Figure 5.8 The distribution map of SSW in the study area:(a)Map of SSW on May 17,2016;(b)

Map of SSW on May 19,2016;(c) Map of SSW on May 24,2016.
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Fig. 5.9 Superimposition of green tide at the observation points with buffers (numbers above the
dots represent the magnitude levels of green tide patches at the field observation sites) on May

19,2016.
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Sample area.
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Figure 5.11 The comparison between false color composite GF-1 image and NDVI based on
MODIS image:(a) GF-1 image of sparse green tide;(b) GF-1 image of thick green tide;(C)NDVI of

panel a based on MODIS image; (d) NDVI of panel b based on MODIS image.
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Fig. 5.12 The distribution maps of green tide in study area based on GF-1land MODIS data
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Table 5.3 The Precision of green tide monitored by MODIS data based on GF-1data
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Figure 6.1 The distribution map of green tide firstly appeared in the Yellow Sea from 2015 to 2017
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Figure 6.2 The distribution map of sea surface temperature (SST) of the Yellow Sea:(a) Map of

SST on May 14,2015;(b) Map of SST on May 12,2016;(c) Map of SST on May 17,2017.
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Figure 6.3 The trend of the green tide northern boundaries in the Yellow Sea on June 1 and June

16, 2016.
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Figure 6.4 Central movement track of green tide in the Yellow Sea in 2015
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Figure 6.5 The distribution map of sea surface wind of green tide region:(a) Map of SSW on July

6, 2015;(b) Map of SSW on May 30, 2016;(c) Map of SSW on June 16, 2017.
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Figure 6.6 Central movement track of green tide in the Yellow Sea in 2016
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Figure 6.7 The Central movement track of green tide in the Yellow Sea in 2017

86



6 E I = A E Ak N B AL T

6.2.3 IL=FFPEHELTUMAR

Kl 6.8 sy 2015 SE B skilic e R K, AT RUE H 4] Ak
A RmEn iz, 6 A 12 AR C2I G 2EF 0L R IT i
., BEfE 6 H 27 H&larEak 209 . HIRMTER, HFREER. E5WH
H R B R, Sl Sttt 6 F 5 HAl & RE 4y 6 H 12
Mgk, HEBATERRNAMIE) FEEENHEB, F8. RE—%ER.

118°E 119°E 120° E 121°E 122°E 123°E
A N
51 L R k;
A -
Z
% Z
i %
o
HHg
; ° SRR LR
. — 20150514 e
« ——20150516 [ @
» — 20150521
o —— 20150531
- ERH — 20150605
2 — 20150612 z
i . — 20150621 T
BB ——20150627
——20150701
T
z| 0 50 100 Km 20150704
o
T 8 E 119°E 120° E 121°E 122°E 123°E

I 6.8 2015 4F B iy £k ia #2342 a) s i ]

Figure 6.8 The trend of the green tide northern boundaries in the Yellow Sea in 2015.
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Figure 6.9 The distribution map of sea surface temperature of green tide region:(a) Map of SST on

June 5,2015;(b) Map of SST on June 12,2015.
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Figure 6.10 The UAV images of floating green tide in Jiangsu and Shandong respectively:(a) UAV

image of green tide in Jiangsu;(b) UAV image of green tide in Qingdao.
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Figure 6.11 The trend of the green tide northern boundaries in the Yellow Sea in 2016.
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Figure 6.13 The trend of the green tide northern boundaries in the Yellow Sea in 2017.
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Figure 6.14 The distribution and coverage area of green tides in the Yellow Sea in 2015
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Figure 6.15 The distribution map of SST of green tide region:(a) Map of SST on July 30, 2015;(b)

Map of SST on July 25, 2016;(c) Map of SST on May 28, 2017;(d) Map of SST on July 14, 2017.
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Figure 6.16 The distribution and coverage area of green tides in the Yellow Sea in 2016
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Figure 6.17 The distribution and coverage area of green tides in the Yellow Sea in 2017
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