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R 2 A DL S8 3R oy b 22 R s U A AR A
5, [F AR EAR S R RROE, BB BUK AR &
J&% F 5 % (Remote Sensing Reflectance, R.). K I, #)
JH 8 %S 5 238 R PRI AR ) S P B oy BN D7 vE
SRAMT, X T AR 2 P 3t 52 2 10 v [ R 3 b 3, A
T2 SR SR 2 S PR AR ) SR R ST AT AR R 5 2

CA R, 2Tk B4 G 1% Chl a ¥ B I i
PR TR B 28, iz A e R, T DE S
5 IR A Y ST Chl a e BE AH ¢ M d5 v 19 I B 4l
B RN SO AN, BT R SR R R DL R
by R 2 A8 S 4 BT S 8 0 ik 1%, R R — 2K A Aly
BRI SR Chl o Wk BE I HUAS T 30 (R 45 SR 0o,
R A T i T R TR X 1T B8 e [ ) A
Y, T HILAS 2 2T SRk R S A i A B T 1 (eX-
treme Gradient Boosting, XGBoost), [F H: &= & () o] 3™ g
P I SR P DL R R S )R A, 3 AT SR AR K (8 3 S
VU AT B AN T A BRI ) R R e S
BHlE, AW T 3 Rl R 5 1 S U AR A 2K
BRI, B3 T Bedl Ak BT A S E R
ZICLME IR H B | T & 5 H 43 % 1 XGBoost 1] 15
2, X RS UE 1A RSB A Al SRS

Sentinel-3/OLCI(Ocean and Land Colour Instrument)
TR IBRAAE AT — AR K (o A5 S, FLAE I Bl 8 T
4k & T Envisat/MERIS( Medium Resolution Imaging
Spectrometer) % &5 (19 S5, I X 7K €6 38 B i
17 7A=Y Sy 7 AR A 5 v A T ) B U ST S R 7
A B 5E RS2 I A 3 Rk R S R B 4 XF OLCI 3 Fi
KA M TE 54 (C2RCC( Case 2 Regional Coast Color)
POLYMER( POLYnomial-based algorithm applied to
MERIS) ., MUMM( Management Unit of Mathematical
Models)) #1477 PFAf

g5 b, AR LA [ AR R v B R B 5 X, # T
XPEG T 3 i AR ) S A 1 R S T AR Y, IR 1R
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Fig. 1 Location of the study area and sampling stations
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HH (1) o 9200 1) 3 SR e 5 40 4 A58y OLCT 45
RO A A5 1) 228 SRS S 80, B BUSE S 75 31 16
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Ao, ROA A% B A8 I F 19 A5 3000 SR R T 235 A, Lol il
B B R BR AT RR 5 S () R 9 K AR 3R 25 1) 6
Tk e 57 PRERC 5 R (A0) kg A S0 1) 38 i S B 3
23 LNEHFEYERRREHE

N[ (R PR ATL ) & A REE P RRIE 2R, 78 S ) o
FR o IE A U R €8 2R R A TR A D SRR AT
FERHR A 2015-2020 48 9 ML 511 A uhifz (K 1)
14 ¥ 7K 3R J2 R AE €0 3R Mk B B0 (T SR AR B L
SCHR [28-29])0 TEHT AR AR RHIE € R I, B KT
BAEIFLAEHN 0.7 pm, EFEH 25 mm A9 Whatman GF/F 3%
B AEUEIE b, SR 5 A —40°C 19 VK FE & Rkt 6 IR
fFo 1R IS5 % ) 38 3 R RO A €23 (High Performance
Liquid Chromatography, HPLC ) illl 72 {6, Z ¥ /i .

CHEMTAX J& #R 4l 5 i 1 400 1 A1k €0 3R ok A 3
ANFVIF AR P 2 BE Chl o VR EE R AR )P0, 2 )7 i
R BN W% AR, PR AR €8 2 L SR P, A
EVFIWER Y B L . AWFFE S Sun 00 1 H [
ZR AR B I 6 RRAE €5 3R LY R P, it FH S Y
ZWEBER 1Y -THAEAEER., AREER.
19-CBE RS ER . R, HaEEER, £
R.HEHE, M E K (Lutein), ERERE, 0h4¢
Kb Mg R ok E, 11515 2 7 4 % ( Prasino-
phytes). H # ( Dinoflagellates) . f& # ( Cryptophytes) .
£ 3% ( Chlorophytes ). 1% % ( Cyanobacteria) . fif: 3% ( Diat-
oms). 4 ( Chrysophytes) . *& ¥ # ( Prymnesiophytes )
f) Chl a ¢ .
24 DEFGRHE

OLCI 1% 8 #% J2& KK UMl %5 [4] J&) ( The European Space
Agency, ESA) Sentinel-3A(2016 4F- 2 H 16 H %k 4t ) F
Sentinel-3B(2018 4= 4 § 25 H & 41) TL& F 14 8
fif Z—. OLCI RYBBIE I} 400~1 020 nm, £4 21 4>
P B P EAER — BB s 17, T 24 H K
10 £ 5E . OLCI 1% AR (1 L1B (A% Jg& i 12 i 31 1) R
TR 52 B ) 77 b AL 4& 1T PO 2 [] 43 FE 32 00 72 i, 43 )
J& 300 m 43 ¥ (Full Resolution, FR) A1 1.2 km 43 # %
( Reduce Resolution, RR) #, A 5% i FH A9 & 300 m
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BB K S R0 RSO L A s (B AR A B, DA T
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( Singular Value Decomposition) +MLR( Multiple Linear
Regression) ) 5 Y B, 1 5l X0 A5 B3040 4 19 18 Jak
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Table 1 The band combinations used in this study
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BB 0 F s ACMXN) 2R 5 B RYS qandarsivea 1 77
SRR R, & — X A R, Ay S R B /N7 e o
f LR HED 5 IE A BE V (NXN) 19 51 1) 5 R A5 35 5 1)
o IR, Y a1 A ERSEN T N T
S — A AR T 25 19 0.000 1A% B, 3% 3 5
AR T SCRY M A 70 B8, BT n A s
51U Chl a ¥ B 1 0 58 (1eC, ) #E 47 22 J0 4 1 Ml
=, Ak
1eC, = a+byu, + byu, +- -+ b,u,, (3D

S, a Flbibo- b,y 7 B [ B C, IR A
Y1 Chl a W& JE 5 wiowa, -+, N n A F RGP

B2 07 1 N 2 G R AT R A 2R
Chl a #e AT, B SR 52 A5 Y 18 J2% S S 38 4 2 3
FTARUEAL (Rrs e ), BB IS BSOS B 52 51 AU 27

S fEL 43 B0 RR AR 25 1)L A5 B Ui [ (2 (4)),
3 o P U gf B ) 81 16 kR A AL g [
FHORAGAS TR RIYIZERE Chl a YREEHXTEL Qg
BRI 2 FR

i = Rpsimiesn yA-, (4)

standardized
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XGBoost J& — it 5k T B2 $2 Fh 44 19 BL 2% 27 > Jr
RO, HOR 2 A5 25 S SR S B O — AR Y A S R
3 3 AN D o) B USSR S O AR, LR
VNI £ 3000 A5 8 S X T — > A5 g 950 A% 2 4 A 7 40
A, DL U e MRS AR . T 25 (8 43 R 19 XG-
Boost(ic 4 SVD+XGBoost) [ {F iif 15 9 2 #f Chl a ¢
B S iR A i RE 5 SVDH+MLR 7 —E, (UK £ ik
M [l YT A5 R 5 46 54 XGBoost 1] AR (5] 2).,
27 HBEEMNIER

R VEAS ST 1 45 ZERE IR ALY Chl a ¥ B S S
RUBRE EE, DA R 3 Fh R AR IE B8k KG9 filt
THE ZE(R), ¥7 #1% 2 (Root Mean Square Error,
RMSE), 444 %} % 2% (Mean Absolute Error, MAE), H
{H 266 %) © 4> b iR 22 (Median Absolute Percentage Error,
MAPE) /R A 5 4R . # HE AR A 0

i(E[_M[)z
i=1
e

> (-

i=1
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Fig.2 Flow chart of Chl a concentration inversion algorithm of phytoplankton groups based on singular value decomposition
F 3R ARSI A [0 AR, B Shy 22 S0k 1 Inl U9 452 50 5 XGBoost 1] I 454 74

F represents the regression model used in this study, such as the multiple linear regression model or XGBoost regression model
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N

> (E-m)

RMSE = - (6
S N )
1 N
MAE:NZ|E,.—M,1, D
=1
MAPE = median (lEiLMil X 100) , ®

Ao, B AR R FOIN(E; M ARSI AR NV AR S
(-5 T D PC 3 B9 5

3 R0

3.1 FIFEWEBE Chla RESIT

I FH S0 4 €2, 28 3% P 5500 A CHEMTAX 5411
R34 8 VR WAL Y 1Y Chl a ¥ BE (9 55145 S n 3% 2
Jii7R . Ak Chl a ¥ B I BT S R I A Bff i 1419,
ORI AR P 28T Chl a YR FE (1) BB 1320 0.001 mg/m’,
R4 B — 2B Chl a ¥R BE /N T % B {E B, B A< B 41
o BT 8 TR A ) T A R AE AN Sl 62 20 2R, A
I, & 77 AR Y25 BE Chl a ¥ B B REA B R HI ],
L LI 38 3 S 1) 3l 5 A B R 22 (465 1), WL 3]
B 3 A B A (216 4 )0 AN [ TR I AV ) S B 1
V34 Chl a We BE AT B R 2200, b RESE Y Chl o W B
SEXEAE 8 J TR A Y R (1,13 mg/m?), H IR Z
(0.29 mg/m*), 5E ¥ M ¥ Chl a ¥k i F- 3418 (0.08 mg/m*)
el o FESCINEE b, 8 ASuh A7 A LW Chl a W JE KT
10 mg/m’, 1M H 3 Chl @ ¥ B KT 10 mg/m® B35 47 (A
LA TSR, FREE . 0 . 8 MEPENY Chl a Ve B2 AHXT
BAK, AU B WA K F 1 mgm?, 530008 44
50T 3 BAREEE Chl a HRJE KT 1 mg/m’

F2  SETIEVMNEE o RE S ITHISE
Table 2 Statistical characteristics of Chl a concentration of

eight phytoplankton groups

HEHE 450 0.1 0.27 445
3 380 0.29 0.89 10.91
55 410 0.17 0.22 1.31
(34 216 0.22 0.77 7.45
W 465 0.24 0.68 9.85
Tk 446 1.13 2.10 1523
£ 360 0.11 0.23 2.51
TEMERE 458 0.08 0.14 1.74

IS BLA 10 A, (5K 2800l 7 /Y e BE K T 0.3 mg/m’,

P52 T A Y 2B E Chl a YR 5 5 107 3 457 flg 5523000
T JER R G AR EAT VCHC, 8 2 I AR 40 DG C 3] 1) A 0T 4L
SO T AR 119 XL HEE 90 XL BRI 107 X, Sk
73 WEE 128 XF ., BEME 116 XF ., 4r i 92 X s M
128 %o 4% HE 4 1 1Y Fo 1 - 3 DG P B8040 BE B 43 1
R A RN 6 IE B 4
32 AAKRSKEEERIESER

W AR RS IE I 45 31 119 38 J8% S T 3R 5 DG i 1Y)
SEME HEAT L, X 3 Bl ORI D A AT BRI, 45
RUWF 3. AR IERE S A T RUE,
I, ANRR AR IE A B D S e A, 4
C2RCC R IE J5 2 8 B fe 2 Y UL L 23 (48 1), &
POLYMER # IE J& 19 5% 1% 247 46 4~ VT e &5, 1 28
MUMM % 1EJ5 528 BAL 5 27 ASPRRL S . 7E 400 nm,
412.5 nm, 442.5 nm, 490 nm 7 B, C2RCC K5 IEAL
WAL T A AN PIF B, MUMM RUR e 25 . 78 A D
Bt, POLYMER A Lt T 55 8 P R SRS TE B35 50UR 5
22 (RMSE=0.003 2 st). W& 3 iR, 3 F KK IE
O 5 A8 4006 A 2T A0 3 B, BD 665 nm. 673.75 nm,
681.25 nm. 708.75 nm. 753.75 nm. 778.75 nm I Bt Ak 5
AR SR . 2 MUMM B34 1F S5 3% B %
7 400 nm, 412.5 nm, 445.5 nm 5 I F A4, HYS
SCINAE 2 18] 22 538 K (MAPE=140%) . B /D $5 5 4b,
POLYMER KK 1E J7 19 45 U B 38 J8% S 4 5 12 L Xof
I B SZ A %, B7E 708.75 nm. 753.75 nm. 778.75 nm
BeBesh, POLYMER KSR IE 5 BY B8 A7 78 7 fA

2 B VR RIS B G s e, B AR s A
FEZ PR A, v 3 T RS e R A R AR
B8 2 12 DX 3 2 B ) AR i S A E . C2RCC il MUMM
KA ER B T i S AR A A i d FE AR5
I 3] v ] AR S U T A IS 18 01 2 R R e, AT T 3
XS AR5 DTHR AR R Al e, A, MUMM K
BRI B G 24 X N 765 nm T 865 nm % BB 7K
2 E R S A W B, T EL A T 5T 2 B, 7RV phuoK s
PR A U5 B 1Y) B 7K R AE B B 1 28 4K ES . POLYMER
AR TE RS K S AR AN 2% 7 Chl a Y FE F [1]
FRCST R B, XoF 9 e K R b K (8 2 43, R
A AEOANEAHLYBE Chl o e AR Ak, H R % EAE#EZE
UL (R W, TR DR AN 8 T K B 4l 24 1
A ] AR T
33 AEFRHEVEBRBEREIEIES LS

I FH A B 4, BD B CHEMTAX i1 843 51 1Y
8 VR UFAE Y Chl a M 3 S X 7 1) S5 0 328 J S S 2%,
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Table 3 Accuracy evaluation of three atmospheric correction algorithms
RMSE/(10 sr™) MAE/(1072 st™") MAPE/%
P /mm
C2RCC POLYMER MUMM C2RCC POLYMER MUMM C2RCC POLYMER MUMM
400 413 441 10.79 3.21 3.67 9.83 41 44 213
4125 3.99 436 7.68 3.01 3.53 6.69 36 41 141
4425 4.10 4.64 6.81 3.21 3.68 6.02 36 39 140
490 479 497 4.90 3.74 3.82 443 40 37 89
510 472 528 421 3.65 4.12 3.74 40 41 70
560 434 5.31 3.53 3.31 4.03 3.04 33 43 56
620 3.22 421 3.05 224 3.21 2.44 49 66 81
665 3.21 3.75 271 221 2.82 2.05 61 72 84
673.75 3.23 3.64 2.62 229 272 1.98 63 71 80
681.25 321 3.64 2.60 229 2.75 1.91 64 73 83
708.75 3.12 445 3.21 221 3.62 1.93 70 116 69
753.75 3.21 3.24 2.38 2.30 2.40 1.49 88 94 81
778.75 3.04 3.23 2.40 2.18 2.40 1.44 86 99 90
0.04 0.04
a Ve 7’
4 I 7
- ' = 7
& Pid é’_ PR
2z , Gl ’
§003 e ,,’ 5003 ° ,/’
X o jicc 7
& RN | .
) e P K/mm {z FEHK/nm
o
‘ﬂg 0.02 L% mao0 e665 E : m400 ®665
® ./3" & 4125 A673.75 fre ®412.5 A673.75
g & % . ©442.5 W 68125 X ©442.5 W 68125
D001l © BocH N 490 v 708.75 = 490 v 708.75
S [ 2 510 +753.75 E ®510 +753.75
3 . 560 77875 = 560 #778.75
® 620 ~ ® 620
0.02 0.03 0.04 0.01 0.02 0.03 0.04
S R R G 3! SR N R G 5!
0.04
c 7’
td
- 7’
e 4
R IR
ﬁoo3 ° e
= 7
Ji=$ ,
i ¢ 7
] - . »7 - Pek/nm
400 ©665
§ °4125 467375
®442.5 m681.25
490 v 708.75
510 +753.75
560 77875
® 620
0 0.01 0.02 0.03 0.04
S0 3 S R Gt B !

3 3 F R AE Iy 1 314G A 18 IR

S St 38 15 S0 e SRR S R U I A
Fig. 3 Validation of remote sensing reflectance obtained by three atmospheric correction methods with in-situ remote sensing reflectance
R 3 FOr ik (2.6 95 BT IR ) M AR PRWEAR I RTINS AWESE T Chl a W BE I BE 85 8 2 A 2, PR 7 ol
AT, I A S R R S AT BN S E . T

VA DL K 2 I BOORS BE T4 o, 42 8R A Chl @ ¥R EE
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XFHCCLL 10 ),

K FH U B 2l A R AT IR0 A, X T 4% VR U
A ) 25 T 32 56 110 S5 6 D6 Bt L Bk Iz %) [ 5 ) R D,
F 4, BEBE Chl a W BE X 55 X5 I A 288 Jak B 5 o4 O
B A B9 A S E g 076, 8 1 I B4 A vk 8 iy
S5 T8 AR Y AR LY T At SIS TR A A SR AR B
W, RN 055(K5). Hakw, HEEmpREn
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Table 4 Band combinations form and regression equations used in Chl a concentration inversion model of eight phytoplankton groups
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H 3 = RI’Q’“:?: 12(')? - RI;’:‘(‘:;(')S)) 0.54 1gC, = -7.83X°> - 0.21X>+3.97X - 1.05
58 = %;&(490) 0.61 1gCp = —2.10X +2.87
3 = ﬁ% 0.37 1gC, =2.2x 107X> -3.8x 102X — 1.25
%2 = % 0.40 1gC» = —0.006X —0.951
Tk X= W 0.76 1gCp = -1.93X +2.75
G X =R, (665) - R, (673.75) 0.34 1gC, = —477 853.92X> — 1 569.03X — 1.46

FE M x = R0~ R, G10) 0.42 1gCp = -2.143X - 1.285
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Table S Accuracy of inversion model for Chl a concentration of

eight phytoplankton groups

TR ISR, A R* MAE RMSE MAPE/%
HERHE BC 029 033 044 29
SVD+MLR 038 033 042 33
SVD+XGBoost 047 030  0.38 26
ik BC 031 063 0.76 40
SVD+MLR 042 062 0.69 52
SVD+XGBoost  0.77 034  0.44 24
b BC 0.31 048 0.60 41
SVD+MLR 043 042 055 25
SVD+XGBoost 049 038  0.52 29
B BC 0.13 0.68 0.80 46
SVD+MLR  —0.06 0.77 0.89 56
SVD+XGBoost 032 0.56 0.71 26
i BC 0.15 035 052 24
SVD+MLR 0.06 039 055 29
SVD+XGBoost ~ 0.44 031  0.43 21
i BC 0.55 041 057 71
SVD+MLR 0.64 039 052 63
SVD+XGBoost  0.73 032  0.45 48
E BC -0.03 0.54 0.71 27
SVD+MLR 0.06 052 0.8 27
SVD+XGBoost 036 046  0.56 25
A BC 0.14 037 046 24
SVD+MLR 037 032 040 20
SVD+XGBoost  0.51 026  0.35 13
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Fig. 4 Validation results of Chl a concentration inversion model of eight phytoplankton groups based on band combination method (the
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Fig. 5 Validation results of Chl a concentration inversion model of eight phytoplankton groups based on SVD+MLR method (the unit of

Chl a concentration is mg/m’)
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Remote sensing retrieval of phytoplankton group in the eastern China seas

Zhao Haiyang', Shen Fang', Sun Xuerong', Wei Xiaodao?’

(1. State Key Laboratory of Estuarine and Coastal Research, East China Normal University, Shanghai 200241, China; 2. Institute of Eco-
Chongming, East China Normal University, Shanghai 202162, China)

Abstract: Remote sensing retrieval of phytoplankton group can provide important data for a comprehensive under-
standing of the role of phytoplankton in marine ecosystem. However, due to the complex optical characteristics,
there are still great challenges in the remote sensing retrieval of phytoplankton group in offshore waters. In this
study, the eastern China seas region, a complex optical class II water body, is taken as the research area. By using
three modeling methods, namely band combination method, multiple linear regression method based on singular
value decomposition (SVD+MLR) and XGBoost regression method based on singular value decomposition
(SVD+XGBoost), the phytoplankton group is retrieved from remote sensing reflectance (R,,) data. Verified by the
in-situ measured data set, the chlorophyll @ (Chl a) concentration retrieval model of eight phytoplankton groups by
SVD+XGBoost has the highest accuracy, and the determination coefficient (R*) of Chl a concentration inversion
model of diatoms and dinoflagellates in the validation set is greater than 0.7. In contrast, the accuracy of Chl a con-
centration of chlorophytes, cyanobacteria and chrysophytes estimated by the three modeling methods is low (the R*
of the validation results is less than 0.45). At the same time, the applicability of three atmospheric correction meth-
ods of OLCI images (C2RCC, POLYMER and MUMM) in the eastern China seas is evaluated. The results show
that compared with the other two atmospheric correction algorithms, C2RCC has better performance in each band
(root mean square error is less than 0.004 8 sr™'). Finally, the performance of the retrieval model on satellite images
is verified by the in-situ data. The validation results show that the diatoms Chl a concentration model established by
SVD+MLR has better accuracy (the R* is 0.56), while the Chl a concentration inversion models of other phytoplank-

ton groups have poor results.

Key words: eastern China seas; phytoplankton group; remote sensing retrieval; OLCI; atmospheric correction
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