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Fig.2 Remote sensing image of turbid water and distribution of water depth points
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F2 FEHKFRKRESBESH
Table 2 Number distribution of water depth points

in turbid water

KRS R #K 0~5m 5~10m 10~15m 15~20m
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B3R 178 50 56 52 20
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Table 3 Volume ratio of four basic particles in aerosol model
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Fig. 3  Clean water four bands atmospheric correction results
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#=5 FBEKERKEERTEE (SD) 5TREH (cV)
Table 5 Standard deviation (SD) and coefficient of variation

(CV) of atmospheric correction results for clean water

T ST IX WK S AFFE X
g K/nm
SD Cv/107 SD cv/107°
4825 55.81 116.7 56.53 328.0
562.5 37.80 148.6 3431 350.3
655 28.41 182.7 17.86 358.5
865 22.73 149.7 28.80 585.1
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Fig. 4 Turbid water four bands atmospheric correction results

Fo6 FHMABEREERFEEZ (SD) EERREH (CV)
Table 6 Standard deviation (SD) and coefficient of variation

(CV) of atmospheric correction results for turbid water

LRI IX HESRAIF 52 X
I K /nm
SD Ccv/107 SD cv/107°
482.5 74.96 116.7 147.35 159.7
562.5 99.19 114.7 122.16 126.0
655 60.56 78.9 64.91 1143
865 18.72 1283 59.80 242.0
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Fig. 5 Blue-band reflectance distribution in the Oahu Island test area
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Fig. 6 Green-band reflectance distribution in the Liaodong Shoal test area

42 AREKEBAEGKREEEEETEN

ARSI BCIE DB (B), 8RB (G), LB (R) 5

L LLAM (NIR) 4 AN B, A 7 Xk 7 s . LA

4 % % 22 (Mean Absolute Error, MAE) 5 - 2 A X}
F=7 AEUREAEER

Table 7 Different band combination model

BB H I
LiNi2E B G R
WU B B+G B+R G+R
=B B+G+R
DU B B+G+R+NIR

1% 22 (Mean Relative Error, MRE) & 34 $8 #5, XF A [
e B 20 6 J7 24 B A 7K 08 B 45 R AT 4 i (3% 8),
IF AN [A) R AR 8 R A ] — 7K I S T L AL T
MAE 5 MRE [~ V-3 {6 5 b i 22, 75 214 [R5 Be X B
TRAERBERE(E ., ZHAEGILE(MAE S
MRE 3 ] — 2, #A SO HUR 7R MRE), ] Wi K 3 2
TR (A E M, T M A B Br el 5 0 K. 35
R IR IR) 28 7K AR B 9 DX A AR A — 30, SOAR SCRA RO &
530 2R M Ay 19 JRE TE T2 43 HT -
4.2.1  WIEKIE

221l TUHA B W98 IX & AN 2H 6 J7 U T 45 28 MRE
FEAR L, UL 7, PR B 5 R0 B 7K TR iz ji 468 75 24 S
W RLE [n], Z 50K BE B, BIFESR B S
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Fig. 7 Accuracy analysis of bathymetric inversion results of different band combination models of Oahu Island
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Table 8 The accuracy of water depth inversion results of different band combination models for clean water

MAEFH{EH/m MREFHIE/ %
WFFEIX A
G B+G B+G+R  B+G+R+NIR G B+G B+G+R  B+G+R+NIR
L 6S Kt 2.50 1.71 1.43 1.47 483 26.9 22.4 23.5
6SH il Y 2.52 1.73 1.44 1.47 49.0 27.5 22.5 23.6
6T 2.46 1.65 1.43 1.49 47.2 25.7 22.1 23.3
FLAASHIEHi %Y 2.68 1.72 1.41 1.44 51.3 26.7 226 23.5
FLAASHIF: Y 2.67 1.71 1.43 1.45 49.7 25.1 222 225
ACOLITE 228 2.08 1.91 1.91 41.7 33.8 32.3 332
QUAC 2.49 1.66 1.42 1.47 48.1 25.5 21.9 235
WK £ 6S APy 2.43 2.43 247 2.43 50.8 324 28.6 289
6S il Y 3.59 272 2.49 2.47 50.4 334 28.7 29.4
6T 3.59 272 251 2.40 50.6 33.0 29.3 28.7
FLAASHIEHi %Y 3.92 2.92 2.56 2.54 58.4 34.8 293 30.4
FLAASHIF: Y 4.10 3.14 2.42 2.42 62.8 38.8 277 28.1
ACOLITE 3.67 2.63 2.32 2.34 52.7 30.8 25.7 26.9
QUAC 3.79 2.70 2.34 2.36 55.9 329 279 30.4
T AR RR TR R I LR Begl A 772
W 2R Bt MRE 35 31«45 8, 7K TR S 18 25 A FE AE ) 1% 9 AT, PUEH S 5T X N 3 B S5 300 B: MRE

W BEBO R P B o A I R S (G AR R AR B (E R AR, SD ¥4k, SRk BE S AR A 4 MAE 5
TIKS BE () 52 1, 115 MAE 5 MRE 9 °F {8 5 #5 e MRE FR7EZ 450 0.14 m 5 3.0%, &8 1% i B A 75 45
7, E 9 Fim. S 0.03 m 5-0.8%. HL, XU B K IR I A5 A 4K
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Table 9 Mean and standard deviation of bathymetric inversion results of different band combination models for clean water

TFFEIX Eiztan B G R B+G B+R G+R B+G+R  B+G+R+NIR
iR MAE FH{H/m 3.74 2.51 3.67 1.75 3.75 2.34 1.50 1.53
b2 /m 0.11 0.14 0.12 0.15 0.11 0.07 0.18 0.17
MRE FEIE% 68.2 479 60.4 27.3 59.3 444 23.7 24.7
bRk % 38 3.0 32 3.0 3.8 0.8 38 3.8
WA MAE 1y {E/m 4.14 3.59 3.91 2.75 4.08 3.60 2.44 2.42
brfE2E/m 0.69 0.50 0.62 0.21 0.67 0.49 0.08 0.06
MRE FEIE% 70.5 54.5 59.7 33.7 64.3 54.8 28.2 29.0
BRIEZE /% 2.1 4.4 2.9 23 45 34 1.2 1.2

A SD H A, AT A o 28 AR K R SR T A AR R R
PR 22 o = Uk B R U A5 3] 19 7 R S T 45 SR G B e A
H: MAE 5 MRE ¥J{8 4 1.50 m 5 23.7%, %5 U 3% Bt %
X7 0.03m 5 1.0%, SD 5 DU Bt JC A W 251 .

Hi 2% 8 5538 9 AT AL, i K I B AR 5 IXCBRL L WL Bt
MRE $5e/IME 5351 B AR 2 | 5+t P Bk, H =0k B
KR I T 45 ROKG B2 5 Dk B T, 55 MAE 5 MRE
SEHE 43 B 25 0.02 m 5 0.8%, AR FUHA & BF 5
DERFE—B, TR T KRBT X, 2208 BEAK TR R T A5
UGS T o B, — e R R BB E 5 R 45 R
K BE 2 BLE AR OC, HJ2 B 5 I B H B HE I, kG B AR
BB/ o LUFCHER B S 1, S8 55 A MAE ~F- 34 {8
5 BRCH 2O OE, HLAE = B AL Ik B AR A,

XN MAE 5 MRE “F {8 53 514 1.50 m 5 23.7%,
BV B BIBRAR T 2.24 m 5 44.5%, H MRE F5 #f
254 3.8%, BN [F] e 1E A5 Y Xof 1o 1Y) e i 45 2R 2% S ]
B, WA SO T K A 5 DR SR FH = D8 BEK TR T
R TF R 5
4.2.2 VMUK

22 1) 10 7R VR M AIE 9T IX & A Al O o I T 4
MRE HR B (] 8), Bk B 5 WU B 7K W B i 5 7 45
SR B 5 BN B 1), LK VR SR TR 5 SRS B R
RUYE BORCH SR ARG . B X BEK R R 1 45 2R
FEAR 2 TR, HE =k BOKOUR BT A R Ak B T
VU g B R 38 3 e A, ORI S T AR AR 23 SR A o
2, W4 10 Fis .
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Accuracy analysis of bathymetric inversion results of different band combination models of Liaodonng Shoal
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Table 10 The accuracy of water depth inversion results of different band combination models for turbid water
MAE/m MRE/%
WHEIX ]
B B+G B+G+R  B+G+R+NIR B B+G B+G+R  B+G+R+NIR
TR 6S AP fd 3.83 3.42 327 2.81 50.9 43.4 41.4 35.2
6SHk i Y 3.83 3.44 3.30 2.82 50.9 43.7 41.8 35.2
6 3.83 3.42 3.27 2.81 50.9 43.7 41.5 35.1
FLAASHI i 8 3.81 3.47 3.41 3.04 49.1 42.1 41.8 37.6
FLAASHIf}#: 7 3.81 3.45 3.38 3.20 49.2 41.7 41.5 39.7
ACOLITE 3.82 3.40 3.26 2.77 50.9 432 40.9 34.1
QUAC 3.81 3.48 3.40 2.94 493 43.1 42.8 35.9
B 6Shti % 3.23 3.07 3.06 2.94 412 382 37.8 36.1
6SHl i Y 3.22 3.07 3.05 2.94 41.2 38.2 37.7 36.0
6 3.23 3.06 3.05 2.94 412 38.1 37.6 35.9
FLAASHI i 8 321 3.12 3.12 3.04 413 39.3 39.5 374
FLAASHIf}#: 7 322 3.11 3.11 3.03 413 39.1 39.2 37.2
ACOLITE 3.23 3.06 3.04 2.94 412 38.2 37.7 36.0
QUAC 3.25 3.09 3.10 2.92 42.0 39.2 39.4 36.2

T AR IR TR B i LRI Be 4L 05 5o

H1 2% 11 AT 1, S0 2R VR M AIF 5 X 55 DU 35 Bt /K R
T AT A A L i 45 Y 7 45 B MRE - 4 1H & T
40.0%, SD /N T+ 1.0%, & B} KA IEAR A 22 573 60 i 4
T XK TR S 45 S 7 A 14 25 SR 3/ o B A 7K ORI T
FEAL YR B H 38 22, DR IE AR Y 7™ A 1 25 5 8 T
88, POk B S AR ] MAE, MRE #2235 3K 31 16 (i,
351 0.16 m 5 1.9%, H &l 8 W] 1, AR Al iR 2 K
FE R FLAASH M IEAR AR 17 ) 7K R I 8 45 5
H1 3% 10 538 11 )0, A5 3B 90 IX B 18 25 SR
1

e DU i B R AL 15 B B g, H MAE 5 MRE {8 4351
4 2.96 m 5 36.4%, 3 =K BB AL BEAR T 0.12 m
55 2.0%, WF58 X B MAORS BEE ] 5 00 AR iR — B,
Tk K A 2 3k B K R S TR R 58 SRR T B B, D B
H 5 5 45 B RS B S IR AR OG, R ILE 11, UL AR
M A 1, 410 U BB e A S A ) MRE - 2 (i 2%
A3 7.2%, 1.3% 5 5.6%, HORE E B2, 1
W BB i 25 S MAE 5 MRE “FH{E 53518 2.91 m
55 36.1%, MRE Fr i 2% 1 1.9%, Ji2 i 4% 5 B 8 A% 1F

FEHAKEARERAGKRE KRR BEERYESHRAES

Table 11 Mean and standard deviation of bathymetric inversion results of different band combination models for turbid water

HFFEIX Eiztan B G R B+G B+R G+R B+G+R  B+G+R+NIR
FU/RE MAE - #){H/m 3.82 3.97 3.91 3.44 3.79 3.89 333 2.91
PRifEZE/m 0.01 0.01 0.01 0.03 0.01 0.00 0.07 0.16
MRE 1% 50.2 53.3 522 43.0 49.6 51.8 41.7 36.1
FrifE2E/% 0.9 0.7 0.7 0.8 0.8 0.4 0.6 1.9
HEHK MAE F-H4{H/m 3.27 3.23 3.58 3.24 3.23 3.08 3.08 2.96
PRifEZE/m 0.01 0.01 0.03 0.01 0.00 0.02 0.03 0.04
MRE 1% 43.8 413 50.7 42.1 433 38.6 38.4 36.4
FREZE/% 0.2 0.3 0.4 0.3 0.3 0.5 0.8 0.6
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B EBIANT 097, BRSO BL. HE b
FTE 9d BT, 1 FhE 7Y X6 7 % K TR R 45 SRORS B —
5, HAR SR i 0T A RO IR IE B A4S 2 7Y, MRE 3
kg 22.5%; H 1] 9c FIE] 9e NI, VAP TR A3 A 1A
AUAS B Y S T 45 K FE B, MRE 43010 22.1% 5
22.2%. ACOLITE #%% %Y X 1 [ S 8 45 SR A ¥ I 22,
MAE 5 MRE 431120 1.91 m 5 32.3%, % 6S ¥ B /7K
REEFAEEREAL T 10.2%.
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Fig. 9 Scatter plots of bathymetry and reference bathymetry for different atmospheric correction models for Oahu Island

Hi 22 8 W], T T K AR 7K R S T 45 SR A7 A IE AR 7Y
FEMR K s B I AR 5% IXAS [) A8 LA R0 X6F 7 ) 2 7 4%
FRE A2 BN, SRS BOR RS 200 K B
A5 R 22 5 0] L2 s AR AR KT 5 5% X, FLAASH
TR [R]85 B AN T) S5 00 7K RS B 2 S W I, g e Y
SIS A R IR T ARG R S T 0.14 m 5 1.6%.
ACOLITE £ B 75 3 3 A AR 58 IX N I s v BT &, B
1 55 BIF 9 DX R T 45 ROKG i B 22, MRE Oy 32.3%, oK
V55 MRE N 25.7%, % FLAASH 5 RIFEA% T 3.6%.
432 VEMKE

22 1) 0 7R e W AF 5 XN ) R A0 TE A R X6 g 1
S K TR AE 5 B K TR AE 2 Ta) B L ORI
MAE 5 MRE, 411& 10 iR . &8 7 FpoK TR 845
550 K A LA R B FFAE 0.85£0.02, 7 5~ 10 m

KRB A RO, 53 1 1 B4, K 10a &
&l 10c RT %, 2 AR 6S I, Bl AR S i S 500t
A S S5 RS B # /N, AH G 6S ALY, FLAASH
B R S B0 A T B K TR S TR B AR LI 8, XYk
VRV R SV IS I, O BE A 22, L MRE Ol 39.7%,
7RG IE 85 SRR B R T 2.1%. X WF 5T XORG B et
() B 455 ACOLITE AR IES5 4, HE MAE 5
MRE 4354 2.77 m 5 34.1%.

H1 22 10 AT A1, V3 K (R B9 X FLAASH %2 1 £
TR K IO 114 7K R o i 4 R i 25, 10 7R v M 5 A AT 5 X
TR 2 3 45 5 b B K ) MRE 4351 8 39.7% 5 37.4%,
3 ACOLITEME 8 /K VR R 45 oy Sl w17 5.6% 5
1.4%. W98 X N 6S 5 ACOLITE £ 5 % 1 £ 7K ¥ Fz
T 25 SRS B e e EUME R, AR AR O 5 X MAE Sl
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Fig. 10 Scatter plots of bathymetry and reference bathymetry for different atmospheric correction models for Liaodong Shoal
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Table 12 Accuracy evaluation of segmented depth of clean water

BRI KEEY/m Ei=L7n 6SKBfi®d  6SHRTIA  6SHEFER!  FLAASHIRTIA!  FLAASHIEVEA!  ACOLITE ~ QUAC
FLEA RS 0~5 MAE/m 1.16 1.17 1.15 1.18 1.20 1.93 1.20
MRE/% 44.6 447 44.0 452 45.0 74.3 447
5~10 MAE/m 1.13 1.15 1.13 1.15 111 1.65 1.20
MRE/% 16.2 16.4 16.1 16.8 16.2 233 17.0
10~15 MAE/m 1.51 1.52 1.53 1.42 1.41 1.82 1.67
MRE/% 13.0 13.0 13.1 12.1 12.0 15.4 14.2
15~20 MAE/m 1.83 1.84 1.81 1.71 1.85 2.53 1.77
MRE/% 9.8 9.9 9.7 9.1 10.0 13.9 9.5
WK 5 0~5 MAE/m 2.14 221 2.19 228 1.91 1.74 1.72
MRE/% 62.2 63.1 65.1 64.7 62.1 49.9 59.8
5~10 MAE/m 1.71 1.69 1.69 1.64 1.39 1.67 1.61
MRE/% 24.0 23.9 23.9 227 19.0 233 22.9
10~15 MAE/m 1.91 1.86 1.94 2.00 1.93 1.91 1.90
MRE/% 14.7 14.2 14.9 153 14.8 14.8 14.8
15~20 MAE/m 4.19 429 428 4.43 4.46 3.94 4.10
MRE/% 243 249 24.9 25.7 25.8 229 24.4
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ERAE 0~ 10 m PRFFEC U RS B, HL 3 Fhah SKs
FHAE ; ACOLITE 455 2 75 2] 14 7K R S5 3 2485 SR K5 76 4%
IR BRBEE R AR, VK X B 1 3, MRE R 74.3%,
K BEAL 6S MFVERIFAAR T 30.3%. FLAASH 7RI 1F
BETAE 5~10 m 7K IR B A5 21 18 7K IR s 1 245 SFORG B Jee i«
QUAC BLRITE 4 > 7K T B S5 18 235 ARG B 55 L Ath A5 7Y
Z PR W 4R %, HAE 15~20 m KRB MRE 4 9.5%.

PR 55 0~ 15 m 7K R B S 1 45 LA B Bl % 7K
I IN T HE0, 7E 10~ 15 m Ab 35 B A 7B K IX
ACOLITE A& R %t 17 14 7K T B 18 245 SR A B2 Je 4f, MRE
32 6S Wi VE IS FLERAR T 15.2%; 5~10m 5 10~15m
T A% S TBORS B 43 6 W FLLAASH 5 68 %, #% fA
>k 7&, ACOLITE 5 QUAC AU #F 5~ 15 m /K ¥R B A
FEA T BT, Wi# MRE 22 {8415 7E 0.1%.

T8 T K PR AIF 5T XA 45 A K R BOKG B A8 AL A7 7 25
S, FUHA &5 W5 DX Bl A6 7K AR R B 388 IO 5 32 8
LA [F] 7K T B PRI A A5 2 B8N [) A 50 i) 7K TR I it 45

=13

Ko P 22 SR 55 5 1K W I B 9 X AE 10~ 15 m &b 7K %
S5 SRS B A, H 2 R IE B R S B0 ) AR, LA
FLAASH #E 5 5 451], 5~ 10 m 7K B 3l 17 80 <08 e %o
I 45 5 MRE 8RR T 3.7%.
4.4.2  PEMOKIE

THEVE MK B 5 XA [] KA T A5 7R 4% K I
BI 45 MAE 5 MRE, W36 13, i1 R B M58 X
JHEERAE 0~ 15 m ZKIRBOKS BEB Wi =, £ 10~15m
K E A, 15~20 m %87 F % . ACOLITE #5 B #£ 45
ANTKR BB T 45 N FE AT, 0~ 5 m Ab O R
i, H MAE 5 MRE 4334 2.98 m 5 82.5%. ¥ &
PR, AH R AR AT R S e S B0 Tl S B0 7K R
U 25 SRS AR AL E R AEAE 0~ 10 m BFSE X, HI
T 2 A e X 1N B B2 45 SRS B B A5 W FLAASH
R, 3 P TSR IS 0~ 5 m /K I 2 3 45 5 MAE 5
MRE 43 %] /7 3.43 m 5 99.0%, 5 3 T &< 9% e AH 22
020 m 5 7.9%.

MK E S B KRIBE

Table 13 Accuracy of segmented depth of turbid water

BRI K%EBY/m Ei=L7n 6SKKE®  6SHTR  6SUEEER  FLAASHIRTTY  FLAASHIEER — ACOLITE QUAC
SR 0~5 MAE/m 3.09 3.07 3.16 3.23 3.43 2.98 3.37
MRE/% 86.4 85.8 88.5 91.1 99.0 82.5 89.1

5~10 MAE/m 2.04 2.03 2.13 2.07 2.10 1.93 1.88

MRE/% 27.3 27.3 28.6 27.6 28.6 25.7 252

10~15 MAE/m 1.80 1.78 1.69 1.94 2.04 1.87 2.02

MRE/% 13.5 13.4 12.7 14.6 15.4 14.1 15.3

15~20 MAE/m 5.29 5.32 5.20 5.35 5.72 5.22 5.56

MRE/% 30.6 30.7 30.0 30.8 32.7 30.1 32.0

B 0~5 MAE/m 1.76 1.75 1.76 1.72 1.73 1.75 1.80
MRE/% 65.1 64.3 64.6 66.3 66.3 64.5 65.7

5~10 MAE/m 2.04 2.05 2.05 2.20 2.15 2.05 2.12

MRE/% 30.7 30.9 30.8 32.9 32.1 30.9 32.1

10~15 MAE/m 226 225 2.25 2.39 2.40 2.25 2.13

MRE/% 18.4 18.3 18.4 19.6 19.7 18.3 17.3

MAE/m 6.47 6.45 6.45 6.54 6.56 6.44 6.37

13720 MRE/% 372 37.1 37.1 37.6 37.7 37.0 36.6

I BIF 5 X B2 73 45 B AE 0~ 15 m /K 35 Bk 18 3%
e, 7E 10~ 15 m ik B A, 15~20 m & T R,
53T R R MERFSE X AH A . FLAASH A5 1% 1 14 F2 18
ERAE 4K R B S S5 K BRAA Z 18] 1 fi 22 W 5 o
6S % T A% TF A 8 5 ACOLITE #5581 iz 38 45 R 78 4%

AR BORS BE¥IAHE, P& MAE 5 MRE 216 531 &
F7E 0.01 m 5 0.1%.

WAV K AR BIF 58 IX P ACOLITE 4% 1E A% 7Y o i
%) J52 T8 245 SR G B 445 — 52 (R ek s FLAASH A% IE A58
I Ffc 2 . 6S 5 FLAASH A% 1F A% 58 75 ¥ it K 1A BF
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Multi-dimensional analysis of atmospheric correction models
on multi-spectral water depth inversion

Zhang Huanwei', Ma Yi"?, Zhang Jingyu'

(1. First Institute of Oceanography, Ministry of Natural Resources, Qingdao 266061, China; 2. Marine Telemetry Technology Innovation
Centre, Ministry of Natural Resources, Qingdao 266061, China)

Abstract: Atmospheric correction (AC) is the basis and premise of quantitative remote sensing of water column.
The effects of different AC models on water depth inversion from the four aspects of AC model, AC model paramet-
ers, water component differences, and water depth inversion band combination are discussed in this paper. The re-
search uses 6S, FLAASH, ACOLITE and QUAC four AC models, select continental, marine and urban aerosol pat-
terns, and the shallow waters around the northwest side of Oahu Island and Shemya Island are used as the study area
of clean water, while the shallow waters around Liaodong Shoal and Penang Strait are used as the study area of tur-
bid water. AC is performed based on Landsat-8 multispectral images, and eight wavebands are used for bathymet-
ric remote sensing inversion. The results show that: (1) all the four AC models can weaken the atmospheric influ-
ence on the water signal to some extent; the correction results of different models are somewhat different depend-
ing on the parameter selection and the components of the water column. And the peak reflectance of the two types
of water column occurs in the blue and green bands, respectively. (2) The 6S model is more robust, and the bathy-
metric inversion results of this model are less volatile than the rest of the models due to the changes in the compon-
ents of the water column. The water depth inversion results of the two aerosol models of the FLAASH have more
obvious differences in turbid water, and the difference of MRE in shallow water of Liaodong Shoal is 7.9%; the
ACOLITE model is significantly influenced by the water column type and has superiority and stability for turbid
water, and the MRE is 5.6% lower than that of FLAASH. (3) The accuracy of multi-band water depth inversion is
generally better than that of single-band, but there is no significant correlation between the accuracy of inversion
and however, there is no significant correlation between the inversion accuracy and the number of bands; the com-
bination of bathymetric inversion bands has different sensitivity to different study areas, the inversion accuracy of
the three-band model is better in clean water, and the inversion accuracy of the four-band model is optimal in tur-

bid water, and the MRE is reduced by 5.6% compared with the three-band model.

Key words: atmospheric correction; aerosol; water components; water depth inversion; band combination; accuracy ana-

lysis
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