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Error analysis of bathymetry and water optical parameters
inversion by ocean LiDAR
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ZHANG Jing-Hao, SUN Qian, LEIZi-Ang
(Beijing Institute of Space Mechanics & Electricity, Beijing 100094, China)

Abstract: Based on the flight test echo data obtained by self-developed airborne dual-frequency ocean profile LiDAR,
the bathymetric error caused by wave refraction and water scattering was analyzed, and the correction method was pro-
posed based on the combination of Genetic Algorithm (GA) and Levenberg-Marquarelt (LM) algorithm. The theoreti-
cal analysis shows that compared with the signal LM algorithm, this wave refraction correction method reduces the Root
Mean Square Error (RMSE) of the inversion of sea wave profile by about 50%. The inversion method of water body op-
tical parameters based on the seawater profile backscattering part of the measured echo signal was researched, and the er-
rors and influencing factors introduced in the inversion of water optical parameters based on the Fernald backward itera-
tive integration method were theoretically analyzed. It is found that when the estimated value of the “particle laser radar
ratio” deviates by a% from the true value compared to - a% , the errors in the inversion of water body diffuse attenua-
tion coefficient and 180° volume scattering coefficient are smaller.
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radar
55 T ) FE B SR bR o TR R R 2 B RE X i 3R

WL, JC 18 X5 g PR R R R T I R AT = Y SR
I AL RO K C N T i R K G
TR AR A EE B R ROR | R B R A R

TR AT 2 N A A SR A H b —— "1 %
el i R, VA s U [ 38y R 55, S P o SRR [

Wrfe B #A:2025-07-17, 1€ B H #7: 2025-07-23 Received date:2025-07-17, Revised date:2025-07-23

ELTH ) PO E K R L (Guike AA18118038) , [H 5 F AR A3 4: (61705007 . 61705160)

Foundation items: Supported by the Guangxi Innovation-Driven Development Special Project (GuikeAA18118038) , the National Natural Science
Foundation of China (61705007, 61705160)

1E&E B 9T (Biography) : VEHR I (1983-), 55, mi g AR, [t , “EZEBF 507 6] A PEROGIE & . Email : s17610319265@163. com

"B i4EZH (Corresponding author) : Email: s17610319265@163. com



2 AN/ RS9 S g o

XX &

DK B2 B P A, B RY A R AR IROL 7 1A CZMIL A
RIEGO VQ &4, Fifi#F T A CALIPSO . ICESAT-2
PEBHOG AT CALIOP F1 ATLAS 1) HH 8, £ B2 2%
WOGK T BRI Ry T AR FR 7 W KA
SR P B B R R S R e B o B WL
FH A HF7Edif b S KBOtHE LR
w R AR A S E e, ] S T R TR PR £ —
T 2B

ERER SN PINRE S S W NG WA T Y
I, 75 X B AR K T S R S S R A KR
TR AR TR 2 HATARLE o AM  BORTEK i & it
i rP HL AT i Z0 ARG AL 1] FECS RN, O 5 A% i i AR A%
5, FEURIR PR, ik R B ROK TR
DR 2% IR B (ETE P K K. Yang SF4 T FIH]
R WO S =, ] Levenberg—Marquarelt (LM) -
VTR U R AR F , M 1A S K R O AR SR Ty e
Xu 554 1R T 1 3 I A8 3k £ 7 TS O ik o
ATKIBEE AR RNA SR . Guo SR 48 L T 4E 40y A
T N TR RE RO A ST A . Yang SE 08T T KR
T 1] FBC - B HOE 7 THEOEOE B i 5 B i 22
L HABTETT ¥ 3 T2 i B 52 5 R IR0, 07 %, )
BT 1] B RBON 6T 1 B AR 23, RS B RE
ICESAT-2 Hij [a] it 5 M % G 22 00 28 46 20 X0
Shangguan 55 734 1 7K A HICR AR ok W M 22 850 08
Ot B R 5 o8 K R i % 22 AR e 2 T
RO R 8 S IS ) T (] A5 5 R R AR 2
28, FE L) Fernald Ji5 [ AR 431 o 3227 1
F 18 1% 2 B T R0 JOG B 3K HE Al T BORS EE
1 ey S ok A 0 A iy A 9 S X I A R
THOLT IR, RIARIEAT KR HOL R IR
it 22 X8 B K 4O 2 2 R 22 WS 3 A

ASSCA 41 [ F T ] AL OBU s 1 ) T e
HCERO TR I8, M) P HG i 3 96 I 1130 £ 5 I K
T 3 AT PR VR T 56 FK AR B 5 LA By i 22 K H A
TEJ7 ¥ 5 R U /K 0 T RT3 A5 I K MO 2
BB ITENEE I3 BT KR S50 A
22 NHFE R R
1 RES

T E O R R KT SR RIS 145 5 T L]
TR G FKAAOG 2 2 B, A S B
HHYIRE M AEIETT
1.1 KEMEIRE

KGRI i 1% 2 ORI T ORI 8 1 Ry K

I A A AR A A KR A S B T I [ g 0
ISR T

(DPIRYT I iRZE

VIR BOHOCATKIT S 1 B SR IBUEAG 52 2% , 3%
e ZAC TR RS B2 L 4 B AL T SO B A AT AR
B AR 1R BOC SR =l Z S = B s ]
OLG H V0 PR RS, S I A o YO S S T A
FAAT S A TR E O K AR i) 7 e . AH
P SCHR [ 16 ] it VR e 6 40 iy R KSCHDL 5 (o P 1Y LM 5
1, R 0K Genetic Algorithm (GA) FlT LM 5.2 AH 4%
AL AR E R,

FIHBOGHE R S 2B RS, |
26 0 A T SR B R R, T LSRR Sy i S A L
AR A N

m 2
z= Zf,cos{wit - %(xcos a; + ysinai) + 81}, (1)

B LIVONCIN NI |0 Sl Wopi = iod A1 0] Y53 N
B 8] | 9 4% 1 5 [0 71 R W0 R AR AL 5 g Ry ) im ke
JE 5 m o AR XIS INRER

P BAF 1 DI N 19 A1 2R O SR = A
(', y" s 2 VRASCD) AR n AT FESR A 4m oK
VB[R] (0=0, TN n AN TR BOG 2= 2 [F]—
ZV ) 5 2 n>Am I 788 Sy SR fife e 5 R 4 TR) A
LM 5535 AT ] 3K fife 2 J7 R 40, A LE T 86 B 1
AR, HAT WS B R B A b SR R4 S B
i, PR £ A ARAE FT VR A 2R A, B AU I
IBTEAG Pierson—Moskowitz( PM )% | International Tow-
ing Tank Conference (ITTC) % ITTC WNZ B | Joint
North Sea Wave Project(JONSVVAP)P;%Z .Bretschneider
TEAE S R Y M PR AR I X R L, PM 15
P XU ) 3 TR 5 0 2 T B8 O o DRV T 3,
P KPP ; JONSWAP %38 F KUK 520 L I
TR AR FE 43 K Jre (R A FR X DX Sk, a3 b v R 7R i
M o, o F e FIE R GASKIC A T
SCHRL16 ] AN ELAE O, 1M J7 V2 B AL 1) 7 98 52 T R
BORAE/ N T R R 2%

AR B v 9 0 0 eR BCRT T B T RO A R
P18 2 T 92 1o i, A AT A E SR R O A K AT 5
1, FEAAXIT

I...N=-II._IINlcosi,.. . (2)
o 1 g ABHOEE [, N O A ST Sk i
Ve i O AT



XX ] TEHR B A5 I PR RO A A /K BRI B KR MO 2 28U 1 22 3 B 3
iy, = TS, C3) P IMOERAIIER TR ARE A K R
s Ge IR VAR TR, ) BB ARG s, W BRI R 5
S ABOCAKYTIA 0 FRTIIH T sgeste s P g 5102 AT 5 H 9306 5 S 0 B 5
KPP H T ELBE S 18, (=) 17K €= b K 4 180° A Bt
(2 VKPR 2 RHG ALK F I LA Ko () K R A )
POGTE K T A AR KR ) B 2] /ﬁ%%lﬁ%%%@%ﬁ,,ﬁ\:lﬁﬂ(ﬁiﬁﬁﬂ‘%@/%ﬁ]{d

W A5 7 J T8 RN IEE RS | WOt /K AR BIUS J 1h 1S [0 B LE R,
PR R AT KRR Ky = Ky + (e = K, )55 )
g)=h()@f(W)+n() . @

() SO R FE BT, b (0) i KA BTy
FR G PR, n (1) 7 FOL PRI S5, g (1)
G K AU T R I IS AR S, @ A R
B
M (4) /T LU, OG5 101 95 A 25 T30
WGP 5 W K B R BRI AT, R A RSN 5
B P A5 5 TN B IRAS . DRI, EEAR IO Af 14
PO Il 7 B A5 B, T ZEX I A5 5 AT £ B BUAL
H AR SR P A 18 2R - 5 74 25 48 B (Richardson—
Lucy Deconvolution, RLD) %, %77 k)& T —Fh kAt
PGS 1%, BA g e SICRe v 5 76 [l AR 5 55
S8 NS JLA- R AR, P07 e 45 031k BV T o
RN R A S
RLD AL ANTF >,
P f . &)
fiei(t) ﬁ-(t)(h(t) e )®ﬁ(t)) . )
R f(0) e f 28 b UOEAUR B4, F R M B
B Lh(1) @ fi(¢) B FASH (S

TEARYER kAT AR A 28 50 Sy [ 5 A, o ] 1]

522 [ (1) = (1) ® h(0)lee o RUEBEACUCH,
& VE W 1A

1.2 KEEFSHRERE

W PEHOL ﬁﬁ%x*(i&é’ﬁkﬁlﬁ‘ﬁiﬁéﬁjﬁ
JKAR 180° (AR HILE F BOAIHOL 7 A = R E W F
KR :

P(z)=P.T"AmnF(nH+z) B.(z)Al

exp|: - zfz Kudur(x)dx:| (6)

A, P (2) KR 2 AR 3R (8] B30 T Gk [ 945 5 20

A, cjj7k4¢ﬂ’]ﬁﬂ§§f( D NHOLTR IR RGN
TEMEFE T 1Y BLAR s eD<<1 B, SRLUCHIUS (5 406 325 5 D>
>1HF, ZWHUR 546 £S5 eD>2~3 8, K, ~K,"s

SR RO O I8 O R R B, A K, E’Jﬁ/f
FE A Fernald 1  Klett 3252 H 1 Fernald 3£/t
TG 53 25 S84 FORE F IO R, JE 2 IS
] 3 AR 2 Or 20 45 0K R B B die 8, W =
(8)F1(9):

Safpi]

()exp[ (5,-5, fﬂz )dz}

. (8)
Ko, B, A1 B, 43 AR K ok F FK 43 F 1 180° 1A FH
PO A S, RS, 3 0 A b K 43 F OG FR IA
Fb, mT o0 7R 0 KB, K, 1B, Hov K, R K, 43 3]
SRR K 43 B O B I8 T R B AR A R

IR X (2) NP (z)(nH + z)z,zcj?%#7k(ﬂﬁ<{j§ﬂ‘o
S ALEE
(z exp|: (S, —G)f K,( )/Sdz}
% ex] - d
Kl(zc)+ S' +2'f X( p|:2 S/g 1 )dz:|lz

.09
Fernald J& 1] 1% A0 4375 SR A 7K 1 180° f4FR
SR, O IR R G LR K, W E E
B D KPR PO IR LGS, 2) AR ifE Ak Il 3 Dy R
X(2),3) 3 % 0 & 2, 40K F 180° 1A BLEL 5 & %L
B (z. ) HURL TR IS I R B, (2, ) . UL,
B YR ZE ] SRR

)= (2ot 12,

)zaz(x(z)) +( 9B

. (10)

aﬁl(zc)) 52(31(2(:))



4 AN RSP SN g 2 ¢

XX &

2
ok, oK,
3(Kiar) = /(asl?) 8(S,) + (axzdz)

R CRHRS R 22 ) 73900 -

() = gﬁ = [e(B). +e(B), +e(B), . (12)
K,
S(Klidar )= I?-]-d e =\/8(Klidar)z‘+8 ( Klidur))z((z)-l-g(Klidul')j(](zc)

(13)
2 SRIGHER

I 52 0 P AL 288V RO B 3 [ I O K
PGE S BRI i B, I R I IR AT & 1 Rk
RS2 F SRR T R 22 5 R 25 #T o
2.1 HEHEKE

AR B B 28V VE O B 8 R 46 R O e S
JC JGAF WA TT B SR A BT RN 5 A HIAE T
BTG N, RGBS o3 an 1 (a) AT 1(b)
FI7R o WO RS B IR HAS S Q 9 Nd: YAG ik
OGRS P2 4 532 nm/1 064 nm XU KOG , kb 5
PEZ)°N 5 ns/6 ns, K E AR A 5 500 Hzo FESE
AE R RITIE AT OGRS AR5 574
BOGE RS AR R E S S m Hr . W
H A5 S5 SO Il 2 i0OR SR B L v oy
FERAMEIE ST R MBI )T 38 i s g
B RO I KN R, s St
S RO oy W, DL SEIIE R VR K A
TROK I Z2 0B 0 . 3R O6 BT IR 4R 45 1> 3l
P37 R RS Bt AT 3 DK i it ¥k A
TR K TR K B 1] i 26 A (] B 4% 0 85 A B
TR I A5 558 HAF 5ot = 4%, HeR 4
FRPMT 28 34 25 4800 7 X . RE AR D 2h
200 mm; ¥ & & K 8 M 374 5 mrad , TR 7K E
M4 50 mrad ; FETR /KB i e 1 680 rpm , WO
A 10°, AT S — 2 W 5 (55 00 8 A 0 RDE 449
HIE R B

2022 4F 8 H LG & BT il T e 17 A
MLA G VO B TR 7K TR o S, 000 X 3= 7 R
B PG v, 1 X AR 2 O 41 km?, BRI 2
B o MR SR PR RO T I RS B T 2T
2208 15 KAL L, fiE 500 m, KA E 200 km/h;
POS & #5145 37 1% PPOI-A05.

PO R ST R 2238 G 181 R Kl 3 B,
& 3 (a~c) 4351 R 2 5 B9 532 nm 06 I 3R [ Y

a[<lidar

aKl(zC)

)$U&D+ (11)

(a) (b)

K1 R RO A R G : (a)5LBEE 5 (b) S
Fig. 1
(b) physical map

Marine profile Lidar system: (a) schematic diagram;

P2 R e X A2k P

Fig. 2 Route map of Weizhou Island experimental zone

1 064 nm % R FI 532 nm #0185 & 1]
7K T8 1 . 1 3 (d~g) 23 31 R 532 nm G A
SRR R [0 J5 R 7K T e Wi g, el I K G
SR VU G BRAS 5 25 00 J7 =, B AS- 2 A9 4 18 38 TR K
WU IR TR {5 5 AN f 2 B A, P oK 2 38
Y ECAFAR o 1813 (h) Rk FHIR K 2 38 18 i 4L
P RLD 5 455 o B3 (a) i R S OGO 22
G HL BRI #% (Photodiode , PD )3 i BOG 78 A< B 15 4
B ERI, S BAE AR St B A —Em Ik,
EBOEA B Sy 8 ANAETEIR G , I R SO
FEIN 2552 W g T ANVIAE VG 01 5 %5 B & . I RLD
T BB IR, T RO G 24T R 40l 5 b



XX ] TEPRIS 45 PR HOL R K RN B R K A2 2 U R 22 70 5

B 13 (b) Vg 3 [l 5 3 38 % TP 06 F A b 3 7K RN
KA P A 2 T 35 e (AR X4 AT, X 2 T 1 064 nm
WOGK i 3 0™ 8 B TR I T LA 1064 nm P4
S T 532 nm PRV K TE B HOGAE K T 2R B
By, S BULEE — AN WA T 68 Bl e, Ik
T BRI 1 064 nm I8 2 [8] 357 F1 7K 38 38 Vi [l 9%
SR R BOGAK T A& AR .
2.2 HIRMSHMEEZMEER

TEIYM 5 J8 3% [ A6 v g 3, 6 B JONSWAP §i%
PEATHE A B E A . JONSWAP I R 3% rf KUK K J3F
BN 50 km, ¥ 18 KGHE 5 m/s, m=30. 16717 10K
I8 o ARG T, T B b 3 A
U 55, 25 PTIA A SR AR B Z AR [R] ] 4 (a) R 3R
JrrB 25 mx25 m NSO S = 2R FH GA SRL et

500 700
Time/ns

(a)

[
[=]
o

Amplitude/a.u,
= 1=
o0 (=}

3750 3950
Time/ns

(¢)

(]
3]
9
=]

Amplitude/a.u.
e =
~ o
to (41 o

Amplitude/a.u.
e '
- o
o 5]

3550 3750 3950
Time/ns
(e)
51.00
]
'y
=1
20.75
= " ,
£ ;
£ 3550 3750 3950
Time/ns
(g)

TERAC R T 120 S5 PIE , BRI LM 5%
SR AL B 120 280, A5 B BLA 5 10 I 2 58 15 (&
4(b) ), JeLki 15 BIHOE K &% A K 2 (8 4
(c)), T 2R BUEOE RS 2R A AR 4R

SR T A3 AT LM AR B A0V TR ARG B
i FH JONSW AP 33 A5 J IR, 56 80 1 1Y) = 46 Ak prAst
BB =B, RO 5 = B 1
TR0 5 VYRS AR AV YR 8 S 1 RMSE . 3R 147
M T A =G B RS = R BRI T, SO S X
PUA IR AR B ARG E R . mT LA Y M R A v
Bl R 52 10 B s 01 22 bk, ok 32 2 2 B s
HRTEG S s E R, AR E B R,
I S o Ak BB B 5 G A A v L. 5340, 24
J 2 100 mx 100 m B, LM 3% AR5y 6 B %

|

o
L

Amplitude/a.u.
e b
]

3550 3750 3950
Time/ns

(b)
51.0 4
=
3
2 0.8 4
=
g B T
< 3550 3750 3950

Time/ns

(d)
= 1. 00
=
0
=]
£0.75
g 4
Lo 3550 3750 3950

Time/ns
(f)

=14 1 =3759.0ns
8
3
: £ =3811.0ns
< 3550 3750 3950

Time/ns

(h)

B3 HLBOEEMIE Y « (a) 532 nm SOE UL (b) 1064 nm Y33 8135 (o) HRACHIE W15 (d) YK 1303 1355 (e) K 2
T R0 5 (F) BR7K 3 38 T8 [T 5 (g) BR7K 4 8 T8 [T 5 (h) PR7K 2 38 18 RLD 5 W {H % 5]

Fig. 3 Single point laser multichannel echo waveform: (a) laser waveform of 532 nm; (b) surface echo of 1064 nm; (c) echo of
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echo of deep water channel 4; (h) RLD and peak identification for deep water channel 2
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Table 1 The influence of laser point cloud parame-

ters on the accuracy of ocean wave profile

fitting
o —— IMAZERAER  CA_LM A IEIA R
22 (RMSE) 22(RMSE)
25mx25m  2mX2m 2.6 cm 1.9 cm
25mx25m  1mxlm 3.8cm 2.3 cm
50mx50m  2mx2m 12.0 cm 6.1 cm
50mx50m  1mxlm 13.4 cm 6.8 cm
100 mx100 m 2 mx2 m 36.4 cm 16.7 cm
100 mx100m 1 mx1 m 41.5 cm 22.4 ¢m
176.3 m,

K5 RATSEEEREOCE &

Fig. 5 Sea surface laser point cloud in flight test
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Fig. 4 Laser point cloud wave reconstruction and correction:
(a) sea surface laser point cloud; (b) sea surface contour fitting;

(c) underwater path vector of laser
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Fig. 6 Submarine topographic map of the survey area
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Table 2 In-situ measured values and laser depth mea-

surement values after error correction

X RIURT S RIIEZS

i B HhE # i YR IE
Pl 109.078° 21.0440° 10.38m  10.20m 0.18 m
P2 109.076° 21.0447° 11.27m 11.44m -0.17m
P3  109.074° 21.0436° 13.07m  12.85m 0.22m
P4 109.069° 21.0441° 16.98m  16.71m 0.27m
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Table 3 Ocean profile echo simulation parameters

- 0.18
0.15
0.12
0.09
0.06
109.00 109.05 109.09
Longitude!®
(a)
0 . 0.00230
2 0.00179
&
=
‘s 4 0.00128
Q
6 0.00077
8 0.00026
109.00 109.05 109.09
Longitude/®
(b)

K7 RAT RN R MO S BUR SR - (a) TIX K, ST
{3 (b) WX B S i
Fig. 7 Inversion results of optical parameters of water bodies

in the survey area: (a) K, inversion value of flight area; (b) f,

inversion value of flight area
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Fig. 8 Ocean profile echo waveform
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Table 4 Relation between S, estimation bias and in-

version accuracy of K, and 8,

S ARz -30% -20% -10% 10%  20%  30%

K, JRHRE  3.7%  3.5% 3.4% 3.2% 3.2% 3.1%
BRIIRZE  22.7% 14.3% 1.7% 4.5% 6.8% 9.1%
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Fig. 9  Error analysis of inversion of water optical parameters by Fernald method: (a) K,

(c) g, inversion value; (d) f, inversion error

inversion value; (b) K., inversion error;
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