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Correction in the Measurement Error of Water Depth Caused by the
Effect of Seafloor Slope on Peak Timing of Airborne LiDAR Waveforms
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Light detection and ranging (LIDAR) is one of the most efficient technologies to obtain the topographic and bathymetric
map of coastal zones, superior to other technologies, such as sound navigation and ranging (SONAR) and synthetic aper-
ture radar (SAR). However, the measurement results using LIDAR are vulnerable to environmental factors. To achieve a
correspondence between the acquired LIDAR data and reality, error sources must be considered, such as the water sur-
face slope, water turbidity, and seafloor slope. Based on the knowledge of those factors’ effects, error corrections can be
applied. We concentrated on the effect of the seafloor slope on LIDAR waveforms while restricting other error sources. A
simulation regarding in-water beam scattering was conducted, followed by an investigation of the correlation between the
seafloor slope and peak timing of return waveforms. As a result, an equation was derived to correct the depth error caused
by the seafloor slope.
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1. M2
NOMENCLATURE

& gfo]th(Light Detection and Ranging, LIDAR) A|AE]-2
A Ao AP 9 SHUAPEE asHoR 35S - Qs 7
&o|th. £ASTS 93 thE 7|4 2% Sound Navigation and
Ranging (SONAR)®} Synthetic Aperture Radar (SAR) 50 3l&=
o], SONARE €& ¢AQt =4l X9 o] FEH, SARE st
0] A7} 9lek. ofol] kel 5415 BT eolch sjoke] g
o] whe} of 1.5 mo] e S41HE 60 m7A|o) SA ARE
S AYER AS 5= Qo Aol k! grolot A" 4241
Hof] =Rt WAl 1} o] A7) ARl whE vlEom HekEm,
o) A 4o 4 A ol e,

ZATRe SR B, 2o g, s4 X4 S| §7

ol eJal 2jzElm, AR charet gl Blolet A%

+ el w3t A7F Y| Qle. > ot 7k ot A9l 5,

A = Wavelength of beam
H = System altitude

h = Bottom depth

Ey = Laser energy

T, = Pulse deration

6= Off-Nadir angle

A, = Receiver area

_.1

by = Forward scattering coefficient

b, = Backward scattering coefficient

L) = Back scattering coefficient in air
B.(7m) = Back scattering coefficient in water

R;, = Bottom reflectance
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Fig. 1 Parameters of the seafloor tilted in two directions
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2.2 Small Angle Scattering Approximation (SASA)

27} AL 2He U A ol4e] BHEg T S50 42
Wo] Alehe] chiie. o] gt 2o Zwg o]z} ol
7}4o] Small Angle Scattering Approximation (SASA)QIH|, ©]
£ AEHoR ZYHATS SEdAe) W WY L 55 ol
oh Q1A ZgA| olEeIA| L QIrk. A Table 12 TR

Table 1 Inherent optical properties of the water®

Water a b c by/b 74
Coastal

0179 0219 0398 0013 2.53
water
Turbid 0366  1.824 2190  0.020 4.68
harbor

Fig. 2 Diagram of beam propagation in water representing the
radius of beam and the distance between the surface point
and a bottom point (Dotted line)
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Table 2 System parameters'

Parameter Value
A (nm) 532
H (m) 200

h (m) 10

DIV (mrad) 7
Ey (mJ)

To (ns) 7

0 (degree) 20
A(m’) 0.025

FOV (mrad) 30
S, (deg) 0~30
S, (deg) -30 ~ 30

Table 3 Environmental parameters>®

Parameter Value
N, 1

My 1.33

a(m’) 0.179

b (mh) 0.219
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Fig. 3 Comparison between return signals of our simulator (Square)
and Wa-LID (Triangular)
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Fig. 4 Underestimation of the water depth with varying & and Z

Table 4 Coefficients of underestimation Eq. (10)

Cao Ca Cp
-6.061E-4 1.47E-4 1.05E-4
Cho Ch Ceo Ce
1.67 0 -1.60E-2 -1.31E-2
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Table 5 Coefficients of underestimation Eq. (13)

a 123} B B % %
0.0044 0.0001 0.0001 0.0002 0.0043 1.2399
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Fig. 5 Comparison between the underestimation of the water depth
of existing research and this paper, with varying parameters

] ZJolel 7187 wske] wsrol] W wgkeh Wl A
oF % GITF. T 3.IHOIA] SR, o) Akle] 93] 2
o} F7FERE Beo] ZRITIY 718717t & Aol el
457 FEe 0 mut} Hojof siAlet AaielTo] Aol 7]
2717} 912 W] Mg 7 B 0molth. B Aoy
o Fig. 63} 2:& 2] Aolg f53t 4 9lrk. Fig. 62
mdlof| thisfiA] Zol= 7y, L=, 71871 6, 6= HSAZE 1o
LAloloh, 22 ZloloA 71&7|E WIAIZ wjo} 22 7187
oflA] 2o} et ), 1% WA Aol Eel wat 1%
ol mek o) gk 2 Aol mue] Zgola A
Hog I AL &ld 4= Ut} Fig 62 9&23} 72 7|&9] 1
A2 29| AHARE w9 AA AAAY EolA e Alds &
dgoll :2AZA] ok wjoloh. ERE AT At 2xlolebd Al
99 WE} 500 km, £, S 10mz 7Pgsha dolAje] whakzt
o oF 0.05 mrad® & ¢59] 714 ¢l 7 mrade] 1/1400]ct}. o] wj
el 95 Y 25 99 QA e S 4l cled
7Pt 4 gleme, Hel 4golxe] A %, WAE 1A of
+ 88lo] Hrt. ol= 7] AtolA F,9 %kol 255, &, A
o] S5 M glo] STIRITh= AR E SR Hok. 7]E o
TollA] AMERE AlEHEO]E] Wa-LIDE th2 3ol ylo] &
oA 9] Abgte] tigt el E ApAlS] ATshA] §het7] wiel] =
AtollA] ARERE AlEEolE|ollA] SASAS] 71 Stof| Abetol wh
£ 19 A XF =g ARE ZpolE AKIRE W] Algtol Tt
a7 AP A=A = SIS 4= qideh SRR ol A o]
O] AEE oA 9] o] Xg) A= wiste} T1of wE 44l 1)
3 WSt Fagt Ao SR WIEA] A1F5] alg|Eofof gt

o X

r 1

4. 54 BF

& oAz flolld folxl g Ae o8l 3xH AY
off sl AlEloldold dojxl =+ RS HAsI

4.1 7IAe| oM XA AH

Fig. 7(2)2} 20] 7}4k] 3749 |45 4aksich. Fig. 7
(by= AlEdlolde Foll A2 2helvt AP Ak, Fig. 7(c)= 4.2
I \
I \
—’l——‘|— water surface ——
! \
h \ ,I \‘
I \ 1 \
S| GURPIR| [—— Z Y AN N Y,
I 1 / \
ll 1‘/ 0, II \\ ’91
1 > ’,.(), / N ’,.9,
I AT e ’ L
sl 1 4 7 P \
I _-=-7 \ z l,"::, \\
RS ! I AP \
I | v 7 \
1 | 1.7 \
I \ \

Fig. 6 Diagram of model of existing research (Left) and this paper’s
model (Right)



196 / March 2017

SEEUISEX| M 34 H XM3E

ol BA Ad11EES o]8ste] RASH ¢ Ao, Fig. 7(d)
= ZF Aol A AA Xl‘@]“—} A A efolet AR 9] 4 a4
ik, Fig. 7(ey= B4 & gto|t} X @9 4] e} Agighs Y
Bl Aotk 2|9 9] =7]= 100 x 100 me|H, S74%]2] 7
= 21 <200, ZF SAH 7 1A S mo|th AP 9] F4x Zlo]
oF Z|tff Zloli= 27t 2.64 m, 24.46 mo|m, AT} X|Fo] o] F
= 9] 249} o= 212 0.07°, 38.61°0]th.

42 A HY 31y
AR A A= 12719} go] Brg A5
olefol SJelefo] Felshe s 1 A5 570 o12] 4
£ 512 Hol2] TS Sole] US] St Lol 4 25
191 G0l AL, 2 23300 PSis

JSE’. 19
N
_ll)l'
>4
E
N

157] tﬂ§}7}
2 sol 45 719719} ol
71 2838 23 33t 2P0 s AT 99 7L A A
T AR AgolA= goltt
£ B0l 4 AP AER 1 5 Sl golotollA de A7
F HEE JF2ste] HA

B
o
i
1Y
B
of
%
M
A
rr
N
2,
N
i
il
_ =
2
) _l
32
o)
T
o
M

ME= Fig. 81 gt 3 AHe AR A =4 o Fhel
Zydx, y)EFaL S wf, 71 2 FofA Q] Zo] Z,./x, y), 7]-&7] ,,rd(x
= Alo]| thlsto] @2} E(Zyux, ¥), Gudx, ¥)E B

»VE Taeg A
ok a5 T UZydx, ¥), Gudx, »))2F] BAI= o33t ZE*EP-

E(ZpdX, ¥)s OprdX, ¥)) = =UZprdX, ¥)s OprdX, ¥)) — (14)
REeF Z,(x, y)ol AAl A Aw=e| ZHolghd Z,(x, y)l
E(Zydx, ¥), Gdx, Y))E CIRE T Zyplx, p)2 2lolek 54 g
Zyipar(x, y)2F ZFotoF Rt SEARE ob2) HAER] o2 Aol
F Gk Arel2] Zpel7) 3lem, o] AF0LE Zuw(x, y)oltt.
HE X, y AN Zix, )] AlEe] 2ol 4 A A= pol

Original depth

LDAR depth

>

depth (m)

S

dopth (m)
. &

y(m) x{m)

depth (m)

depth (m)

S g
¥ (m) 110 00 xim) y(m) 100 100 x{m)
@ ©
Fig. 7 Correction Results: (a) Original map, (b) LiDAR map, (c)
Corrected map, (d) Error between original and LiDAR map,

(e) Error between original and corrected map

SlEhe B 9w 27E WSS Z,(x, ) A AF 44
2 F88] BAHera BeEe] B Ige Tyt ¢o] 2

=
I I o

~

= USAIA ek Z,mrt— 8 W HAAEN, 23S
k) ]

ok i7HA] 9 Ige HEERTE o714 gz 004 1 Ale] 9

L

43 %M 28 #n

Table 6= AA] A&l Fig. 7(a)$} Zto|t} A& A% Fig. 7(b)
ZF, 283 AA (¥ B & 23 A= Fig. 7(c)7re] 7F X3
Aol o] o] Aohgre] Het, 2, 24, #FHAE YE
Witk Table 604 EQleh 4= Qlzo], B & AA|A oz eaprt
ZolE A2 BIE 4 glom AF Awehe] Zo] FReAE
oF 0.21 moj|A 0.013 m, | 22}= 1.67 moj|lA 0.06 m= Z}Z}
90% o)/ a3k

o
N
rhu

& el A2l /18719 gol, $3002l e
14 4 e A3 2eig, o

BN A3 543k 7127100 St
@_—srh PAFHAE At BLFHAS ol §3) A 7]

719}k Zolofl ofal] Y=o = 2helrh AT oA 2 A

Ol

o B °1N

i=0
Zpra)®¥) = Ziipar(6,y)

Zapp(i) (oy) =
Zyraiy (%6 ¥) +E Zpragiy (% ¥), Opragy ()

l

Zaeniy(%,y) =
Zapp(i)(Y) — Zuipar(x,Y)

1=ikl

NO Zpra(i+1)

2
Z|Za o@y| <p?
S = Zprai) — 9Zaev(i)

X,y

YES I

Zeor = Zprd(i)

Fig. 8 Flow chart of correction process

Table 6 Error values before and after correction

Min Max Mean Std

|Ori-LiDAR| (m)  4.1E-4 1.67 021 027
|Ori-Corrected| (m)  1.7E-5 0.06 0.013 0.009
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