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Abstract

In addition to traditional altimetry technologies such as microwave sensing, Synthetic Aperture Radar
(SAR), and stereopairs of optical sensors, recent years have witnessed the emergence of several Earth obser-
vation missions that utilize Light Detection and Ranging (LiDAR) as the primary sensing tool. By calculating
the time delay of photon pulses emitted and received by the sensor, these missions are able to accurately de-
termine the distance between the satellite and target objects on the Earth’s surface. Compared to conventional
optical satellites that require multi-view stereo imagery to derive surface elevation, or SAR systems that rely
on phase interferometry and phase unwrapping to measure relative displacement of surface scatterers, LIDAR
satellites offer a more direct and intuitive method for calculating object distance. Furthermore, they are capa-
ble of resolving layered details of various reflecting surfaces.

Although both LiDAR and other optical instruments are susceptible to interference from cloud cover
and aerosols, the active nature of LIDAR remote sensing allows it to operate independently of solar illumina-
tion angles and acquisition time, thereby offering greater flexibility in application. LIDAR has demonstrated
significant potential in a wide range of applications, including the generation of digital elevation models, en-
vironmental change detection, and estimation of forest biomass and carbon stocks.

Keywords: active remote sensing, satellite altimetry, satellite derived bathymetry, digital elevation model,

environmental change
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EE TR RILA 1050 E R R B RRE  FH kIRt B P RS T bR SHE AR
¥ it {7 ki 4P| € (Light Detection and Ranging, LIDAR ) » 2 RiZ# 3 4|* 4_pF (Elapsed
Time) &334 {4 2. K3 %‘Fﬁ (Time of Flight, ToF ) BJFE > 4] * F &+ & B % it ch= £ %
@ (Triangulation) JRIEE > 2 % 8 * % J& 34 5L A cfp = 4 (Phase Shift) BIFEE > ;54 > &

WG A e PEARTRE c B R odk T T B N ALY 5k R B A, ko
FERZHFBEFL - LF I S s 23 RE 5o #autriara i RFE
ik avplg (Altimetry) 3 E 2% o

AAZRY L K- BEATEMA 1971 &% £ F F Apollo 15 % 1 Eikehd iRl
% (Laser Altimeter, LALT) > &% QB M =¥ F 7 & % 3L (Q-Switched Ruby Laser )
THGEE Y ORI R K- B AR e (Bl 1) o FHEAE MR RBIAd B &
FEA*EPEEF M3 RERE ) p a3 @R RBLHRER L0 AL H 2 0.05
Hz % 5% 200 mJ i £ > 312 30 2 = & /2 & §* (Footprint) EF 2 = & % 4 aniplEefF & >
d e L RE 3R 1,737.7 o 2 sk 48 LT (Sjogren and Wollenhaupt, 1973 ) od pt ¥ 4>
723K Y Apollo 15 ip £ PRI e (Command and Service Module, CSM) * 7 LALT » # 3} &_
ek E o FREFEY LR AT o

s ~ .
oL {a) Apollo 15 Lunar far side o—-}—— Lunar near sice initial pass
4
_ 2 Procellarum Apennines
g Spherical moon 1738 km radius
o —_— e — — — — — — — — — —
5 -2
-4
-6 [~smythii Gagarin  Van de Graaff Marlus Hills  Imbrium Serenitatis Crisium Smythii
-8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1
5 9% 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345 360 15 30 45 60 75 90 105
180 165 150 135 120 105 % 75 60 45 30 15 0
East  West West  East
Longitude (deg) Longtitude (deg)

1 Apollo 15 & F LALT 28] A 3k 5423 &

:x D LALT : § %+l ® % (Laser Altimeter) o
F AL kR Sjogren and Wollenhaupt (1973) -

AT THFERG R 0 2R 3 4% (National Aeronautics and Space Administration,
NASA) ** 1996 & % 5+ 4¥£{7 v & &1 Mars Global Surveyor » H 35 1\ L& Fuag § SR B R (Mars
Orbiter Laser Altimeter, MOLA ) 12 400 2> 2 § B ¥£7 » 536 10 Hz #f F % 5+ 1,064 2 X iT %
RSB EFRER . TEE2S A PPFERAE > AT ENEREFY o AR LR A
B TR Bl E & e fE A 4T o b ek 5 2004 # 3 S Lok & 9 MESSENGER (Mercury
Surface, Space Environment, Geochemistry and Ranging ) = 7%35 kAT MR % (Mercury
Laser Altimeter, MLA ) » MLA -kK% 7 MOLA #73 X% 3+ » 11 8 Hz 9o 5 3 5 1,064 2 5F 17

hFETE T EP o FIBTIE RE 0 MOLA (& §r e 45 5 10 2 = > 72 & 100 ~ 300 =
&ﬁ@wm@wg$&%a’%Wﬁﬂ%%ﬁ%&miﬁo

" "*
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A% MLA ¥ MOLA > NASA *t+ 2003 & % % ICESat ( The Ice, Cloud, and Land Elevation
Satellite) Rl ® fr % » &7 B4 BplchkE s T B ek 837 R
( Geoscience Laser Altimeter System, GLAS) > ¥ F P 54 532 2 f 22 1,064 3 F el k 2
TR TR ABHITERR C FRERER AL HE FEEFER o #7600 2 2 Fag
1 ICESat & 5 12003 ~ 2010 & B 443 4 27 £ 47 FLR] » 2 40 Hz 45 5% » & 170 2 < 5 54 8
J& 70 = = g &+ X g (Laser Footprint) B & » A4p >t @ 2Lip) r% i 1 * Uty F £ (Pulse-
Limited Radar) &7 & pr2 Sl Leht ¢ RGP B FE | R EFFEELTEPld

P=3 1A ‘—,T,__/J\,F',ﬁﬁﬁ BAEEEREREEF RSN LA 1#£°

NASA *t 2018 # 9 * 3 & ICESat-2 + sk LRIk » P &4 4% 4 ICESat # & % # & ~
BRI R e £ % AR E '?7}" v FE T HidR kR g ’PF’H‘;;’{‘?_ SR FRILZ A
WAog B fi o ICESat-2 & BARIREFEL 71 L AP RA . B HLER AT HRE 0
( Advanced Topographic Laser Altimeter System, ATLAS ) # * & 3 2> # (Photon-Counting )
PE > EHTFRFE- FR532 2 Kk G epRir Firg P ERS > TRE
Footp s k3 WM rE 2R w R o @17 - Fend o ICESat-2 r PFaf 54 3 3 5 6 R 22 3 3§
BERL CBEFTVARERFERER G e AL VEINBL S e FIE3I AL G2 e E 07

- AP RRPERREFEFFL P ORRN Y 0 A REEH AL E TR B T
HL B AR P B B B A A o B dkis BRI - 5
PR PE TR BRI R2IRE TG A PR s IR EREE R RERBE I
T 23k F 247 A ¥ F #2453 (Digital Elevation Model, DEM) ~ A 473 & -k 2 4 > 4 &
ICESat-2 =8 & 5.¢ chi & BFF ™ o

"f kst ONASAZ B B i ~ & (University of Maryland ) ¢ Earth Ventures-Instrument
E o H A 2018 & 12 7 A E%E K 3 xE2 p AR %45 (Japanese Experiment Module, JEM )
% %318 1% Global Ecosystem Dynamics Investigation ( GEDI ) sk i % *u ( Dubayah et al., 2020) >
AR DPEP DLEFESPRE %ﬁﬁ FUoRSHE AR SRR R
GEDI i &t £ 516 B mmpl > § A GRS X 2287 233 347 & frths s 4 =

G R R E A R A RS 3 g,ﬁm 1,064 2 # 03 sk & A4 & ~ (Beam

Dlthermg Unit, BDU) M A2 4 41 kg > g3 qEHIEMHBE S 8P > E BT
S R 600 2 %7~ LR e PR 60 o R Bk 0 B R R AR EE 5 A, B T 30 2% eh
Ko 3RS 5 A 45242 =% ,zﬁﬁﬂ B £ IR AN R ARl AR R T R o V0
B8 ALY REEFTRI VR PR LR RERITREE ) 0 Ins BFIEfE4T 5 2R
(g 15 24) ZERNAE - «g,g?’r - 2 E Rt #,’%}il%f@_‘*ﬁ_%ﬁ;@}ii
Sk
Lebsop A 2007 & 9 % g Bt Selenological and Engineering Explorer (SELENE) v q_
paFH4g g B e (Japan Aerospace Exploration Agency, JAXA) #7434 {7 # & Aieh
" k¥R iE 7% 2. — (Kato, Sasaki, Tanaka, lijima, and Takizawa, 2008 ) - i% 1§35 ﬁ\ 538 higen
FAE kB yfes kst SELENE v/ » By f2 2 sherde iR~ i 14 ~ 377~ i A T 2 g 45
B & AREERE D BFESZIFERE LAA . P EE LALT & = #3 23884% (Terrain
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Camera, TC) »# M F sx £ f ez My 2 J AR E ! B Baf B 2 FATRE G
T ob o0 B 2016 8 2019 & A BH R TR IS B A TS IR kT P Rl § G
£ P

L
1B ©
%

’ /PJ

v

FUEB R 5 500 22 o 1% 1,064 3 o i bk G st A u 2 Hz 2 3 Hz g f
FEH AT EI03 % B 0 M Ak R ARRGETER -

A PR EE®

AT P RETAT A S AT RASLE R A5
- ~Level 0~1: 23 & 5 jifikk TSR e - & FRI LR Fh T L LR
RERLGEFTH O NZEFCF2EE fpe  EECTRERI TR -
= ~Level 2 ¢ (i e is ek T & 7 & kS kg
< f@ﬁﬁn{'ﬁfﬁﬁi—?@ 0
~Level 3A @ vk sifbed B3R B L Ee & LI S dc ¢ 7 R F AR S B kiR R
ksokd s RIFEELSRBR o
sLevel 3B i b @ Bk 3 e R i B A BB ERE S dofER B ARSI
FI AR RF B F FEREERBRR SR
B2 ?‘%ﬁi@@ TR oG E’g*??ﬁ)ﬁ (Density-Based) ~ & = B (Histogram-Based )
% A 1 % B~ (Manual Edmng) Hu@g 232, a9 t=zmrz - 27 2R Bigy 2
( Density-Based Spatial Clustering of Applications with Noise, DBSCAN) & % F »x ¥ £ ih
# 3 > % (Jung, Parrish, Magruder, Herrmann, Yoo, and Perry, 2025) - 12 12 ICESat-2 % ] »
NeARTRILS L E R 5w o
BRAEWITEFEA NPk E NI B g S AR RERERFN - BATIAER
ICESat-2 12 10 kKHz #g & » 3 54 532 2 5K A & § S49% 2 3 £ » & Brifieg 4 ok 3 0 Fh
EE 70 2T - ABARRIE O FREFERHOK (3¥) v BT ERE BT
1;4@w@raGﬂL\m»ﬂpﬂb3LdR’k%ﬂmaa%m&ozz,E%@m
22 (4eRl2) FHTEEREDOE AT AEMHEOE VHERAREL > BRI e HATT
ETIF B o TG SRS 6 F M A TN E S 1 2 R SIUE T ERF R
4 TOPEX/Poseidon ~ Jason-2 ~ Envisat & 53 7 % R AP A K2 S 5~10 22 e 5
EFFEEE S R ICESat-2 i ¥ % *tlnlRiny Vit K AP T HLEHRT E 10
2> 4 (Brunt, Neumann, and Smith, 2019) » ® ¥t £ 3 B 3 7R » %3 (>20%) ¥ %
FlacEfE Skt T S R T L T 2 v & (Wangetal, 2019) o gt b s F SFRIEER ¥
% - —:K‘Tﬂfj‘ﬁ_ﬂ;,:,& » | BF El,"o;(;;n . 5‘/}3"‘5{? PR B A g ckE g v g E’TF
A AR EAE R E B F] AR TR PROOCREE ABRPUEFRGUGE 3BT LY
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Six Beam
Pattern

Flight
Direction

flight
direction

Footprint size: 177 m
PRF:10 KHz (0.7 m)

B 2 ICESat-2 $hid =&
F4 %R © Smith etal. (2019)

ICESat-2 #7 & # ek 5 8h2 FALZ i B FF T2 il > 1 v it 57 % chpe A5~ ok
B & RS T AL o NASA i i Earthdata 4 3% BB 2 ol 0 70 2 BB Fok 2 FALY o
( National Snow and Ice Data Center, NSIDC ) % # ATLO0 ~ATL23 % & 2 £ % 4 & > i *
F7d ATLO3 A& %+ vl THREFHLE hadr T3 8P LN Fnhd - {l
* ICESat-2 & 57 e ATLO3 25 12 % =%+ F 4 (Global Geolocated Photon Data) >
d & k3R 2 e 12 4R r R« 1 jpE k3L (World Geodetic System 1984, WGS84 )
STk g Ar 0 defe k3 WA A B (Cluster) ek SR G > 4278 ~ ko 2 KKE o
PRERES RO E DS FRABEFSE T > s R FRE B PIHBPERE
ATLO3 F#2# d NSIDC fe b > 5d ARF it el 6 &7 FEEEp T i\'- v B R AT e
L S N

— REBTEHARENS

ATLO3 7% #2112 HDF5 (Hierarchical Data Format 5) %5575 > ¥ 5 % = > B hic iy
Icepyx & 2 8 #2583 2 P~ 00212023 #6 F 20 P M= ¥ & < Ben- wFHL 6 (F3)
& d NASA # # 0 Openaltimetry < & 7 40F 2 T L 482 F4L > B3 T B ¥ S5 6%
£ f P BELGTIL ehig ik & AR5 %L GTIR ehsiik > AR B 2 2 FRFY 9P w2
MITES > RS SR TE > B vt LH A WGSS4 R o d B¢ T A&
RS R G G P ARERS E R BB FE AU S AR RERNE R R
£k S350 o Openaltimetry & 4 © & &2t 4 2 F T F g > TR AT RFTRIHF 2o
FAI T B2 P ARBS AT G BB T R R A e 2 2R w2
ETR® 5 127 2% (162.7-1500) > B B2 PpFEEEH FTH 2 542495 20.1
2% (170.1-150.0) » '# 229 % H g L AT o
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ATLO3: Global Geolocated Photon Data

Track 11 - Showing 100% data sample rate
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d > JCESat-2 i€ * ch¥ kA BV TR > AR-KF§ =P RHOERF SR % 0 F
F R M STA R T UG RSB Z A Bk o B 40 4 2020 1 ¢ 19
P GTIL A 4 ~2020# 1 * 18 p GTIL ;£ 412 % 2019 &# 1 * 17 p GTIL = i & > A 5
s ADE R AL AREHET L S FEAITEERZ KRG HIEP R KRR
2 B G R b s WGSSA TR B 0 A RASTOR Y A KT adtatRL o 4
FLAAHR SR L 5T 0 AR AT K E ‘%§§E(de&ﬂmw

FHRLBREZFTM P ALFFEBFRISIRE - F& 1,000 2 ;?.F'a&ﬁ‘f’%?‘"
(Moving Window ) W & % Bt & > 4B 5 (a) #77 > ;"_“ ¥E B 1,000 2 BRF®E S
% 2788 & (Two-Degree Gaussian Fitting) M EF 45 3 & c BR BB T v ¢ LU ek o
BREPERETE (RIGE 2T E5) > Aba B b 25 > F° §7)2 - Fards
74 & (Gaussian Peak ) o F]pt > — @G 520 1,000 BB AR F AR T 8§ A
SR HY - BB ARG T ¥V - B A AT SRR AR E WA hep
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h= ale(i%) + aze(_x:’—zuz)

(1)

He g fro, 53T wfrw s FE 6 fro, » B 5 & Bl g X (Standard Deviation,
STD) -

20200119 GTIL

1514 1518 152 " sz

(a) % #5%

10 . — .
15.1 1512

202001118GTIL
10

-10
-15

18953 16973 16,978 18963 16968 16,083

(b) At §

16953 18958 16.963

20120117 GTIL

TS

=4 8830338

(c) X85 ~ 7§

B 4 ICESat-2 AEBHETAHEZRABHESLHEART K

Eixhi Ry Phi WGSS4 it F o
FH kR AR

BS5(a) ® cBi h4B2 BRY- BRAECLEKEs > AT EWUNES (a) ¥
ERCEE® > BT p +3c, 8% a T LERFEFIP PRI ARREZ B LG > T At
PG BN PRORT B GABE o U A G 2 AR AR AT
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FAL kR : Hsuetal. (2021) -

FRS5 P P EE R kY kS S TR A R A7 kAR PR A (Volume
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- j\ch—l B - BROBET T ORH “f“ﬁﬁﬁfﬁ# Bok? s PR B R A2
k3B B o d NFARE D RORA ST o FIPERET Y ERAE AMER
EET 0 kAR IR AFRE S ROT I P AHBMID 2 LG 4Rl S (b) AT 0 E R
20 ®S(b) ¥ g3 %- :'z;za‘,fiﬁ GRS ;L dRFLVELAFTFFR L FARE
1?]"1 b Bl AL “f c B F R HEFT CRIEL N R ofple Y B F o IR EAFE N
ERES f}ﬁ,fgﬁJ Hieagk 3 o 4o S (c) ¥ES (d) Arom oo BV ZBRA B SNE Bz
&Tk%r CEIRRFSYPFATVFRER . RO REFRED KRR ED LAF R AL
Lo @* 3 /éf'l—,’f—!lﬁzizpfg&«%fi 20% > 24 A 2 28 BEReNT v oo B 0 R 100 o 2
2_## T 5 (Moving Average ) k-5 & T[%«;’{*’%#Jé—? BLenE B oo
@i ICESat-2 k+ 3 R Az § ¢ kg k3§ fg"J vl AT RGE T F BN AR
@ik F g 4 2997 x 10°ms” ¥ K T 2235 x 10° m's” (Mobley, 1995; Parrish, Magruder,
Neuenschwander, Forfinski-Sarkozi, Alonzo, and Jasinski, 2019) » %]t % & £ :E3782 1 k2
BEF e avRiE o 378 a2 58 5 (Green, Mumby, Edwards, and Clark, 2000; Parrish et al.,
2019)

%=Zo*(m) (2)
n

B 07 3 RE KRS Zy 2 R kiE S n, = 1.00029 3 % F 455+ % 5 p, = 134116 % % -k
FTEFSF o G NP E R RIS IrRIFERE R4 RIFRACR S5 (e) 0 g K E R
BLZ > AR Lke 2 > ARE 2?7’5@2&»? ( Shih, Arumugam, and Shyue, 2011)

@t o ICESat-2 ek f » b d ¢ HREMAKY 0 > BHPRP T8 2 o R
e H ki Kk & (Off-Nadir Angle) & ] ( * % 6 mrad) - % 5Fesk L A~ k@ 30 =
RIS ITHPEEE A A 9 oL vk T 4% (Parrish et al., 2019) - &2 F Efiﬁﬁ R RIE
# & (Pointing Accuracy ) 4p+t o A -R3T8F5 142K T B 0] 0 A E P T LR A

B o % 2IREHCAE 7 4T F > 4o Technical University of Denmark Tide Model
2016 (DTU16) (Cheng and Andersen, 2017) > # 4| * DTUI8 T 3275 -k H-A] -4 & 5 ji_
WGS84 sk % v & 5 T 1593 -k5 (Mean Sea Surface) » 4c@ 5 (f) #7177 » B 7 F Huf7 Bl &
His ABBMER * <% 2 3 (Lowest Astronomical Tide, LAT ) 3+ & pFv £ 4v 2 di 4 > Pt
B PRE TR ST ORFETALFERGORFF FEE AR P02 R

T T .;Fi 82 4By }\m PR R 2O A4 R B B ATR R 1S /ze/* s 24
T 840 = (Jung et al, 2025) - & F B4 E G HHHO B PO (Log-Ratio Attenuation
Mode)  i&— # f* Jo%%l%a@ﬁﬂﬁ*’«"‘ Ap B

I EBEAEBREFKRREE

BEEHBGS S FALAKY FE AL N BRI R > FlE KRG E A

/
WiRed-kF S > Tk 3 R HPFEHA L & £B " 2= (Beer-Lambert Law )
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¢%§mfzﬁkm?“ﬁ¥ KiFE I B R R blde e d - 22 R 50% Gk Sfii & > ¥ s - o

FRFIT50% > Lt EFiE kR AR kR E R TR EIRRDOAH - &
’J\%’fr LT NFRT 0 RIRTEA 6 B s LR HEO B E IR T R T (Lyzenga,
1978; Stumpf, Holderied, and Sinclair, 2003 )

logB1

2=k logB2

+k (3)

HY ZL KR BL-B2AWEA g A EEC) 2ZHKE 85 sliebimde % (ER
SS5DR ) FHRAR NGRS LR R BRRIFRBAER SRR LD ok k
B oML N B T 3 KR R Sl o XA SRR SRy BETOR > Y (3) ¢ ehAE
TR FIA RORTEES § M DRI E X IF KR § G FR KGR % (Cahalane,
Magee, Monteys, Casal, Hanafin, and Harris, 2019) - %]t A B2 5 3% B 11 2L 2 8 iE 42
(Hsuetal., 2021) » f1* A E W BEFR SR FRET > 2% & ICESat-2 #ir F 2. k&
Bk gt 60 2 ICESat-2 3 B KiREF wiF » R E TN ko ks k2B i BH
SNEr 3 rER

logB1

Z= kekh( ) +k, (4)

PR RN S o T RIS AR chE BB s oY < 2 4% (European Space
Agency, ESA) # v R 3% ¢ Sentinel-2 # % (Phiri, Simwanda, Salekin, Nyirenda, Murayama,
and Ranagalage, 2020) - % 2015 & 6 * % &+ % — 3f Sentinel-2A {4 > * #2017 & 3 * 2 2024
£ 9 % /> w4t Sentinel-2B % Sentinel-2C » #2010 2 = 5 kF i R hk k0 AL 4
102 » SEMREFHATIORBIEF L 3~43 > 7R~ PREREL SB35 4 &
A B FMUIRERFFE PRV I NI R R B RER Y c BEPE LD
FHeEms 8  VEINZRRRFRBGRIFER A T IR 6 5 b RfERRR A
WE%HES % - FO6 z\f»;p BEORIFERERNF FOKFE (R8) B%E RiF (f8) 2 STD
(Ei=5 2% ) ~ ksupdimid (Bias) 22 2 AR -7 LA FKETEELI QIS
2> 172 ICESat-2 #i* (2020 # 1 * 15p ) 484+ > STD 5 0.56 = = > R* 7 0.96
A FEEORFERRET EIFR HD10% P 0 AR RS (GFR20 2% )
RIS L T B2 R U o R R RS RERE _9. ¢ (International Hydrographic
Organization, IHO) 205 R h® B 7 R (Category of Zone of Confidence, CATZOC )
ER>FHENB2ICEL HW T I RFRIAR AR kTR B O ERt FE

< E?’JEAE o
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(a) ICESat-2 [RIASSE (b) 3l 4 B ICESat-2K & it
G Y 4
%o - L
®o i (2019/04/173L) =
FRENE 0 i ==
(c) (d) b o () e
16.08 s F E® 3
7 H o
_in(ey) 16.06 = ; 10
in(82) 16.04 bl ?
Z=ae®®+c 1502 g ; i L s o
’° » o Sy ; © WIICESat-20818
1598 H (2020/01/151R)
BZeHN 11245 125 11255 e - — ~— — 1 s 8
e
Sentinel-2 ¥ Sentinel-2 SDB B[ " 2
2019/03/06 11821200 5 B B . WS P UTTN. | Tl ) &
2019M11/11 RARKIEHENG m| 018 0.56 0.09 0.96

6 44 ICESat-2 # Sentinel-2 & % K& MM #1ERETEE : (a) ICESat-2 RS E (EE)
(b) RIEEBEHAKEWE (B8) + (¢c) BEZESA 9"@ 5185 (d) HERAREREX D (e)
BRI ICESat-2 38k /B hiir o (f) 3R S5

FH KR AEL AR

PR ERNMES AR T ALAERRRLEL 0 K APEF L P LY
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