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Abstract In this study, an optical structure design and optical radiometric-calibration method for a hyperspectral-
imaging lidar system are proposed. Using the proposed method, the central wavelength and bandwidth of each
receiving channel were directly determined using a scanning monochromator. The system-calibration coefficients of
each channel were measured in the laboratory using the hyperspectral-image lidar equation and excluding the
influence of atmosphere extinction. Simulation results show that the synthetic uncertainty is 0. 87% and the
extended uncertainty (b =2) is 1.73% . Furthermore, a novel technique was used to monitor the emitted laser-pulse
power in real time during the flight experiment. Based on echo-signal intensity information from the detector, the
hyperspectral reflectance of the earth’s surface can be accurately retrieved, and the high-precision terrain acquisition
and super-fine surface classification can be realized.
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Table 1

Uncertainty of lidar system calibration

Component of uncertainty

Contribution /%

Wavelength accuracy —

, o Instability 0.500
Source's characterization . .

Planar uniformity 0.400

Angular uniformity 0.570

Radiant power responsivity 0.100

, o Instability 0.018

Detector's characterization X i

Non-linearity 0.070

Non-uniformity 0.016

Combined uncertainty 0.87

Expanded uncertainty (k=2) 1.73

R G bR 8 AN 8 P 4% EGE F 00 R 10 2 B T A
o AT A B
u=xyui +tus+-+ut, (15)
K w, FRE n DA T HRGE A E R,
HRAE 2 25545 B 3R G b o i B b & AN i 2 BE
0.87% F JEAHERE (k=20 1.73% . JeibbrE
1 - R 7 V52 SN B R N R e i -
0.2 nm, L5 2 14 A0 28 B AT DL 2200, P e ol
U5 0 AT 52 R 0,86 0 » R 45 19 A B € B2 Ol 0.
12 % o FH AN 2 BEVEAS AT 0, 8 bR SR 51 A R B

B o5 A SE A OO TR A M RS A
A AR 2R GEAR E 1A B E T

5 4% i

B — b 3= 3 2 e O H 2K O T bR E AR
AR 105 % AR B0 {3 K Y RE i A% ol T R
00 e P9 WD IO A A% 30 A ) DI Y L 5 KA A% 3l
TE AR A5 L AL Y LU AR T A B 454 T O YA B A
O . R B R AR O AR AE 0 U S0
TEWOC & K 5 o3 Hh — RS %80, S0 X 4 — % ik

1128001-6



ot %

n
¥

{5

PhRE S HEAT W . MR R OGS MO0 TR R O B R
TR AR 3E TE AR E R Cea () AR H )
PR B QO FHMAEEAE T (A) T (A) I (X)) FlbRE
B Cea QORI 2 FR L AT LA 3 S o 4 2 G
RO HENMBE LK A WX KR, ZT7
AR R G br o L AR, & AN E 2 0.87 06, 47
BAHERE (k=2)K1.73%.

7] DL TR 2 58 0 G ROt
T8 R GEWOGTE AR 8 TR SR E L AT DL S X
) H bR =S @:ﬁmﬁﬂﬁ%ﬁxm~w%%ﬁ5
uwWﬂﬁﬁ? 12 J% AT 2 B 1Y R D' S R O

KRG AR E L5 B AR A — E B A
B,

2 £ x M

[1] Wang J, Yuan M, Chen N, et al. Continuous tunable
cavity Fabry-Perot interferometer by using potassium
dideuterium phosphate with two ring electrodes[J].
Applied Optics, 2019, 58(16): 4425-4430.

[2] Pham T D, Xia ] S, Ha N T, et al. A review of
remote sensing approaches for monitoring blue carbon
ecosystems: mangroves, seagrasses and salt marshes
during 2010—2018[J]. Sensors, 2019, 19(8): 1933.

[3] Wang W, Chen F S. Design of baffle of imaging
system for earth observation on geostationary earth
orbit[J]. Chinese Journal of Lasers, 2014, 41(9):
0916001.

T, R LI . 1k 2 e b 00 I 5 A5 R G A O B
B ] . EEOE, 2014, 41¢9): 0916001.

[4] Dalponte M, Bruzzone L, Gianelle D. Fusion of
hyperspectral and LIDAR remote sensing data for
classification of complex forest areas [J]. IEEE
Transactions on Geoscience and Remote Sensing,
2008, 46(5): 1416-1427.

[5] Tyol]S, Goldstein D L., Chenault D B, et al. Review
of passive imaging polarimetry for remote sensing
applications [J]. Applied Optics, 2006, 45 (22):
5453-5469.

[6] He L, Song X, Feng W, et al. Improved remote
sensing of leaf nitrogen concentration in winter wheat
using multi-angular hyperspectral data [J]. Remote
Sensing of Environment, 2016, 174: 122-133

[7] Cendrero-Mateo M P, Moran M S, Papuga S A, et
al. Plant chlorophyll fluorescence: active and passive
measurements at canopy and leaf scales with different
nitrogen treatments [ J]. Journal of Experimental
Botany, 2016, 67(1): 275-286.

[8] Gronwall C, Steinvall O, Gohler B, et al. Active and
passive imaging of clothes in the NIR and SWIR

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

1128001-7

regions for reflectivity analysis[J]. Applied Optics,
2016, 55(20): 5292-5303.

Mura M D, Prasad S, Pacifici F, et al. Challenges
and opportunities of multimodality and data fusion in
remote sensing[J]. Proceedings of the IEEE, 2015,
103(9): 1585-1601.

Lee Z, Shang S L, Du K P, et al. Enhance field
water-color measurements with a Secchi disk and its
implication for fusion of active and passive ocean-
color remote sensing[J]. Applied Optics, 2018, 57
(13): 3463-3473.

Hui Z Y, Wu B P, Hu Y J, et al. Improved
progressive morphological filter for digital terrain
model generation from airborne lidar data []].
Applied Optics, 2017, 56(34): 9359-9367.

Saleh A, Aalto A, Ryczkowski P, et al. Short-range
supercontinuum-based lidar for temperature profiling
[J1. Optics Letters, 2019, 44(17): 4223-4226.
Heiskanen J, Adhikari H, Piiroinen R, et al. Do
airborne laser scanning biomass prediction models
benefit from Landsat time series, hyperspectral data
or forest classification in  tropical  mosaic
landscapes?[J]. International Journal of Applied
Earth Observation and Geoinformation, 2019, 81:
176-185.

Chen B W, Shi S, Sun J, et al. Hyperspectral lidar
point cloud segmentation based on geometric and
spectral information[J]. Optics Express, 2019, 27
(17): 24043-24059.

Yan Q, Yuan M, He TT, et al. Pulse laser
frequency locking method based on molecular
absorption[J]. Acta Optica Sinica, 2019, 39(10):
1028005.

FI, R, AN, S BT e 7 Mol By ik b O
U J5 %k BF 58 [T, o oE ik, 2019, 39 (10):
1028005.

Lim K, Treitz P, Wulder M, et al. LiIDAR remote
sensing of forest structure[J]. Progress in Physical
Geography: Earth and Environment, 2003, 27 (1):
88-106.

Asner G P. Carnegie airborne observatory: in-flight
fusion of hyperspectral imaging and waveform light
detection and ranging for three-dimensional studies of
ecosystems[J]. Journal of Applied Remote Sensing,
2007, 1(1): 013536.

Dalponte M, Bruzzone L, Gianelle D. Tree species
classification in the Southern Alps based on the fusion
of very high geometrical resolution multispectral/
hyperspectral images and LiDAR data[J]. Remote
Sensing of Environment, 2012, 123: 258-270.

Chen Y W, Riikkénen E, Kaasalainen S, et al. Two-



ot %

n
¥

{5

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

channel hyperspectral LiDAR with a supercontinuum
laser source[J]. Sensors, 2010, 10(7): 7057-7066.
Puttonen E, Suomalainen J, Hakala T, et al. Tree
species classification from fused active hyperspectral
reflectance and LIDAR measurements [ J]. Forest
Ecology and Management, 2010, 260 (10): 1843-
1852.

Chen, Shi, Gong, et al. True-color three-dimensional
imaging and classification  based on
hyperspectral LIDAR[J]. Remote Sensing, 2019, 11
(13): 1541.

Du L, Gong W, Shi S, et al. Estimation of rice leaf

target

nitrogen contents based on hyperspectral LIDAR[]].
International Journal of Applied Earth Observation
and Geoinformation, 2016, 44: 136-143.

Gong W, Sun J, Shi S, et al. Investigating
thepotential of wusing the spatial and spectral
information of multispectral LiDAR for object
classification[]J]. Sensors, 2015, 15 (9): 21989-

22002.
Belgiu M, Dragut L.

sensing: a review of applications and future directions

Random forest in remote
[J1. ISPRS Journal of Photogrammetry and Remote
Sensing, 2016, 114: 24-31.

Hakala T, Suomalainen J, Kaasalainen S, et al. Full
waveform hyperspectral LiDAR for terrestrial laser
scanning[J]. Optics Express, 2012, 20(7): 7119-
7127.

Chen B W, Shi S, Gong W, et al.
LiDAR point cloud classification: a two-step approach
[J]. Remote Sensing, 2017, 9(4): 373.

Feng L, Wei L. D, Yang L, et al. Design of double-

Multispectral

hyperspectral imaging system based on
curved prism[J]. Acta Optica Sinica, 2019, 39(5):
0511002.

WE, B4, B, A UL E AR B OGS

B ZGBTT]. 622, 2019, 39(5): 0511002.

channel

Wagner W, Ullrich A, Ducic V, et al. Gaussian
decomposition and calibration of a novel small-
footprint full-waveform digitising airborne laser

scanner [ J]. ISPRS Journal of Photogrammetry and
Remote Sensing, 2006, 60(2): 100-112.

Brell M, Segl K, Guanter L, et al. Hyperspectral
and lidar intensity data fusion: a framework for the
rigorous correction of illumination, anisotropic
effects, and cross calibration[]J]. IEEE Transactions
on Geoscience and Remote Sensing, 2017, 55(5):
2799-2810.

Dery B, Buteau S, Simard ] R, et al. Spectroscopic
field and lab-sized

calibration  correlation  of

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

1128001-8

fluorescence LIDAR systems[]J]. IEEE Transactions
on Geoscience and Remote Sensing, 2010, 48 (9):
3580-3586.

Meng X, Li L G, Han S L, et al. High dynamic near
infrared quasi Littrow
structure [J]. Acta Optica Sinica, 2017, 37 (10):
1030002.

G dE, Ny, wRIA, A R TE Licrow 45K 1Y
S I LL AR AUHT S [T Sk, 2017, 37
(10): 1030002.

Ceolato R, Riviere N, Hespel L.

spectrometer based on

Reflectances from a

supercontinuum laser-based instrument :

hyperspectral, polarimetric and angular
measurements[J]. Optics Express, 2012, 20(28):
29413-29425.

Cook B, Corp L, Nelson R, et al. NASA goddard’s
LiDAR, ( G-LiHT )
airborne imager[J]. Remote Sensing, 2013, 5(8):

4045-4066.

hyperspectral and thermal

Kaasalainen S, Lindroos T, Hyyppa J. Toward

lidar:

backscatter intensity with a supercontinuum laser

hyperspectral measurement  of  spectral

source [J]. IEEE Geoscience and Remote Sensing
Letters, 2007, 4(2): 211-215.

Li W, Niu Z, Sun G, et al. Deriving backscatter
reflective factors from 32-channel full-waveform
LiDAR data for the estimation of leaf biochemical
contents[ J]. Optics Express, 2016, 24 (5): 4771-
4785.

National metrology technical committee of legal
metrology administration. Evaluation and Expression
of Uncertainty in measurement: JJF 1059.1—2012
[S]. Beijing: Standards Press of China, 2012.
B R E IR RARE . WA E E
PG EAR: JJF 1059.1—2012[S]. Jtat:  EiRrE
AL, 2012.

Xie CY, Zhai W C, LiJ J, et al. Absolute radiance
responsivity calibration based on supercontinuum
laser and monochromator [J]. Acta Optica Sinica,
2019, 39(7): 0714002.

BEH, EOCHE, S, L S TRESEO-RE
ASC A 26 Xk 4 5% B o o B8 bR [T DB, 2019,
39(7): 0714002.

Borraccino A, Courtney M, Wagner R. Generic
methodology for field calibration of nacelle-based
wind lidars[J]. Remote Sensing, 2016, 8(11): 907.
Yamaguchi Y, Yamada Y, Ishii J. Supercontinuum-
source-based facility for absolute calibration of
radiation thermometers[J]. International Journal of

Thermophysics, 2015, 36(8): 1825-1833.



