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Fig. 2 Pure rotational Raman laser lidar for atmospheric temperature absolute detection throughout a day
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Table 1 Primary specifications of pure rotational Raman lidar

Parameter Value

Exciting wavelength /nm 532.0
Pulse energy /m] 300
Pulse duration /ns 10
Pulse repetition frequency /Hz 20
Diameter of telescope /mm 300
Field of view /mrad 0.5

Spatial resolution /m 3.75(@25 ns)
PMT quantum efficiency 0.17
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Parameter Value
a 0. 001
R 0.9519
n 1. 0003
h /pm 629. 300
Fy 45. 63
FWMH /pm 6
Maximum transmittance 0.556
Suppression ratio to elastic scattering /dB 30

M 2 W& L EOE TS 15 5 2 FPL LA
WA HEAOLET CH2 . AR5 14 i 2 LUAT S AN o 20 9
JETG G R GE . I RE BRI AT O Ot 3% Ot B
W ST B 3 MOLLF LB S i 2t it S
PLA . 2 r S el =2 BB 20Ot i N, 2 14l §%e 3)
PLEOCIEAE 5 12 B A5 6L M 50K 40 VT C L A OC
HAE AT X AR EAE SCRRC 10 PR ok . AR AR it
R AT S M0 A 3 p 0 3 2 R S PP

BSH IR 8 SR Al Bl S £ 38 I Y AH P2
75 3 SN GE BOAE S BO A R B Rk 3 B
Ro AAREDGLFEIE T =6 X PR ECR S S R Im 2
57 dB, AR (2) W15 5% i 740 T =6 B HLS #K 1f f
K, b J =20 MBI T 10 A5 LA L, PR H X g
RO 5 0 0 o) 23R 0 A R At 7 S £ 3 3 X
BRSSO R R AT T 60,5 dB, — B AT SOG4
SICRZ) Ny 80 % 54 FPI Al L4531 554388 18 1935 1 %
WA AR LB /NTE J =12 &b, & F o8 0. 24, K
16 ] =18 b, Bt R A 0. 429, ARICRHME 3 RS
00 FPT Ap X P 855 5 #2448 30 dB A9 Hll 2%, R M
SCHER[10 48 H I A7 5 Yl 5 6 4T Brage JEM4s & 19 5
7 Z e AT PR AR S R L2 90 dB By Bl =
S Ah 2 e 3] WG BOG LT Bragg YoMl B AE SR
£F L AR T A BR A 0 LB  £F A7 A 25 MO R ik
[l B RICRAR I () 2, 1T B Y6 4T Bragg Sl 956 =
G, R A FPL AT S 6 45 A 1963 o0 e
L T LU AR RS R AN H AR R 3.5 pmE
0.5 pm [HMELF B YL L EHAEN 9 pm+0.5 pm
GET , DA O R 38 A5 5 b gl sl = {5 5 4l
AR PR T T R 4 DR B A X6 ) I %) 4 A B r
SO TR S A PRI

*3 ZEERZ/OCRGEHIERES

Table 3 Performance parameters of multi-channel Raman spectroscope

Value
Parameter
J=6 J=38 J=10 J=12 J=14 J =16 J =18 J =20
Transmittance 0.315 0.267 0.242 0. 240 0. 266 0.331 0.429 0. 395
Suppression rate /dB 57 60.5 65 60.5 67.9 69. 3 69 69.5

4 RoivEResr
FRARHOR 5 i 07 2 L T A3 B B = b 4% 0 27 i it
R ORI F S P (2o R

c T

P;(z.0)=K - 59(J) « P, -T-Y(z)-

A ,
— NG eo(J,T)et"(2,2) » (18)
P4

AP K IR G2 RGEROR AL S A e R D2
MARBCRE (U N FOLLTEIE MBS F, Nk 3
FIE7R s ¢ YCELZS TR s Py 9 0O ik i & 95 2l R,
BUE,/z. Mo E, HEOCRKopaE &L o, 806 kb 98
FESA, B A O B Y () R LA & T
NGONKEDFHEE T (2.0 WK 2 X0 1K
RBHAFE,

B R KRR RIS S T RE S T 2l 8
P& A55 , NALE T 5 S (5 55 0K PH 4 4 7 o
A 38 I A T S BN s B S 4 60 dB Y
PR T BE N, o PR M ai i sh i 25 5.
K B S M 7S R 4 R I 4l shfr = O TR R H R IR

DU Yy S M S PR 3R, Kl B2 G 5 0 ) A RO BH A
S EE  ENZE D K A, =532 nm BT, R KB Y 5
SRR RE R B E AN 0.5 Wem “esr 'enm ', Y
FPI #7560 AA =6 pm B, ] LUAG & H 3% 96 90 43 o 78
B S0 3 T8 BRI 2 19 K FH T AR S MR T R 2 0
2.315X10 " W,

I FH 55 b o R AR L ] 3% 1 s B0 G 7R 36
RGBS H 0T DT 200 P 900 ' e Pk 10 T
B8] 9% 5 5 | &l sh 7 2 3l 3 [ 30 15 5 0 K P 75 5 48 5
M 7 R TR LS SRR 6 ) Bk, B 6 P s R
L ELRMELL SRR NP B2EE ] =6.] =
14.J =20 By AT 5 A D 2, TR s 48 38 10 238 0
R 7 & 38 38 B BT (Mie-Rayleigh) {5 5 T
K, [ R AR B S RN A Bl An R T AE A FPT fi
RATH] FPT B KBHHE S A IR, BT J =6
I Y 26 5% 2l S A5 S R T SR O B e
TPk S50 FC S 00 ) R ) B AR T T L T J = 20 38 Y 2l
PR RS RUIRE/NE T B &AL IS
SR R R L/ 6(b) B T X
AT IE PR M b TEZE A B R R P R M O H A

1310002-6



R

# 49 % £ 13 #1/2022 £ 7 B/ EMHE

(@ 6 -

| O~ solarinoise with FPI

Yo -----Raman(J=6)

L A S Raman(J=14)
k Raman(J=20)
T T Mie-Rayleigh

Height /km

solar noise
D/ without FPI

Power of scattering signal /W

6 4t s e WOt E B RERPERE T, (2 SLELE I A {5 5 T 3R 5 (b) 31 78 5 38 10 15 e 1
Fig. 6 Performance analysis of pure rotational Raman lidar. (a) Lidar echo power in typical channel; (b) signal-noise-ratio

(SNR) in typical channel

b e NEE g e el (O RV SN AR i R TS
17 min, 2K HE R 20000, % 46 5% 2 47 & 58 18 0 (E
M b AT 05 B LA LSRN 6 (W) s . B 6(b) R
SIEER RN HE £k o B 2R R 7E 1 R A F FPT Rk ff H FPI
A5 M H CSNR) , s 501 26 25 7 28 10 U8 00 149 £ Mk £
ML 6 (b)Y A LA H - 7 [a] 45 D0 1) 15 M8 bh (ol J 40 i
TR T A K52 560 0 118 O PH T 55 W 75 1) 5 ), 4 5% 2 f 2
WO T I8 15 e HE O £ it ve 32 186 i L 3 0 Ak 5 4
FPI JEBR KPR SRS 5 M L (B2 R 1G T — &
TR R Rt  an, J =6 B4l %% ol fir 2 38 38 015 M HL AR
F 10 BIRMFEE A 3.0 km #H0E] 4. 6 km, 1} J =20
{4l 5 2 2 3 38 0 fF W AR T 10 B9 R BE B
0.9 km ¥4mz 1. 8 km,

AR F KRR B B T A A X R D
ARHEASE TR EREL . K 7 pos, K79,
SRR LR A T b v R AR R A R R RO L 2k R 2
YIS T A R R FPT MR 4 B FPI e i 15 3] 1
T 38 B A, a5 R R W I P Y 1 L B B R L ML R R R
WOLTFRRGEN T, REN P emiEs, 0
56 WO B I8 W T S8 A8 Akt 2, BRI =X () FrR 1y
J52 i A5 AU A5 3] A 45 FE 85 a5 R e A o AR ] Ui B RR
LILT SRR EER A 0~1. 2 km 36 F AN 0 &R
FEAmZE 2R 0. 2 K AR A FPL . K #5278 25 3 45

288 ~

........ model temperature 74108
EEEEE system factor e

286 | - N e
: 110

Temperature /K
[\
e e}
~
System factor /arb.units

_ 1 10!
282 F—.—.—. nighttim;e' ..l \\“x}‘_\
daytime with FPI "~-._ "N 4100
- - - - daytime without FPI ) A
280 1 1 1 1 1
0 02 04 06 08 10 12
Height /km

B 7 4 %45 I T R TR R R
Fig. 7 Atmospheric temperature profile with absolute

probing retrieval

® 6 daytime
A with FPI
g 47
=
i
[}
T gk
O 1 1
1 10 100 1000

SNR

25, 11 K22 19 BEAUA 0.4 km, % EBIHOLH &
LA F B D A B2 0 0l A7 B0 T AR ME 2R A5 A 40 fEL 19
IR BE R s R T FPT Jm, e 1 K i 25 %F 107 19 e B 16 A
2 0.8 ke, AT RLUARAS XU 2 N — 5 v J3E Vi 1] A9 it 32 e
2, DTS2 R 1 SR JE A A 8 DRl 38 8 2 4R N

5 4 1w

FE T 4 R o4 o0 3R 1) 4 B Sh R B O T Ok 1
FAR AR B IR T 2T FPT S5 K5 A7 4k
WA PR £ 347 7 = 3 T T 43 O R G, ) s X AR Sy A
KA A0 FPI BBl E A0 FWHM $E17 1401k i%
T, GElE BE A FWHM 43 525 629. 300 pm F1 6 pm.,
FPI 119 5 5 23 Rl B 8 240 B 43 03 o 0. 9519 F1 45. 63,
AT L v R0 B K BH A S5 S e R R A 4 2 i A
SRR 8 KN, T IEE s T =6~20)1E
Shy e ot R R AR T A ) I Y R L &5 AR IR A
X — B A7 SR O A 3 5 R L SR T 4l e Bl
X B A 5 2 60 dB BRI R 0 B A M &G R R
78 2R S 17 min B, R 868 Sh B2 0O R 4
A LI M A T 10 B R 1.8 km 9 8 i il 4l %
S 255 R B, OB T Ik R 50 B8 R E
1T KWMZENFEMEER 0.4 km # % 0.8 km, %JE
SRR B R E S N T WG . T LIRS X R
J2 P — 2 1R RV LA R B 4k DA T S B 4 R R K
T BE B TCR IEHR N

s £ X #

(1] %dEsr, B4, 2gE, %, REPWHE%IM]. dbat: dbatk
2 A, 2003 25-28.

Sheng P X, Mao ] T, LiJ G, et al. Atmospheric physics[M].
Beijing: Peking University Press, 2003: 25-28.

(2] BRWiJE, B84, Df, A% R4 i KUBOG R 38 N R
Swrrit ], Bt 5ot TR, 2020, 57(19): 190003,
Chen B L, Yang Z D, Min M, et al. Application requirements
and research progress of spaceborne Doppler wind lidar [J].
Laser & Optoelectronics Progress, 2020, 57(19): 190003.

(3] WM, R/AhA, XMESE, . HET 28 W0sE ik n i 72 NG
WSEAGF]. P E#OE, 2021, 48(11): 1110001,

Jin X, Song X Q, Liu J X, et al. Estimation of turbulence

1310002-7



(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

R

parameters in atmospheric boundary layer based on Doppler lidar
[I7. Chinese Journal of Lasers, 2021, 48(11): 1110001.

XU, RITE, B RAARZEARIEREN &A% e
JeEik U], KR, 2007, 27(5): 755-759.

LiuJ, Hua D X, Li Y. Rotational Raman lidar for daytime-
temperature profiling of the atmospheric boundary layer []].
Acta Optica Sinica, 2007, 27(5): 755-759.

AR, TR, BIE5E, % AXHFE KSR R A s 2
HOLHIB RG], W, 2016, 65(14): 143301,

LiSC, Wang DL, Li QM, et al. Pure rotational Raman lidar
for absolute detection of atmospheric temperature [J]. Acta
Physica Sinica, 2016, 65(14): 143301.

Arshinov Y,
interferometer to isolate pure rotational Raman spectra of
diatomic molecules[J]. Applied Optics, 1999, 38(21): 4635-
4638.

ARV, 4T, W, . 2 RER AN RO E AR BSOS
BRG], b4, 2017, 37(6): 0601003.

Shao J F, Hua D X, Wang L, et al. Full-time lidar system for
ultraviolet high spectral Rayleigh temperature measurement[J].
Acta Optica Sinica, 2017, 37(6): 0601003.

SOk AW, SRR, AF . E A O EOE E S SR 2
R LZ RAREE[J]. KRR, 2002, 26(1): 23-29.
WuY H, Hu H L, Hu S X, et al. Measurements of thermal
profiles in the stratosphere and lower mesosphere with Rayleigh

Bobrovnikov S.  Use of a Fabry-Perot

scattering lidar [J]. Chinese Journal of Atmospheric Sciences,
2002, 26(1): 23-29.

BT, TR, R, . ARKSIME M ShB2 0L E K
RG] . BOLELA, 2012, 42(5): 499-504.

Shi X D, Zhang Y, Hou T J, et al. Spectroscopic device in
rotational Raman lidar for measuring atmospheric temperature in
daytime[J]. Laser & Infrared, 2012, 42(5): 499-504.

IS, R, FTW, . ARS8 OLE Rk
ARGVt RAERELT]. B4, 2018, 67(1): 014207.
LiQM, LiSC, Qin Y L, et al. Design and performance of
spectroscopic filter of rotational Raman temperature lidar for
absolute measurement[]J]. Acta Physica Sinica, 2018, 67 (1):
014207.

LiSC, Hua D X, Hu L L, et al. All-fiber spectroscope with
second-order fiber Bragg grating for rotational Raman lidar[J].
Spectroscopy Letters, 2014, 47(3): 244-252.

Chen SY, QiuZ]J, Zhang Y C, et al. A pure rotational Raman
lidar using double-grating monochromator for temperature
profile detection [J]. Journal of Quantitative Spectroscopy and
Radiative Transfer, 2011, 112(2): 304-309.

Tham, SREME, BEVE, & OBOBMEEEE Zhh S R O A R
GArEAEr ], FEEOE, 2007, 34(1): 94-98.

Su J, Zhang Y C, Zhao Y F, et al. Optical design of double
grating monochromator of a pure rotational Raman-lidar [J].
Chinese Journal of Lasers, 2007, 34(1): 94-98.

W, R, EIH, M. alife sh @ OE T R R AL 5t X

[15]

(16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

1310002-8

# 49 % £ 13 #1/2022 £ 7 B/ EMHE

WM O TR B [T]. 204 5 ot TR,
1030001.

Shang Z, Xie C B, Wang B X, et al. Pure rotational Raman lidar
measurements of atmospheric temperature near ground in Beijing
[J]. Infrared and Laser Engineering, 2017, 46(10): 1030001.
TR, &%, BRI, SRR R AR R
R P2 ROLF L RG], St 2015, 35(3): 0328004.
Wang Y F, Gao F, Zhu C X, et al. Raman lidar for atmospheric

2017, 46 (10):

temperature, humidity and aerosols up to troposphere height
[J]. Acta Optica Sinica, 2015, 35(3): 0328004.

LiSC, Hua D X, Wang Y F, et al. Fiber-optic spectroscopic
rotational Raman lidar with visible wavelength fiber Bragg
grating for atmospheric temperature measurement[J]. Journal
of Quantitative Spectroscopy and Radiative Transfer, 2015,
153: 113-118.

BHER, BAFE, IR, S 2FRENIRBOETE LGSR
Gevcit U], SteE2Elk, 2010, 30(1): 7-13.

Mao J D, Hua D X, Hu L L, et al. Design of spectroscopic filter
of all-fiber rotational Raman lidar for temperature profiling[J].
Acta Optica Sinica, 2010, 30(1): 7-13.

MR, g, B, 48, 3T =9 Fabry-Perot #5#fE H# 4l
eahhr e MR WOLTE B 1], B, 2008, 57(6): 3941-
3947.

Wang S L, SuJ, Zhao P T, et al. A pure rotational Raman-lidar
based on three-stage Fabry-Perot etalons for monitoring
atmospheric temperature[J]. Acta Physica Sinica, 2008, 57(6) :
3941-3947.

Arshinov Y, Bobrovnikov S M, Serikov I B, et al. Temperature
profiling in the atmosphere using lidars [J]. Proceedings of
SPIE, 2001, 4397: 453-460.

Weng M, Yi F, Liu F C, et al. Single-line-extracted pure rotational
Raman lidar to measure atmospheric temperature and aerosol profiles
[J]. Optics Express, 2018, 26(21): 27555-27571.

JEMS, YkAe, EIR, . T A B T WA 5 R -k
BRGT I RO Tk T L1, RO, 2020, 47 (12):
1210001.

Zhuang P, Shen F H, Wang B X, et al. Rayleigh-Mie wind lidar
based on Fabry-Perot interferometer [J]. Chinese Journal of
Lasers, 2020, 47(12): 1210001.

Arshinov Y, Bobrovnikov S, Serikov I, et al. Daytime operation
of a pure rotational Raman lidar by use of a Fabry-Perot
interferometer[J]. Applied Optics, 2005, 44(17): 3593-3603.

McKay J A. Single and tandem Fabry-Perot etalons as solar
background filters for lidar[J]. Applied Optics, 1999, 38(27):
5851-5858.

Ok E, AKR, L A RERAR BRI B i b 2
SR RGBT SO EI] . JeeF R, 2019, 39(3): 0301004,
Gao F, Huang B, Shi D C, et al. Design and simulation of pure
lidar system for
atmospheric temperature[J]. Acta Optica Sinica, 2019, 39(3):
0301004 .

rotational Raman daytime detection of



R £49% £ 13 H/2022 £ 7 B/ EE,

Multichannel Pure Rotational Raman Spectroscopic System for
Absolute-Probing Temperature Lidar Throughout a Day

Li Shichun"*, Wang Xu', Zhang Penghui', Xin Wenhui', Hua Dengxin"*",
Hu Xianglong', Song Yuehui'*
' School of Mechanical and Precision Instrument Engineering, Xi’an 710048, Shaanxi, China;
* Collaborative Innovation Centre for Modern-Equipment Environmentally- Conscious Manufacturing, Xi’an 710048,
Shaanxi, China

Abstract

Objective  Atmospheric temperature is an important meteorological parameter in atmospheric physics, weather
forecasting, and environmental monitoring. Because of the advantages of high temporal and spatial resolution,
atmospheric temperature lidar has become a research hotspot. Because of the influence of aerosols at the bottom of the
atmosphere, pure rotational Raman and Rayleigh high optical spectral lidars have become important equipment for
observing atmospheric boundary layer temperature profiles. Among them, the pure rotational Raman lidar with a medium
optical spectral resolution has particularly developed rapidly. However, it still has problems such as daytime detection
capability and system stability, which have become critical factors in limiting its application. Based on the current
application status of these optical spectroscopic bulk optics in the pure rotational Raman lidar, particularly the application
of F-P interferometer (FPI) in the temperature relative detection technique of pure rotational Raman lidar, a multichannel
pure rotational Raman lidar spectroscopic system is proposed and designed by combining with the research progress of our
research group in the field of absolute-probing temperature lidar.

Methods Considering the influence of the atmospheric fluorescence signal, the pure rotational Raman signal of the anti-
Stokes branch is selected in the pure rotational Raman fine spectral-line structure of nitrogen molecules in the atmosphere
to retrieve the atmospheric temperature. The FPI is used as a frequency comb filter to configure the primary pure
rotational Raman spectroscopic system to effectively filter the daytime solar background noise and the pure rotational
Raman spectral signals of other gas components such as oxygen molecules, which are distributed between the pure
rotational Raman spectral signals of nitrogen molecules. A secondary pure rotational Raman spectroscopy system is
constructed using the advantages of a low-order diffraction grating for spatial spectroscopy combined with a precise and
uniform fiber line array to effectively extract the pure rotational Raman signal of the even rotational quantum number of
nitrogen molecules. Based on FPI and low-order diffraction gratings, a two-stage pure rotational Raman spectroscopy
system is promoted to effectively filter the background noise between the pure rotational Raman spectral lines and achieve
a suppression rate of approximately 60 dB for elastic scattering signal, thereby achieving absolute detection of atmospheric
temperature profile based on the pure rotational Raman lidar.

Results and Discussions First, the FPI application results in the relative detection temperature lidar and multichannel
pure rotational Raman absolute detection temperature lidar technique are combined, and the direct retrieval model of the
atmospheric temperature from the multichannel pure rotational Raman signals is analyzed based on the principle of least
squares. A statistical error model for retrieving atmospheric temperature from multichannel pure rotation Raman signal is
proposed using sensitivity and signal-to-noise ratio (SNR) theory. A two-stage parallel 8-channel pure rotational Raman
spectroscopy with FPI and low-order diffraction grating as the core is designed, followed by the construction of a pure
rotational Raman lidar for absolute temperature measurement throughout the day (Fig. 2). Second, based on the
spectroscopic principle of multibeam interference of FPI, it finely matches the spectral structure of the pure rotational
quantum number of nitrogen molecules and optimizes performance parameters such as the free spectral range, fineness,
extreme transmittance (maximum and minimum transmittance), and full width of half maximum (FWHM) of FPI.
Considering the film loss and mirror defects of FPI, the structural parameters (Table 2) and performance parameters
(Fig. 5) of FPI are optimized to match the pure rotational quantum number Raman spectra of the anti-Stokes branch of the
nitrogen molecule. Therefore, we can suppress the elastic scattering signal by approximately 60 dB using a two-stage
spectral filter ( Table 3), and effectively filtering out the solar background noise and neighboring spectra in these
eight channels. Finally, assuming that the radiant energy density of the solar background light is approximately
0.5W-m *-sr'"nm’

the SNR, the signal power and SNR of the rotating Raman lidar for absolute profiling atmospheric temperature throughout

, and the standard atmosphere model and statistical error analysis model are combined based on

a day are simulated (Fig. 6) using the system parameters of the pure rotation Raman lidar (Table 1) and the multichannel
pure rotation Raman spectroscopy parameters (Table 3), and then the retrieval temperature deviation of the system are
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analyzed (Fig. 7) to verify the effectiveness of 8-channel rotating Raman spectroscopy system.

Conclusions In this study, we propose and design a two-stage parallel 8-Raman channel spectroscopic system with FPI
and a low-order diffraction grating. The mirror spacing and FWHM of the frequency comb filter FPI are optimized to be
629. 300 pm and 6 pm, respectively. The reflectivity and defect fineness are 0. 9519 and 45. 63, respectively, to
efficiently filter out the solar background radiation noise and adjacent Raman spectral-line signals. The eight even
rotational quantum numbers of nitrogen molecules (J = 6-20) are chosen as the retrieval spectral signals for the absolute
detection of atmospheric temperature profiles. The pure rotational Raman channel can suppress the elastic scattering
signal by approximately 60 dB when the test results of the first-order diffraction grating by our research group are
combined. The simulation analysis results show that, while the accumulation time is 17 min, the pure rotational Raman
spectroscopic system can achieve the synchronous extraction of 8-channel pure rotational Raman signals of up to 1.8 km
during the daytime with SNR better than 10. The detection height of the lidar for directly retrieving temperature is then
increased from 0.4 to 0.8 km with a deviation less than 1 K. Considering the actual lidar system overlap factor, the
temperature profile of a certain height in the troposphere can be obtained, allowing for uncorrected detection of
atmospheric temperature throughout the day.

Key words remote sensing; lidar; pure rotational Raman absolute-probing temperature; F-P interferometer; fine
Raman spectra; uncorrected detection
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