H 3 39K |
K11 43 W Wit v 3 78 o AR 2 55 A TR TR Gk

y 1,2 A B Lo /1,2
BRERY, NEY B
"M R B TR R R AW I B W AR IR IR S s K E S TR R, YL B 210044
TR B TR RS ARG UE U ST AR PR R AT T, VIR At 210044

WE U T B R TR O O & A 3 5 TIOR8 R R 23 O A o WOGHS B i R T IR AT
ZYOCLT RN A SR, BRAT T R 1Y 60 W s - 149 2 3 Jik b JOe i o TR e O 8 2o IR 43 5 R S AR 4 1) I L AE
VUL I8 ) 58 5 2 S it A R, B = A T 1) R W A 0T R I A 5 e G T 45 SRS B A TR) — S T R A
BT ZE R BT ER ARG U IT R T R G R 05 BT 5 M I 56 5 GE X A A, (5 LA SRR, R GERE RS AR I
[ 3 B2 30 min T B R B4R BN T km T 58 0K L B 28 2 1) AT XU f) [] 200, FE v 60 ke g 2 b il
BB I 1R 25 00 1. 99 K, 226 ) K 7 WU BRI B 152 25 4. 78 m/so R GEHY S TIE L 46 25 SRR W, 60 km & J3 b KU
BRI 2 O 2. 4 K, 28 4 1) 7K O KU B S 3R 22 40 3R 8.7 m/s BT 8. 5 m/s, ST 4 S 5 R AT SR T BRI 4 SR AT

X Eb ST R — BohE
KEIW LAY BOEE R
hESES  NO5S.98; P425.7; P423.6

1 5 5

hEE KRB RN A EASTFRER
SR A R o KR A R R AR P R 2R K
SRS M FEAR S i, WO R 2 KRB IR B ARG HE
A7 e B 25 43 B e i 2 LK AT B T AR o b s )2 KRR
T A R A AL R R R R K B R R R A o R
Bt A 223§ 06 Tk IO 5 KR AR ELAE
FH 7= A 0 s A O 5 nT LS 30 kR B LB YK
TR B AN K3 I, I b T TR R T B
B 25 Bk v B, O L A% i s 25 A SO /6y, R b R —
b Wl e J2 R AOIRAS I BRAR T BLUY . SR, B
At v 2 R H R 22 O R A R — T HL Pk R
PERY T AR,

1o 25 KA A 25 50 B RV ) R ) S 2
153 F1] 22 32 80 80O TR 1k B2 U B (00 v S 2 R TR
5 15 M E (SNR) AR, S T 38 KA 8 B DA os /s KUk
DB 15 22, H AR08 DL ik 2 B A 5 B4 i ) L3 Ok
25 [ 43 R AL BOE TR IR R GG S WA SR . B
an, 96 ALOMAR i #2235 880 0% 75 38 & 48 4 wil fiff
AW EFE RN 14 W &M% R 30 Hz A0 #
I 2 15 5 e 20 3 T) el 00 ek 2 8 g XUk o S ] 43
PES A 2 h R S A3 PR 2 km B9 I £5 4R, 80 km

MR E A B s > T s 23
NEIRES A

DOI: 10.3788/A0S5230500

1o B B K XGE I 5 258 20 m/s . % [ Haute-
Provence % F] 2 - # O R IA RE M H T —&F1
TR Hy 24 W AR 30 Hz YOG %% , 5 06
SRR E 1 D =105 = o e o 1 1
AN K 38 TE TR R L FR G K P XL )
Y HER K5 h BE B A HE R R 2 km, 60 km i B K F
JRGH A R 22 R 8 m /s

22 0 W AR DA TN X SO 0 AR AR e
KA R T AN YAG EOER P G, R s
DG it J52 B 4 ol 75 50 K i 0O B 0005 5 T AR T
FEIT RN RE A PR HF— B, RIS A7 — 2 7 1A
R E AR, 3K 23 25 KGN £ 51 A B K I R G ik
27, ALOMAR B0 5 35 H 0 SO6 38 1 o 4 5
B L} 20 1 J3E B v WA 3 £ 17. 5 MHz, %R 51 AR 7K
S RO 15 25 24 Ry £ AL 7 m /s, FUAE DR i e AE
5 FELAY B R X SO AR B Bl R AT T X T B OG
AR BEHLEL Bh 51 A B K I R 220 v E AR R
K 2E M R 20 2 E 1 2238 8 B0 78 18 38 1 — i ik
A -3 % (F-P) A5 1 5 X 3O AR 17 8 , LA Skt
Tl ¥ WO A A1 F-P b o 2 S0 = o R IR AR SR O LA
BB T O R R E MBI T R G AR R
BRI RS E R A B A O AR LR A 5T e
AT 1 10 58 2 7 =X ) 22 305 8 000 XL o R 8 i ok PR A 4

Wi HE . 2023-02-03; fEEEHHE: 2023-03-02; KABH: 2023-03-12; MEEEZHB: 2023-03-22
ELWB: EEAKRPAIES (42175145) TLIRE W58 A= SR B T 21 (SJCX22_0362)

BIS1E#& . lingbingbu@nuist.edu.cn

2428001-1


https://dx.doi.org/10.3788/AOS230500
mailto:E-mail:lingbingbu@nuist.edu.cn
mailto:E-mail:lingbingbu@nuist.edu.cn

il B 77 5 9 1 F-P A i B il F-P AR o 5 XA
2ok 22 X R Bl BRI IO A R AR 4k, S B n
+50 MHz 8 Bl 4 A9 %% 32 3h R 2 e op [ R
g FE 5 28 1) Bk op o 9 R 0 4 A B R 22 B OE R
K T 3 00 IO 4 K b T R W R TR AR,
I B S i b S S R R T A S8 IR S0 R [
W Aw 5, VR I BR IO 28 AP AR M5 1A B XU
AR KRG R 2 HE RO 2 h FLE B R
3 km £ F T, 70 km 5 FE A KO XU I &R 22 N
10 m/s™,

ZE BT IR OB AR PR RE AR KRR B B T F )
22 1 B O TR I8 R IR TR R XU g ) 5 2 0 B R
A R 25 . PR A SO T — T R AT R
B R O R 223 1 4 2 E Sl K 1) 7R
F 23 O IR R G, 5T RR 7 IR B ROR (0t
PRARATE T 0 R — B 5 b 4 e B A R A 1 Pk o R
OB IR 3 T AR 206 i o R & B &R
GLEL T AR £l MR S R T T A 23

&5 43 % % 24 H1/2023 £ 12 B /R3320
) IR i (=0 s o |61 o <19 1 O [ G O B S
S IF R T PRI fi i AR L5 LA 5 R S 0 PR 2 SR Y
I UEXT HE T AE

2 WOLHRERG

ZHT R E A 2% 8 POt R R R S ARk an
El 1) in . REGEHE4 —E 7R 2 90620 fnE ik
TR A i b O 9 i o B R G
JEAMR U T L PG 1) Al 1) A B KRR, KA
F S IR G IR 1 EUHE S R R D R AR A
A Z 6 A v I 4% i 2 0 20 B2 I Bl rh AT O
Wi, KEEEFSERASH =6 KROEZR
1 m A6 2% B 3 5 21 A, L v T 5 B % LA R T 30°
10 4 1E 22 JiCHE 43 A8 B P (WT) MIEJE (NT)
lia) FH T 000 6 245 ) A2 1) KO XU, JE AR A (VT Y
A 376 e O KRR B O 3R HL R ) K
Wie. REMNEERESBAER LPLHH K Egs
R TR R 2

______________________________________________ ® N v
....... i o o
time-division multiplexing 1 VT
transceiver system |
Hof
MF MF | yp 1 M
1 ] ]
wT fl HWP 1 FBS1 HWP 2 BB5 2
! 4
1 o
s A0 45° o WT
Yot :
S '@ {
¢ tel ' . M
€ eseope 1 ! PBS1 ! PBS 2
o : HWP 1 * HWP 2
o * : 45° 4 M NT 450
1
1
. + We Ue Wegode A
laser system 532 nmy 3 M 1 ] ]
1 [ ’ ’
' b | i | | : mwp1r  UBS1 ‘pwpp  PBS2
! seed 1064nm | Nd:YAG mJ! 1 1
: laser | 532 nm laser - . i R | — i : : horizontal polarization @ : vertical polarization
1 1
' r©
______ 45°
""""""""""""""""""""""""""" HWP 1 | I I | 0°
45°
HWP 2
I I I I 0°
o I_I I_l l— open
L " . vr close
1 MF: multimode fiber; BS: beam splitter;
| LM: laser mirror; IF: interference filter; open

AL interference
filter chopper 1

: BE: beam expander; VT: vertical toward;
1 FC: fiber coupler;
1 AL: aspheric lens;
| HWP: half-wave plate; PMT: photomultiplier; NT
PBS: polarizing beam splitter

[ 1
[

wT close

WT: west toward;

NT: north toward; open

[1

close

B A 238 8 RSO T s R G () REOGREE I 5 (b) B4 52 F & 5 o't I 30 38 U 46 S5 8 5 (o) B 43 40 ) % S ot B s ol )
Fig. 1 Design of Rayleigh Doppler wind measurement lidar system. (a) Optical design of system; (b) principle of transmitting optical

path channel switching in time-division multiplexing; (c) timing control of transmitting optical path channel switching in time-

division multiplexing
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Table 1 Main configuration parameters of Rayleigh Doppler lidar system
Device Parameter Value
Wavelength /nm 532. 259
Average power /W 60
Pulse repetition frequency /Hz 200
Laser Pulse Width /ns 7
Pulse energy /mJ 300 @532 nm
Pulse laser linewidth /MHz 185
1064 nm seed laser frequency stability /MHz Eps<<1.5@16 h

Diameter of telescope /mm 1000
Receiver Field of view /mrad 0.4
Diameter of optic fiber /mm 0.6

Numerical aperture of optic fiber 0.37
) o o Transmission efficiency /% 95

Time-division multiplexing system . o
Channel switch transition time /s 5

Transmission efficiency /% 30
3-in-1 fiber efficiency /% 90

Band width(FWHM ) of narrowband filter /nm 0.15
Maximum efficiency of narrowband filter /% 80

Todine doppler spectrometer system Quantum efficiency of PMT /% 40(H7422)
Todine cell length /cm 10
I, cell temperature control accuracy /°C +0.01
Maximum acquisition sampling rate /MHz 800
Sampling raw range resolution /m 150

@

;' pulse chopper

seed laser : WDM i reference laser ‘:
1064nm ——>— [EOM = | [Jup1 ‘ 532 nm |
Aiber ampiifior ——— \ : — i
i LD 3 LD 2 ¥ ! 1 liodine cel‘% PPLN |
| >2 ul, <10 n TIBP | : E | seed laser !
QOL TIBP pg TIBP WDM oC ) H \ control 1064 nml_l K

A2

___________

DFB: distributed feed back laser;

EOM: electro-optic modulator;

WDM: wavelength division multiplexing;
TIBP: tap of bandpass isolator;

CPS: cladding pump stripper;

YDF: Yb-doped fiber;

YDCF: Yb-doped double clad fiber;

LD: laser diode;

COL: collimator;

AMP: slab laser amplifier;

LBO: LiB,O, crystal;

PID: proportional-integral-derivative;
PPLN: periodically poled lithium niobate

LEO 1064 nm

HR

2 AT IR O BOE AR 09 A o () B HRN T IO 558 5 (b) R T F iR B o0

Fig. 2 Components of seed source direct amplification laser. (a) Frequency-stabilized seed laser unit; (b) solid-state power amplifier unit
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Fig. 3 Principle of single-edge Doppler frequency detection of

iodine molecular absorption spectral lines
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Fig. 4 Response of iodine cell discriminator in measurement range. (a) Relative transmittance; (b) sensitivity
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Abstract

Objective  The high spatial and temporal resolution observations of the middle and upper atmosphere can promote the
study of atmospheric circulation coupling mechanisms and improve the accuracy of medium- and long-term weather
forecasting. The Rayleigh Doppler lidar (RDLD) is able to detect atmospheric temperatures and wind speeds above 30 km
altitude. However, the signal-to-noise ratio of the high-altitude Rayleigh backscatter signal received by RDLD is
extremely low. To ensure measurement accuracy, it is normally required to increase the measurement spatial and temporal
resolution, as well as to optimize the signal transceiver efficiency of the lidar system. Doppler shift wind speed
measurement requires high frequency stability of the emitted laser, and the output frequency of the traditional seed injection
laser cannot be kept strictly the same as the seed laser. In this paper, a new RDLD is designed using a new seeder multi-
stage series direct amplification multiplier laser and a polarization-splitting-based time-division multiplexing transmitter
system. The problems of long integration time and unstable laser frequency consistent with existing RDLD are solved.

Higher spatial and temporal resolution atmospheric temperature and wind speed measurements are obtained.

Methods The system is equipped with a new laser system to output high repetition frequency and high energy pulsed
laser. The laser is emitted into the atmosphere in vertical, westward, and northward directions in sequence by a
polarization-splitting-based time-division multiplexing transmitter system. The atmospheric Rayleigh backscatter signal is
coupled into a multimode fiber by the receiving telescope, combined into one way by a 3-in-1 optical fiber and sent into a
iodine cell frequency discriminating receiver for atmospheric wind speed and temperature measurements. The simulation
method is used to calculate the expected detection performance of the new RDLD design, and verify the feasibility of the
new design. Finally, we built a set of RDLD according to the new design. The real atmospheric echo signal, atmospheric
temperature and wind speed measurement results are obtained through the observation experiments. The real performance
of the new RDLD system will be analyzed by comparing with the simulation results, and the accuracy of the measurement

results will be confirmed by comparing with the atmospheric model and satellite measurement results.

Results and Discussions The simulation results of the new RDLD in Fig. 8 show that it can achieve simultaneous
measurements of atmospheric temperature and zonal and meridional horizontal wind speed with a temporal resolution of
30 min and vertical distance resolution of 1 km. The detailed conditions of an integration time is 5 min for the vertical
channel and 12.5 min for other two inclined channels. The theoretical measurement uncertainty of atmospheric
temperature at 60 km altitude 1s 1. 99 K, and the theoretical measurement uncertainty of zonal and meridional horizontal
wind speed is 4.78 m/s. In the observation experiment (Fig. 9), the actual average measurement uncertainty of the
atmospheric temperature of the new RDLD is 2. 539 K, and the actual average measurement uncertainty of the zonal and
meridional horizontal wind speed is 2. 972 m/s and 2. 575 m/s, respectively. The zonal and meridional horizontal wind
speed average measurement result differs from the average model result by —2.327 m/s and — 3. 946 m/s in the altitude
range from 30 km to 50 km, and the temperature average result differs from the average model result by 1.137 K
(Fig. 10). In the altitude range from 50 km to 70 km, the zonal and meridional horizontal wind speed deviation increases to
—5.904 m/s and —12.703 m/s, and the temperature deviation increases to 1.447 K. The difference between RDLD
measurement and satellite measurement is 2. 889 K and 4.038 K in the altitude ranges of 30-50 km and 50-70 km,

respectively.
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Conclusions The proposed Rayleigh Doppler lidar applies a seeder multi-stage series direct amplification multiplier laser

system for ground-based mid-atmosphere detection. The laser system provides high-frequency stability, high laser
repetition frequency and high single pulse energy laser output through direct power amplification of the seeder by a multi-
stage fiber amplifier and solid-state amplifier. The laser atmospheric echo signals received in three directions are combined
by a 3-in-1 optical fiber and sent to the same set of iodine cells for Doppler discriminations, the wind speed measurement
uncertainties introduced by calibration differences of multiple channels can be avoided. The simulations and experiments
have shown that it can solve the problem of too-long signal integration. The polarization-splitting-based time-division
multiplexing transmitter reduces the overall system's complexity. Experimental results demonstrate that the actual signal
transceiving capability and measurement performance of the system have been close to that expected in theoretical
simulation. After that, simultaneous measurements of atmospheric temperature and horizontal wind speed at vertical
distance resolution of 1 km and time resolution of 30 min are obtained. The accuracy of the new RDLD measurement
results is validated by the good agreement with the European Centre for Medium-Range Weather Forecasts (ECMWF)

atmospheric model and Thermosphere Tonosphere Mesosphere Energetics and Dynamics (TIMED) satellite measurements.

Key words sensors; lidar; middle and upper atmosphere; Rayleigh scatter; iodine molecular absorption cell; doppler effect
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