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Fig. 1. (color online) Design sketch of the prototype.

3.2 CEAKIEH

5 03, SO5 A1 Hy O ZEAH EL, CO4 IR I 25 F
WA, KT on I K 1B B R W g s 1 A v T
LK b AR E (5 22 b A% I AE 75 MHz (4

0.6 pm) Z A 0L 3Tk ok =, Hoag k)
PLBCK, Ty HLIE AT A0 3 1) LA R B JBOR 2%
SR E AR T E ML, BT DUBK O 1 = ks
JERRRE MRS SE & 42 R G M 2 KA.

B 2 e T se . S eiE L oy

244206-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 24 (2015) 244206

FELF 5 AP, 10% W6 B A — > InGaAs-
PIN %, 90% 164 5d — A 16 Y62 SRR i
Ja 8 5 — AN H A 25 1) InGaAs-PIN Bz, ¥
P S 00 £ e A B AT AT T B ki O 1Y
Re B, DA 35— K o 2 5 R I B A
I JE, G RHNEOG A8 BT K, SRR
AW USCRE SR J5 R Voigt 28 1 3K g ic s i A &
DR R i Kb e R 7 A8 Voigt £, 541 3.3 171
i BB TRV RAZ BT IS, e ot Hoadb A7 7
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S(T) = o0 exp [Ek}fc( )} 5)
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p = ?0 21112-7(1%11)7 (7)

v AP (DK BRI, v A TR Y H O PR B
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To 53 MR FRAE K SE R BRAEBE, o /2 hr i 2% 78
JE, n e R 386 8 R B IR R AL, ks R BUR
R, B RS, h AR EE, mas T
Fig. B SHEEORIE T HITRAN2012 17
[l 225 7 R 31645 1) (R 7 AL

2 (MTPRt) %EET%E’J&&E%J%E

Fig. 2. (color online) The integrated wavelength con-

trol unit.
FIAl, B2 BEXT ~1.6 wm kb oe 4T = ks 2
(< 0.1 pm) PWKMBFB AT, N ke b7
FEERe, BT T SRR SEE, BON =ANEAR
WS (R14, R16 1 R18) #EAT S, i@ 2
AHARIEE 2 ] i) 0 25 ok 5 B A AT X b, AT TR 4%
HIGIE R AR 4 R

A VR LI A RS BE N5 pm BB K E
(Bristol 821-B) #HATHIEIEGE. & 1 IR, e R
SR Z ZAE 5 pm KT &R Z V6 DL,
T L UG 381 0ég F B 28 5 BB AE 1R 22 540 318 0.06 pm
15 pm. SLEGEE KR, FIH BATOHEI K E
P BTG I 8 A 7 15 BB A5 9 A2 S B R FH 6 9 K 58 bR
1) TR P 5 SR I b ) R 2 A N S 4 SRATE
SCHR [19] P FEANHRIE, HEALAS FEERIR

F1 SPEIRY A AR R (AL nm)

Table 1. The result of wavelength calibrations (unit: nm).

SEbR4E R FRIRME
R14 1572.655692 1572.66
R14—RI16 0.32459 0.32465
R16 1572.331102 1572.335
R16—R18 0.315624 0.31715
R18 1572.015478 1572.018
- EAE
1.55 - BfE

0 10 20 30 40 50 60

W) /min
K3 (MTIRE) KRR R, e B i E

HIBRMEA 2 TP AKER A KT 2 pm

Fig. 3. (color online) Frequency stabilization of long
period, the threshold of OD is equivalent to wave-
length drift of 2 pm.

H1 T I G A P 0 AR KOG B
PRI IR A B 00 R R A AR XOUIE T R LA . >
WA E b TSI S5, G R H B ] 7 0 £
PR I RE R L2 B 2 L0k, 3 X — B 5T A
RIBKIERS, HR T R 1 77 1) RO )
I, B A XOGE I T BLS ) Bk b O 1 RE R
Pz, AEFE I XU 4% 10 2 3 P 22 5, R
RA KR AFAERENLRZ. T, Fairs B2 2R 4L
o, GERCE LN BIE, 2 B EOR R R T A
L. A KRS R DL, IR g RREOL
i KR TR AR I ) AR FRRR G, (AR
LN 8] YR A AR I RSE 1. B 3 1) U 1
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3.3 TRIEIE

FBE| CO YTl 5%, [ B L@ A7 A A%
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ARV FVE N 17 OPO WO 38 74 A i H 4 iy
WO, E M ICIEATH R OPO WO &%, 32 T
ORI K AR I8 FUE o ikt I SR B AL,
HAEER RO 8 O & s, Fn ot
(e Al A PR, BRI T AR L (R 98 s 1l 95
AR, WIVER BT 10 MHz {47 56, ATLA, LAIHE
SRR 58 58 SR KR Z2 AT U Z B IE.

BotreENDLE AT Bl (8) g, Hr

1/1 1 1/1 1
=357 =G )
R 7 S R L LR R W L (o) B
961 i B AR,

N7
FWHM =  In (w),
e 2
HH R =2[2+ cos (na/b)].
2 1
Lv)=—- . (8)

b 2V a
2 cosh (27'( b) + 2cos (T(b>

X (4) A (8) AT BAZ H, Bl T CO, IR
YA AL R A [ 2 5 o' W A B A R A
Kl 4 fion.

TTF T
—— 10 MHz
6.6 F —— 100 MHz
NE —— 500 MHz
S 55k —1GHz
§ ——2 GHz
S 44}
~
‘E[é
E 33}
et
= 292}
=
1.1f

-39 —-26 -13 0 13 26 39
FHRS T (RiF% / GHz

K4 (MTRE) AEEBOCIE R COz Mk
Fig. 4. (color online) Measured COg2 spectra using
lasers of different bandwidths.
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I, 25 H = RAT IE 7325 1) A O 6RE S0 H 5
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AR B R 58 43 ) 323 K F1101325 Pa. W
WK 7 o RROR 22 )R BE (DAOP) 1 0.82 72 44, Tfil
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600700 MHz 2 [&].

2.2
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20 .off

1.8 F % = 1 . |

1.6 F .' L N .g . .E ! ii;. E‘-ﬁ
S P
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1 n 1 n 1 n 1 n 1 n
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AR )
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Fig. 5. (color online) The measured differential ab-

sorption optical depth by using a 16 m gas cell.
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0.044

0.033

DAOD

0.022

0.011

0OF

440 660 880 1100 1320 1540 1760
TRIREES /m

K6 (MTRM) A3 g R
Fig. 6. (color online) The result of the horizontal de-

tection.
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Fig. 7. (color online) The result of the vertical detection.

493 [ T T T T T T T
= 1
4641 . T i
435 F
g i \ i
& 406 ]
\p( L
E;Z 377k \ -
348 | i
319
L 1 1 1 1
0 500 1000 1500 2000 2500

8 (MTIR ) JUEIE TS5 i H 1 CO2 FRE /> i
Fig. 8. (color online) Retrieved CO2 profiles by using

photon counting and analog signal.

4.3 EEWNELE

1E20154F 3 H 24 H& a1 &2 3 H 25 H i R #tAT
TSI S, I RO E ) I
FRINVE A 1100—2000 m.  Hb T W00 &% 54 FH 1)
FE i Ja— A NI COo 70 A ACE R, I 8] 4 HE 22 N
Iyl R ZE AT T R AR bR AE 2 (15 RN [R)— I
(B 5 25 AR E ) AT . B9 JROR TSRS 4
B, 0T LR HBOE 5 I I S i 45 SR A i e D = 45 1
Z R SR AFAE— B M, AE 2 P& R FE T A R
G H. X R FENLAE IR 47 H oy HE H COo K
JE (A, AE R 2 R AP A — R IR 22, 1X
e o I AR 5 SR S G . IX P O 22 PR R V5 H g
FIERITHE, BT H BRI e R S R4
W AR HBE TE R, on Floff K W EL B ki, —H
22 57 WSO = 0 A b 5 IRTIS [17E 5 min /245, B

4 AT Yo S s AMEL AR I B T] T B A0
JZ R Bl AT RE I 5%, AT IH X 00 8 445 R P 408 0
JE3& O R ROREI. 534, T H AR A SR B
HA2{ Y40 cm, [BREAE SRR R B LLEAR. )5
W, F 1 m D4R B B R AT B 405 UK B S 2
BE AL

480 . . . : 600
460 |- 4 500
L]
g M
& 5
] £m
440 L 1400 iz
¥ 1
o
O 420t 4 300
HOTT ) Bt
= A
400 : ! . : 200
23:00 24:00 01:00 02:00 03:00 04:00
3H24% 3H25%
i)

K9 (TR ) RSN 5t i il ) B
Fig. 9. (color online) The comparison of the continu-

ous observation and the in-situ measurements.

5 % #®

KRR T — 6 COo BB 2R HR M 22 43 W Ui
JeE L. % COo-VDIAL KM # 5 F br LI H 1)
COo-DIAL 3 W E M X 71, HRHBEHEOE# LA
FEAE TR A RO, X BRI T HIR T
M, A8 2 40 B4 B s R AR 8 T AN RS [R] B
AT A T Ik e I e R K v e R 2 sk R B A 9 M
R ZE I n) R IR SR R R IR R R B R A
BRI B SO0 25 T B, SEPL T X ik oo 2% (1 Ra A
G L0 o R AT SO =@ =T 1 2 i o 3N N =
S S S IR AT IS T RENLIERE. S5 SRR, AT
BLE &1 RS 26 R ARSI, RE B8 3REX C O, 3
B3 AR, [FIE A X COo ¥R S AH ARk (1) 15 I B
1. ESEGER A BT H G, FENUR 2 E A
Bl B RS AE R uh AT 25 S IR R, DLk —2P
DR RO AL 1 B, A5 28 1) 75 8 e J R SR i e
Ja BIHE%.

SE 30k

[1] Stocker T F, Qin D, Plattner G K, Tignor M, Allen S K,
Boschung J, Nauels A, Xia Y, Bex V, Midgley P M 2013
IPCC: Climate Change: The Physical Science Basis

244206-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64,

No. 24 (2015) 244206

(3]

Bousquet P, Peylin P, Ciais P, Ramonet M, Monfray P
1999 J. Geophys. Res. 104 26161

Gurney K R, Law R M, Denning A S, Rayner P J, Baker
D, Bousquet P, Bruhwiler L, Chen Y H, Ciais P, Fan S,
Fung I Y, Gloor M, Heimann M, Higuchi K, John J,
Maki T, Maksyutov S, Masarie K, Peylin P, Prather M,
Pak B C, Randerson J, Sarmiento J, Taguchi S, Taka-
hashi T, Yuen C W 2002 Nature 415 626

Stephens B B, Gurney K R, Tans P P, et al. 2007 Sci-
ence 316 1732

Gatti L V, Miller J B, D’ Amelio M T S, Martinewski
A, Basso L' S, Gloor M E, Wofsy S, Tans P 2010 Tellus
B 62 581

Belmonte A 2004 Opt. Express 12 1249

Ehret G, Kiemle C, Wirth M, Amediek A, Fix A,
Houweling S 2008 Appl. Phys. B: Lasers Opt. 90 593
Gibert F, Flamant P H, Bruneau D, Loth C 2006 Appl.
Opt. 45 4448

Ismail S, Koch G, Abedin N, Refaat T, Rubio M, Davis
K, Miller C, Vay S, Singh U 2006 NASA Earth Science
Technology Conference USA, June 27-29, 2006
Amediek A, Fix A, Wirth M, Ehret G 2008 Appl. Phys.
B: Lasers Opt. 92 295

Sakaizawa D, Nagasawa C, Nagai T, Abo M, Shibata Y,
Nakazato M, Sakai T 2009 Appl. Opt. 48 748
Kameyama S, Imaki M, Hirano Y, Ueno S, Kawakami
S, Sakaizawa D, Nakajima M 2009 Opt. Lett. 34 1513
Abshire J B, Riris H, Allan G R, Weaver C J, Mao J, Sun
X, Hasselbrack W E, Kawa S R, Biraud S 2010 Tellus B
62 770

[14]

[15]

[16]

(17]

244206-8

Liu H, Shu R, Hong G L, Zheng L, Ge Y, Hu Y H 2014
Acta Phys. Sin. 63 104214 (in Chinese) [XI5, &7, it
FeFL, HH, B, SHLLAE 2014 WEE2AR 63 104214]

Lu D R, Pan W L 2012 International Radiation Sympo-
stum Berlin, Germany, August 6-10, 2012 p244

Gong W, Han G, Ma X, Lin H 2013 Opt. Commun. 305
180

Rothman L S, Gordon I E, Babikov Y, Barbe A, Chris B
D, Bernath P F, Birk M, Bizzocchi L, Boudon V, Brown
L R, Campargue A,Chance K, Cohen E A, Coudert L
H, Devi V M, Drouin B J, Fayt A, Flaud J M, Gamache
R R, Harrison J J, Hartmann J M, Hill C, Hodges J
T, Jacquemart D, Jolly A, Lamouroux J, Le R R J, Li
G, Long D A, Lyulin O M, Mackie C J, Massie S T,
Mikhailenko S, Miiller H S P, Naumenko O V, Nikitin
A V, Orphal J, Perevalov V, Perrin A, Polovtseva E R,
Richard C, Smith M A H, Starikova E, Sung K, Tashkun
S, Tennyson J, Toon G C, Tyuterev V L G, Wagner G
2013 J. Quant. Spectrosc. Ra. 130 4

Zhu X F, Lin Z X, Liu L. M, Shao J Y, Gong W 2014
Acta Phys. Sin. 63 174203 (in Chinese) [4ill &, FRIKHE,
XIPRSE, BRE T, 2B 2014 PHE24AR 63 174203

Han G, Gong W, Lin H, Ma X, Xiang C Z 2014 Appl.
Phys. B: Lasers Opt. 117 1041

Ma X, Gong W, Ma Y Y, Fu D W, Han G, Xiang C Z
2015 Acta Phys. Sin. 64 154251 (in Chinese) [, ZE,
gk, R, BT, M ARE 2015 #HE IR 64 154251)
Han G, Gong W, Lin H, Ma X, Xiang C Z 2014 IEEE
Trans. Geosci. Remote. 53 3221


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1029/1999JD900342
http://dx.doi.org/10.1038/415626a
http://dx.doi.org/10.1126/science.1137004
http://dx.doi.org/10.1126/science.1137004
http://dx.doi.org/10.1111/j.1600-0889.2010.00484.x
http://dx.doi.org/10.1111/j.1600-0889.2010.00484.x
http://dx.doi.org/10.1364/OPEX.12.001249
http://dx.doi.org/10.1007/s00340-007-2892-3
http://dx.doi.org/10.1364/AO.45.004448
http://dx.doi.org/10.1364/AO.45.004448
http://dx.doi.org/10.1007/s00340-008-3075-6
http://dx.doi.org/10.1007/s00340-008-3075-6
http://dx.doi.org/10.1364/AO.48.000748
http://dx.doi.org/10.1364/OL.34.001513
http://dx.doi.org/10.1111/j.1600-0889.2010.00502.x
http://dx.doi.org/10.1111/j.1600-0889.2010.00502.x
http://dx.doi.org/10.7498/aps.63.104214
http://dx.doi.org/10.7498/aps.63.104214
http://dx.doi.org/10.1016/j.optcom.2013.05.006
http://dx.doi.org/10.1016/j.optcom.2013.05.006
http://dx.doi.org/10.1016/j.jqsrt.2013.07.002
http://wulixb.iphy.ac.cn/CN/abstract/abstract60826.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract60826.shtml
http://dx.doi.org/10.1007/s00340-014-5925-8
http://dx.doi.org/10.1007/s00340-014-5925-8
http://wulixb.iphy.ac.cn/CN/abstract/abstract64805.shtml

) 38 % 4 Acta Phys. Sin. Vol. 64, No. 24 (2015) 244206

A ground-based differential absorption lidar for
atmospheric vertical CO5 profiling*

Han Ge!  Gong Wei??T Ma Xin? Xiang Cheng-Zhi? Liang Ai-Lin? Zheng Yu-Xin?

1) (International School of Software, Wuhan University, Wuhan 430079, China)
2) (State Key Laboratory of Information Engineering in Surveying, Mapping and Remote Sensing, Wuhan University,

Wuhan 430079, China)
3) (Collaborative Innovation Center for Geospatial Technology, Wuhan 430079, China)

( Received 24 July 2015; revised manuscript received 13 August 2015 )

Abstract

A differential absorption lidar (CO2-VDIAL), which is designed for vertical CO2 profile retrieving by using aerosol-
scattered signals, is demonstrated in this paper. To our knowledge, it is the first time that a dye laser has been
utilized to realize the wavelength modulation for a CO2-DIAL/IPDA system. Such a design scheme greatly reduces both
the threshold and the cost to develop a CO2-DIAL. However, two key problems emerge in this system, i.e., wavelength
stability and broad bandwidth. By adopting the CO2-VDIAL, a dual-path gas cell, and the Voigt fitting procedure, the
accurate wavelength calibration of infrared pulse laser is achieved. Experimental results show that the error of wavelength
calibration can be suppressed under 0.1 pm. And a wavelength stability of ~2 pm is then achieved. For tackling the error
introduced by using the laser of a broad bandwidth, simulated experiments are carried out to estimate its influence. On
that basis, we propose a method to calculate the correction coefficient and demonstrate the process via experiments by
using a gas cell. It is demonstrated that the bandwidth of the output infrared laser is around 600-700 MHz. Hence, the
broad bandwidth correction is an indispensable step for this CO2-VDIAL. Finally, horizontal, vertical and continuous
detections are carried out to verify the precision and the accuracy of our CO2-VDIAL. The slope method is used to
retrieve the Xco, in the above experiments. In the horizontal detections, an R2 of 0.999 is achieved, suggesting that the
precision of the system is excellent. By comparison with the in-situ measurements, a difference is found to be lower than
4 ppm. Consequently, it is concluded that the CO2-VDIAL is capable of providing retrievals with the high precision and
accuracy. Moreover, the Xco, decreases with increasing altitude according to the vertical detection experiment in the
midnight on June 19*" 2015 at an urban site, demonstrating that the CO2-VDIAL is capable of providing retrievals of
ranged-resolved. Finally, temporal characteristic of Xco, can be also revealed by the CO2-VDIAL in light of continuous
detections. The CO2-VDIAL has already been assembled in a container which is due to be transported to Huainai for
further verifications in late 2015. Once we finish the performance optimization, the CO2-VDIAL will be installed in

Tibet for long period observation.

Keywords: differential absorption lidar, CO5, atmospheric sounding, pulsed laser
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