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Table 1 Atmospheric parameters of MODTRAN model at sea level

Mixing ratio of Mixing ratio of Mixing ratio of

Model Pressure /Mbar Temperature /K Density /em™* O, /10-° H,*0 /10-° HDO /10~°
1 1013 299.7 2.450<10" 420 25900 8.05
2 1013 294.2 2.496 10" 420 18800 5.86
3 1018 272.2 2.711x10" 420 4320 1.45
4 1010 287.2 2.549x10" 420 11900 3.71
5 1013 257.2 2.855x 10" 420 1410 0.44
6 1013 288.2 2.548 10" 420 7750 2.42

Notes: model 1—tropic; model 2—mid-latitude summer; model 3—mid-latitude winter; model 4—sub-arctic summer; model 5—sub-

arctic winter; model 6—1976 U.S. standard.
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Table 2 Spectral parameters of CO, and HD"O for R16 line™”

Wavenumber Line intensity S /[cm ™/

Broadening a

Pressure shift

Formula

y/cm ! (moleculescm ?) | v /(em™vatm™)  y/(em 'eatm™') 6, /(em 'ratm™') 8. /(em 'tatm™!)
CcO, 6359.9672 1.761X 10 % 0.074 0.102 —0.563X10* —0.599x10*
HD"O 6360.2783 8.619x 10 * 0.095 0.448 —0.135x 10! —
HD"O 6359.7477 2.218X 10 * 0.097 0.394 —0.786X10* —
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Fig. 2 Mixture gases absorption spectra of R16 line under
standard condition of T=296 K and p=1013 hPa

JIR 7, 2235 8 R0 A 2% % 5 280 249 Xk T e A g i
L AT W R FLR IR 2K R Y 1Y 20, 1E
B SR XS 2 R AL, B 20, BE Y A2 A
BOR o TRl 2235 380 JR 58 04 20, 75 86 A 96 SR 70 FB Y 22
B AR A A A, X gy A A Y IR AR T AT

0601007-4



& 45 % & 6 H1/2025 4 3 B /KR

S, Y 20,1020, 8% 2a, <520, I}, T Bl R S5 &0
B4 3 ik 2 30 AR ], e B 2R D Vooigt bR BT BB S 2R AU
BR UL Z A1, 24 20, 88 20, #8 Y F A S5 PR B, R 43 0
W oR BORISAR 25 R BT s & . NIE 3T LR
ST B D O = DA S B M 1 B R X (2
$& AL 9.4 km 1 8.3 km ¥ 4k LA T % CO, 1 HD"O
B 5 0 35 K, 6 R BY 2a I (B 43 51 A 0.052 em A

60 T
@ ! 2a,
50F : - = 2q
1 10 * 2¢;,
§ 40 Gaussian 1 i)
S ® (0.011, 34.5) <
< 30 |
=i |
= o Voigt i
< 20 l
1
107 1 (0.052, 9.4)
Lorentzian |
0 1 1 i 1 L
10°° 10 107 107 107! 10° 10!

FWHM /cm™

0.080 cm ' Pl & T 14 T v, Al 98 2500 4 T URCSS L 24
TR 3 W3k 3] 34.5 km 1 33.8 km I, £2 3 ¥ & 5 Xf
CO, FTHD"O B 52 M 32 81 o5 5 5 H AL, X R Y 2 I 5
43594 0.011 cm 'H10.016 cm ', #&AKIMi 5, T 2
5 PR AR A TR B B RS L AR FWHM 5 1 3K 5 B 1
XN G Z iE— 2 AL T R B 2R . TR SR SR Oy
Mrep, 88— 18 1 o Fn 25 W 3 I 1 2 AL HWHM .

T
1 20‘1.
L m
1 10 * 2¢;,
§ ! 5+ 2ay
N #(0.016, 33.8)
=] 1
=i i
= gl Voigt 1
1
10§ ) ! (0.080, 8.3)
Lorentzian |
0 1 1 T | 1 1
10°° 10™* 107 1072 107! 10° 10!

FWHM /cm™

Pl 3 RI16 Lt ikl f8 8 i i 22 3 49 e i (19 2 1 2 S B 4K 19 42 4K . (2) CO,3(b) HD"O
Fig. 3 FWHM of spectral collision broadening and Doppler broadening at R16 line as functions of altitude. (a) CO,; (b) HD"O

BB, B T OGRS R TE RN Ah , KR8
AR 2 S8 CO, M HD O M e 28 e o7 & H B0
Wik o e 2 rh &SR R BU A S 505 1 CO,
1 HD"O 19 H B % 43 3 —0.0056 cm '/atm Fll
—0.0078 cm '/atm, X Fl 3R A4S AL 51 R 1 1R 22 5 i
A AR IS AT 30 AL S 3G i A v
R R 2, L R AR R IR AL o Ak AR TR
W R I 38 1 2% HLO B IR A L B e 5 1 A Ak i S 3
1 CO, R RG iR 2% .

33 WEERH

K () MAERB I T KR RR A p RN T
B R A ZE IR SRR A ey sk, 78 B A
A T 2 o) 5 2 2 A I BOHE AR BT A e R R o
B . A pRA S AR O e D R e
BeE B AT 0 — Ak . ACE R ER 2 KA E
) 8 R 8 v, AE AT IR B AROUR N A B T R A Y B R
R o AT HE— 25 BB A ER R RORT T o AR I B e T
WG B B2, A8 P 2 e gk B 4 A 318 ) 30 K0 FH AR
MECH B, 445 COL T HD O 75 4 H a0 42 b 1Y on-
line J% £ (CO,@y,, . HD"O@y,,) AHXFF CO, H 042 1
afi # 4k (CO@y,,—a) , LA B L A 6 b <0 i 0
i) off-line % 5% (@, ) o B 4 h %F W ib 3580 48 5, Hop
CO, 1 HD"O £ M > on-line % %% I (94 51 oK %1 2 B0 1Y
A B AR Ak 34, RV X 3 J2 003 AN SF 3 )23 i A BRR
M off-line % %% A1 o f B b Y A D) 522 30 A0 F2 19 e
R AE A X 900 2 B A & i R R . A, o RS Ab
I A AE R 38 K T 800 hPa B 38 1t & 39 49 19 R %
BE o fEEEIT MR 1 km = B, 4 DAL el B

0=
200f s
i ” —co,ev,
< 400+ e Yy - = CO@V,,—
g \\ ~-— HD0@v,),
% 600l ay - @y
£
800} :
I *%
1000 ' ' PR
0 0.5 1.0 15 2.0

Relative weight /(10 hPa™)

B4 O[] A 2R A6 6 B 1 CO, AT HDO H X6 AR T BE s 58 1
i
Fig. 4 Relative weight of CO, and HD"O as a function of

pressure at different frequency positions

PR 1R A W s T 2 WY B A YR 24 3.7 Y6
(CO@y,,) .3.9% (HD"O@y,,) . 15% (CO,@v,,— a) Fil
19% (@y,q) o
34 RFEE

TE LA 2% EOG IS R Y8 30N R BUM B HLO ALE
PR B AR 1 B2 0 S, AR H 1976 36 [ AR o KSR
X (6) i B LA 405 T B T R16 e fE 1 B
%42 I CO,F1 HD"O MR & AR F1 5l CO, 1 K0k
SEJERE L GE R K 5(a) (b)) s . ATRLE W,
I TR 35 I A VAR %) B T B K, A R Y
£ v W) 247 I 2 VAR A0 388 0 2 008/ o E LATE R T R16
BB, W Z 0 T HD O B Wi, A A FH E 5(b)
FE 7R 1 Bl CO, 24 J2 B SR i COL Ve B . SR, 38

0601007-5



i K 5 (a) IR A ARG 2 B R 5(b) By CO,
JeAF R AT LR BUEAT B R L, i HDO i
BB 2R R ) 22 R IR L AF 1, UL HAE CO, Mk
Lo IE BB AL 2= S W, H Ik, 78 R16

8 .
§ 10 (@ CO,
~Q
L p— ‘ HD"0
g 10 - fﬂ
[9)
L g
I g
3 10° <
= : 5x 10°
o L=
2 ﬂ -2 %
% 10 5x1028
2 100 . . 5x 1073
% 6359.3 6359.6 6359.9 6360.3 6360.5 g

Wavenumber /cm™

#4555 F 6 HI/2025 & 3 B/ R
2L F 1K 5 () Frs B IR A A 27 B T R ARk
B, ANUE B T4 8 CO, M BE 1Y S ks B 18 i —
SRR T £ 3 K DIAL 78 R16 26 [7 il 5 CO,
HD"O 3 H R 9 71 .

—
(=)
=~

®) CO,

'41 5x10° =
H5x10-2§‘
0 s ‘ : 5x 107

10
6359.3 6359.6  6359.9 6360.3 6360.5

Wavenumber /cm™

—
2

th /arb. units

—
S
T

e NS Optical depth /arb. units
—
(=)

N

1

Opt

BI5  R16 5622 5 B O3 B3 19 22 1k < (a) CO,ATHD O 43 LA 5 (b) CO,
Fig. 5 One-way optical depth spectra of R16 as functions of altitude. (a) Mixture gases of CO, and HD"O; (b) CO,

4 gz B

4.1 WITHED

FRAE 3 (10) , 24 B0 B 2 4 3T 1, SR 22 R
BE KN, {8145 on-line F off-line % ¥ = [A] 19 2% F AR /)N,
N 2 T BUB R Y M FE AR X R 2 5 MR TN R S KA A, R
PRI WS 2 J5 B K K, X I Y on-line 3% 4 B9 15 55 T2 08
BZ WaFEE KWW EMRZE . B 6Fn N
& DIAL JF 5 A5 e He o 80 dB HE 25 43 324 200 m
Jok wh B AL BN 6 X 10° R, 3E T 1976 55 B A v K<
AU 8 B9 COL A HD™ O B AT e 2 AN 2543 3 e 5 A4 4
iR ZRE R A . TRVE R, BT E AN
Mg b I 25 00 B S 0% G o T PR S R AIG , BT R 25 8
Wit 5 VG T AN T R TR HD O 52 31 458 55 1
WA 2 i 1 B ) L RGBS A B Mk R R 22 A 60 km 119 1

60 7 =
column concentration efror of CQ,

% 10}
9
Z
=
<

1 il L i

10 107 10° 107 10*

Error /%

B 6 1976 & [ bz i K ABERT CO, R HD O [ EE i J3 i 25
o3 B B 1) ST 1% 22 B TR R0 A2 AL

Fig. 6 Inversion errors of column concentration and range

resolved concentration of CO, and HD"O as functions

of altitude under the 1976 U.S. standard atmospheric

model

WAE N KT CO,. BLA, HifF AL T 15 km B,
CO, iy FE ¥ B 1% 22/ T HDO, 24 ¥ 3k 4k 22 7} & 1
CO, B AR 430 2 JE 3 38 3 K T L A S Tk 5 1) e
P AE, PRI X 07 A A e BB 5% 2 R G MG R IR L T
HD"O By FE e B 15 25 o O A A0 IR 0 A v 8 152 22 0 2
INFA A RBEES ik iR 2 . Bk UL AR A
H DX 10~12 km 9% 30 )2 55 BE 7 DA S i A5 Ak A e L
380 dB WY 24T, 3R AR AL 51 () CO, 1Y A v B
R 25 RN R B Ay B B 15 22 40 il O 0.1%6 #1110, [R]
HD"O By A 1k BE 5% 22 TR 25 0 9 ok B2 1R 22 7 il o
0.18% F6.3% .

KT HE—2 B HG CO, R HD'O ¥ He B8 Fi iR 2 43 3%
WER BN ARG RZE, U TFETFRAD, 250 K53
BT ARS R R AR A N [R) R AR AR P ) B S AR
NEAE R i A S BOR I R UBMEIF S . A5 R R 28K
B gk R v I S AR A T OR R LA BT A SRR R S 7
WF 58 38 2R AR B, 25 M R A i S A S8 e 8 — A [
ERZE . HEEIE iR 22 ] BB, LR 20 A o X Ry
1) 5 2 Ak b DA (R 8 £k 31 DE (B, A0V JE AR X F 4 A
S0 R R R 25 1 2 R TE AR G L e Ah 8
JUE SUNTESS AR E i A S BN T H B LA AR 1k
B2, 3 (1) THER S5 5 O B BT X6F 7 114 431 6 A7
J OB RRURE R R AR AR RE A SRR R T
SR AR AT 5 | R B R R 5 2 A ) N 15 25 4 )
K R
42 BRE®MNm

A, CO,MHD" O ) LR R E 78 AR KR
AR T4 A RMSER . BT AR RI6ZL
B A g AL, HE 4 9 o8 106.1297 em
100.3909 cm ', i i % £ R16 £k #E17 CO, il HD"O #
I, AR RE 980/ 3 0% i B RO o SR U BE Y AR
a8 — W R R 2E . Ehr bR AL IE

0601007-6



TR FS R & B4R I 3 R G iR 22 AR5, TR 23 52 5
AxH . B 7RRTRESME R 1K IFKBET
1976 3 [& s 1 AR RY (1) 3 B B 26 AR A =X (1) 15 %)
) CO, FTHD O F ¥ B 15 25 1R 25 7 vk J3 18 25 i g
W AR Ak o 81 R L, CO, M BE RN R B 45 B
e B (1) 15 2 35 % IO R A L B BRURR EE S O I e L T
rpoPE SO R T R 25 IR S R AR AR . BEE AR
B, CO,FE M B 15 25 vh P o5 X I A 300 238 67 1 340 ¥
[i) £ 0 AR T Y TR A O ke I, G Aok B B 4k rh
O B B3 2 4 7% R +1.59 GHz; X4 3k 7+ 5 % 60 km
BF, o P e B B 0 3 R B8 O +0.69 GHz. BB, Y
TR B AR T 24 km B, COLAE MR R 22 7 0 R ik
B AR, I ) Bl 25 0 4R 4k S T i, B KA 7 BV 2
O 2k 1] 99 ity B 80 A R0 R AR TE i /M . 4R R
F 20 km B, CO, 85 3 F v B 12 28 76 w0 R BF T 19
BHORE BE HE 30 05 24 W 3k 4k 22 TF e i, Ao R0 U O

Error /%

AR R IR NG o < o= Wl Sl 1L RS A A TR N =
X R A 4 A BUREE S O g rh M s . TRV IR OR
40 km J5 , H P SO R B8R LT R EER A A X T
@ 0.30
:
k=
:
-0.15
-0.30
(© @ 0 km
@ 20 km
Error /% @40km
:
<
:

neutral point

Relative frequency /GHz

Error /%

% 45% % 6 H1/2025 &£ 3 B/ k%R
s 28 B O R A B i 29 8 +0.6 GHz f1+0.18 GHz.
CO, H s 28 Ah 1) A e B2 158 2 R B 5 4 0 A B 158 25 1)
ot KA 4> 9 R 0.18% i 0.21% , % R (1) ¥ 48 43 51 N
12.6 km #110.6 km,

HD™O A v B 5% 25 F0 R 25 43 9 ok BE iR 22 M A T
CO, A iR 22 TP — & WA X R, H 3% K 0 I8 B
BB /N T CO,. 7E BT B 58 B9 0~60 km 1 ¥ 35 I,
HD"O v B 132 22 B 8 XHE Y K T 0, B & 3k 7 5
X IV A AT VA R O B K. i AR GA B 23.4 km B
HD O H: e B iR 25 78 0 R A8 5] 0.09% , IF LA
TRl R R AR A T IR B R 25 A B
A AE ST R, HD O Aol 29 4-0.2 GHz fii 8% &b 9 #E 1
JE HORR B fe /D o AR T TE R B B HDPO bt Ak i

S A M R R 2 3 P S AR S TR v R R,
BRZEGRE IR T 00 4K 5 B 1K 21 40 km B, AH X
F 2 o0 IR AR B +0.36 GHz {37 B Ab 1y % B 2 3%
o S U Bl I B 4k S T i 6 IO A IR R AR
Bl 3 HD O s 26 4k 69 #E B 23 Bk ik 25 7
A3 RAE 0.38% -

13.8 km 4k ik
0.30

@ 0 km
@ 20 km
@ 40 km

Error /%

neutral point

-1 0 1 2
Relative frequency /GHz

7 UL AR A S 1R R R 5% 2% B R X A5 3 B A8 A (AR [ I 2 7 A T3] K X 00 4 0 40T DR 0% o R (0 2 2 R TLA
TRl A2 14 5% 2 AR T A A A, o B PR 25 (LR T A . AL @B R R IR IR E R O Pk ) o (a) COLREWR BE DR 22 5
(b) HD™O FEWR JE 1 22 5 (¢) COLBRES Jp Wil 12 25 5 (d) HD"O BE 8 23 B v Ji 132 22

Fig. 7
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concentration error; (d) HD'O range resolved concentration error
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Sensitivity Analysis of Simultaneous Remote Sensing of Carbon Dioxide
and Water Vapor Isotope Using LiDAR
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'School of Atmospheric Physics, Nanjing University of Information Science and Technology, Nanjing 210044,
Jiangsu, China;
*National Center of Carbon Metrology (Fujian), Nanping 353011, Fujian, China

Abstract

Objective Carbon dioxide (CO,) and water vapor (H,0O) play crucial roles in global climate change through the carbon

water cycle. Semi-heavy water, as a stable isotope of water vapor, helps deepen our understanding of the water cycle
process. A large number of active and passive remote sensing technologies based on absorption spectroscopy have been
applied to the detection of atmospheric CO, and H,"°O. However, passive remote sensing, which relies on sunlight, cannot
provide continuous day-and-night monitoring, while active remote sensing based on differential absorption LiIDAR (DIAL)
can effectively compensate for this limitation. Research has shown that H,'°O is the primary interfering gas in CO,detection
that causes measurement errors. Since dual-wavelength DIAL can only measure one type of gas, the interference effect of
H,"O on CO, is minimized by selecting an appropriate absorption line, where the absorptions of H,"°O at the on-line and
off-line wavelengths are almost equal. However, HD'O, a stable isotope of H,"O, also affects the detection accuracy of
CO,, though this is rarely addressed. In addition, in terms of vertical height, especially within the troposphere, H,O and
atmospheric parameters can vary significantly. To date, no DIAL system can simultaneously provide vertical profile
measurements for CO, and HD'®O, and there has been limited theoretical analysis and feasibility verification of this. In the

present study, we report the sensitivity analysis of simultaneous remote sensing of atmospheric CO, and HD"

O profiles
using LIDAR. This analysis is based on the MODTRAN atmospheric model. This sensitivity analysis aids in improving
the inversion algorithm for the concentration profiles of CO, and HD'"O, which is significant for enhancing the detection
capability and inversion accuracy of both ground-based and airborne DIAL systems. It also provides a theoretical
framework for accurate remote sensing of greenhouse gases and a deeper understanding of climate change in the context of

carbon neutrality.

Methods The sensitivity analysis of simultaneous remote sensing of atmospheric CO, and HD'O profiles using LIDAR,
based on the MODTRAN atmospheric model, is conducted. First, the mixed spectral lines of CO, and HD"O under
different atmospheric models are calculated using HITRAN spectroscopy parameters, and the feasibility of simultaneous
measurement of these two gases by LiIDAR is verified by selecting appropriate absorption lines. Next, considering the
variation of atmospheric parameters with vertical height, the column and range-resolved concentration inversion errors of
CO, and HD"O are evaluated based on the optimization of weight functions and spectral line shapes. Further investigation
is conducted on atmospheric factors, the frequency stability of LIDAR laser emissions, the overlapping effects of CO, and

HD"O, and the influence of altitude changes on concentration inversion errors.

Results and Discussions In response to potential sources of error in the inversion of column and range-resolved
concentrations of CO, and HD'’O, we comprehensively consider atmospheric factors, laser frequency stability, the overlap
effect of the two gases, and altitude-induced changes in concentration inversion. When the temperature variation is =1 K,
the column concentrations of CO, and HD'O reach their maximum temperature sensitivity of 0.18% and 0.09% at
altitudes of 12.6 km and 23.4 km, respectively. The range-resolved concentrations of the two gases show maximum
sensitivity of 0.21% and 0.38% near the tropopause. At a pressure variation of +0.5 hPa, the sensitivity of both column
and range-resolved concentrations of CO, and HD'*O gradually increases with altitude. The column concentration errors for

CO, and HD"O reach 0.33% and 0.03% at the top of the stratosphere, while the range-resolved concentration errors reach
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0.54% and 0.83% at 20 km. The frequency sensitivity for CO, column and range-resolved concentrations is generally

higher than that of HD'"O, and the frequency sensitivity at the center of both gas absorption lines is close to zero at any
altitude. When the H,0 mixing ratio variation is 5%, errors in CO, column and range-resolved concentrations due to
overlapping effects decrease with increasing altitude, reaching 0.15% and 0.01% at sea level in tropical and sub-arctic
winter models, respectively. For altitudes greater than 5 km, the range-resolved concentration error of CO, at the line
centers for all atmospheric models is less than 0.001%, and the error caused by the overlapping effect can be ignored.
When the tropic model and the 1976 U.S. standard atmospheric model are used, without considering the absorption of
HD"O, the errors for the range-resolved CO,concentrations at sea level are 1.87% and 0.60% , respectively. Even under
the sub-arctic winter model, the column concentration error at the center line reaches 0.17% , which confirms the non-
negligible role of HD"O in CO, inversion. In addition, with an 80 dB signal-to-noise ratio at the LiDAR origin in mid-
latitude regions, the altitude sensitivity of CO, and HD'®O column concentrations at the top of the troposphere is 0.10%

and 0.18 %, respectively, while the sensitivity of range-resolved concentrations is 1.1% and 6.3% , respectively.

Conclusions To meet precise greenhouse gas monitoring requirements, we conduct a theoretical analysis on the
simultaneous remote sensing of atmospheric CO, and HD"O using LiDAR. Based on the MODTRAN atmospheric
model, independent and mixed optical depth spectra of CO,, H,"”O, and HD"O are derived under different models. The
absorption lines suitable for detecting CO, and HD'O are identified by analyzing the relative absorption intensities and
spectral parameters of each gas. The spectral broadening of CO, and HD'"O caused by collision and Doppler effects is
calculated based on temperature and pressure profiles from the 1976 U.S. standard atmospheric model. The two spectra
exhibit Voigt line shapes in the altitude ranges of 9.4-34.5 km and 8.3-33.8 km, and their absorption lines are optimized
for different altitudes. The systematic errors in range-resolved and column concentrations of CO, and HD'’O, considering
factors like atmospheric conditions, laser frequency stability, and the overlapping effect of the two gases, are analyzed.
Our findings confirm that HD'O plays a critical role in CO, inversion at the R16 line. Considering the errors introduced by
these factors, inversion accuracy for CO, and HD'O column concentrations of better than 1% and 2%, respectively, and

range-resolved concentrations of 2% and 8%, respectively, can be achieved in the troposphere of mid-latitudes.

Key words atmospheric optics; differential absorption LiDAR; carbon dioxide; water vapor isotope; vertical profile;

sensitivity
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