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Theory + Experiment [J BTRHE IR Line Lists

HSL-0, orys= 2-3 cm'" F— HSL-1, ogpys= 0.1-0.3 cm’” ) S| 2 Orus= 0.01-0.02 cm! mmmm) HSL-Pre3, GRMSS 0.04 cm™ at 7000 cm™
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[l Best Theory + Reliable High-resolution Experiment [] Prediction oriented

Complete, Reliable, Consistent predictions for missing bands, weak bands, and isotopologues

accuracy and consistency across isotopologues, J, and vibrational band series
[ ab initio potential energy surface (PES) refinement [ c . =0.0170.04 cm= [ Experimental energy levels
[0 High quality ab initio dipole moment surface (DMS) [ intensity prediction accuracy within a_few percent
[0 PES accuracy and DMS accuracy are equally important for sub-pct intensity prediction accuracy

NH, PES refinements: Huang et al, JCP(2008)129:214304 [ Huang et al, JCP(2011)134:044320/044321; (1 Sung et al JQSRT(2012)113:1066.
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Expt-based Position : Need Correct Matches

[ Integrate theoretical IR intensities predictions with experimental based line positions

0 require correct match between:
* Theoretical energy levels calculated on a refined PES
 Empirical energy levels derived from experiments and models (e.g., RITZ, MARVEL)
Measured data (Expt/Obs/EH) [ overall easy, state by state, case by case
Global EH models [ difficult, program-aided, molecule/model/PES-dependent

" We prefer accurate and consistent empirical energy levels, or corrections

[l We have tried several different approaches on different molecules, under different

scenarios, for different purposes
e.g., (simplest) three SO, lists: Ames + Obs line pos; Ames + EH levels; Ames + MARVEL levels.
e.g., mass-dependent corrections on EH(Ames) parameters for SO, minor iso (MW)

CO, AI-3000K: https://data.nas.nasa.gov/ai3000k N,O list: 10.5281/zenodo.7888194, 10.48667/9kmk-0334 OCS list (AMSD):

https://huang.seti.org/OCS/ocs.html * Huang, Schwenke & Lee, JQSRT (2019) 230:222; J.Mol.Struct. (2020)
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Ames BTRHE IR Line Lists (2017 — 2024)

0 co
2
> Ames-2016 (13 iso) Huang, Schwenke, Freedman, & Lee, JOSRT (2017) 203:224

o Ames-2021 (13 iso) Huang, Schwenke, Freedman, & Lee, JPCA (2022) 126:5940 (Ames-2 PES & DMS-2021)
o Al-3000K (4 iso) Huang, Freedman, Tashkun, Schwenke, & Lee, JMSpec (2023) 392:111748

[0 sO
2
° Ames 296K (5 iso) Huang, Schwenke, & Lee JOSRT (2019) 225:227 ; MW line list (30 iso) JOSRT (2019) 230:222

0 N,O(12iso) |
> Ames-1 296K
o ABG-IMRHT (paper in preparation) and Al-1000K .

0 Cs,(20iso)
> Ames-296K (20 iso) and A+1.296K (1 iso)

[0 OCS (12 iso)
o> Ames-1 296K line list: online available 11/2021 (AMSD), reported in 75 ISMS (06/2022). g

o Ames-2024 (paper in preparation) and Ames-1000K Dr TimothJ Lee (1592022)

CO, AI-3000K: https://data.nas.nasa.gov/ai3000k N,O list: 10.5281/zenodo.7888194, 10.48667/9kmk-0334 (AHED)

Cs, lists: 10.5281/zenodo.10715006, 10.48667/8h4w-8p21 OCS list (AMSD): https://huang.seti.org/OCS/ocs.html
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CO,: 2-4%0 for OCO bands (Ames-2021)

v/ CCSD(T)/CVQZ+0.5ACPF/VTZ PES refined using pure experimental levels (c__ =0.02 cm™) + CCSD(T)/CBS DMS
v’ 2-4 permille agreement for 2001/ and 3001/ bands (DLR 2023, 0.2% larger than DLR 2021, new Ug o < 0.06%)

CO, 626 IR Intensity, Ames2021 vs DLR2023 2NN1°

12 = 30011 3.737+0.181 % P42-R36 135722 ] ST (XD VS Sunesznz (Calc), weighted meano '
n Y DO0I2 2SGUE D42 Rad-Rec 1 1.731%02;334, 0.191%031,5% 2A39igos113% -Zaffglg% 1957211 COZ 296K 20012
9 A 30013 -2.873+0.059 % P56 - R54 1 TERRESE BESRRRER SREEIE e n L - 1
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v/ Use CDSD-2019 global EH model energies
* More efforts are needed for accurate v, intensity (2%), or at 0.7 um --- require more accurate PES & DMS

DLR 2023: M. Birk, C. Roske, G. Wagner, and H. Tran (2023): Dijon meeting, Ames-2016: Huang et al. JQSRT (2017) 203:224

08/2023 Ames-2021: Huang et al JPCA (2022) 126:5940.
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Hot CO.: from Ames-1000K to Al-3000K

v/ Ames + IAO (CDSD global EH model) [] new PES refinement (X01d) using CDSD levels
(X01d + Ames-2021-40K) line list + (Ames-2 + Ames-2021) 4,, + CDSD Energy levels = AI-3000K

Upgraded Reliable IR Prediction More Accurate IR Intensity Accurate Line Position for hot CO,
:\13‘- S=E.. -E CDSD-based potential refinement 70 €O, IR Spectra at 1899 K
f= N X01d CDSD . i
S 63 =20 J=100 ;

o 4] 60
0 2 fecesesencccncoaaccacosoasacmarara Ay £ et Boag o ]
Q0 R =
L 5] c
© | 504
O 4 g 0
T T T T ' ! | o ]
15000 18000 1, 21000 24000 §
CDSD levels (cm™) D 401
Q ]
More complete with 2% 2% e <
” 1 — 5
= E’/E” < 40,000 cm §§§§E 30 -:—1899K-83 SkPa (Exp)
i \l- !
f'W i ﬂ :—ucu.-4ooo
' ' o=y i 00 {——HITEMP
. : V ugis 2189.7  2189.8 21899 21900  2190.1
" 8000 12000 16000 20000 Wavenumber

Wavenumber

* Next: Ames-3 PES; log(A..)/sqrt(0.001 - E/1000) test beyond 0.8 micron; etc.

Ames-1000K : Huang, Gamache, Freedman, Schwenke and Lee JQSRT (2014) 147:134
Al-3000K: Huang, Freedman, Tashkun, Schwenke, and Lee, JMSpec (2023) 392:111748

https://data.nas.nasa.gov/ai3000
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Hot CO,: Al-3000K vs Experiment at 2000K

Shock tube IR spectra (Expt, black) compared to AI-3000K, UCL-4000, and HITEMP

18 = 18 -
—— 1980K-6.8kPa (Expt)

] : 1995K-6.6kPa (Expt)
16 - —— Al-3000K (This work) 16 - —— AI-3000K (This work)
. —— UCL-4000 —— UCL-4000
14 - —HITEMP 14 —— HITEMP
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5 ] T 5 ]
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, | o '
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o4+———7T—— ( ) 0
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AI-3000K : Huang et al J. Mol. Spectrosc. (2023) 392, 111748. HITEMP: Rothman et al JOSRT (2010) 111, 2139. UCL-4000: Yurchenko et al MNRAS, 496, (2020).

Expt: Mulvihill & Petersen, “High-temperature argon broadening of CO, near 2190 cm! in a shock tube”, Appl. Phys. B. 123 (2017) 255.
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Hot CO_: Al-3000K vs Experiment at 2000K

For high temperature line list, refining PES with respect to reliable global EH models (if available) is a good choice
but it will sacrifice the quality at low energy, so need A,, from a more accurate room-temp line lists

50 70

60
X =S
S 5 =
5 5
2 g
< 2
10 4 —— 1945K-36.9kPa (Expt) 30 4 —— 1899K-83.5kPa (Expt)
—— AI-3000K (This work) — AI-3000K (This work)
—— UCL-4000 —— UCL-4000
—— HITEMP (a) —— HITEMP (b)
e NSV .4 8 e R ——
2189.7 2189 8 2139 9 2190 0 2190 1 2189.7 2189 8 2189 9 2190 0 2190 1
Wavenumber Wavenumber

AI-3000K : Huang et al J. Mol. Spectrosc. (2023) 392, 111748. HITEMP: Rothman et al JOSRT (2010) 111, 2139. UCL-4000: Yurchenko et al MNRAS, 496, (2020).

Expt: Mulvihill & Petersen, “High-temperature argon broadening of CO, near 2190 cm! in a shock tube”, Appl. Phys. B. 123 (2017) 255.
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CS, : natural list (20 iso) & A+1.296K (*2C2S )

CCSD(T)/aug-cc-pV(Q+d)Z PES refined using HITRAN experimental data collection, o,

v =0.017 cm™
v/ CCSD(T)/aug-cc-pV(T/Q/5+d)Z DMS, 6= 6.0 x 10® a.u, 0-20,000 cm™*
v/ Line list (20 isos): J=0-200, E'<13,700 cm™, S__ > 103! cm™*/molecule.cm™, 0 — 10,000 cm™?,
v '2Cs, (A+1.296K) : Ames + IAO Global EH Model; Use reliable E . foriso 224, 223 and 232.
v/ Validation against PNNL cross-sections. s p e —
. . . _1E- "natural" CS, (20 isotopologues)
v Next: PES refinement at higher energies —M ,‘, / Hl | — o —a
_— le-19 g 1E:24 h| | “ N ““ AT
R:: —— PNNL298.1K | :“T'\:{:zi%zl: E 1E-26 J‘ A’ }‘H’l YM‘/’/I’ i ’}'\A]M/ V' //A ‘ / f
- NNl i
éiz g g 1E-30 ;’f} ' ’Jv 1 AR L 4:“1“ hf ’,«/Vﬁ_”lqw{ 1"’1’&;}/" ;’.‘M'"Mwﬂ 4 W’l{“ 1"’
'gl.s 1E-32:% W/ ,/y ‘L‘&‘, “'j‘nj, ‘ ‘v ‘*
8o " “534: i M y ,J.W ‘A‘ MWJ ;\k
R — " ™ T ””1‘0‘06‘””‘z‘o‘o‘d‘”‘“3‘0‘06”‘”46’66””\/‘\/&36’66”"L‘_)éb'o‘d‘ 7000 8000 mébdd “““ 16600
g 2 | ALY RN 2, avenumber
A0 AT ALy e
Wavenumb 2000 4000 6000 8000 10000

Huang, Gordon, Tashkun, Schwenke, and Lee, ApJS (2024) 272:17

CS

lists: 10.5281/zen0d0.10715006, 10.48667/8h4w-8p21

Ames-1 PES & first line list online 11/2021
Reported in ISMS 06/2022, published 05/2024
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Use Global EH Model: 12C3ZS2

Number of 2CS, levels below 9000 Energy difference between
-1
cm Ames-1 PES based levels and H_; model
1000 T 0o & levels st
800 . 08 ]
() )
» o o7 & 5 5] A
) : = 2 = .
% 600 % 8 T 3
- o5 o P I
5 400 2 S
* "5 <] O
= 1 4]
= = o 1 -2
200 92 sp] B
m  Number of Ames-1 levels < 9000 cm™! = 01 ] 4 pov B z e
o Percentage of Ames-1 levels matched to Hg levels ] 0 a0 000 a0 000
0- 90 -25 v g T v * T v d T v d T g v T v v T
0 40 80 120 160 200 0 1500 3000 4500 6000 7500 9000
J 12C323, EH model based energy levels / cm’™

* We need a program to match E___and EH levels:
easiest one, ~ 1 month, iterative fix/check, v, quanta helps
 Different priority, criteria, and matching strategies

Global EH model: Tashkun, S. A. JQSRT (2022) 279:108072 . .
HITRAN2020: Karlovets, Gordon, Hashemi, et al. JQSRT (2021) 258 : 107275 D el 0 61k B kI ot ChAIIE, SO SR ey ]
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Ames- 1 (11/2021) Ames-2024

Line Intensity: Ames-1 vs HITRAN (6 isos) Line Intensity: Ames-1 vs HITRAN (6 isos)

Determine Consistent and Accurate Line Positions

52% = 1% [ e) = 49%
fOr the Ame5'296K OCS IR Llne L]St 0003-0001° 50 . i ) ) |
=, 480 + % 2202-0000" £ 4. Bao LY 5
” \ 1401-0200% = ““j : = B B
n . - A, T 2. . 0 i
. _— o 5 L e |
» Ames-296K line |IS-t . % = 3’7‘( ToF8 "% g o] 2w e e, L -Illlllln . .I fulhiL._1
» Compare to experiments and datasets 2 Ll H 1 S X o 2oi0__ 30030000 il N P I S 5ol v 05
: i | i P2 SR i - e o . -
» How touse CDMS + HITRAN + MARVEL data . ‘( N o | [ | ; 205068 o o0 % - - o%
1 ; 4061000 “ P ] w - _ i
i N 9110-1110° 0.
XINCHUAN HUANG, 2 DAVID W. SCHWENKE? \ | T B £ P i
0310-0220° 0012000 2001-1000° e - H 3 I
P S A AR P o ' ; p @ ; - . ‘
ISETIINSTITUTE, MOUNTAIN VIEW, CA 94043, USA; farenumbe Wevenumbe I | |
2NASA AMES RESEARCH CENTER, MOFFETT FIELD, CA 94035, USA; . L ) Lot il

Experimental data missing for 1002, 2002 and 3001 series N W A D' oD e @ B w e ) 720 T "R gae ey e Yo Y Yau e Y
Rele 1% = (S, /Sy S/ S Rl 1% = (S /S S/ i) 0%

e T percentageofreltive o] <10%
PES: CCSD(T)/aug-cc-pV5Z, refined with HITRAN levels, c . =0.007 cm?

6 =0.01cm™*forE subset; +0.01-0.02 cm™ for obs bands > 10,000 cm™
rms MARVEL

- : DMS: CCSD(T)/aug-cc-pV(T/Q/5+d)Z, 0~ 20,000 cm™, 6 =5.8 x 107 a.u.
peEes DMS-2024: 12,000 dipoles, 0— 15,000 cm™?, 6. =1.35x 107 a.u.

oo e 00 296K line lists: J=0-150, E'<16,000 cm™, S, > 1073 cm™/molecule.cm™

1000K line lists (2023): E’< 22,500 cm™?, S

III

1E-18 | [Ames-1 296K IR Line List for ‘Natural” OCS|

4=0-150, E'<16,000 cm", S0y > 1E-31
Mixed with terrestrial abundance

632 0.0105315  1.062,057
623 7.39908E-3 893,896
822 1.87967E-3 654,976
634 4.67176E-4 485,770

3.49539E-4 416,931

roek > 1033 cm™/molecule.cm™

“natural” 296K list (2024): 12 most abundant isotopologues, 9.1 million lines

Ames-2024: HITRAN & Ames-vs-MARVEL comparison-based line positions
Ames-1: 75" ISMS, TC04, 06/21/2022 Ames-1 PES & first line list online 11/2021

T T J
0 2000 4000 6000 8000 10000 12000 14000 16000  Sum 0.999604765 7.691.412
Wavenumber

Ames-1 PES, DMS and 296K “natural” line list are available at http://huang.seti.org

O O O O3

Ames-2024: 77" ISMS THO04, 06/18/2024 https://huang.seti.org/OCS/ocs.html
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OCS: Identify outliers, Correct assighments

[l Accuracy and consistency across isotopologues, J, and vibrational band series

HITRAN

IR intensity issues

622 90°0-00° band in Toth 2010 is 632 02%2-0220
18013C328 0222-02°0, Ames (This work) vs Toth (2010)

> 623 22°1-10°0 intensity, overestimated by 40 times 0020 4 15
> 822 04°0-00°0 intensity, overestimated by 220% ~0.021 10
> 622 00°3-00°1 intensity, underestimated by 65% -00227 - _*e © s S
> 622 03'0-02%0 intensity, overestimated by 320% <k ) R o T PO
- s . T 00241 o s st M F5 R
Line Position / energy level: g o] . PR BN n
° 622 5002 levels, off by 0.384 cm™ gl e S — i aaﬁ:}j g
> 624 2001 (J=83-93) and 623 2001 (J=74-81): non-matchable g 0 o= tF onohe
-0.027 4 - —20
° 622 4112 and 9110 levels, off by ~0.10 cm; | ) :
7440 J=29 doubly assigned (from Expt 2014); ~0028 P
. . . 0029_' e Calc-Expt -0.0255 £ 0.0011 cm’” L -30
> 632 3800 J55e doubly assigned, 1440 J58e misassigned to 1001; © AmesvsToth -38% 56% :
-0. 030 . . . . . T . - -35
° 623 J=5/6 levels, off by 0.02-0.05 cm™ 3045 3950 3055 3960 3965 3970 3975 3980 3985
> EH model over extrapolations: Wavenumber (cm-1)

* Huang, X.; Schwenke, D. W.; Lee, T. J. JQSRT (2019) 230 222 HITRAN2020: Gordon, I. E., Rothman, L. S., Hargreaves, R. J., et al. JQRST (2022) 277:107949

Toth 2010: Toth, R. A., Sung, K., Brown, L. R., & Crawford, T. J. JQSRT (2010) 111:1193 -5 + 5% difference between S . and S
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Accurate IR Intensity Prediction for N,O Analysis as a o
Potential Biosignature Molecule in Planetary and More Accurate N,O IR Line List
Exoplanetary Atmospheres: Uncertainty and Upgrades Enhanced with Experimental-based Line Positions

Ames-1 296K IR Line Lists for
N,O Isotopologues

1. Background 2. Methodology 3. Results & Comparison 4. Future work 1. Ames-296K intro 2. Compare to Expt/NOSL-296 3. Unc Estimate 4. DMS Upgrade 1. Ames-296K Published 2. PES & DMS upgrades 3. Line Position Upgrades

XINCHUAN HUANG, %2 DAVID W. SCHWENKE,2 TIMOTHY J. LEE,2 XINCHUAN HUANG, 2 DAVID W. SCHWENKE? XINCHUAN HUANG, 2 DAVID W. SCHWENKEZ?, SERGEY A. TASHKUN?

ISETI INSTITUTE, MOUNTAIN VIEW, CA 94043, USA;
?NASA AMES RESEARCH CENTER, MOFFETT FIELD, CA 94035, USA;

2021: HITRAN based PES refinement 2023: Ames-296K published 2024: new PES (Blb) o =0.006 cm?
CCSD(T)/aug-cc-pVT/Q/5Z DMS vs. NOSL/Expt [] DMS upgrade more accurate line pos and intensity
c . =0.02-0.03 cm™, and+20% (S,5¢) Uncertainty estimate Use IAO-MARVEL-RITZ-HITRAN-Toth
025 - data

IEW, CA 94043, USA;
ETT FIELD, CA 94035, USA;

S DMS Upgrade: 7% o,,,,. > outliers fixed »]  Ames-1 (Published) 0.0002 £ 0.0212 cm”
o 1E-18 ] | N0 296K IR Simulation New DMS Tests: 1113-0000 band fixed New DMS Tests: 2112-0000 band fixed o 1'5 ] - Ames-Blb (New) -0.0027 +0.0055 cm’
3 1E-20 A ﬂ (| HITRAN2020 | c o
k9] { | N A i HITEMP/NOSD+ <
g 1E-22 "A ‘ { J i M ‘P‘ _ Ames-296K natural z
L
§1E-26 ‘t W | § W 1]“ "'lﬂ M‘ M}/‘{J«i i '
i) f BRI AR Al H'.“u'i&‘ i/ Ui }4 £
1 R RN AR wM{,{ =
§ 1E-28 "5, i fJ”" i ""r‘e\‘ i ‘ﬁ M ,‘li {” 4 il ‘ w
E1E-301‘1’ | | f . N i 1l ‘1 L 'W . . . .
0 2000 4000 6000 8000 10000 12000 14000 R e E 0 2000 4000 6000 8000
Wavenumber HITRAN Energy Levels (cm™)

Huang, Schwenke, & Lee Mol.Phys. (2023), e2232892 First PES & line list online 11/2021

Data online: 10.5281/zenodo.7888194, 10.48667/9kmk-0334 (AHED) Reported in ISMS 06/2022, published 07/2023
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NZO : from Ames-296K to ABG-IMRHT

v 42°0and 50° bands: 1-2% v S, .andS . vsKarlovets et al (2023)
Ames vs NIST 2021 (HITRAN2020) all outlier bands are fixed

0=1.1% and 1.8% vs S

1000

_
X
N |ST % 500 - NOSL vs Expt

50 - bsd B Ames New vs Expt
o c 600
8 40 3 ..
= 30 o 400 . :
X 20 E Lo e <o A8
= kS © . : .

10 - L > e e
‘»— o® 0 '%' 0 oy, Ao
B 04— - pereeenrien T s e (4] c 200 &)
0 —10 - °
= 4200 T —400 S “%"ig.f”ﬁ*”“‘”"?»"‘f .
] 3 e Ames ; e W% § o R
@ -30 » NOSL 2 -e00 L e -
= 40 o NewAmes o NewAmes ., = e e

50 1.82+0.09% 1.14 £0.44% Soee % 800 A ’

e |m| <25 |m| < 25 oz -1000 T T T T
T T T T T T T T T T 7300 7400 7500 7600
-50 -40 -30 -20 -10 0 10 20 30 40 50

Wavenumber (cm™")
m=-J"(P) or J'R)

v/ 06°2 band: Ames vs Karlovets et al (2022) R16e intensity comparison
“110% [ 1 -54% [ ] better than NOSL Ames vs NOSL vs Experimental data collection

<

1204 - e - NOSL vs Expt
20E-27- © (E)EM((;)(;ZZ? 2 o ° o Ames-296K vs Expt
° S c 3 N Ames New vs Expt
¢ NOSL-296 o )
=] ¢
© 16E-274 o Ames (published) B 604 5%t
3 o New DMS 3 : e ° L2
3 +  New PES & DMS| * 8 303 o v, . %; . e
graEd ¢ 2 kg . o5 8o it
£ = S L™ K bofatty B0 SO T g o e
£ . @ 03----%; ?:eg? 'ggﬁ;%g@?:b ytﬁﬁ, g’f? O'_.:-Ggé: -mﬁﬁ%@o{, g
h * . .
< 8.0E-281 o 2 S ] o B ; 4 P by H, g %, 6 o
G e = . .o 2 ° ¢ °
7] . g @ ﬂ) 2 B R
g . o 604 °-
] _oga ] g 0 o = ¢ &
£ 4.08-28 e 2 Lt e 9 :
- ....é .%('0\’ & _90 3 o ° 5 §
0#%015
0.0E+0 1838833085 )
- 120 : : : : :
7670 7680 7690 7700 7710 7720 7730 7740 7750 7760 0 2000 4000 6000 8000 10000

Wavenumber N,'®0 R16e Transition (cm™)

NIST 2021: Adkins, E. M., Long, D. A., Fleisher, A. )., & Hodges, J. T. JQSRT (2021) 262:107527 NOSL: Tashkun, S. A., & Campargue, A. JQSRT (2022) 295:108417

Karlovets, E. V., Mondelain, D., Tashkun, S. A., & Campargue, A. JQSRT (2023) 301:108511 Karlovets, E. V., Kassi, S., and Tashkun S. et al JQSRT (2022) 288:108199
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Ine POS &
HFTRAN/JPL(Toth)

[0 Obs/EDM-based intensity in SISAM.n o list
as adopted in HITRAN.

ntensity vs.

[0 High consistency across isotopologues and band
series [] identify unreliable data and issues

446 bands need attention: e B M T T T T T T il
1000-0110 PNNL;S z£.4-(sstH=sT) el : 8 _
[Shira0 = St th Sames ~Onos) " : )
3000-2000S, =S, =3-(S,=S) s 100 ¢
— (0] - i S
0400-0310'S, = SN~28 (s 5) : | o O
2220-1220S, =S =2-(S, —5) 5 s Cu 3
2200-1200S, =S, =2 (s -S) S AW e v af0 G
: - c
1331-0330 S, = sN~05 (s —S) S o000 By sewc ¥t £
0440-0330S, =S =2-(S, —5) 2 L
0441-0330S, =S =0.5(S, = -'s ) o 005 100
0441-0440S, =S =0.5- (sH = sT) S | | -

042003305, =S, =0.6°(S,=S) -0.10- : D |
0531-0330S,~S, =~05°(S,=S) e -200

456 band needs attention
1201-1000 SH = ST = 40 -SA

1000 2000 3000 4000 5000 6000 7000

Wavenumber (cm™)

The synergy between theory and experiment has allowed us to identify unreliable data and issues in expt and datasets

SISAM.n_o (Toth) list: https://mark4sun.jpl.nasa.gov/data/spec/N20/RAToth_N20.tar
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What we have learned

[ Pure Experimental or MARVEL set — not ideal for direct use in high-resolution line list
16012C325 : 0™"-2"9 order adjustments on E(Ames), comparison based
**0*?C%S : Resonance analysis for 3v, state
OCS MW transitions — adjustment on calculated levels
N_°0 : 0™-2"¢ order adjustments on E(NOSL), comparison based
Strongly recommend iterative improvement of “MARVEL + PES (refinement)”

CO, AI-3000K: https://data.nas.nasa.gov/ai3000k N,O list: 10.5281/zenodo.7888194, 10.48667/9kmk-0334 OCS list (AMSD):

https://huang.seti.org/OCS/ocs.html * Huang, Schwenke & Lee, JQSRT (2019) 230:222; J.Mol.Struct. (2020)
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16012c32G: data errors in MARVEL level set

(un)assigned to 622 in Toth 2010

< 10 - .
5 f
=~ j 632 0222-02%0
— 5 - Labeled as 622 9000
= Data error ? 1=6,7,9-31,33-39
e O4Horneman
< 0 . i . -
2 — -_p" e T % emne @ ww
— y i 1111-0110 P3
L j Noon_eXIStmg misassigned as P13
o ] 0270f levels 95BeFaGu.7/8
n —5- .
qE) I — Typos?
< i 1111-0110 R24f * 6320222022
L\u’ -10 N misassigned to P24f ¢ Labeled as 622 9000
] 95BeFaGu.12 1=41-42,46-47
0 2000 4000 6000 8000 10000 12000 14000

E(MARVEL) /cm"’

Spectroscopic Network (SN) based MARVEL analysis does not know symmetry or isotopologue
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1.0
'E 0.8 -
L2 06
= 04 _ wrong assignments in 120ERRTE
o 04Horneman #250-254? Unc 0.13 cm?
< | : |
s ] - Sioarniaon®. wolipifant . o .
0 —02 Jo110e)=71~77  * ’
) "< "] 0110-0000 R72-R77 } ) ¥
~ _( 4 -] Assigned to R71-R76 0511e-72~76 1205 J50e
0 YT - R wim 1311e-72/74/76 Unc 0.16 cm™®
“E’ 06 - 0310e-72 011267176
< 2IvCIPlS 88MaOIlWeVa
1 —0.8 1420-15f § doubly assigned P50 & P51
10 ] 1420-0220 P16f
—10 4
0 2000 4000 6000 8000 10000 12000 14000
P16f used P14f line pos E(MARVEL) / cm””!

88MaOIlWeVa.21

Errors may propagate in the network (SN);  MARVEL procedure does not check consistency among levels
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16012¢325: more deficiencies in MARVEL set

14GoDeHeVa 0112-0110

High-quality semi-empirical

80Lansberg R44e-R54e taken as f ) ) _ _ _

- D2 5 lines unc 0.35 et + R44f not in 10ToSuBrCr _ line list can identify and fix
g 1310 J=65¢/f l 1line in 65TrCo, 0.1 cm™ issues and inconsistencies in
* not in 98RbBeVaNa .
=~ o014 5. P Rl : experiment or MARVEL data

d 3 S7AIPIBI .. 0002 J._._ . J48e 1003 ; 0205 .
> BT X U . - . ~ -1
x 00 I L "i‘;&%{ . Ouro_ 0.01 gm
<§( : = g g - . 3 ¥ v for aless contaminated
L —0.1 475BuDeSm Unc “ OQb3 0003 J61e, 1 line 0115 E\iARVEL subset (5592 levels)
| junderestimated * . 2901 UNCypp 0-1 €M™ 54e 57e '
— . = unc 0.025 cm’ eLabira supp tile use
e ] LR Rt o e 1 9:—Be"(i‘o[r)Icl>:oth Tab:ceI C (e)(:md D
0 =02 E Not ted i ; 0223 J17f; 0223-0220 R16f (f). All their f lines were taken
E 3 880Mreg|?/r \eN In : misassigned at wrong pos by.MARVEL a5 e lines
; aOlveWa .
W —0.3 3 { Unc (57AIPIBI)20.1cm™  “ p113J8e
3 Missing from 10ToSuBrCr 0113-0110 R7e typo?
"I'TTI'I'I'I'I'I“TI'I'I"TI'ITI'!’
0 2000 4000 6000 8000 10000 12000 14000

1200-1000 R59 (92MaWe.2) misassigned to 0201-0001

-1
A correct 0202-0201 line has unc 0.045 cm™, so little impact E(MARVEL) /cm

Accuracy, uncertainty, and coverage vary by experiments [] deficiencies in MARVEL data
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16012¢32g Levels: HITRAN vs Ames vs MARVEL

1) which dataset better for line list; 2) which model is over extrapolated; 3) what correction to use at extrapolations

622 0001 state
1l « Ames-MARVEL - Ames-HITRAN 00155 |622 0002 state
y = 0.01054+x*4 656-6+X*x*6.956-7 ‘ * Ames - MARVEL
] : ' : Ames - HITRAN
0.020 N :
- 0.014
it 4
00151 i L ~0.013 -
5 M‘j £
s I s
2 Al 4
o e “©© 0.012 3
00103 %
0.011
: 1 Over extrapolated
0.005+
: : EH model in HITRAN .
0.010 rfrrrrrrre S ————————— e——E———
0O 15 30 4 60 75 90 105 120 0 15 30 45 60 75 9 105 120

Best energy values: EH(HITRAN) orE ___ + 0t-2"d order corrections fitted from Ames-HITRAN-MARVEL comparison
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e/f split check: 04°0 at 2100 cm™

0.02 4
0 00_; """—__ TTIITH_ T-,--l
. E __h__illb_ l::IlLTH 1
A—o.oz-f |
|E ]
o 1 1
1 —0.04 3 }
“w ]
~0.06 4
1 1622 0420 state
1|+ Ames - MARVEL }
] Ames - HITRAN
0'08’; —— vy =0.0011x*2.e-5 }
""""" MM UMM MU IS I I
0 10 20 30 40 50 60

J

76MeDuMe, 0420-02°0 lines
doubly assigned to both e & f
Many Js are contaminated, but only
noticed when they dominate

Use HITRAN energies
+ linear extrapolation

Best energy values: EH(HITRAN) orE ___ + 0t-2"d order corrections fitted from Ames-HITRAN-MARVEL comparison
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|
I i
Sl

T 1 H % 4 B & B % %

determined for all (50+) vibrational states beyond HITRAN

Interpolate corrections for missing Js

Extrapolate corrections beyond the J range of expt data
Uncertainties estimated
Use 2014 EH model for vibrational state labels

SN XK

Best energy values: EH(HITRAN) orE ___ + 0t-2"d order corrections fitted from Ames-HITRAN-MARVEL comparison
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Rovibrational levels: Use HITRAN (EH) first

[0 Data exceptions identified in HITRAN
e 622: 5002 levels, off by 0.384 cm™
* 624:2001 (J=83-93) and 623 2001 (J=74-81): non-matchable
e 622:4112 and 9110 levels, off by ~0.10 cm™ (from Expt 2014);
7440 J=29 doubly assigned (from Expt 2014);
* 632:3800 J55e double assigned, 1440 J58e misassigned to 1001;
e 623:J=5/6 levels, off by 0.02-0.05 cm™
[0 Over extrapolation of EH model fits:
e 622:0002,0421, 1002, 1201, 1401, 1421, 2002, and 2113
* 624:0002, 1002;
e 632:0112f, 1002;
* 623:0002, 1002;
* 634:0003
[ Vibrational state labels
* 622:4002 and 9000 levels, assignment exchanged

Exceptions and overextrapolations are fixed by constant or linear inter/extrapolations of reliable 6

Ames-HITRAN



N‘;:"’.".A SILICON

" VALLEY

AMES RESEARCH CENTER

*°0™*C%*s: 3v, (00°3) resonance clarified

1-10-00 in MARVEL

0.02 4 e 1-10-0-0 confirmed y =-0.0110-1.8e-4*x
] 0003 levels related —-—--y = 0.0070+x*0+x*x*0
Ames-Expt (1998 =
] P ( ) " _I;Mﬁ_ﬂ“__“” lfnql'ib "““ _____y___Q.OO?
0.01 - | . i (+0.001)
L gim i'_;,_..LE_’-:.;.t_*.e_ﬂ ‘‘‘‘‘ !
~ 0.00 T
£ : #207 at J=30
2 ] » #2009 at J=30
© -0.01 1
622 0003 state
0.02 ] * Ames- MARVEL
I « Ames - HITRAN
] Ames - Expt (1998)
-0.03 1 T T T T T —— U UlU-mrrrr e e RAARAARRL RRARAAARY T T
0 10 20 30 40 60 70 80 90
J J

Accuracy of Ames-296K line list may facilitate spectra analysis, and separate states in resonance

Best energy values: EH(HITRAN) orE ___ + 0t-2"d order corrections fitted from Ames-HITRAN-MARVEL comparison
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Resonance Exceptions: case by case

(1) Ames and EH(2014) agree on R34 / R35

Perturbations confirmed at J=39-40 and 47

6gy =0.05cm™,3, . =0.0068cm™
0.06 5 * 2005 (2) no resonance was found in J=25-45 calc
I 0.0050 0.06 L
0.04_2 ) l z'gj [« 0205y =0.0010]
Tg 0'03'2 } 003 [
o 002 } ! i } £ 002 J “
> § . S T [
& 001y 1% Wﬁl jﬂl 1L s l o |l Tl
i Tt
£ 0.1 } } E ¢ - (| FLL L | I h
< £ -0.02 IO [|4 1
-002 5 < 003
—0.03—2 -0.04 1 1
-0.04 é AR T T T AR ""I """"" T -0.05

Best energy values: EH(HITRAN) orE ___ + 0t-2"d order corrections fitted from Ames-HITRAN-MARVEL comparison
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CDMS: Endres, C. P., Schlemmer, S., Schilke, P., Stutzki, J., & Mdller, H. S. P. IMSpec (2016) 327:95
Miiller, H. S. P.,, Schloder, F., Stutzki, J., & Winnewisser, G. JMStruct (2005) 742:215

*J

2.0 5 OCS 622 rotational vs. CDMS For J=0-99, E '=F (Ames) + aXlO'6><J><(J—|—]) + bx]O‘lzszx(J+])2
] |Line Positi E level
1 5_: ":e :ﬁlgx]N nerg\f Ve’ Corrected OE Corrected 6®
' ] + Ames corrected . MHz
1_0_3 » MARVEL ) -1.205 +1.76  0.003+0.100 0. ooz+o 013
] m 0.225 +6.82  -0.108+0.136 0.001+0.021  >99
! m -1.725 +10.45 0.040+0.158  -0.004+0.023 86
E -
JEIItY BEE) 0676 +325  0.124:0.068  0.001:0.013  >99
; m +3.869 -0.307 -0.088%0.207 0.002+0.027 85
' m -0.734  +7.25 -0.007+0.188  -0.008%0.032 80
+1.556 +5.4  -0.049+0.165  -0.006%0.025 79
' m +0.490 +28.65 0.03840.173  -0.007+0.026 78
m +4.700 +17.55 0.054+0.135 0.005+0.023 81
I RN -1.2945 44673 0.019%0.167  -0.005%0.027 82
20 40 60 m +3.372  -2.95 -0.011%0.167 0.005+0.024 77
J
é‘)(n/uCDMS =0.1~1

o IS @ rough estimate for reliable range of EH model
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0.6 OCS pure rotational transitions 0.6 OCS pure rotational energy levels
] Ames corrected - CDMS 0.5 Ames corrected - CDMS
N 0.4-; 622 N 04 622
= - 624 = 03 o w“;... S - 624
@ 027 <8320 ool e e KRN G+ 632
2 ] 5 623 2 0.1 ) ""v.""‘"twv’j“";f“u' 'f:“";'E""':;""::'X $ vv::v . " i ; . 623
S ] et | - 8220 57 S ;::“::,;;:ti»»»-»,,,,,.:i::‘siji.,.,}:iiﬂ.‘“ LT iy j 1. 822
0.0 -gavaﬁix°°!§gi'if‘ii;l‘iaaiaiﬁtit5aaee¢av;;sastaessisisiig!;'!gg!ggggggggg§§5$§iiii¥iifiif%%%;;;v;.. . 634 “ 0 et . . =y
o ] . T
] : 722 @ 722
= “] . 626] © 626
g -0.2 4 . 824 g + 824
8 ] i £33 8 - 633
044 - 832 ’
8 047 L 832
064 0.001-0.01 MHz + 0.01 —0.03 MHz
'Wrmmmmrmmm

0 10 20 30 40 50 60 70 80 90
J J

CDMS: Endres, C. P, Schlemmer, S., Schilke, P., Stutzki, J., & Mller, H. S. P. JIMSpec (2016) 327:95

Miller, H. S. P, Schldder, F., Stutzki, J., & Winnewisser, G. JMStruct (2005) 742:215
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N_O: Experimental-based Energy Levels

m HITRAN | RITZ | OBS_Lines “ NOSL (EH) | MARVEL m
\/

(6915) 19892 )=0-125 311676 17561 \
456 1769 8606 \ J=0-125 V
546 1952 9341 \ J=0-125 \
448 1894 2912 J=0-125 \
447 828 969 J=0-125 V
556 5225 \ J=0-125 V
458 107
548 105

NOSL-296: Tashkun & Campargue, JQSRT (2023) 295:108417 SISAM/Toth:

https://mark4sun.jpl.nasa.gov/data/spec/N20/RAToth_N2O.tar
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Many o are due to MARVEL data issues b
Y OparveL-NosL oo R
,-""’, | Q - \ PR ‘
. LT 0.04 T 1 1
o - 0.02 - T 71714
__02- .02 - IR ?
‘TE 0.1+ ' o ,;_\ L1~ )
30.0- g i#.g‘!g!g!iif;!’l‘!
0 (] &
S 02 O -0.02 [
| Sy (D ] A
D -0.3 - —
b= Q
T -0.4 -.O: 0.04
3 -0.5 .
@ 06, ~0.06 + |N,O (446) 0421 state
cC . '~ 1 .
W _g7. - Marvel-NOSL b 1 (8-2-1 in MARVEL)
08 RITZ-NOSL —-0.08 o Ames-Marvel
-0.9 \.\-\‘ E e  Ames-NOSL
N ) - o Ames-RITZ
~1.0 34— r . 1. ' ' 1l ° ¢ T %% 1 o [ r °r 7T e
0 2000 4000 6000 8000 10000 12000 14000

I T I T I T T T T T T T T T T
4500 4600 4700 4800 4900 5000 5100 5200
Wavenumber

: : Ames - MARVEL: 0.0022+0.026 cm™
varvee RITZ levels are more consistent with NOSL Ames — NOSL:  -0.0019+0.0006 cm-L

14N2160 rovibrational levels (cm™)

Compared to E
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Use Global EH Model (NOSL): **N_**0

Global EH Model: l2= 0-30, J=0-125, 0-15,000 cm™?, 310,676 levels
(experiment data based, up to Karlovets et al 2023)

v/ Begin with automatic search-to-match program (specific for N O)
| Check all matches up to 11,000 cm™ (~100,000 levels)
[J hundreds of corrections at state crossing and perturbations
1 all J=0-125 levels up to 11,000 cm™ are matched and verified

¢/ Use IR line intensity to help match higher energy levels
[ extract all IR active levels (S, > 10" cm/molecule)

[ match all active levels with S_,_ > 1028 cm/molecule

v/ Use additional levels in MARVEL/RITZ list, if necessary

[Independent NOSL-RITZ-MARVEL comparison also available from Dr. Tashkun]

Ames-B1b vs NOSL (446), MARVEL (446), HITRAN (446,456,546,448,447), EH (446,456,546,448,447,556), RITZ (446,456,546,556), Toth (458, 457)
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“N_'°0: Empirical adjustmentson E__

— | | -l uf b=
E 3 Iog[|MARVEL-NOSL|/unc]‘ " 0.2+ 0.6
= . & e 0-11-11-MARVEL-NOSL 0.0354
e e  0-11-11-RITZ-NOSL . . ® 0006-MARVEL-NOSL
, o 0006-RITZ-NOSL
~ 001 o X 0.4 R 0.030
K = = —~
—_ 5 % = 0025
E < 02 5 5
1 -0.2 1 (G2 o
- -
2 Q g 02 @ 0.020
< e £ :
] Qo [
T _ 4 J
S 3044 Uyagym = ~0.001 cm & § 0015
= w £ 00 £
z =10 ~0.004 e’ g8 | °™ 5
2 z Ugrz = ~0. cm a T 0.0104
kel < 3 >
= -064 = - =
o g g5 - 2 0.005
] 3 5 E ¢ 4401-MARVEL-NOSL < w 4 i
-4 o ~08 *  4401-RITZ-NOSL UparveL = 0.001 cm 0.000
v ) = -6 -5 -1 -
Ugirz = 10° ~10™ cm
. S -0.44 RITZ -0.005
-5 4T 0
0 2000 4000 6000 8000 10000 12000 14000 o ! J y ! ! ! ! ' y y J J J J J J )
0 10 20 30 40 50 60 0 10 20 30 40 50 0 10 20 30 40 50
4
Energy (cm™) J J J
2] marvellevelsm - marvel.levels.matched *
A(x1|B(|cm|D(v1|E(v1 F(Y1) |Gl‘H(‘I(V‘ 10x2) ‘K(lL(lM(‘N(‘ o(v2) \ P(X3) \ Q) \ R(Y3) &\ S(Y3) ’T(Y‘UW‘V'MX('Y(V‘Z(lAAlAB‘AC(‘A‘AE(VS‘ AF(Y3) ‘AG(YS‘AH(YS)‘ AI(Y3)‘ AJ(va)&i AK(va)&] AL(X‘@{ AM(W)Q“
P 1 n J ef Energy unc Energy Energy aift aift aift 5296 mnum _ logm-njum __unc mn/um
cm-1 cm-1 e cm-1 cm-1 cm-1 :m/moleculc e
Marvel Ames NOSL  Ames-Marvel Ames-NOSL  Marve-NOSL [MarvelNO Iog[MARVE unc  [(Marvel-NO
op Sl log(absa))  J abs(AJ) OI I I a re l I Ies
22 0 4 15 11206028284 2 450064 1 0 0 5 1206138235 1206032724  1.09951 105511 004440 3 0041 0 0 5 2 15 1 1011 1398E-26 01 -186 153 -88.696764 1947908 0000501  88.697
2 0 4 13 11203708032 2e 36003E4 1 0 0 5 12037.85796 12037.13746 0.77764 0.72050 005714 3 004 1 0 0 5 2 13 1 992 1.368E-26 18 -139 1.25 95177911 1.978536 0.000600 95178
9 1 9 66 1 755471957 1f 10001046 4 1 1 0 755462103 755461542  -009854 0.00561 010415 3 5502 5 1 0 166 1 74 204327 -159 2976 -20799 99571128 1998133 0001046 99571 o . .
14 2 15 40 2 943644253 2% 10001001 5 4 2 0 943537139 943633804  -0.07114 003335 010449 6 0001 12 2 0 2 40 2 363 6809E-29 -136 -347 3471 104381219 2018622 0.001001 104381
20 4 4 21197222137 2e 40001053 1 0 0 5 11972.08011 1197234891 -0.14126 -0.26880 012754 2 004 1 0 0 5 2 4 2 611 43927 259 -058 0488 -121.1218 2083222 0.001053 121.122 Z
6 2 3 29 2 399506249 1f 22051E-4 1 4 2 0 399598969 399508766 002720 000203  -002517 0 6200 6 2 0 1 29 2 20 1564E23 7.7 -3117 31.153 -1226997 2088843 0000205 122700
16 2 11 48 21038307567 2% 10001003 -1 -1 -1 -1 1038330351 1036320239 022784 040112  -0.12672 1 11715 2 2 1 2 48 2 460 1.178E-29 -141 076 0750 -1263398 210154 0.001003 126340
22 0 4 9 11200026852 2 46009E-4 1 0 0 5 1200051220 1200034879 ~ 024368 016341  -008027 3 0041 0 0 5 2 9 1 901 1154E26 106 -069 081 -1335878 2125767 0000601 133588 . . o
22 0 4 8 21199305726 2 46686E-4 1 0 0 5 1199320737 1199314991  0.15011 005746 009265 3 0041 0 0 5 2 8§ 2 861 108E26 157 06 0726 -1389917 2142089 0000667 135992
15 1 8 45 1 940586719 2e 10001001 3 1 1 2 9406.06915 9406.01597 0.20196 0.05318 014878 4 001 3 1 1 2 2 45 1 336 8345E-28 805 -1 1.083 -1486337 2172117 0.001001 148634
22 0 4 11 11201707852 2 444244 1 0 0 5 1201745308 12017.14456 037456 030852  -006604 3 0041 0 O 5 2 11 1 957 1291E26 48 -1 101 -1492798 2174001 0000442  149.280
15 1 7 46 2 944364864 20 10001001 0 11 1 1 044385086 044380950 021122 005027  -0.16095 O 9113 5 1 1 2 46 2 336 5611E-28 415 152 -1503 -160.7859 2206248 0.001001  160.786
17 1 10 38 11027091072 1 f 10001004 3 3 1 2 10271.18864 10271.07276 027792 0.11588 016204 4 4213 3 1 2 138 1 412 2666E-28 -108.1 098 -0912 -161.3895 2207875 0.001004 161.390 .
16 2 10 27 1 941889239 2% 10001001 -1 -1 -1 -1 9419.11592 9419.06253 0.22353 0.05339 017014 0 12410 12 2 1 2 27 1 414 6348E-28 1589 078 -079 -169.9650 2230362 0001001  169.966 P Ot e n e r I e r‘e n Ces
15 1 7 47 1 948230093 2% 30001001 O 11 1 1 048253022 046249317 023620 004605  -0.19224 O 9113 5 1 1 2 47 1 336 3445E-28 -507 162 -1611 -1920482 228341 0001001 192048
15| 1 7 45 1 940467623 2 e 10.001001 0 11 1 1 940450392 9404.47346 -0.17231 0.03046 020277 0 9110 11 1 1 2 45 1 335 3745E-28 313 -157 1543 20257013 2306575 0.001001 202570
20 0 27 10 21200018319 2e 230054 8 0 0 1 1200946750 1200025198 028431 021552 006879 9 0006 0 0 2 2 10 2 933 1031E-20 -704 082 -0905 -2289324 2350707 0000301 228932
22 0 4 7 11198665466 2 440034 1 0 0 5 1198671836 1199675040 006370  -003204 000574 2 0041 0 0 5 2 7 1 814 88BIE27 228 -055 0651 -230.1604 2378706 0000400  239.169 . .
16 2 10 23 1 933411081 2e 1 0001 -1 -1 -1-1 933383890 933378580  -0.27191 005310 032501 013110 12 2 1 2 23 1 413 2939E28 0 -095 0944 3250081 2511894 0001000 325008 SI m e CO r'r'e Ctlo nS 0 n
22 0 4 3 1119900684 2 34001E4 1 0 0 5 1196886097 11969.14783  -0.14587  -0.28686  -0.14099 2 004 1 0 0 5 2 3 1 520 3399E27 318 -058 0453 -3523789 254701 0000400 352379
20 4 2 21196660520 2e 3 4E-4 1 0 0 5 11966.44601 11966.74675 -0.15919 -0.30074 014155 2 004 1 0 0 5 2 2 2 414 2487E-27 434 058 0.428 -353.8745 2548849 0.000400 353.875 NOSL
15 1 7 48 2 952170372 2% 30001001 0 11 1 1 952210086 952205639 0230694 004227  -0.35467 0 9113 5 1 1 2 48 2 336 2032E-28 -553 184 -1840 35432038 2549396 0001001 354320
15 1 7 44 2 936776004 2 10001001 0 11 1 1 936741706 ©367.39081  -0.34298 002625 036923 0 5110 11 1 1 2 44 2 335 2751E28 547 -163 1640 368.864136 2566866 0.001001 366,864
7 1 1 40 1 461582678 1 f 3205E4 0 7 7 0 461572956 461573508 -0.09722 -0.00552 009170 0 4210 3 1] 1] 1] 40| 1 23 329E-23 -134 -1655 16.544 446.006809 2649341 0.000206 446.007
15 1 7 43 1 933154146 2% 10001001 0 11 1 1 033108744 033200540 044508  -001796  -046394 2 10402 11 3 0 2 43 1 336 2494E-20-1452 089 -0932 -4634814 2666032 0.001001 463481
16 0 10 49 11011214077 2 e 10001012 3 2 0 2 1011287200 10112.79502 073123 0.07698 065425 0 104 1 4 4 0 1 2 49 1 411 2803E-28 -415 22 -2223 -646.48913 2810561 0.001012 646.489
16 0 10 50 21015320177 2% 10001011 3 2 0 2 1015406436 1015399285 077259 007151 070108 0 5114 4 0 1 2 50 2 411 1814E28 -449 237 2408 6934552 2841018 0001011 603455
16 0 10 51 11019514076 2% 10001014 3 2 0 2 10196.11149 1019604453 07073 006696  -0.90377 0 5114 4 0 1 2 51 1 411 116E-28 -462 262 -267 -891.2931 2950021 0.001014 91293

NOSL-(Ames)-RITZ-MARVEL comparison ] 0" — 2" order adjustments on NOSL energies
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**N_**0: Empirical adjustments on E

v Adjustments on E for ~20 vibrational states > 10,000 cm™
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008 , ’ 17-1-7  2113/3910 (J25f) 1 Eyos +0-071 n/a 2203 1/49 45 Ey 0, -0-008
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NOSL-(Ames)-RITZ-MARVEL comparison ] 0" — 2" order adjustments on NOSL energies
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What we have learned

[ Pure Experimental or MARVEL set — not ideal for direct use in high-resolution line list
16012C325 : 0™"-2"9 order adjustments on E(Ames), comparison based
**0*?C%S : Resonance analysis for 3v, state
OCS MW transitions — adjustment on calculated levels
N_°0 : 0™-2"¢ order adjustments on E(NOSL), comparison based
Strongly recommend iterative improvement of “MARVEL + PES (refinement)”
[0 Reliable Global EH models are the best choice — if available
room temperature — program-aided match, molecule/data dependent
high temperature — refine PES wrt EH Model, + A, from room-temperature list
reliability of global EH model — use isotopologue consistency

CO, AI-3000K: https://data.nas.nasa.gov/ai3000k N,O list: 10.5281/zenodo.7888194, 10.48667/9kmk-0334 OCS list (AMSD):

https://huang.seti.org/OCS/ocs.html * Huang, Schwenke & Lee, JQSRT (2019) 230:222; J.Mol.Struct. (2020)
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Not all global EH models are reliable: N,O

Ames-B1b PES refinement using Benjamin Schroder's Comp | PES (2015): Intermediate, < 10,000 cm™

J=20 e levels . . E g T L ;"o*i
s 446 : ’ T UNRE
0-25 5 : 4 2 ° 456 = v NS A"v“’v%%‘:
0.2 Ames-1 (Published) 0.0002 + 0.0212 cm » 546 o B o Pyl ‘°°§1Vg§‘vf":§9§
S s Ames-B1b  (New) -0.0027 +0.0055 cm' _ - 556 o U ok SR
e e 1 . 448 .
O 017 — . 9 . 447
<Z( ) . \I .
s ul 0ds 8 = wm B ey
-
L
| -2 -
-0.25 : : : : : : : . . L B o et .
0 2000 4000 6000 8000 I I S LAV
HITRAN Energy Levels (cm™) 0 2000 4000 6000 8000 10000
N,O rovibrational levels (cm™)
Sma”est GRMS error we ever achleved Global EH model of minor |SOtOpO|OgU€S

need more experimental data

B. Schroder, P. Sebald, C. Stein, O. Weser, & P. Botschwina, Zeitschrift fur Phys Chemie, 229, 1663 (2015)
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_0-6§| L e e e B I A S B S 10 T T T T T T T T T —
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000 14000
1
Wavenumber G, (cm™)

We found EH(2014) has 0.1 cm™ deviations at 8000 cm™, and 2-3 cm™ deviations at 1006 and 0206 states, etc..

Golebiowski, D., de Ghellinck d’Elseghem Vaernewijck, X., Herman, M., Auwera, J. Vander, & Fayt, A. JQSRT (2014) 149 : 184
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What we have learned

[ Pure Experimental or MARVEL set — not ideal for direct use in high-resolution line list
16012C325 : 0™"-2"9 order adjustments on E(Ames), comparison based
**0*?C%S : Resonance analysis for 3v, state
OCS MW transitions — adjustment on calculated levels
N_°0 : 0™-2"¢ order adjustments on E(NOSL), comparison based
Strongly recommend iterative improvement of “MARVEL + PES (refinement)”
[0 Reliable Global EH models are the best choice — if available
room temperature — program-aided match, molecule/data dependent
high temperature — refine PES wrt EH Model, + A, from room-temperature list
reliability of global EH model — use isotopologue consistency
[0 Use reliable EH model fits or selected reliable data from global EH model

CO, AI-3000K: https://data.nas.nasa.gov/ai3000k N,O list: 10.5281/zenodo.7888194, 10.48667/9kmk-0334 OCS list (AMSD):

https://huang.seti.org/OCS/ocs.html * Huang, Schwenke & Lee, JQSRT (2019) 230:222; J.Mol.Struct. (2020)
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N_O: Experimental-based Energy Levels

m HITRAN | RITZ | OBS_Lines “ NOSL (EH) | MARVEL m
\/

(6915) 19892 )=0-125 311676 17561 \
456 1769 8606 \ J=0-125 V
546 1952 9341 \ J=0-125 \
448 1894 2912 J=0-125 \
447 828 969 J=0-125 V
556 5225 \ J=0-125 V
458 107
548 105

NOSL-296: Tashkun & Campargue, JQSRT (2023) 295:108417 SISAM/Toth:

https://mark4sun.jpl.nasa.gov/data/spec/N20/RAToth_N2O.tar
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N,O ISO#2-8: RITZ/Obs/Toth + EH + HITRAN

e Global EH models need more experimental data

3 J=20 e levels
v/ Step 1: reliable experimental data |
s 546
RITZ levels: 456, 546, and 556 S iig
Obs (Toth list included): 448, 447 5 . 447
Toth list: 458, 548 R
v/ Step 2: Selected data from Global EH models -
EH model: 456, 546, 448, 447, 556 . : S s
use E_ if [E_ - Eexpt| < 0.0066 cm T e
oritisa GS,v,, v, and v, level —_————
0 2000 4000 6000 8000 10000

N,O rovibrational levels (cm™)

v/ Step 3: reliable HITRAN levels

HITRAN: 456, 546, 448, 447 Global EH model of minor isotopologues

need more experimental data

Liu, A. W,, Hu, C. L., Wang, J., Perevaloy, V. |., & Hu, S. M. JQSRT (2019) 232:1

Sinitsa, L. N., Serdyukov, V. I., & Perevalov, V. |. Mol Phys (2022) 120, e2078744 “Bertin, T., Mondelain, D., Karlovets, E. et al JQSRT (2019) 229:40
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N_O : Upgraded ABG-IMRHT with uncertainty

"Ames-B1b PES + DMS G10K + IAO (NOSL & EH) + MARVEL + RITZ + HITRAN + Toth"

v/ Uncertainty estimate for line position ®, and energy levels E’, and E”:
u, =max(ug, u.), pure rotational u =max(0.04 u_, 0.0001 cmt)

446 levels Minor isotopologue levels

ND

default for NOSL energies: HITRAN/RITZ/Obs/Toth/EH energies adopted:

0.001 cmtif < 7500 cm?, 0.001 cmtif E< 7500 cm’?,

0.005 cm™ if 7500 - 10,000 cm™, 0.005 cm if 7500 < E < 10,000 cm™,

0.02 cm™tif > 10,000 cm™. 0.02 cm™if £> 10,000 cm™.
Additional RITZ/MARVEL based adjustments : 0.01 cm™ (or refer to the u in original databases, if reliable)
Unmatched levels: 0.05cm™*-0.10cm™*-0.50 cm™* Unmatched levels: 0.05cm™*-0.10cm™-0.50 cm*

¢/ Source index for E' and E" energies
0 1 2 4
446 Ames NOSL MARVEL RITZ

minor 1so Ames RITZ/Obs/Toth HITRAN EH

v/ Uncertainty estimate for line intensity:
2-5% for strong bands (>102°); 5-15% for moderate bands (102°-1028); 15-30% for weakest bands (below 1072%)
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What we have learned

[ Pure Experimental or MARVEL set — not ideal for direct use in high-resolution line list
16012C325 : 0™"-2"9 order adjustments on E(Ames), comparison based
**0*?C%S : Resonance analysis for 3v, state
OCS MW transitions — adjustment on calculated levels
N_°0 : 0™-2"¢ order adjustments on E(NOSL), comparison based
Strongly recommend iterative improvement of “MARVEL + PES (refinement)”

[0 Reliable Global EH models are the best choice — if available
room temperature — program-aided match, molecule/data dependent
high temperature — refine PES wrt EH Model, + A, from room-temperature list
reliability of global EH model — use isotopologue consistency

[ Use reliable EH model fits or selected reliable data from global EH model
reliable range of EH models, simple correction for extrapolations

CO, AI-3000K: https://data.nas.nasa.gov/ai3000k N,O list: 10.5281/zenodo.7888194, 10.48667/9kmk-0334 OCS list (AMSD):

https://huang.seti.org/OCS/ocs.html * Huang, Schwenke & Lee, JQSRT (2019) 230:222; J.Mol.Struct. (2020)
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Summary & Future work

From “experimental is experimental” to
1 BTRHE consistency may help improve Expt/MARVEL data quality

1 make reliable predictions at missing Js or extrapolations
From “simple match and adopt” to “Use reliable (global) EH model levels first”
1 not all experimental data (collections) or (global) EH models are reliable
1 refine PES wrt global EH + 1-to-1 match for high temperature line lists
1 manual check is possible for low energy (if PES is accurate enough)
From directly using MARVEL data to
[ direct MARVEL.ization is not the best way to use MARVEL data

] Recommend consistent 01"-2" order adjustments on Ecrriecac O Eciobal EH
[0 Recommend iterative improvement of MARVEL + highly accurate PES (refinement)

Future work:
=  Explore new methods based on the advantages of BTRHE line lists
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