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� 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 🡪 σ

rms
 = 0.01~0.04 cm-1  🡪 Experimental energy levels

� High quality ab initio dipole moment surface (DMS) 🡪 intensity prediction accuracy within a few percent

� PES accuracy and DMS accuracy are equally important for sub-pct intensity prediction accuracy 

HSL-Pre3, σ
RMS 

≤ 0.04 cm-1 at 7000 cm-1

Theory + Experiment 🡪 BTRHE IR Line Lists

NH3 PES refinements: Huang et al, JCP(2008)129:214304 🡪  Huang et al, JCP(2011)134:044320/044321;  🡪 Sung et al JQSRT(2012)113:1066.        



Expt-based Position : Need Correct Matches

CO
2
 AI-3000K:  https://data.nas.nasa.gov/ai3000k N

2
O list: 10.5281/zenodo.7888194, 10.48667/9kmk-0334          OCS list (AMSD):  

https://huang.seti.org/OCS/ocs.html
CS

2
  lists: 10.5281/zenodo.10715006,  10.48667/8h4w-8p21      

� Integrate theoretical IR intensities predictions with experimental based line positions 

�   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

� We have tried several different approaches on different molecules, under different 
scenarios, for different purposes  
e.g., (simplest) three SO

2
 lists:  Ames + Obs line pos; Ames + EH levels; Ames + MARVEL levels.

e.g., mass-dependent corrections on EH(Ames) parameters for SO
2
 minor iso (MW)

* Huang, Schwenke & Lee, JQSRT (2019) 230:222;  J.Mol.Struct. (2020) 
1217:128260



� Isotopologue consistency of semi-empirically computed infrared line lists and further improvement for 
rare isotopologues: CO

2
 and SO

2
 case studies

Huang, X., Schwenke, D. W., & Lee, T. J. JQSRT (2019) 230, 222

� Exploring the limits of the Data-Model-Theory synergy: “Hot” MW transitions for rovibrational IR studies 
Huang, X., Schwenke, D. W., & Lee, T. J. J.Mol.Struct (2020) 1217, 128260 

� What It Takes to Compute Highly Accurate Rovibrational Line Lists for Use in Astrochemistry 
Huang, X., Schwenke, D. W., & Lee, T. J.  Acc Chem Res (2021) 54, 1311

� CO
2
  

◦ Ames-2016 (13 iso)  Huang, Schwenke, Freedman, & Lee,  JQSRT (2017) 203:224 (Ames-2 PES & DMS-N2)
◦ Ames-2021 (13 iso)  Huang, Schwenke, Freedman, & Lee,  JPCA (2022) 126:5940 (Ames-2 PES & DMS-2021)
◦ AI-3000K (4 iso)  Huang, Freedman, Tashkun, Schwenke, & Lee, JMSpec (2023) 392:111748 (X01d + DMS-2021-40K)

� SO
2

◦ Ames 296K (5 iso)  Huang, Schwenke, & Lee JQSRT (2019) 225:227 ; MW line list (30 iso) JQSRT (2019) 230:222

� N
2
O (12 iso)

◦ Ames-1 296K  Huang, Schwenke, & Lee Mol.Phys. (2023), e2232892 (Tim Lee Memorial Issue)
◦ ABG-IMRHT (paper in preparation) and AI-1000K 

� CS
2
 (20 iso)

◦ Ames-296K (20 iso) and A+I.296K (1 iso) 
Huang, Gordon, Tashkun, Schwenke, and Lee, ApJS (2024) 272,17

� OCS (12 iso)
◦ Ames-1 296K line list:  online available 11/2021 (AMSD), reported in 75th ISMS (06/2022).
◦ Ames-2024 (paper in preparation) and Ames-1000K 

Ames BTRHE IR Line Lists (2017 – 2024)

CO
2
 AI-3000K:  https://data.nas.nasa.gov/ai3000k    N

2
O list: 10.5281/zenodo.7888194, 10.48667/9kmk-0334  (AHED)

CS
2
  lists: 10.5281/zenodo.10715006,  10.48667/8h4w-8p21      OCS list (AMSD):  https://huang.seti.org/OCS/ocs.html

Dr. Timothy J. Lee (1959-2022)



Isotopologue Contributions : OCS Example

Minor isotopologue IR absorptions may dominate certain cm-1
 
ranges:  e.g., 832 (#11) under 3000 cm-1



S
NIST

 vs S
Ames 

:  1±1 ‰

✔CCSD(T)/CVQZ+0.5ACPF/VTZ PES refined using pure experimental levels (σ
rms

=0.02 cm-1) + CCSD(T)/CBS DMS

✔ 2-4 permille agreement for 2001i and 3001i bands (DLR 2023, 0.2% larger than DLR 2021, new u
sys

 < 0.06%) 

✔ Use CDSD-2019 global EH model energies

• More efforts are needed for accurate ν
2
 intensity (2%), or at 0.7 μm --- require more accurate PES & DMS

CO
2
:  2-4‰ for OCO bands (Ames-2021)

DLR 2023: M. Birk, C. Roske, G. Wagner, and H. Tran (2023): Dijon meeting, 
08/2023

https://elib.dlr.de/199615/1/CO2_intensity_depletion_and_continuum_V3.pdf.

Ames-2016:  Huang et al. JQSRT (2017) 203:224      
Ames-2021: Huang et al JPCA (2022) 126:5940. 



Hot CO
2
: from Ames-1000K to AI-3000K

✔Ames + IAO (CDSD global EH model) 🡪 new PES refinement (X01d) using CDSD levels

• Next:  Ames-3 PES;  log(A
21

)/sqrt(0.001⋅E/1000) test beyond 0.8 micron; etc.
Ames-1000K : Huang, Gamache, Freedman, Schwenke and Lee JQSRT (2014) 147:134
AI-3000K:  Huang, Freedman, Tashkun, Schwenke, and Lee, JMSpec (2023) 392:111748

https://data.nas.nasa.gov/ai3000k 



Hot CO
2
: AI-3000K vs Experiment at 2000K 

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

AI-3000K : Huang et al  J. Mol. Spectrosc. (2023) 392, 111748.      HITEMP: Rothman et al JQSRT  (2010) 111, 2139.       UCL-4000:  Yurchenko et al MNRAS, 496, (2020).  
Expt: Mulvihill & Petersen, “High-temperature argon broadening of CO2 near 2190 cm-1 in a shock tube”, Appl. Phys. B. 123 (2017) 255.



Hot CO
2
: AI-3000K vs Experiment at 2000K 

Using the experiment based CDSD EH levels significantly improves the agreement on main featuresFor 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

21
 from a more accurate room-temp line lists 

AI-3000K : Huang et al  J. Mol. Spectrosc. (2023) 392, 111748.      HITEMP: Rothman et al JQSRT  (2010) 111, 2139.       UCL-4000:  Yurchenko et al MNRAS, 496, (2020).  
Expt: Mulvihill & Petersen, “High-temperature argon broadening of CO2 near 2190 cm-1 in a shock tube”, Appl. Phys. B. 123 (2017) 255.



CS
2
 : natural list (20 iso) & A+I.296K (12C32S

2
)

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

 = 0.017 cm-1

✔ CCSD(T)/aug-cc-pV(T/Q/5+d)Z DMS, σ
rms

 = 6.0 × 10-6 a.u, 0 – 20,000 cm-1

✔ Line list (20 isos): J=0-200, E’<13,700 cm-1, S
296K

 > 10-31 cm-1/molecule.cm-2, 0 – 10,000 cm-1, 

✔ 12C32S
2
 (A+I.296K) : Ames + IAO Global EH Model;  Use reliable E

HITRAN
 for iso 224, 223 and 232. 

✔ Validation against PNNL cross-sections.

✔ Next: PES refinement at higher energies  

Ames-1 PES & first line list online 11/2021
Reported in ISMS 06/2022, published 05/2024

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

2
  lists: 10.5281/zenodo.10715006,  10.48667/8h4w-8p21



Use Global EH Model: 12C32S
2

Data available at : 10.5281/zenodo.10715006,  10.48667/8h4w-8p21 
(AHED)

Global EH model:  Tashkun, S. A. JQSRT (2022) 279:108072
HITRAN2020: Karlovets, Gordon, Hashemi, et al. JQSRT (2021) 258 : 107275

• We need a program to match E
ames

 and EH levels: 
easiest one, ~ 1 month, iterative fix/check, ν

3
 quanta helps

• Different priority, criteria, and matching strategies

Number of 12C32S2 levels below 9000 
cm-1

and the percentage of matched

Energy difference between 
Ames-1 PES based levels and Heff model 

levels



OCS : Ames-1 (11/2021) 🡪 Ames-2024

� PES: CCSD(T)/aug-cc-pV5Z, refined with HITRAN levels, σ
rms

 = 0.007 cm-1

σ
rms

≈ 0.01 cm-1 for E
MARVEL

 subset; ±0.01-0.02 cm-1 for obs bands > 10,000 cm-1

� DMS: CCSD(T)/aug-cc-pV(T/Q/5+d)Z, 0 – 20,000 cm-1, σ
rms

= 5.8 × 10-7 a.u.
DMS-2024:   12,000 dipoles, 0 – 15,000 cm-1, σ

rms
 = 1.35 × 10-7 a.u.

� 296K line lists: J=0-150, E’<16,000 cm-1, S
296K

 > 10-31 cm-1/molecule.cm-2

� 1000K line lists (2023):  E’< 22,500 cm-1, S
296K

 > 10-33 cm-1/molecule.cm-2

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

� Ames-2024:  HITRAN & Ames-vs-MARVEL comparison-based line positions
Ames-1 :  75th ISMS, TC04, 06/21/2022
Ames-2024:  77th ISMS TH04, 06/18/2024

Ames-1 PES & first line list online 11/2021
https://huang.seti.org/OCS/ocs.html



OCS: Identify outliers, Correct assignments
� Accuracy and consistency across isotopologues*, J, and vibrational band series

 HITRAN (partially from Toth 2010 list or JPL list for HITRAN2008):  
  IR intensity issues

◦ 623  2201-1000 intensity, overestimated by 40 times

◦ 822  0400-0000 intensity, overestimated by 220%

◦ 622  0003-0001 intensity, underestimated by 65%

◦ 622  0310-0220 intensity, overestimated by 320%

Line Position / energy level: 

◦ 622 5002 levels, off by 0.384 cm-1

◦ 624 2001 (J=83-93) and 623 2001 (J=74-81): non-matchable

◦ 622 4112 and 9110 levels, off by ~0.10 cm-1;  
       7440 J=29 doubly assigned (from Expt 2014); 

◦ 632 3800 J55e doubly assigned, 1440 J58e misassigned to 1001;

◦ 623 J=5/6 levels, off by 0.02-0.05 cm-1

◦ EH model over extrapolations: 
     622 0002, 0421, 1002, 1201, 1401, 1421, 2002, and 2113 
     624 0002, 1002;   632 0112f, 1002;  623 0002, 1002;  634 0003

◦ 622 4002 and 9000 levels, vibrational labels exchanged

* 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

622 9000-000 band in Toth 2010 is 632 0222-0220 

    -5 ± 5% difference between S
Ames

 and S
Toth

 



N
2
O :  from Ames-296K to ABG-IMRHT 

Huang, Schwenke, & Lee Mol.Phys. (2023), e2232892    
Data online: 10.5281/zenodo.7888194, 10.48667/9kmk-0334  (AHED)

First PES & line list online 11/2021
Reported in ISMS 06/2022, published 07/2023

2021: HITRAN based PES refinement
CCSD(T)/aug-cc-pVT/Q/5Z DMS

σ
rms

 = 0.02-0.03 cm-1, and±20% (S
296

)

2023: Ames-296K published
vs. NOSL/Expt 🡪 DMS upgrade

Uncertainty estimate

2024: new PES (B1b) σ
rms

 = 0.006 cm-1

more accurate line pos and intensity
Use IAO-MARVEL-RITZ-HITRAN-Toth 

data



N
2
O :  from Ames-296K to ABG-IMRHT 

NIST 2021:  Adkins, E. M., Long, D. A., Fleisher, A. J., & Hodges, J. T.  JQSRT (2021) 262:107527
Karlovets, E. V., Mondelain, D., Tashkun, S. A., & Campargue, A. JQSRT (2023) 301:108511

NOSL: Tashkun, S. A., & Campargue, A. JQSRT (2022) 295:108417
Karlovets, E. V., Kassi, S., and Tashkun S. et al JQSRT (2022) 288:108199

✔ 4200 and 5000 bands:  1-2%
Ames vs NIST 2021 (HITRAN2020)

✔ 0602 band: Ames vs Karlovets et al (2022)

 -110% 🡪 -54% 🡪 better than NOSL 

✔ S
Ames

 and S
NOSL

 vs Karlovets et al (2023)
all outlier bands are fixed

✔ R16e intensity comparison                      
 Ames vs NOSL vs Experimental data collection

δ = 1.1% and 1.8% vs S
NIST

All large δS% fixed

Good constraints on S
ames

Most |δ%| < 15%

Pure ab initio test
Medvedev test



Iso #line Line position (cm-1) Line intensity

446 32491 -0.0021 ± 0.0063 -1.1 ± 18.9%

456 4173 -0.0038 ± 0.0057 -4.1 ± 15.6%

546 4541 -0.0010 ± 0.0047 -5.7 ± 10.9%

448 4250 0.0091 ± 0.0130 0.9 ± 10.0%

447 1565 0.0015 ± 0.0049 4.2 ±   6.6%

556 102 -0.0053 ± 0.0003 0.6 ±   0.5%

548 105 0.0018 ± 0.0006 10.3 ±   0.5%

458 424 0.0026 ± 0.0040 -0.6 ± 11.7%

Total 47651 -0.00033 ± 0.00775 -1.4 ± 17.1%

� High consistency across isotopologues and band 
series 🡪 identify unreliable data and issues

N
2
O : Line Pos & Intensity vs. 

HITRAN/JPL(Toth)

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

� Obs/EDM-based intensity in SISAM.n
2
o list

as adopted in HITRAN.

Excluded: 446 l
2
=4 J>30 lines (400), 0620-1000 lines 

(2);
447 1111-0110 lines (66);  456 1201-1000 lines (17)

SISAM.n
2
o (Toth) list:  https://mark4sun.jpl.nasa.gov/data/spec/N2O/RAToth_N2O.tar

446 bands need attention:
1000-0110 PNNL ≈ S

A
 ≈ 1.4⋅(S

 N
≈S

H
=S

T
)

       [S
HIT20

 = S
Toth 

≠ S
Ames

 ≈S
NOSL

]
3000-2000 S

A
 ≈ S

 N
 ≈ 3⋅(S

H
 = S

T
)

0400-0310 S
A
 ≈ S

 N
 ≈ 2.8⋅(S

H
 = S

T
)

2220-1220 S
A
 ≈ S

 N
 ≈ 2⋅(S

H
 = S

T
)

2200-1200 S
A
 ≈ S

 N
 ≈ 2⋅(S

H
 = S

T
)

1331-0330 S
A
 ≈ S

 N
 ≈ 0.5⋅(S

H
 = S

T
)

0440-0330 S
A
 ≈ S

 N
 ≈ 2⋅(S

H
 = S

T
)

0441-0330 S
A
 ≈ S

 N
 ≈ 0.5⋅(S

H
 = S

T
)

0441-0440 S
A
 ≈ S

 N
 ≈ 0.5⋅(S

H
 = S

T
)

0420-0330 S
A
 ≈ S

 N
 ≈ 0.6⋅(S

H
 = S

T
)

0531-0330 S
A
 ≈ S

 N
 ≈ 0.5⋅(S

H
 = S

T
)

456 band needs attention
1201-1000  S

H
 = S

T
 ≈ 40 ⋅S

A



What we have learned

CO
2
 AI-3000K:  https://data.nas.nasa.gov/ai3000k N

2
O list: 10.5281/zenodo.7888194, 10.48667/9kmk-0334          OCS list (AMSD):  

https://huang.seti.org/OCS/ocs.html
CS

2
  lists: 10.5281/zenodo.10715006,  10.48667/8h4w-8p21      

� Pure Experimental or MARVEL set – not ideal for direct use in high-resolution line list 
16O12C32S : 0th-2nd order adjustments on E(Ames), comparison based
 16O12C32S : Resonance analysis for 3ν

3
 state

OCS MW transitions – adjustment on calculated levels
14N

2
16O  : 0th-2nd order adjustments on E(NOSL), comparison based

Strongly recommend iterative improvement of “MARVEL + PES (refinement)”
� 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

21
 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

* Huang, Schwenke & Lee, JQSRT (2019) 230:222;  J.Mol.Struct. (2020) 
1217:128260



16O12C32S: data errors in MARVEL level set

Non-existing 
0200f levels

632 0222-0220
Labeled as 622 9000
J=6,7,9-31,33-39

1111-0110 P3
misassigned as P13
95BeFaGu.7/8

1111-0110 R24f
misassigned to P24f
95BeFaGu.12

632 0222-0220
Labeled as 622 9000
J=41-42,46-47

Data error ?
04Horneman

Typos?

(un)assigned to 622 in Toth 2010

Spectroscopic Network (SN) based MARVEL analysis does not know symmetry or isotopologue



16O12C32S: assignment errors in MARVEL level 
set

1420-15f
1420-0220 P16f

0110e J=71~77
0110-0000 R72-R77
Assigned to R71-R76

2110e-72~78
0112e-71~76

0511e-72~76

0310e-72
1311e-72/74/76

wrong assignments in 
04Horneman #250-254?

P16f used P14f line pos
88MaOlWeVa.21

1205  J50e
Unc 0.16 cm-1

1205  J49e
Unc 0.13 cm-1

88MaOlWeVa
doubly assigned P50 & P51

Errors may propagate in the network (SN);       MARVEL procedure does not check consistency among levels 



16O12C32S: more deficiencies in MARVEL set

1310 J=65e/f

1310 J=9-38

75BuDeSm Unc 
underestimated

Not reported in
88MaOlVeWa 

80Lansberg
2 lines unc 0.35 cm-1

0113 J8e
0113-0110 R7e typo?

0223 J17f;  0223-0220 R16f 
misassigned at wrong pos

0003 J61e, 1 line
unc

57AlPlBl
 0.1 cm-1

unc
MARVEL

 0.025 cm-10201 J=60

1200-1000 R59 (92MaWe.2) misassigned to 0201-0001
A correct 0202-0201 line has unc 0.045 cm-1, so little impact

Unc (57AlPlBl) ≥ 0.1 cm-1

Missing from 10ToSuBrCr

14GoDeHeVa 0112-0110 
R44e-R54e taken as f
+ R44f not in 10ToSuBrCr 

1 line in 65TrCo, 0.1 cm-1

not in 98RbBeVaNa

03BeCaDiFa supp file used
“e-e” for both Table C (e) and D 
(f). All their f lines were taken 
by MARVEL as e lines.

1200 
J= 17, J= 13
57AlPlBl

Accuracy, uncertainty, and coverage vary by experiments 🡪 deficiencies in MARVEL data

High-quality semi-empirical 
line list can identify and fix 
issues and inconsistencies in 
experiment or MARVEL data

Our σ
rms

 ≈ 0.01 cm-1 
for a less contaminated 
E

MARVEL
 subset (5592 levels)



16O12C32S Levels: HITRAN vs Ames vs MARVEL

Over extrapolated 
EH model in HITRAN

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

Best energy values:  EH(HITRAN) or E
Ames

 + 0th-2nd order corrections fitted from Ames-HITRAN-MARVEL comparison



76MeDuMe, 0420-0220 lines 
doubly assigned to both e & f 
Many Js are contaminated, but only 
noticed when they dominate

Use HITRAN energies
+ linear extrapolation

e/f split check: 0420 at 2100 cm-1

Best energy values:  EH(HITRAN) or E
Ames

 + 0th-2nd order corrections fitted from Ames-HITRAN-MARVEL comparison



State-by-state: Ames-MARVEL corrections

✔ 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

Best energy values:  EH(HITRAN) or E
Ames

 + 0th-2nd order corrections fitted from Ames-HITRAN-MARVEL comparison



Rovibrational levels: Use HITRAN (EH) first
�   Data exceptions identified in HITRAN

• 622:  5002 levels, off by 0.384 cm-1

• 624: 2001 (J=83-93) and 623 2001 (J=74-81): non-matchable
• 622: 4112 and 9110 levels, off by ~0.10 cm-1 (from Expt 2014);  

         7440 J=29 doubly assigned (from Expt 2014); 
• 632: 3800 J55e double assigned, 1440 J58e misassigned to 1001;
• 623: J=5/6 levels, off by 0.02-0.05 cm-1

� Over extrapolation of EH model fits: 
• 622: 0002, 0421, 1002, 1201, 1401, 1421, 2002, and 2113 
• 624: 0002, 1002;   
• 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 δ
Ames-HITRAN



16O12C32S: 3ν
3
 (0003) resonance clarified

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

Best energy values:  EH(HITRAN) or E
Ames

 + 0th-2nd order corrections fitted from Ames-HITRAN-MARVEL comparison



Resonance Exceptions: case by case

2400, 2420 

(1) Ames and EH(2014) agree on R34 / R35 
      σEH = 0.05 cm-1 , δAmes-EH = 0.0068 cm-1

(2) no resonance was found in J=25-45 calc

Perturbations confirmed at J=39-40 and 47

Best energy values:  EH(HITRAN) or E
Ames

 + 0th-2nd order corrections fitted from Ames-HITRAN-MARVEL comparison



OCS: Adjust GS rotational levels wrt CDMS (11 
iso)

Iso a×106

cm-1 

b×1012

cm-1

Corrected δE

MHz

Corrected δω

MHz

J
max

*

626 -1.205 +1.76 0.003±0.100 0.002±0.013 >99

624 -0.225 +6.82 -0.108±0.136 0.001±0.021 >99

632 -1.725 +10.45 0.040±0.158 -0.004±0.023 86

623 -0.676 +3.25 0.124±0.068 0.001±0.013 >99

822 +3.869 -0.307 -0.088±0.207 0.002±0.027 85

634 -0.734 +7.25 -0.007±0.188 -0.008±0.032 80

722 +1.556 +5.4 -0.049±0.165 -0.006±0.025 79

626 +0.490 +28.65 0.038±0.173 -0.007±0.026 78

824 +4.700 +17.55 0.054±0.135  0.005±0.023 81

633 -1.2945 +46.73 0.019±0.167 -0.005±0.027 82

832 +3.372 -2.95 -0.011±0.167 0.005±0.024 77

* J
max

 is a rough estimate for reliable range of EH model
CDMS: Endres, C. P., Schlemmer, S., Schilke, P., Stutzki, J., & Müller, H. S. P. JMSpec (2016) 327:95
             Müller, H. S. P., Schlöder, F., Stutzki, J., & Winnewisser, G. JMStruct (2005) 742:215

For J=0-99, EJ' = EJ(Ames) + a×10-6×J×(J+1) + b×10-12×J2×(J+1)2

δω/u
CDMS

 = 0.1 ~ 1



OCS: Adjust GS rotational levels wrt CDMS (11 
iso)

Mixture of observed data and fitted data 🡪 small gaps or kinks in energy level agreements 

0.001 – 0.01 MHz ± 0.01 – 0.03 MHz  0.01 – 0.10 MHz ± 0.1 – 0.2 MHz  

CDMS: Endres, C. P., Schlemmer, S., Schilke, P., Stutzki, J., & Müller, H. S. P. JMSpec (2016) 327:95
             Müller, H. S. P., Schlöder, F., Stutzki, J., & Winnewisser, G. JMStruct (2005) 742:215



� HITRAN: 446, 456, 546, 448, 447, 556

� (From Dr. Tashkun)
• NOSL-296 global EH:  446 
• RITZ levels:  446 (19892 levels), 456, 546, and 556 
• Obs line pos: 446, 456, 546, 448, 447 and 556         (173,378 lines in total)
• More global EH models:  456, 546, 448, 447, and 556 

� (From Exomol)
• MARVEL level set(446 only, published 01/19/2024)

17561 levels, 78 l=0 band origins, compared to NOSL/SISAM.n2o
� (From JPL)

• SISAM/Toth list: 446, 456, 546, 448, 447, 556, 458 and 548

ISO HITRAN RITZ OBS_Lines EH NOSL (EH) MARVEL SISAM (EH)

446 (6915) 19892 √ J=0-125 311676 17561 √

456 1769 8606 √ J=0-125 √

546 1952 9341 √ J=0-125 √

448 1894 2912 J=0-125 √

447 828 969 J=0-125 √

556 5225 √ J=0-125 √

458 107

548 105

N
2
O: Experimental-based Energy Levels

NOSL-296: Tashkun & Campargue, JQSRT (2023) 295:108417           SISAM/Toth:  
https://mark4sun.jpl.nasa.gov/data/spec/N2O/RAToth_N2O.tar
MARVEL: Tennyson, Furtenbacher, Yurchenko, and Császár, JQSRT (2024) 316:108902                 RITZ analysis: Tashkun et al JQSRT (2015) 152:45.



14N
2

16O: NOSL is the best choice for most 
levels

Ames - MARVEL:  0.0022±0.026 cm-1

Ames – NOSL:     -0.0019±0.0006 cm-1MARVEL: levels with 3+ lines vs levels with 1-2 lines

Many δ
MARVEL-NOSL 

are due to MARVEL data issues

Compared to E
MARVEL

,  RITZ levels are more consistent with NOSL



Use Global EH Model (NOSL): 14N
2

16O

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)

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

Global EH Model:  l
2
= 0–30, J=0–125, 0–15,000 cm-1, 310,676 levels 

                    (experiment data based, up to Karlovets et al 2023) 

✔ Begin with automatic search-to-match program (specific for N
2
O)

🡪 Check all matches up to 11,000 cm-1 (~100,000 levels)
🡪 hundreds of corrections at state crossing and perturbations
🡪 all J=0-125 levels up to 11,000 cm-1 are matched and verified

✔ Use IR line intensity to help match higher energy levels
🡪 extract all IR active levels (S

296K
 > 10-31 cm/molecule)

🡪 match all active levels with S
296K

 > 10-28 cm/molecule

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



✔ Compare MARVEL/RITZ/NOSL/Ames
✔ Find & analyze discrepancies
✔ Identify bands in need of adjustments
✔ Plot energy differences
✔ Apply simple corrections on E

NOSL

NOSL-(Ames)-RITZ-MARVEL comparison 🡪 0th – 2nd order adjustments on NOSL energies

14N
2

16O: Empirical adjustments on E
NOSL



14N
2

16O: Empirical adjustments on E
NOSL

P-l
2
-n ν

1
ν

2
l2ν

3
J

min
/J

max
#levels E to use (cm-1) P-l

2
-n ν

1
ν

2
l2ν

3
J

min
/J

max
#levels E to use (cm-1)

15-1-7 e 0-11-11e 7/34 6 E
NOSL

-0.016 n/a 1006 2/33 26 E
NOSL

-0.011

15-1-20 2113/3910 (J25f) 1 E
NOSL

-0.071 n/a 1115 7/25 38 E
NOSL

+0.016

17-1-7 2113/3910 (J25f) 1 E
NOSL

+0.071 n/a 2203 1/49 45 E
NOSL

-0.008

17-1-4 1313 3/20 31 E
NOSL

-0.10+J⋅0.004 19-1-10 2313 1/35 68 E
NOSL

-0.016

18-0-23 6201 1/45 44 E
NOSL

-0.0104

19-1-8 3113 2/41 77 E
NOSL

+0.02-J⋅0.0005 20-0-19 1-10-02 3/15 13 E
NOSL

+(J-1)⋅0.0058

19-1-17 5112 1/35 64 E
NOSL

+0.005+J⋅0.0006 20-0-19 1-10-02 16/27 12 E
NOSL

+0.087

20-0-15 * 5202 19/33 15 E
NOSL

+(J-19)⋅0.005

20-0-21 8001 2/23 22 E
NOSL

+0.153- J⋅0.002

20-0-23 * 4402 6/22 17 E
NOSL

+0.130

20-0-27 6002 1/10 10 E
MARVEL

 (E
RITZ

 n/a)

22-0-4 1005 0/47 48
E

N
-0.17+ J⋅0.011

-J2⋅0.0019

24-0-2 0006 0/47 48 E
MARVEL

NOSL-(Ames)-RITZ-MARVEL comparison 🡪 0th – 2nd order adjustments on NOSL energies

✔ Adjustments on E
NOSL

 for ~20 vibrational states > 10,000 cm-1



What we have learned

CO
2
 AI-3000K:  https://data.nas.nasa.gov/ai3000k N

2
O list: 10.5281/zenodo.7888194, 10.48667/9kmk-0334          OCS list (AMSD):  

https://huang.seti.org/OCS/ocs.html
CS

2
  lists: 10.5281/zenodo.10715006,  10.48667/8h4w-8p21      

� Pure Experimental or MARVEL set – not ideal for direct use in high-resolution line list 
16O12C32S : 0th-2nd order adjustments on E(Ames), comparison based
 16O12C32S : Resonance analysis for 3ν

3
 state

OCS MW transitions – adjustment on calculated levels
14N

2
16O  : 0th-2nd order adjustments on E(NOSL), comparison based

Strongly recommend iterative improvement of “MARVEL + PES (refinement)”
� 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

21
 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

* Huang, Schwenke & Lee, JQSRT (2019) 230:222;  J.Mol.Struct. (2020) 
1217:128260



Not all global EH models are reliable: N
2
O

Ames-B1b PES refinement using Benjamin Schröder's Comp I PES (2015):   Intermediate, < 10,000 cm-1

B. Schröder, P. Sebald, C. Stein, O. Weser, & P. Botschwina, Zeitschrift fur Phys Chemie, 229, 1663 (2015) 

Smallest σ
RMS

 error we ever achieved Global EH model of minor isotopologues
need more experimental data



OCS: Compare to 2014 experiment & EH model

4112

9110 11ν
1

12ν
1

We found EH(2014) has 0.1 cm-1 deviations at 8000 cm-1, and 2-3 cm-1 deviations at 1006 and 0206 states, etc..

After including HITRAN & MARVEL based corrections/adjustments on Ames 
levels: 

Golebiowski, D., de Ghellinck d’Elseghem Vaernewijck, X., Herman, M., Auwera, J. Vander, & Fayt, A. JQSRT (2014) 149 : 184
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� HITRAN: 446, 456, 546, 448, 447, 556

� (From Dr. Tashkun)
• NOSL-296 global EH:  446 
• RITZ levels:  446 (19892 levels), 456, 546, and 556 
• Obs line pos: 446, 456, 546, 448, 447 and 556         (173,378 lines in total)
• More global EH models:  456, 546, 448, 447, and 556 

� (From Exomol)
• MARVEL level set(446 only, published 01/19/2024)

17561 levels, 78 l=0 band origins, compared to NOSL/SISAM.n2o
� (From JPL)

• SISAM/Toth list: 446, 456, 546, 448, 447, 556, 458 and 548

ISO HITRAN RITZ OBS_Lines EH NOSL (EH) MARVEL SISAM (EH)

446 (6915) 19892 √ J=0-125 311676 17561 √

456 1769 8606 √ J=0-125 √

546 1952 9341 √ J=0-125 √

448 1894 2912 J=0-125 √

447 828 969 J=0-125 √

556 5225 √ J=0-125 √

458 107

548 105

N
2
O: Experimental-based Energy Levels

NOSL-296: Tashkun & Campargue, JQSRT (2023) 295:108417           SISAM/Toth:  
https://mark4sun.jpl.nasa.gov/data/spec/N2O/RAToth_N2O.tar
MARVEL: Tennyson, Furtenbacher, Yurchenko, and Császár, JQSRT (2024) 316:108902                 RITZ analysis: Tashkun et al JQSRT (2015) 152:45.



N
2
O ISO#2-8: RITZ/Obs/Toth + EH + HITRAN

●  Global EH models need more experimental data

✔ Step 1:  reliable experimental data
       RITZ levels:  456, 546, and 556
       Obs (Toth list included):  448, 447
       Toth list:  458, 548

✔ Step 2:  Selected data from Global EH models
       EH model:  456, 546, 448, 447, 556
       use E

EH
 if |E

EH 
– E

expt
| ≤ 0.0066 cm-1

       or it is a GS, ν1, ν2, and ν3 level

✔ Step 3:  reliable HITRAN levels
      HITRAN:   456, 546, 448, 447

447 1111 data ignored; 447 2201* levels E=E
ames

-0.025 cm-1

Liu, A. W., Hu, C. L., Wang, J., Perevalov, V. I., & Hu, S. M. JQSRT (2019) 232:1
Sinitsa, L. N., Serdyukov, V. I., & Perevalov, V. I. Mol Phys (2022) 120, e2078744 *Bertin, T., Mondelain, D., Karlovets, E.  et al JQSRT (2019) 229:40

Global EH model of minor isotopologues
need more experimental data



446 levels Minor isotopologue levels

default for NOSL energies: 
0.001 cm-1 if < 7500 cm-1, 
0.005 cm-1 if 7500 - 10,000 cm-1, 
0.02 cm-1 if > 10,000 cm-1.

Additional RITZ/MARVEL based adjustments : 0.01 cm-1

Unmatched levels: 0.05 cm-1 – 0.10 cm-1 – 0.50 cm-1

HITRAN/RITZ/Obs/Toth/EH energies adopted:  
          0.001 cm-1 if E < 7500 cm-1, 
          0.005 cm-1 if 7500 < E < 10,000 cm-1, 
          0.02 cm-1 if E > 10,000 cm-1.
  (or refer to the u in original databases, if reliable)
Unmatched levels: 0.05 cm-1 – 0.10 cm-1 - 0.50 cm-1 

N
2
O : Upgraded ABG-IMRHT with uncertainty

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

✔ Uncertainty estimate for line intensity: 
2-5% for strong bands (>10-25); 5-15% for moderate bands (10-25-10-28); 15-30% for weakest bands (below 10-28)

✔ Uncertainty estimate for line position ω, and energy levels E’, and E”:
   uω = max(u

E’
, u

E”
),  pure rotational uω = max(0.04⋅u

E
, 0.0001 cm-1)

✔ Source index for E' and E" energies
            0             1              2              4

        446     Ames          NOSL          MARVEL          RITZ
     minor iso  Ames  RITZ/Obs/Toth     HITRAN           EH



What we have learned

CO
2
 AI-3000K:  https://data.nas.nasa.gov/ai3000k N

2
O list: 10.5281/zenodo.7888194, 10.48667/9kmk-0334          OCS list (AMSD):  

https://huang.seti.org/OCS/ocs.html
CS

2
  lists: 10.5281/zenodo.10715006,  10.48667/8h4w-8p21      

� Pure Experimental or MARVEL set – not ideal for direct use in high-resolution line list 
16O12C32S : 0th-2nd order adjustments on E(Ames), comparison based
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OCS MW transitions – adjustment on calculated levels
14N

2
16O  : 0th-2nd order adjustments on E(NOSL), comparison based

Strongly recommend iterative improvement of “MARVEL + PES (refinement)”
� 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

21
 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

* Huang, Schwenke & Lee, JQSRT (2019) 230:222;  J.Mol.Struct. (2020) 
1217:128260



Summary & Future work
From “experimental is experimental” to

🡪 BTRHE consistency may help improve Expt/MARVEL data quality
🡪 make reliable predictions at missing Js or extrapolations

From “simple match and adopt” to “Use reliable (global) EH model levels first”
🡪 not all experimental data (collections) or (global) EH models are reliable 
🡪 refine PES wrt global EH + 1-to-1 match for high temperature line lists
🡪 manual check is possible for low energy (if PES is accurate enough)

From directly using MARVEL data to
🡪 direct MARVELization is not the best way to use MARVEL data
🡪 Recommend consistent 0th-2nd order adjustments on EBTRHE/Calc or EGlobal EH 
🡪 Recommend iterative improvement of MARVEL + highly accurate PES (refinement) 

Future work: 
▪ Explore new methods based on the advantages of BTRHE line lists
▪ Collaborate with experimentalists to evaluate the performance of different 

methods
▪ Determine the applicability of methods for different scenario and purposes.

Xinchuan.Huang-1@nasa.gov
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