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a b s t r a c t 

A synthetic line list for the ozone molecule is presented. Variational calculation using the semi-empirical 

potential energy surface (PES) and ab initio dipole moment surface (DMS) produce very accurate values of 

line intensities, but give line positions far away from their experimental values. Furthermore assignment 

of approximate rotational and vibrational quantum numbers are missing from variationally calculated line 

list. Effective Hamiltonian calculations are complimentary to ab initio line lists in these properties giving 

excellent value of line positions, close to experimental ones, and a full set of quantum numbers assign- 

ment. The synthesis of both these qualities in one line list is highly desirable. Here a synthetic line list for 
16 O 3 is presented. The method of corrections of distorted intensities in variational linelist with ab initio 

DMS due to the artificial intensity stealing is developed and applied. Comparison of the synthetic line list 

with all major published line lists and available experimental data is given. The calculated line intensities 

agree to within experimental error for most bands for which accurate measurements are available. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Ozone, O 3 , is a much discussed component of our atmosphere. 

hile at low altitudes it is considered an unwanted pollutant 

hich is detrimental to human health, at high altitudes the so- 

alled ozone layer provides essential protection against the harm- 

ul effects of solar UV radiation. Atmospheric ozone is therefore 

egularly monitored [1] with, for example, a number of ground- 

ased and space-borne experiments dedicated to monitoring at- 

ospheric ozone concentrations using spectroscopy [2,3] . As a re- 

ult a number of databases of ozone spectroscopic parameters have 

een compiled for infrared (IR) [4–10] and ultraviolet (UV) stud- 

es [9,11] which feed into general atmospheric databases such as 

ITRAN [12] and GEISA [13] . However, monitoring requires high 

ccuracy, in particular intensities for all key bands are needed to 

etter than 1%, so small relative changes can be determined with 

ow uncertainty. In this work we concentrate on the IR spectrum 

f ozone for which there are well-documented difficulties in de- 

ermining transition intensities with the accuracy and consistency 

equired for atmospheric studies [9,14,15] . This issue has led to a 
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eries of recent studies both experimental [16–18] and, in a new 

evelopment for the field, ab initio [19–21] . 

Recent experimental studies [22,23] have been performed in 

ERMA using a special H shaped cell designed to record most 

ntense transitions of ozone at 5 μm and 10 μm regions. Spec- 

ra at 5 and 10 μm were recorded simultaneously from the same 

zone samples allowing consistent measurements in both spec- 

ral regions. Intensities accurate of 1% or better were measured 

or around 800 lines. Because of the very good agreement ob- 

ained between LERMA measurements and the variational calcula- 

ion reported in this work, we decided to construct a line list based 

n assignments and line positions from effective Hamiltonian (EH) 

alculations but using variational intensities. 

In this paper we concentrate on the IR spectrum of 16 O 3 . 

ection 2 describes the calculation of the first principles ozone line 

ist using our previously published semi-empirical potential energy 

urface (PES) [20] and ab initio the dipole moment surface (DMS), 

roduced by Tyuterev and co-authors [21] . Program DVR3D [24] is 

sed to solve nuclear-motion Schrödinger equation to produce ro- 

ibrational wavefunctions and to compute line positions and line 

ntensities. Details of the line list calculations are given in this sec- 

ion. Section 3 describes the synthesis of the ab initio line list and 

he HITRAN2016 [12] line positions obtained from EH calculations. 

he details of line-by-line matching of these two line lists is de- 

cribed. The resulting synthetic line list consists of the EH line 

https://doi.org/10.1016/j.jqsrt.2021.107651
http://www.ScienceDirect.com
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ositions and the first principles variationally calculated intensi- 

ies. Section 4 describes the corrections to the ab initio intensi- 

ies, obtained by comparison with the EH line lists. Since the EH 

ine positions are more accurate, the information on EH intensities 

elps to correct outliers, which appear due to intensity stealing be- 

ween lines affected by resonances [25] . Section 5 presents the re- 

ults of comparisons of the synthetic line list with all available the- 

retical calculations and experimental measurements; it demon- 

trates the significant advantages of the present line list over other 

vailable ones. We conclude this paper in the Section 6 . 

. Calculation of the ab initio line list 

The theoretical rotation-vibration line list of any molecule con- 

ists of the line position and line intensity, which are calculated as 

 result of solution of ro-vibrational Schrödinger equation. In order 

o calculate line positions and line intensities accurately, high pre- 

ision knowledge of the PES of the molecule and its DMS is neces- 

ary. When these two surfaces are available, their use for the cal- 

ulation of line lists is described elsewhere [26,27] . Here we will 

riefly discuss the two surfaces used for our ozone ab initio line list 

alculation. The ozone PES we have obtained in the [20] as follows. 

irst an ab initio PES was calculated using the MOLPRO package 

28] at the multi-reference configuration interaction (MRCI) level of 

heory and aug-cc-pwcVQZ basis set [20] . The accuracy of rovibra- 

ional energy levels calculation using this ab initio PES was a few 

m 

−1 . A much higher accuracy PES is required to obtain high pre- 

ision wavefunctions for the calculation of intensities [29] . In or- 

er to improve the accuracy of the PES the procedure of fitting the 

tarting ab initio PES to the experimental energy levels was used. 

 very accurate semi-empirical PES was obtained with a standard 

eviation of the fitted energy levels of only 0.027 cm 

−1 [20] . 

The PES describes vibrational levels up to 60 0 0 cm 

−1 . The con-

ergence of energy levels variational calculations was tested up to 

his limit during its PES [20] . Since the convergence obtained was 

ignificantly better than the above mentioned standard deviation 

f 0.027 cm 

-1 , it was not described in [20] . Tests were performed

n the size of the discrete variable representation (DVR) grid, ef- 

ectively the basis set size, and size of the final Hamiltonian which 

emonstrated convergence of about 0.0 02 cm 

-1 below 60 0 0 cm 

-1 

ith the parameters described below. The rotational energies are 

onverged to better than 0.001 cm 

-1 for J = 5. 

Intensity calculations for lines belonging to the several ozone 

ands, measured experimentally were also presented in Polyan- 

ky et al. [20] . These calculations used two different DMSs. One 

b initio DMS, calculated in [20] and another calculated ab initio 

y Tyuterev and coworkers [21] at a higher level of theory. The 

ntensities computed these two DMSs differ by a few percent. At 

he time of the publication of the paper [20] it was unclear which 

MS gave the more accurate results. The recent LERMA intensity 

easurements [22,23] are very interesting since sub-percent accu- 

acy is obtained in both 5 and 10 μm spectral regions thus pro- 

iding a stringent test of theoretical predictions. As shown below, 

xcellent agreement is obtained with the variational intensities us- 

ng the DMS of Ref. [21] . For the ν3 and ν1 + ν3 bands at 10 μm

nd 5 μm respectively, the LERMA measured intensities and vari- 

tional intensities agree with a standard deviation (SD) of around 

.5% (see Section 5 ). The LERMA intensity measurement of around 

00 of 16 O 3 lines allows a clear choice to be made in favor of the

MS of paper [21] . In the present variational line list calculation 

his DMS has been used. 

For the line positions and intensities calculation we used the 

rogram suite DVR3D [24] , making use of an exact kinetic en- 

rgy operator. Radau coordinates and Morse-like oscillators with 

arameters r e = 2 . 8 a 0 , D e = 0 . 1 E h , ω e = 0.0024 a.u. were

sed in the calculations. 20 DVR radial grid points and 70 an- 
2 
ular grid points were used with the final vibrational matrices 

f dimension 1500. Rotational problem was solved using matri- 

es of dimension 500(J + 1 − p) , where p is the rotationless par- 

ty. Atomic masses were used allowing approximately account for 

on-adiabatic effects. Calculations considered all transitions with 

 ≤ 60 . Lines with frequencies between 0 cm 

−1 and 4930 cm 

−1 

re retained. The resulting line list consists of 78 024 lines with 

ntensities stronger than 10 −24 in HITRAN units (cm/molecule) at 

96 K. Partition function for ozone molecule was taken from work 

f Gamache et al. [30] . All 16 O 3 intensities given in the present 

anuscript and supplementary materials are in natural abundance 

scaled by 0.9929). Previously the calculations of the lines down 

o 10 −32 intensities were retained and we saved these lines for 

avenumbers below 2024 cm 

−1 . This second line list will be used 

n the Section 4 for taking into account resonances between levels 

ffecting line intensities in the main line list. 

Variational calculation results in the energy levels, line posi- 

ions and line intensities. Every energy level is labelled by the rota- 

ional quantum number J, its parity p, and the number within each 

J, p) block. For spectroscopic and database purposes, however, la- 

elling of the energy levels by asymmetric top rotational quantum 

umbers J, K a and K c as well as normal-mode vibrational quantum 

umbers v 1 , v 2 and v 3 is important. Such labelling is performed in 

he following section. 

. Matching of effective Hamiltonian and variational line lists 

Variational line lists, such as the ones described in the previous 

ection, have been shown to give excellent predicted transition in- 

ensities, in some cases with the accuracy better than the experi- 

ental one [31–33] ; however they have two major drawbacks. The 

ccuracy of the line positions are at best an order of magnitude 

orse than the experimental value. Secondly - there is no auto- 

atic line assignment with quantum numbers K a , K c , v 1 , v 2 and

 3 . EHs solve both these problems, but generally do not predict 

ntensities with the required accuracy. A natural development is 

herefore lines lists synthesized using the two approaches, as has 

een done for CO 2 [34–36] . However, while for CO 2 combining the 

wo approaches proved reasonably straightforward, for 16 O 3 a pro- 

edure based only on direct line-by-line matching is not sufficient. 

n the next two sections we develop a method for producing a syn- 

hesis of variational and EH line lists. This method results in a line 

ist which combines the advantages and removes disadvantages of 

oth its parents. 

An effective Hamiltonian (EH) model is required to assign tran- 

itions from variational calculations but also to correct line inten- 

ities of transitions involving levels in resonance (see Section 4 ). 

n the present work the HITRAN2016 database [12] has been used 

o assign all transitions from variational line list except for 19 not 

ound in HITRAN2016 but present in the JPL catalog [37] . 

Variational line list includes for each transition, upper and 

ower J quantum numbers, line positions and intensities as well 

s energy of upper and lower states. In order to perform an ac- 

urate match with EH line list, several sets of criteria have been 

sed. The primary criterion is based on identical upper and lower 

quantum numbers in both line lists. The second criterion is rela- 

ive to lower energy states and line positions differences between 

ransitions from the two line lists. Because of the presence of many 

earby transitions, a third criterion based on intensities was in- 

luded. For each transition from the variational line list, the corre- 

ponding transition is first searched in the EH line list using for 

econd and third criterion low values for maximum differences 

n positions and lower energy state and close line intensities re- 

pectively. If not found, the line is searched again with less severe 

imit values for second or third criterion. By implementing eight 

ifferent sets of various limits for second and third criteria, the 
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orresponding transition is searched up to eight times in the EH 

ine list. The main problem of such algorithm is that cases always 

xists where the selected sets of criteria will not lead to correct 

ssignments due to resonance between levels involved in nearby 

ransitions. As a consequences two different codes based on dif- 

erent sets of criteria were used, and assignments were compared 

nd manually corrected in a few cases. Transitions can be particu- 

arly difficult to assign when they involve levels involved in a res- 

nance. Indeed, in such cases variational calculation lead to erro- 

eous intensities (see Section 4 ) making assignments more diffi- 

ult. For example, let us consider the two transitions (110–0 0 0; 

, K a , K c = 39 2 38–40 5 35) and (011-0 0 0, 39 5 34–40 5 35) lo-

ated in HITRAN [12] at 1681.8382 and 1682.0075 cm 

−1 with in- 

ensity equal to 7 . 750 × 10 −24 and 8 . 192 × 10 −24 cm/molecule re-

pectively. Both transitions have same lower states and close up- 

er states in resonance (with identical J quantum numbers). In the 

ariational line list the two corresponding transitions can be iden- 

ified at 1682.0389 and 1682.2739 cm 

−1 with intensities equal to 

 . 996 × 10 −24 and 1 . 279 × 10 −23 cm/molecule, respectively. In such 

ituations automatic assignments are hazardous and manual oper- 

tions are required. 

The main goal in this step is to assign most of the transitions 

rom the variational line list. When transitions involve levels under 

esonance (as in example above), the variational calculations may 

ead to large intensity errors. This situation has been observed for 

he water [25] and carbon dioxide molecules [34] and arises be- 

ause the variational-computed eigenfunctions are not precise even 

hen the PES is refined using the observed line positions. Artifi- 

ially strong transitions can be generated by stealing intensity from 

eal transition. In general, it is only the distribution of intensity be- 

ween transitions involving levels in resonance that is badly calcu- 

ated, while the sum of intensities is not affected. This is the case 

or the example given above; the sum of intensities of the 2 lines 

n HITRAN is equal to 1 . 594 × 10 −23 cm/molecule, close to the sum

f ab initio intensities equal to 1 . 479 × 10 −23 cm/molecule. 

Two variational line lists, used in the present study, were calcu- 

ated using PES from Polyansky et al. [20] and DMS from Tyuterev 

t al. [21] . First one from 0 to 4930 cm 

−1 with an intensity cutoff

f 10 −24 cm/molecule, and another from 0 to 2024 cm 

−1 with an 

ntensity cutoff of 10 −32 cm/molecule. The first one has been com- 

letely assigned whereas the second one has been assigned only 

artially to improve corrections (see Section 4 ). Since a line list 

rom 0 to 4930 cm 

−1 , including 5 μm and 3 μm regions, is of more

nterest even with higher intensity cutoff, the focus of the present 

ork is on calculations between 0 and 4930 cm 

−1 . Assignments 

ere found for the 78 028 transitions from 0 to 4930 cm 

−1 with 

he exception of 171 lines with intensities ranging from 10 −23 to 

0 −24 cm/molecule. 19 out of these 171 lines could be found in the 

PL line list [37] . Note that variational line lists (with both inten- 

ity cutoff) are limited to J values below 60. Some transitions with 

 > 60 and with intensities greater than 10 −24 cm/molecule can be 

ound in HITRAN [12] ; these are not included in the present line 

ist. 

. Transitions involving levels in resonance 

Due to resonance between levels, outliers appear in the varia- 

ional calculations caused by the wrong intensity distribution be- 

ween transitions involving levels in resonance. The case of tran- 

itions with artificially high intensity stealing in variational calcu- 

ation is an extreme case of erroneous intensity distribution from 

ariational calculation. Since levels in resonance can be easily pre- 

icted, the intensity of variational calculation can be corrected us- 

ng EH calculations tuned to better reproduce intensity perturba- 

ions for transitions involving levels in resonance. The first step of 

he corrections applied to variational calculation is to select tran- 
3 
itions involving levels in resonance, meaning levels of same sym- 

etry, same J and close energy ( < 3 cm 

−1 ). In most cases, only 2

ransitions (involving levels in resonance for upper or lower state) 

re stealing intensity from each other. These two transitions be- 

ongs to different bands as in example from Section 3 with (110- 

 0 0, 39 2 38–40 5 35) and (011-0 0 0, 39 5 34–40 5 35) transitions

ocated in HITRAN [12] at 1681.8382 and 1682.0075 cm 

−1 with in- 

ensity equal to 7 . 750 × 10 −24 and 8 . 192 × 10 −24 cm/molecule re- 

pectively. In this example, upper levels of these transitions are 

n resonance. Correction of intensities is based on using the EH 

ntensity distribution to rebalance the intensities from the vari- 

tional calculation. In the case of the two lines cited as exam- 

le above, the HITRAN intensity of the (110-0 0 0, 39 2 38–40 5 

5) and (011-0 0 0, 39 5 34–40 5 35) transitions corresponds to 

8.6% and 51.4% of the HITRAN summed intensities. By using the 

um of intensities of corresponding transitions in variational line 

ist ( 1 . 479 × 10 −23 cm/molecule) and the distribution from HITRAN, 

he (110-0 0 0, 39 2 38–40 5 35) and (011-0 0 0, 39 5 34–40 5 35)

ransitions have corrected intensities equal to 7 . 188 × 10 −24 and 

 . 602 × 10 −24 cm/molecule, respectively. The originally calculated 

ntensities were 1 . 996 × 10 −24 and 1 . 279 × 10 −23 cm/molecule, re- 

pectively, for these two transitions. 

It may happen that four transitions are coupled together 

hrough levels in resonance in both upper and lower states. Two 

xamples are given in Table 1 with four transitions involving lev- 

ls in resonance both for upper and lower states. Such cases are 

are (concerning less than 200 transitions) and have been partially 

orrected by hand as shown in Table 1 . The first example involves 

 transitions involving 2 different levels in the upper and lower 

tates. The correction is based on the transfer of intensity distribu- 

ion from EH calculation to variational calculation, using the sum 

f intensities from variational calculation. It is particularly difficult 

o perform corrections when the correspondence is not complete 

etween EH and variational calculations. As shown in Table 1 for 

econd set of “coupled” transitions, the 110-010 transition is miss- 

ng in HITRAN2016. Moreover, the intensity from variational cal- 

ulation for this transition is 3 × 10 −28 cm/molecule, compared to 

 few 10 −24 cm/molecule for the other “connected” transitions. In 

uch case, the distribution of intensities inside the three HITRAN 

ransitions is applied to the three corresponding transitions us- 

ng the sum of intensities of these transitions. The complete se- 

ection of transitions (involving levels in resonance) is not pos- 

ible because the variational and EH line list are generated us- 

ng an intensity cutoff. As a consequence, some weak transitions 

ay be missing inside the resonance configuration. To illustrate 

his effect, we first performed corrections based on the variational 

ine list with 10 −24 cm/molecule intensity cutoff. These corrections, 

alled “first-order corrections”, allowed us to correct most of the 

ntensities where the variational line list gave outliers. However, 

hen among 2 coupled transitions involving levels in resonance, 

ne transition is missing in the variational line list because the in- 

ensity cutoff, no correction can be performed. “Second-order cor- 

ections” are then performed using variational line list (from 0 to 

024 cm 

−1 ) with an intensity cutoff equal to 10 −32 cm/molecule. 

s shown in Table 1 for the first set of “connected” transitions, 

030-001, 19 3 17–18 5 14), a transition calculated with an inten- 

ity of 2 . 55 × 10 −25 completed the scheme of 4 connected transi- 

ions and allows a more rigorous correction for transitions below 

024 cm 

−1 . 

In order to observe the effects of the corrections on the line 

ntensities, ratios of line intensities (HITRAN2016 divided by vari- 

tional calculation) before and after correction can be plotted. 

igs. 1 and 2 correspond to comparisons with HITRAN2016 respec- 

ively for 110-0 0 0 and 101-0 0 0 bands using various symbols ac- 

ording to cases: black symbols are used when no correction is 

erformed (because transition involves no level in resonance), blue 
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Table 1 

Correction of intensity distribution within four transitions involving levels in resonance in both upper and 

lower state. Positions are given in cm 

−1 , and intensities ( S) are for natural abundance (0.9929) in cm/molecule. 

Number 1 corresponds to HITRAN2016 parameters, 2 to the variational calculation, and 3 refers to the cor- 

rected intensity. 

Band J ′ K ′ a K ′ c - J ′′ K ′′ a K 
′′ 
c ω 1 /cm 

−1 S 1 ω 2 /cm 

−1 S 2 S 3 

101-001 19 2 17 - 18 5 14 1021.5008 2.020(23) 1021.487041 2.001(23) 1.961(23) 

101-100 19 2 17 - 18 2 16 1021.5782 1.370(22) 1021.563043 1.392(22) 1.330(22) 

030-001 19 3 17 - 18 5 14 1021.5989 1.123(24) 1021.877708 2.551(25) 1.090(24) 

030-100 19 3 17 - 18 2 16 1021.6763 7.523(24) 1021.953711 1.554(24) 7.304(24) 

011-010 49 11 38 - 50 11 39 964.3651 5.221(24) 964.277996 5.314(24) 5.401(24) 

101-001 49 1 48 - 50 4 47 961.6807 3.275(24) 961.530441 2.648(24) 3.388(24) 

002-001 49 4 46 - 50 4 47 963.2390 7.839(24) 963.153542 8.937(24) 8.110(24) 

110-010 49 ? ? - 50 11 39 N.A N.A 962.213352 3.140(28) N.A 

Fig. 1. Ratios of line intensities (HITRAN2016/ ab-initio ) for 110-0 0 0 band obtained 

with and without corrections of line intensities: uncorrected; first-order cor- 

rection; second-order correction; uncorrected transition in resonance. 

Fig. 2. Ratios of line intensities (HITRAN2016/ ab-initio ) for 101-0 0 0 band obtained 

with and without corrections of line intensities: uncorrected; first-order cor- 

rection; second-order correction; uncorrected transition in resonance. 

u

d

t

a

c  

Fig. 3. Ratios of line intensities (HITRAN2016/ ab-initio ) for 111-010 band obtained 

with and without corrections of line intensities uncorrected; first-order correc- 

tion; second-order correction; uncorrected transition in resonance. 
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p triangles show when “first-order corrections” are applied (red 

own triangles are corresponding uncorrected variational intensi- 

ies), and blue down triangles when “second-order corrections” are 

pplied (in red up triangles when variational intensities are not 

orrected). As can be observed in Fig. 1 for 110-0 0 0 band, the red
4 
ymbol corresponding to ratio of about 3.9 is clearly an outlier. 

t corresponds to the (110-0 0 0, 39 2 38–40 5 35) transition for 

hich upper level is in resonance with upper level of (011-001, 

9 5 34–40 5 35) transition. After correction based on the trans- 

er of intensity distribution among these two transitions from EH 

o variational calculation, the corresponding blue up triangle sym- 

ol for (110-0 0 0, 39 2 38–40 5 35) transition corresponds to a ra-

io equal to 1.08 instead of 3.6. In the same way the correction 

or 011-001, 39 5 34–40 5 35) transition lead to a ratio of 1.08 in-

tead of 0.64 (when using ab initio intensity without correction). As 

an be seen in Figs. 1 and 2 , the several red symbols that looked

ike outliers correspond to blue symbols closer to average ratio. For 

ands located above 2024 cm 

−1 no “second order correction” was 

erformed since no variational calculation were available with in- 

ensity cutoff lower than 10 −24 cm/molecule. An example for the 

11-010 band is given in Fig. 3 where several black symbols still 

ppear to be outliers. Only a few lines have been corrected us- 

ng “second-order corrections”, and all the black symbols looking 

s outliers correspond to transition with wavenumbers higher than 

024 cm 

−1 . By using variational calculation with low intensity cut- 

ff on the whole 0-50 0 0 cm 

−1 spectral region, we believe new res- 

nances between levels will be identified and will allow improved 

ntensities for weak transitions ( < 10 −22 ) above 2024 cm 

−1 . 

The whole variational line list both without correction and with 

first- and second-order corrections” is given as supplementary 

aterial. This file also contains full vibrational and rotational as- 

ignments. 
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Fig. 4. Ratios of variational intensities to effective Hamiltonian intensities from HI- 

TRAN2016 [12] ( ), JMF [38] ( ), and URCA-ESA [10] ( ). The ratios are plotted 

versus line intensity in a log scale. 

Fig. 5. Ratios of variational intensities to measured intensities from DLR [10] ( ), 

GSMA [39] ( ), and LERMA [22,23] ( ). The ratios are plotted versus line intensity 

in a log scale. 
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Fig. 6. Ratios of variational intensities to effective Hamiltonian calculated intensi- 

ties from HITRAN2016 (black squares) and from Flaud [38] (solid red circles) as well 

as to measured intensities from DLR [10] (open red triangles) for the 20 0-0 01 band. 
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. Comparison of the resulting line list with experimental 

bservations and effective Hamiltonian calculations 

Systematic comparisons of variational line intensities (with the 

orrections of Section 4 ) with recent calculated and measured line 

ntensities have been performed in order to better understand is- 

ues concerning ozone line intensities. Ratios of variational line in- 

ensities to intensities from the literature have been plotted band 

y band and are available in supplementary material. For each 

and, ratios using measurements or calculations from literature 

ave been distinguished. The comparisons for 001-band are pre- 

ented in Figs. 4 and 5 . For calculations from literature, follow- 

ng data have been used: EH calculations present in HITRAN2016 

12] , in JPL catalog [37] , and performed recently by Flaud [38] (de-

oted JMF hereafter) and by Barbe and Tyuterev (denoted URCA- 

SA) [10] , as well as ab initio calculations from Tyuterev et al. [21] .

s for experimental measurements, recent studies from LERMA 

22,23] , DLR [10] , and Barbe and De Backer [39] (noted GSMA here-

fter) have been selected to be compared with present variational 

alculations and synthetic line list. A sample of average ratios and 

ssociated SDs are presented in Table 2 for various bands in the 

icrowave, 14 μm, 10 μm and 5 μm spectral regions. The whole set 
5 
f average ratios for around 100 bands between 0 and 50 0 0 cm 

−1 

s given in supplementary material. 

For rotational bands, comparisons between our variational (syn- 

hetic) line list and HITRAN2016 [12] from one side and JPL 

18,37] from other side lead to a general trend (see Table 2 ) where

ariational intensities are closer to JPL than to HITRAN2016. Agree- 

ent between variational line list and JPL catalog is excellent for 

he 2 most intense 0 0 0-0 0 0 and 010-010 bands. The average dis-

repancy is sub-percent with a SD of around 0.5% (see Table 2 ). 

or these two bands, HITRAN2016 line intensities are systemati- 

ally lower by 4% as compared to variational and JPL line lists. For 

ther bands, when HITRAN 2016 line intensities are systematically 

ower by around 5% as compared to variational line list whereas 

PL line intensities are systematically higher than variational inten- 

ities by 1–5% depending on the bands. For those bands variational 

ntensities are between HITRAN2016 and JPL intensities. 

In the 14 μm spectral region, revisited intensities from Birk 

t al. [40] led to systematic scaling intensities in this region by 

.4% as compared to HITRAN [12] . This correction lead to closer in- 

ensities but are still lower than variational intensities by around 

–5% for the two strongest bands presented in Table 2 . 

In the 10 μm spectral region, two bands have been given as ex- 

mple in Table 2 , the strong 0 01-0 0 0 band and a weaker band,

amely the 20 0-0 01 band, for which a large dispersion is ob- 

erved when comparing variational and HITRAN2016 intensities. 

or the 0 01-0 0 0 band a deviation of around 2.5% is observed 

etween variational and HITRAN intensities, whereas an average 

ub-percent agreement is observed between LERMA measurements 

476 strong transitions) and variational calculation with a SD of 

.6%. For the weak 20 0-0 01 band plotted in Fig. 6 , the average

eviation between variational and HITRAN intensities reaches 28%. 

et us recall that in this region HITRAN2016 is based on EH from 

ef. [41] where no measurements were available for this band. 

ith recent measurements from Birk et al. [10] , Flaud’s calcu- 

ation [38] leads to intensities in better agreement with varia- 

ional calculation (deviation of 3.3%). Without experimental mea- 

urements Hamiltonian calculated intensities can deviate by up to 

0% whereas variational calculation (that does not require mea- 

urements) lead to intensities quite close (3.3%) to those obtained 

rom EH using new measurements for this band. 

In the 5 μm spectral region, for the strongest 101-0 0 0 band, the 

verage agreement between LERMA measurements and variational 

ine list is equal to 0.6% for 316 intense common transitions with a 
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Table 2 

Extract of average comparisons between intensities from variational calculation and intensities from litera- 

ture for various bands in the microwave, 14 μm, 10 μm and 5 μm regions. R 1 ( ab-initio /HITRAN) and R 2 ( ab- 

initio /Ref) are average ratios of line intensities. Digits between parentheses correspond to the standard devi- 

ation of the average in units of the last digit. σmin and σmax correspond the range of positions in cm 

−1 , S max 

is the maximum line intensity (given with powers of 10 in parenthesis) in the band (cm/molecule). Common 

transitions between variational calculation and HITRAN ( N 1 ) and between variational calculation and reference 

( N 2 ) are given. 

σmin σmax S max Band N 1 R 1 N 2 R 2 Ref 

2.5 176.4 1.43(21) 000-000 3088 1.0399(54) 3075 1.0013(57) JPL 

5.6 146.2 4.65(23) 010-010 1460 1.0404(41) 1460 1.0051(29) JPL 

14.8 121.5 6.44(24) 100-100 601 1.0482(158) 598 0.9724(43) JPL 

12.5 125.1 8.78(24) 001-001 723 1.0471(172) 722 0.9892(341) JPL 

43.9 94.5 1.52(24) 020-020 125 1.0558(100) 105 0.9531(9) JPL 

24.2 103.3 3.80(24) 100-001 66 1.0444(224) 40 0.9508(1208) JPL 

22.6 103.9 4.10(24) 001-100 69 1.0462(166) 38 0.9858(467) JPL 

574.2 873.6 1.66(21) 010-000 4840 1.0687(225) 4592 1.0545(247) BirkPC 

592.8 832.0 1.10(22) 020-010 2794 1.0525(139) 2770 1.0385(148) BirkPC 

961.7 1226.0 4.06(20) 001-000 4877 1.0244(613) 476 1.0041(63) LERMA 

975.5 1213.8 2.13(23) 200-001 1082 1.2817(346) 1068 1.0335(213) JMF 

1960.7 2244.0 3.60(21) 101-000 3180 1.0510(166) 316 1.0059(42) LERMA 

1983.5 2066.3 4.76(23) 102-001 1286 0.8898(498) 

2011.0 2108.2 1.28(22) 111-010 1634 0.9186(491) 

1915.2 2104.1 4.86(23) 012-010 682 0.8445(748) 

2052.3 2133.3 1.70(22) 030-000 25 1.0919(1610) 
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D of 0.4%. However, a systematic deviation between HITRAN2016 

nd variational intensities of around 5% is observed with a SD of 

.7% for 3180 common transitions.The other four bands at 5 μm 

resented in Table 2 are bands which present average deviation 

p to 15% when comparing HITRAN2016 and variational intensities. 

hose bands were calculated from Hamiltonian calculation with- 

ut fitting any measurements for these bands from literature. It 

ould be very interesting to measure (even with accuracy of 2–3% 

hich is more realistic accuracy for the weak bands, than the sub- 

ercent accuracy) transitions of these bands in order to check the 

ariational calculation. The case of 20 0-0 01 band, where the dis- 

greement between HITRAN2016 and variational linelist is about 

8% and the agreement between variational calculations and EH 

alculations based on the fitting to the experimental data is only 

% is very promising in this respect. This case indicates, that the 

eason of very serious disagreement between HITRAN16 and vari- 

tional calculations for certain bands might point to the problems 

ith the present HITRAN2016 version. 

. Conclusions 

Very accurate intensity calculations from the first principles and 

etermination of the line positions with the accuracy of experi- 

ent by effective Hamiltonian calculations do not provide neces- 

ary final result for the spectroscopic databases in their separate 

ssences. The variational calculations provide the line centers with 

he accuracy far from the experimental values. The intensities com- 

uted using an effective Hamiltonian (EH) do not provide accurate 

alues beyond the ones included in the empirical determination of 

he effective dipole constants. 

A method for constructing a synthetic line list is developed. 

atching lines between the variationally-calculated and EH line 

ists is combined with the removal of outliers of such a line list 

ue to the distorting effects of resonances in the variational cal- 

ulations which can be associated with the imperfect accuracy 

f its line positions and its underlying potential energy surface. 

his method could be useful in cases when the synthesis of vari- 

tional and EH linelists is required due to complimentary advan- 

ages and disadvantages of both of them. We are now considering 

ther molecules where this approach may be useful. 

Our newly constructed synthetic line list gives line positions 

ith the accuracy of experiment. Comparison of the ab initio 

alculated intensities with the experimentally available data also 
6 
emonstrates the accuracy of the line intensities which are pre- 

icted within the experimental error for most of the bands. The 

ost stunning difference in accuracy of the calculated intensity 

rises for the 20 0–0 01 band. The line intensities of this band was 

alculated using both EHs and variational calculations before the 

xperimentally adjusted EH become available. The EH predictions 

eviated from EH calculations adjusted to the measurements by 

8% while the predictions of the variational calculations deviated 

y only 3%, which seems a realistic estimation of the measure- 

ent uncertainty. The synthesis of the EH and variational calcu- 

ations presented here provides the information required to repre- 

ent the 16 O 3 spectrum in atmospheric databases such as HITRAN 

nd GEISA. 

Further work is required to calculate the lines with higher rota- 

ional quantum numbers J. However, before this further improve- 

ent in the accuracy of the fitted semi-empirical PES should result 

n better line intensities and fewer outliers. Isotopologues of ozone 

lso require the similar type calculations for the completeness of 

he natural abundance ozone linelist. All these improvements are 

nder way. 
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