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a b s t r a c t 

This paper outlines the major updates of the line-shape parameters that were performed for the ni- 

trous oxide (N 2 O) and carbon monoxide (CO) molecules listed in the HITRAN2020 database. We reviewed 

the collected measurements for the air- and self-broadened N 2 O and CO spectra to determine proper 

values for the spectroscopic parameters. Careful comparisons of broadening parameters using the Voigt 

and speed-dependent Voigt line-shape profiles were performed among various published results for both 

N 2 O and CO. Selected data allowed for developing semi-empirical models, which were used to extrapo- 

late/interpolate existing data to update broadening parameters of all the lines of these molecules in the 

HITRAN database. In addition to the line broadening parameters (and their temperature dependences), 

the pressure shift values were revised for N 2 O and CO broadened by air and self for all the bands. The 

air and self speed-dependence of the broadening parameter for these two molecules were added for 

every transition as well. Furthermore, we determined the first-order line-mixing parameters using the 

Exponential Power Gap (EPG) scaling law. These new parameters are now available at HITRAN online . 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

N 2 O is a long-lasting (around 115 years) greenhouse gas in the 

errestrial atmosphere originating from both natural and anthro- 

ogenic (including agricultural activities, combustion of fossil fuels, 

nd solid waste) sources [1–4] . With the current concentration of 

 2 O and its yearly increase of 0.3% in atmospheric concentration 

5] , N 2 O is responsible for nearly 6% of greenhouse warming [6] .

oreover, Ravishankara et al. [1] and Crutzen [2] have stated that 

 2 O is the main ozone-depleting substance. Therefore, continuous 

fforts to monitor and accurately measure the volume mixing ratio 

f atmospheric N 2 O are highly desirable. CO, on the other hand, is 

ot a greenhouse gas. However, CO plays a role in chemical reac- 

ions within the atmosphere resulting in the formation of green- 
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ouse gases. CO is emitted due to biomass burning and combus- 

ion [7] and is formed by reaction of the OH radical with volatile 

rganic compounds [8] . Furthermore, the oxidation of CO by OH 

esults in the formation of ozone and CO 2 [9] . The high-accuracy 

oncentration retrieval of these trace gases either from space- 

ased (e.g. the Atmospheric Chemistry Experiment (ACE) mission 

10] , the Microwave Limb Sounder (MLS) [11,12] , the Michelson In- 

erferometer for Passive Atmospheric Sounding (MIPAS) [13] , Tro- 

ospheric Monitoring Instrument (TROPOMI) [14] , Infrared Atmo- 

pheric Sounding Interferometer (IASI) [15] , and Atmospheric In- 

rared Sounder (AIRS) sensors [16,17] ) or ground-based missions 

equires the use of sophisticated spectroscopic databases (for the 

 2 O retrieval, the Total Carbon Column Observing Network (TC- 

ON) [18] uses the HITRAN database [19] ). To this end, the spec- 

roscopic parameters retrieved using advanced line-shape models 

uch as the speed-dependent Voigt profile (SDV) [20–24] are re- 

uired for N 2 O and CO. These data must be incorporated in up- 

ates to spectroscopic databases for the proper wavelength ranges. 

https://doi.org/10.1016/j.jqsrt.2021.107735
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2021.107735&domain=pdf
mailto:robab.hashemi@cfa.harvard.edu
mailto:igordon@cfa.harvard.edu
https://doi.org/10.1016/j.jqsrt.2021.107735
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Fig. 1. The air-broadening half-widths ( γ0 -air) in cm 

−1 atm 

−1 of N 2 O lines at 296 K 

plotted versus | m | . The air-broadening values measured by Adkins et al. [31] are 

compared with the HITRAN2016 values [19] and previous measurements including 

those of Lacome et al. [36] , Toth [35] , and Nemtchinov et al. [37] . The recent theo- 

retical results by Ngo et al. [44] using the requantized classical molecular dynamics 

simulations are shown as well. The Padé approximant smoothed values for the col- 

lisional broadening are shown with the solid line. 
This study focuses on the implementation of line-shape pa- 

ameters for N 2 O and CO by air- and self-broadening in the HI- 

RAN2020 database [25] . We obtained new parameters for the 

ir-and self-broadened spectral line-shapes of N 2 O and CO using 

he Voigt (VP) [26] and speed-dependent Voigt (SDV) profile [20–

4] . The first-order (weak) line-mixing parameters [27] were de- 

ermined through the Exponential Power Gap (EPG) scaling law 

28] for all the lines. The modern structure [29,30] of the HITRAN 

atabase enables the seamless inclusion of parameters for both 

rofiles. 

. N 2 O-air and N 2 O-N 2 O line-shape parameters 

The line list of N 2 O, in the HITRAN2020 edition, covers the 

pectral range 0 cm 

−1 to 10364 cm 

−1 for five isotopologues. The 

ine positions and line intensities of N 2 O have not changed in the 

ITRAN2020 edition, except for the update of the line intensities in 

he 4 ν1 + 2 ν2 and 5 ν1 bands. The line intensities for these bands 

ave been updated using the recent measurement by Adkins et al. 

31] . Also, additional transitions up to J ′′ = 91 were added for these

ands. 

In the previous editions of the database [19,32,33] , the VP line- 

hape parameters of N 2 O (in the ’.par’ format) had not been modi- 

ed since the release of HITRAN2004 [34] . These parameters were 

roduced using a polynomial fit to the measured data by Toth 

35] , Lacome et al. [36] , and Nemtchinov et al. [37] . It is worth

entioning that data associated with air-broadening from Loos 

t al. [38] were introduced in the HITRAN2016 [19] edition for the 

3 band (where available), under the Hartmann-Tran (HT) profile 

39] parameters (although essentially it was the SDV profile be- 

ause all the higher-order HT parameters were set to zero). The 

ecent availability of more accurate state-of-the-art measurements 

otivated updates of the HITRAN database. Also, for efficient ap- 

licability of the database, it is important that the advanced line- 

hape parameters be available for as many lines as possible and 

ot just for selected transitions. 

In updating the line-shape parameters of N 2 O, we adopted the 

pproach proposed in Ref. [40] that was used for revising the pa- 

ameters of CO 2 . We applied sets of Padé approximants (fitted to 

elected experimental and theoretical data) to calculate the broad- 

ning parameters, their temperature dependence, and the speed- 

ependent parameters for transitions of N 2 O in the database. This 

pproach provided VP and SDV parameters for all the lines by ne- 

lecting vibrational-dependence of the line widths. The equation 

e used is as follows, 

= 

(c 0 + c 1 × | m | + c 2 × | m | 2 + c 3 × | m | 3 ) 
(1 + d 1 × | m | + d 2 × | m | 2 + d 3 × | m | 3 + d 4 × | m | 4 ) , (1) 

here m is the independent variable (the usual running index of 

otational value J), in which the fit coefficients c 0 , ..., c 3 and d 1 ,

.., d 4 can be obtained by fits to different data sets. This function 

ermits the extrapolation of experimental results to higher- J tran- 

itions. 

.1. Air- and self-broadening parameters of N 2 O and their 

emperature dependence using the Voigt profile 

In the previous editions of the database [19,32–34] , the air- 

roadened parameters of N 2 O were produced from polynomial fits 

o the data in Refs. [35–37,41] using the VP. Lacome et al. [36] mea-

ured the broadening parameters and the temperature-dependent 

arameters of N 2 O broadened by N 2 O, N 2 , and O 2 using the

ourier-Transform (FT) spectra of N 2 O in the 4μm and 8μm spec- 

ral regions. The temperature range for this measurement [36] was 

etween 220 K to 300 K over the pressures between 0.7099 kPa 
2 
nd 24.44 kPa. Toth [35] measured the FT spectra of N 2 - and air-

roadened N 2 O at room temperature at the pressure range 38.95 

Pa to 65.62 kPa to obtain N 2 - and air-broadening half-widths and 

ressure shifts in the 1800 cm 

−1 to 4800 cm 

−1 spectral range. 

lso, the self-half-widths and self-shifts of N 2 O in the 1800 cm 

−1 

o 2630 cm 

−1 region were measured in an earlier study by Toth 

41] . These FT spectra had been measured at two temperatures 

96 K and 301 K and pressures from 0.112 kPa to 67.15 kPa. 

emtchinov et al. [37] measured the FT spectra of N 2 - and O 2 -

roadened N 2 O in the ν3 band. The temperature dependence of the 

idths was investigated in the temperature range between 216 K 

nd 296 K for the pressure range of 11.73–62.78 kPa. Recently, Ad- 

ins et al. [31] measured the near-IR region for the 420 0–0 0 0 0 and

0 0 0–0 0 0 0 bands of N 2 O-air lines at the National Institute of Stan-

ards and Technology (NIST) using frequency-agile, rapid scanning 

avity ring-down spectroscopy measurements [42] in the pressures 

.3 kPa, 15.3 kPa, 29.1 kPa, 37.5 kPa, and 42.7 kPa. The authors 

sed the Multi-spectrum Analysis Tool for Spectroscopy (MATS) 

43] to retrieve the air-broadening parameters of N 2 O using the VP 

nd SDV. Ngo et al. [44] used requantized Classical Molecular Dy- 

amics Simulations (rCMDS) to predict the line-shape parameters 

or the N 2 O-air broadened lines using the VP and SDV as well. Also, 

he temperature exponents of the broadening parameters were ob- 

ained from fits of rCMDS spectra, where three different tempera- 

ures 200, 250 and 296 K were considered in the analysis. 

The γ0 -air half-widths of N 2 O lines for different vibrational 

ands using the VP versus | m | (with m = −J for the P-branch 

nd m = J + 1 for the R-branch lines) are compared in Fig. 1 .

he estimated uncertainties of the broadening values reported in 

ef. [36] were below 4%. For Refs. [35,37] the uncertainties were 

bout 2% and 3%, respectively. Uncertainties in the rCMDS values 

44] were not estimated because of difficulties in their determina- 

ion. Except for the rCMDS half-widths [44] (after | m | > 19), the 

ajority of the presented results are in good agreement, with the 

istribution of values exhibiting a standard deviation below 2%. 

he discrepancy of the broadening parameters for different sets 

s more noticeable for | m | > 40. The graph indicates that, within 

he experimental uncertainty, the vibrational dependence of the 

idths can be ignored. A fit of the Padé approximant to the data in 
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Table 1 

The fitting coefficients obtained using Eq. (1) for calculating air-broadening param- 

eters, their temperature exponents, and the self-half-widths of N 2 O at room tem- 

perature (in cm 

−1 atm 

−1 ) for the VP line-shape. 

Coef. γ0 -air (VP) [31] n γ0 
-air (VP) [37] γ0 -self (VP) [45] 

c 0 9 . 868 × 10 −2 6 . 881 × 10 −1 1 . 184 × 10 −1 

c 1 −1 . 395 × 10 −2 −2 . 162 × 10 −2 −3 . 930 × 10 −3 

c 2 1 . 492 × 10 −4 −6 . 047 × 10 −4 −7 . 807 × 10 −5 

c 3 4 . 4905 × 10 −5 2 . 123 × 10 −5 3 . 447 × 10 −6 

d 1 −1 . 148 × 10 −1 −3 . 813 × 10 −2 −1 . 974 × 10 −2 

d 2 −3 . 520 × 10 −3 −3 . 399 × 10 −4 −1 . 250 × 10 −3 

d 3 7 . 208 × 10 −4 1 . 667 × 10 −5 2 . 891 × 10 −5 

d 4 6 . 171 × 10 −7 1 . 070 × 10 −7 2 . 479 × 10 −7 
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ef. [31] is shown by the solid line in the plot. The reason for using

he air-broadening parameters from the 5 ν1 band of Ref. [31] was 

he closer agreement of the this band data with other measure- 

ents (compared to the 4 ν1 + 2 ν2 band). The uncertainty of the 

t is defined by the relative standard deviation of the fit residual 

rom the experimental half-widths. 

The data sets, presented in Fig. 1 , were employed to de- 

ermine the residuals (experiment-calculations) in modeling the 

aboratory spectra. The measured half-widths which resulted in 

maller residuals were used for the update of the HITRAN database 

see Section 2.5 ). The determined values from the Padé fit to 

ef. [31] were extended to populate the HITRAN database for the 

ntire bands. The fitting coefficients can be found in Table 1 . 

The temperature exponents of the air-broadening parameters 

for the VP) originate from the measurements of Ref. [37] which 

ere modeled using the power law equation, 

0 (T ) = γ0 

(
T re f 

)(T re f 

T 

)n γ0 

. (2) 

ere, γ0 (T) is the line-broadening parameter (Lorentzian compo- 

ent) at the reference temperature T re f = 296 K. Note that in the 

iterature and in the HITRAN database, the subscript zero is of- 

en not used for the Lorentzian component and only the symbol 

is employed. The n γ0 
parameters were updated for all the lines 

sing fits of the Padé approximant to the measured data from 

ef. [37] . The fitting coefficients can be found in Table 1 and the
ig. 2. The temperature dependence of the air-broadening half-widths of N 2 O lines 

lotted versus m . The n γ0 
-air values measured using the VP by Lacome et al. [36] , 

oth [35] , Nemtchinov et al. [37] , Varanasi and Chudamani [46] , and HITRAN2016 

re plotted. The results by Ngo et al. [44] using the rCMDS prediction are shown as 

ell for the VP and SDV. The Padé approximants for the temperature dependence 

or both VP and SDV values are shown with the solid lines. 
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alues are presented in Fig. 2 . This figure illustrates that the find- 

ngs of Lacome et al. [36] are consistent with the n γ0 
measured 

y Nemtchinov et al. [37] , while the results of Varanasi and Chu- 

amani [46] match well with the predicted values by the rCMDS 

ethod [44] . The graph shows that the n γ0 
values are scattered 

or m larger than 40. The fit to the VP values approaches about 

.65 for the transitions with higher J. We emphasize that the ex- 

rapolated line-shape parameters based on the fitted Padé approx- 

mant as given in Fig. 2 and elsewhere in this paper, are intended 

o provide a reasonable estimate of the line-shape parameters for 

otational quanta outside the range of existing measurements or 

alculations. In the absence of these constraints, uncertainties in 

hese extrapolated quantities are difficult to estimate with confi- 

ence. 

The N 2 O-N 2 O broadening values in HITRAN2016 were based on 

he study by Toth [41] . For the HITRAN2020 edition, the data mea- 

ured by Werwein et al. [45] were fit using a Padé approximant. 

he authors of that work measured the FT spectra of pure N 2 O to

etrieve the self-broadening and self-shift parameters in the 0 0 02 

0 0 0 0 band, and determined the spectroscopic parameters in the 

ressure range of 5.3 kPa to 101.9 kPa for lines up to J = 40 at

96 K. The fitting constants are provided in Table 1 and the ex- 

rapolated results were used to replace previous HITRAN2016 data 

or all the bands. 

.1.1. Air- and self-broadening parameters of N 2 O and their 

emperature dependence using the SDV profile 

In the previous editions of the HITRAN database, the SDV pro- 

le parameters were not provided for N 2 O. However, in the atmo- 

pheric retrievals by ACE-FTS, to reduce the systematic residuals, 

oone et al. [47] emphasized the importance of including non- 

oigt parameters for the N 2 O molecule. Thanks to availability of 

he recent accurate measurements of N 2 O with more sophisticated 

xperimental and analysis tools, the SDV parameters were added to 

he database. As mentioned in Section 2.1 , Adkins et al. [31] mea- 

ured the 4200 – 0000 and 5000 – 0000 bands of N 2 O-air us- 

ng the SDV line profile to model the observed line-shapes. Ngo 

t al. [44] used requantized Classical Molecular Dynamics Simula- 

ions to predict the line-shape parameters for the N 2 O-air broad- 

ned lines using speed-dependent profiles. The ν3 band of N 2 O 

as studied by Loos et al. [38] , where they carried out accurate, 

oom-temperature measurements of air-broadening, pressure-shift, 

peed-dependent parameters, and first-order line-mixing parame- 

ers with FT spectra collected at a pressure range between 10 kPa 

nd 100 kPa. As already mentioned, these parameters were used 

s the HT profile [39] parameters in the HITRAN2016 edition. Fur- 

hermore, Predoi-Cross et al. [48] measured the FT spectra of N 2 O 

roadened by air at pressures 14.79–67.13 kPa and retrieved the 

ir-half-widths, air-shift parameters, and the Rosenkranz [27] pa- 

ameters at room temperature in the ν3 band region using the SDV 

ine-shape model. The overlaid air-broadening parameters for dif- 

erent bands are displayed in Fig. 3 . 

The γ0 -air values in Refs. [38,44,48] are in close agreement 

hich is encouraging since they were measured in the ν3 band 

nd analyzed using the SDV line profile. The small variation among 

he results of the ν3 band and the two NIR bands measured by 

dkins et al. [31] confirmed the negligible vibrational dependence 

n the line widths at the experimental uncertainty level (the 

isplayed error bars for the measured lines correspond to the 

ombined systematic and statistical error). The half-widths in 

ef. [31] were found to be about 0.8% larger than the rCMDS- 

redicted broadening values. This difference was 0.6 % larger 

ompared to the half-width data of Ref. [38] and around 1 % 

arger than those of Ref. [48] . Only for transitions where m > 

5, do the values in the 4 ν1 + 2 ν2 band deviate from the other 

easured half-widths. This discrepancy is likely due to increased 
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Fig. 3. The air-broadening half-widths of N 2 O lines at 296 K plotted versus | m | in 
cm 

−1 atm 

−1 measured by Adkins et al. [31] , Loos et al. [38] , Predoi-Cross et al. [48] , 

and Ngo et al. [44] . The Padé approximant fit to the results of Ref. [31] is presented 

as well. 

Table 2 

Fitting coefficients obtained using Eq. (1) for extrapolating the air-broadening pa- 

rameters, air speed-dependence of N 2 O at room temperature (in cm 

−1 atm 

−1 ), and 

the temperature exponent of the air-half-width for the SDV line-shape profile. 

Coef. γ0 -air [31] a w -air [31] n γ0 
-air [44] 

c 0 9 . 789 × 10 −2 1 . 010 × 10 −1 7 . 121 × 10 −1 

c 1 −7 . 100 × 10 −3 −5 . 170 × 10 −3 −1 . 340 × 10 −2 

c 2 −9 . 038 × 10 −5 −4 . 145 × 10 −4 −1 . 873 × 10 −4 

c 3 1 . 081 × 10 −5 2 . 212 × 10 −5 4 . 070 × 10 −6 

d 1 −5 . 250 × 10 −2 −6 . 291 × 10 −2 −1 . 420 × 10 −2 

d 2 −3 . 03 × 10 −3 −1 . 02 × 10 −3 −5 . 086 × 10 −4 

d 3 1 . 626 × 10 −4 −8 . 131 × 10 −6 9 . 785 × 10 −6 

d 4 2 . 583 × 10 −7 5 . 102 × 10 −6 −2 . 019 × 10 −8 
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Fig. 4. The air-speed-dependence of widths of N 2 O deduced from the results of 

Ref. [31] using the SDV profile and fitted using a Padé approximant. The results 

are compared with measurements of Loos et al. [38] , Ngo et al. [44] , and those of 

Predoi-Cross et al. [48] measured using the SDV profile. 
ncertainties in measurements of weaker lines. For the same 

eason explained for the use of the air-broadening (VP) parameters 

rom the 50 0 0 – 0 0 0 0 band, the air-broadening (SDV) results of

he 5 ν1 band from Ref. [31] were used to extrapolate the results 

or all the lines as shown by the violet line in Fig. 3 . The validity

f the extrapolated widths out to | m | = 60 was confirmed by the

CMDS prediction [44] . 

To add the temperature dependence of the air-broadening 

arameters (the SDV parameters) of N 2 O, we used n γ0 
from 

ef. [44] which was estimated using the SDV profile. Fig. 2 presents 

he extrapolated temperature dependence parameters, and the 

onstants, produced from the semi-empirical fit, can be found in 

able 2 . To the best of our knowledge there were no published 

easurements of the n γ0 
-air parameters deduced with the SDV 

rofile to compare with the rCMDS results. For this reason, we 

ompared them to the VP results in Fig. 2 . It can be discerned that

he rotational dependence of the n γ0 
for the VP and SDV profiles 

s similar to the rCMDS prediction [44] . However, there is a notice- 

ble deviation from measurements in Refs. [36,37] that used the 

P. 

It may be noted that more refined line shapes, including speed- 

ependent Nelkin-Gatak profile (SDNG) [49] accounting for the 

icke narrowing effect [50] have been investigated in a num- 

er of recent studies for the N 2 O-air system. Ngo et al. [44] ob-

ained Dicke narrowing parameters and their temperature depen- 

ences using the SDNG profile. Their results showed that using 

he SDNG profile led to more significant dispersion than the SDV 

rofile. Also, they stated that the fit residuals obtained with the 

DNG profile were not remarkably better than the SDV residuals. 
4 
herefore, for the N 2 O perturbed by air, Ngo et al. [44] suggested 

sing the SDV line-shape parameters. Furthermore, Adkins et al. 

31] used the SDNG profile in their analysis, however, in their fit 

sing the SDNG profile, there were problems related to converg- 

ng the results into physical values because of the strong correla- 

ion between the speed dependence of the collisional broadening 

nd the narrowing parameter. The authors declared that the is- 

ue was the limited signal-to-noise ratio in their experiment. Loos 

t al. [38] also employed the SDNG profile in their analysis of N 2 O-

ir spectra. The residuals they achieved did not exhibit an obvious 

ependence on the Dicke-narrowing parameters and the correla- 

ion between collision-induced velocity changes. Therefore, by set- 

ing the narrowing and correlation parameters to 0, they effectively 

sed the SDV profile. In the future, with the availability of more 

easurements with high signal-to-noise ratio, these advanced pa- 

ameters can be added in HITRAN under the Hartmann-Tran profile 

arametrization. 

.2. Air and self speed-dependence of the widths of N 2 O 

Fig. 4 exhibits the overlaid results of the air speed-dependent 

arameters ( a w 

= γ2 /γ0 ) obtained using the SDV profile. Among 

he exhibited data sets, the measured speed-dependence by Ad- 

ins et al. [31] shows the strongest rotational dependence. It can 

e observed that the speed-dependent values for Ref. [38] and 

ef. [31] agree in the range 20 < m < 40 , while for higher rota-

ional quantum numbers the discrepancy becomes more substan- 

ial (about 15% on average). Besides the measurement uncertain- 

ies, this difference might be explained by the fact that in retriev- 

ng the a w 

parameters in Ref. [44] , the first-order line-mixing ef- 

ect was included in the analysis, whereas in the study of Adkins 

t al. [31] measurements were made at low-pressure and the line- 

ixing effect was not taken into account. There is excellent agree- 

ent among the values of Ref. [44] and those of Ref. [38] for 

 below 30. The rationale for this agreement is that the val- 

es retrieved by the rCMDS prediction were corrected based on 

ef. [38] data. The single value published in Ref. [48] is also dis- 

layed in the figure which was based on the theoretical value in 

ef. [51] . 

Because we used the air-broadening (SDV) parameters of the 

0 0 0 – 0 0 0 0 band from Ref. [31] , the same band results are used

or a w 

-air parameters for all the bands except the ν band. The 
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ata from Ref. [38] were used for the ν3 band to update the speed- 

ependence of half-width parameters. Because of the large uncer- 

ainties for the transitions with m > 40 in Ref. [31] , those values

re not included in the fit. The fitting coefficients of Eq. (1) for the

emi-empirical model are given in Table 2 to enable calculation of 

 w 

for every transition of the N 2 O-air system. To ensure the best 

alues for these parameters, we validated the results as described 

n Section 2.5 . 

In the study by Ngo et al. [44] , although the temperature de- 

endencies of the width parameters were estimated, the tem- 

erature exponents of the speed-dependent of the half-widths 

ere not reported. Accordingly, in HITRAN2020, the temperature- 

ependence values reported for γ0 -air (SDV) ( n γ0 
-air) were used 

or the γ2 -air ( n γ2 
-air) as well (taken from Ref. [44] ). 

In order to add the self speed-dependent parameters of N 2 O 

o the database, the data of Ref. [52] , measured with a diode 

aser spectrometer at a temperature about 296 K and pressure 

ange of 0.66–13.33 kPa, were adopted. However, only eight transi- 

ions in the 3 ν1 + 2 ν2 band were acquired in Ref. [52] , which was

ot enough data to justify extrapolating the semi-empirical model. 

ifferent methods were examined to extend the coverage in | m | 
uch as empirically scaling the measured SDV γ0 -air parameters 

n Ref. [31] (for the 50 0 0 – 0 0 0 0 band) based on the correspond-

ng γ0 -self (SDV) values from Ref. [52] . In this way, two average 

caling factors (for the low- J and high- J) were obtained to generate 

he self-broadening parameters for N 2 O lines. The following simple 

quation was used to estimate the scale factors (SF) which were 

.235 for J < 30 and 1.17 for J > 30 : 

F = 

γ0 _ sel f (SDV ) 

γ0 _ air(SDV ) 
. (3) 

The self-broadening parameters, estimated using the empiri- 

al scaling factors from the air-broadening (SDV) parameters from 

ef. [31] . are shown in Fig. 5 . The need for using two scaling fac-

ors creates a discontinuity at J = 30 and it does appear that for 

ow rotational levels the Voigt values appear larger than those de- 

ermined with SDV which is not typical. 
ig. 5. The self-broadening parameters of N 2 O measured by Odintsova et al. 

52] based on the SDV profile. The estimated values of the self-broadening (SDV) 

0 -self values using the calculated scaling factors from γ0 -air (SDV) values by Ad- 

ins et al. [31] correspond to the x-mark symbols. The extrapolated self-broadening 

alues for CO 2 lines measured by Birk et al. [53] are presented as well, which were 

sed for updating the self-broadening parameters of N 2 O in the present study. The 

orresponding VP parameters measured by Werwein et al. [45] and the scaled val- 

es for γ0 -self values using the calculated scaling factors from VP results based 

hese parameters [45] are also shown for comparison. 
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Fig. 5 also includes the γ0 -self parameters measured using the 

P determined by Werwein et al. [45] . The extended values of γ0 - 

elf (SDV) using the scaled VP results (shown as ’PS_scaled based 

n Werwein et al. [45] ’) are displayed in the same figure as well.

he agreement of these scaled self-broadening values is good for 

he transitions with | m | < 40 . However, the scaled VP parameters 

ecrease faster for the transitions with | m | > 40 . 

Finally, because of the similarity of the N 2 O-N 2 O and CO 2 -CO 2 

ystems (N 2 O and CO 2 having almost identical molecular masses 

nd similar quadruple moments), we examined the possibility of 

sing the CO 2 -CO 2 values. Fig. 5 demonstrates that the γ0 -self 

SDV) parameters measured for the CO 2 lines [53] agree well 

most within the experimental error bars) with the few N 2 O-N 2 O 

DV half-widths measured in Ref. [52] . Based on these evalua- 

ions, we populated the HITRAN2020 self-N 2 O data using the self- 

roadening (SDV) values measured for CO 2 transitions by Birk et al. 

53] . 

Not having experimental data for the self-broadened speed- 

ependent parameters ( γ2 -self), to be consistent with the choice 

f the half-widths, we used the self speed-dependent parameters 

easured for CO 2 [53] . Assuming that there is not a strong vibra- 

ional dependence for the self-broadening parameters, γ2 -self val- 

es were updated for all the N 2 O-self broadened transitions in HI- 

RAN2020. An uncertainty of > 20 % was assigned for these ap- 

roximate values. These parameters will be reevaluated once more 

xperimental data for the N 2 O-N 2 O system using SDV profile will 

ecome available in the future. 

.3. The pressure shifts of air- and self-broadened N 2 O lines 

We followed the method proposed by Hartmann [54] to calcu- 

ate the pressure shifts of air- and self-broadened N 2 O transitions. 

his algorithm was originally suggested for the air-broadened 

O 2 lines and implemented for the self-broadened CO 2 lines in 

ef. [40] . Here, we repeat the important equations in the shift cal- 

ulation which can be found in section 2 of Ref. [54] . 

The key formula to calculate the vibrational-dependent shift 

alues in Ref. [54] is, 

[(ν1 + �ν1 , ν2 + �ν2 , ν3 + �ν3 , J f ) ← (ν1 , ν2 , ν3 , J i )] 

= (J i − J f ) δrot (| m | ) + (a 1 �ν1 + a 2 �ν2 + a 3 �ν3 ) δv ib (| m | ) , (4) 

here the shifts are related to the change in the quantum num- 

ers ( �ν j ), and where by using measured shifts for a specific band, 

he shifts for other bands can be calculated. The term δrot (| m | ) is

he half-difference of the shifts and δv ib (| m | ) is the half-sum of 

he shifts which can be obtained using the experimental shifts for 

he P- and R-branch lines for the same | m | . The parameters a 1 , a 2 ,

nd a 3 can also be obtained from fits to the appropriate measured 

hifts. 

Also, the δrot (| m | ) and δv ib (| m | ) terms are modeled using the

mpirical functions presented as Eq. (15) in Ref. [54] : 

v ib (| m | ) = αV 
1 + αV 

2 e 
−| m |×βV 

1 + αV 
3 e 

−| m |×βV 
2 

rot (| m | ) = αR 
1 + αR 

2 e 
−| m |×βR 

1 + αR 
3 .e 

−| m |×βR 
2 . 

(5) 

The αR 
1 ,..., α

R 
3 , α

V 
1 , ..., αV 

3 , β
R 
1 , β

R 
2 , β

V 
1 , β

V 
2 , a 1 , a 2 , and a 3 coef-

cients can be deduced from the fits to the measured shift val- 

es and the resulting calculated half-sum and half-difference of the 

hifts. For calculating the air-shifts of N 2 O, the measured shifts of 

ef. [38] for the 0 0 01 – 0 0 0 0 band were employed. The resulting

oefficients are provided in Table 3 to calculate the δ-air values. 

lso, the coefficients a 1 = 0.55, a 2 = 0.12, and a 3 = 0.9 were ob-

ained. 

Fig. 6 shows the estimated shift values for several bands and 

orresponding comparisons to the HITRAN2016 air-shifts and the 

vailable measured data for the same vibrational band. The result- 

ng precision of the shift values was limited by inconsistency in the 
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Table 3 

The coefficients obtained when fitting Eq. (5) to the experimental δ0 -air [38] and δ0 -self [45] values. 

Coefficients ( δ0 -self) Coefficients ( δ0 -air) 

δv ib δrot δv ib δrot 

αV 
1 = −7 . 535 × 10 −3 αR 

1 = 6 . 879 × 10 −4 αV 
1 = −2 . 738 × 10 −3 αR 

1 = 4 . 254 × 10 −4 

αV 
2 = 6 . 180 × 10 −4 αR 

2 = −7 . 336 × 10 −4 αV 
2 = 8 . 799 × 10 −4 αR 

2 = −1 . 268 × 10 −3 

αV 
3 = 5 . 493 × 10 −3 αR 

3 = 1 . 074 × 10 −3 αV 
3 = 7 . 419 × 10 −4 αR 

3 = 8 . 795 × 10 −4 

βV 
1 = 7 . 524 × 10 −1 βR 

1 = 8 . 865 × 10 −3 βV 
1 = 1 . 229 × 10 −1 βR 

1 = 2 . 234 × 10 −2 

βV 
2 = 3 . 034 × 10 −2 βR 

1 = 7 . 273 × 10 −1 βV 
2 = 1 . 990 × 10 −2 βR 

1 = 1 . 020 × 10 −1 

Fig. 6. The δ0 -air values calculated at room temperature for the present study (PS) 

using the approach of Hartmann [54] . The measured shifts by Toth [35] for the 

ν1 + 2 ν2 and 3 ν1 bands, the measured shifts by Loos et al. [38] and Predoi-Cross 

et al. [48] for the ν3 band, and the HITRAN2016 [19] values are also presented. 

d  

u

d

t

N

i

p

a

s

b

0  

t

T

u

s

fi

R

a

2

l

s

t

e

m

l

a

r

m

e

S

i

N

(

d

E

t

t

t

l

e

i

s

i

i

m

E

φ

w

m

p

m

a

b

Y

H  

t

n

t

r

t

a

r

r

t

ρ

w

l

κ

i

l

l  

l

ata sets. For instance, for the 120 0 – 0 0 0 0 band, measured val-

es for several lines occur outside of the regular rotational depen- 

ence pattern. Hence, it was challenging for the fitting algorithm 

o model the observed rotational dependence of the shift values. 

evertheless, the calculated shift values in the present study are 

n near agreement with the experimental shifts. The rotational de- 

endence and asymmetry of the shift parameters between the P- 

nd R-branch lines, observed in the experimental data for the pre- 

ented bands, are also reproduced. 

For calculating the self-shifts of N 2 O, the data from the 2 ν3 

and measured in Ref. [45] were used and the coefficients a 1 = 

.2, a 2 = 0.1, and a 3 = 0.5 were found from the fit. The fit-

ing coefficients αR 
1 

,..., αR 
3 

, αV 
1 

, ..., αV 
3 

, βR 
1 

, βR 
2 

, βV 
1 

, βV 
2 

are given in 

able 3 . Because there were not enough measured values to ed- 

cate the algorithm with the SDV and VP shifts separately, the 

ame air- and self-shifts were assigned for the VP and SDV pro- 

les in the database. The uncertainty in the measured self-shifts of 

ef. [45] was estimated to be about 9.5%. For our calculation we 

dopted the uncertainty > 20% for all the bands. 

.4. Semi-empirical calculations of line-mixing coefficients for N 2 O 

ines 

The line-mixing effect for N 2 O has been examined in several 

tudies. Strow et al. [55] studied the line-mixing parameter in 

he ν2 + ν3 Q-branch of N 2 O and suggested the use of the semi- 

mpirical first-order Exponential Power Gap law (EPG) approxi- 

ation. Furthermore, Margottin-Maclou et al. [56] observed the 

ine-mixing effect in absorption spectra recorded at room temper- 

ture, using a FT spectrometer to acquire spectra over the pressure 

ange 1.01–64 8.4 8 kPa. Hartmann et al. [57] investigated the line- 
6 
ixing extensively in three different Q-branches, for N 2 O broad- 

ned by N 2 , O 2 , and air. The authors used the Energy-Corrected- 

udden (ECS) approach and verified their approximation using var- 

ous laboratory spectra. The 0310 – 0110 band Q-branch lines of 

 2 O were studied by Vitcu et al. [58] over a low-pressure range 

up to 3.99 kPa) using their mid-infrared spectrometer based on 

ifference-frequency infrared generation in AgGaS 2 employing the 

PG law [28] . Based on the formalism provided in Refs. [28,55,58] , 

he rotationally inelastic state-to-state rates can be expressed in 

erms of the rotational quantum numbers and fitting coefficients 

hat can be determined from the measured line broadenings. 

We also used the EPG approximation to obtain the first-order 

ine-mixing parameters systematically for all the N 2 O lines broad- 

ned by air and N 2 O. Our EPG line-mixing calculation package 

ncludes Python code for reading the N 2 O band information and 

pectroscopic parameters, and MATLAB code functions for calculat- 

ng the relaxation matrix elements. Here we briefly mention the 

mportant equations in the calculation. 

In the line-profile function, the weak line-mixing parameter is 

odeled to introduce asymmetry in the main profile as written in 

q. (6) [28] : 

LM = Re (φ) + Y k Im (φ) , (6) 

here φLM represents the profile of the lines affected by the line- 

ixing effect, and Re (φ) and Im (φ) are the real and imaginary 

arts of the normalized line-shape profile. Y k is the first-order line- 

ixing parameter of line k that can be calculated using the relax- 

tion matrix elements. Concerning the collisional energy transfer 

etween two energy levels labeled j and k , we can write, 

 k (T ) = 2 

∑ 

j � = k 

d j 

d k 

W jk 

νk − ν j 

. (7) 

ere, Y k (T ) is the weak N 2 O line-mixing parameter of the transi-

ion of interest, d k and d j represent the dipole moment compo- 

ents, and W jk are the off-diagonal elements of the relaxation ma- 

rix. The line positions are indicated by ν j and νk in cm 

−1 . In the 

elaxation matrix formalism, the N 2 O broadening coefficients are 

he real parts of the diagonal elements of the relaxation matrix, 

nd the off-diagonal elements are related to the collisional transfer 

ates given by the parameter κ jk . Applying the detailed balanced 

elation, the rate of transfer between the states k and j is related 

o the rate of transfer from j to k by, 

k κ jk = ρ j κk j , (8) 

here ρk is the population of rotational level k . 

The EPG formalism gives the collisional transfer rates from the 

ower rotational level k to a higher rotational level j as, 

jk = A 1 (T ) 

[ | �E jk | 
B 0 

]−A 2 

exp 

(−A 3 | �E jk | 
k B T 

)
, (9) 

n which �E jk represents the energy gap between two rotational 

evels in cm 

−1 . B 0 is the rotational constant of the lower-energy 

evel. The A 1 , A 2 , and A 3 coefficients can be found using the non-

inear least-squares fitting. Assuming that the collisional rates are 
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Fig. 7. Comparison of the first-order line-mixing parameter at 296 K versus m for 

the ν3 band. The estimated Y k parameters using the EPG formalism is given by the 

solid line and compared to those measured by Predoi-Cross et al. [48] , and Loos 

et al. [38] . The rCMDS-predicted values by Ngo et al. [44] are also shown. 

t

e

W

u

c

l

l

l

P

u

b

b

m

l

o

D  

b

s

b

o

m

l

2

i

P

s

s

o

t

m

m

p

o

w

a

b

T

f

T

a

a  

v

u

p

e

r

a

t

e  

T

c

t  

T

a

p

i

N

A

S

a

N

a

a

m

w

c

p

f

H

a

m

(

d

l

t

p

r

w

a

a

(

t

f

i

N

A

c

l

m

b

f

p

he same in the upper and lower vibrational levels, the diagonal 

lements of the relaxation matrix can be written as: 

 kk = 

1 

2 

[ ∑ 

j 

κ jk 

] 

upper 

+ 

1 

2 

[ ∑ 

j 

κ jk 

] 

lower 

. (10) 

Fig. 7 shows the N 2 O line-mixing parameters that we estimated 

sing the EPG law for the SDV profile. 

We achieved good agreement between the semi-empirical cal- 

ulations and observed line-mixing parameters for the stronger 

ines. Fig. 7 demonstrates that the line-mixing parameters calcu- 

ated with the EPG law agree well with the experimental values of 

ine mixing reported in Refs. [38,48] for the R-branch lines. For the 

-branch lines, the EPG calculation predicts slightly larger Y k val- 

es for | m | > 30 . The first-order line-mixing parameters predicted 

y the rCMDS theory in Ref. [44] were only calculated in the P- 

ranch and, as can be seen, they begin to deviate from the experi- 

ental values for the high- J transitions exceeding | m | of about 30. 

The EPG approximation allowed the prediction of first-order 

ine mixing in all bands and regions for the four isotopologues 

f N 2 O broadened by air and N 2 O in the HITRAN2020 database. 

ifferent sets of A 1 , A 2 , and A 3 coefficients were obtained for the

ands and isotopologues of N 2 O. It should be noted that the line- 

hape parameters were not updated for the 14 N 

18 
2 

O isotopologue 

ecause the assignments for some of the NIR bands were ambigu- 

us. This issue is addressed in the HITRAN2016 paper [19] . Further- 

ore, the temperature-dependence parameters of the first-order 

ine mixing were updated using the rCMDS prediction in Ref. [44] . 

.5. Validation of the N 2 O-air line-shape parameters 

The reliability of the new N 2 O parameters was evaluated us- 

ng available laboratory data. In particular, the HITRAN Application 

rogramming Interface (HAPI) [59] was used to validate the re- 

ults against the laboratory spectra. By choosing the desired line- 

hape profiles in HAPI, the absorption coefficient for the mixture 

f N 2 O-air at a specific temperature T and pressure P was ob- 

ained. We used the FT spectra of N 2 O-air measured at the Ger- 

an Aerospace Center (DLR) [38] in the ν3 spectral region. These 

easurements were made at a total pressure of 40 kPa and tem- 

erature of 293.8 K using a Bruker 125HR spectrometer. This lab- 
7 
ratory measurement was compared to transmission spectra that 

ere calculated by HAPI. 

Fig. 8 shows the experimental FT spectra in the upper panel 

s well as the transmission spectra calculated for the updated VP 

ased on the Adkins et al. [31] (used for HITRAN2020) and HI- 

RAN2016 parameters. The bottom panel presents the residuals 

or different data sets calculated with the VP in HAPI: a) the HI- 

RAN2016 database using the VP, b) the new VP parameters which 

re in the HITRAN2020 database and based on Adkins et al. [31] , 

nd c) the VP parameters predicted by Ngo et al. [44] . The RMS

alues of the residuals calculated for each case clearly shows that 

se of the parameters measured by Adkins et al. [31] yields im- 

roved residuals. 

We repeated the validation test for the updated SDV param- 

ters as described earlier in Section 2.1 . Fig. 9 demonstrates the 

esiduals for three sets of calculations: a) the new SDV parameters 

s in the HITRAN2020 database based on the measured parame- 

ers by Adkins et al. [31] , b) the SDV parameters measured by Loos 

t al. [38] , and c) the SDV parameters predicted by Ngo et al. [44] .

he first-order line-mixing parameters were included in the cal- 

ulations. The resulting fit residuals are generally close, especially 

hose obtained using the SDV parameters in Ref. [44] , and Ref. [38] .

he SDV parameters by Adkins et al. [31] had the lowest RMS value 

nd led to improvements in calculating the spectra using the SDV 

rofile parameterization. This test showed that the new parameters 

n HITRAN2020 provide improved prediction of the air-broadened 

 2 O spectra for this band. 

In addition to laboratory spectra, atmospheric spectra from the 

CE-FTS instrument [47] have been used to evaluate the impact of 

DV N 2 O parameters from the HITRAN2020 database. Fig. 10 shows 

ll of the contributions to the transmittance spectrum (excluding 

 2 collision-induced absorption) for a spectral region containing 

n N 2 O band near 2460 cm 

−1 . These contributions correspond to 

 tangent height near 9 km for the limb-viewing ACE-FTS instru- 

ent. 

Fig. 11 presents fitting results for the lower portion of the 

avenumber range from Fig. 10 . The top panel in Fig. 11 shows 

alculated contributions to the spectral window; the middle panel 

rovides a comparison of fitting residuals using VP parameters 

rom HITRAN2016 in the forward model and SDV parameters from 

ITRAN2020 for a measurement near a tangent height of 18.2 km; 

nd the bottom panel provides the VP and SDV comparison for a 

easurement with a tangent height near 17.5 km. In both cases 

using VP and SDV parameters), the strong N 2 O lines in the win- 

ow have systematic features in the residuals well above the noise 

evel, but the magnitude of the systematic feature is reduced using 

he HITRAN2020 SDV parameters compared to the results using VP 

arameters from HITRAN2016. 

Note that the residuals in Fig. 11 contain a significant asymmet- 

ic component. For a limb-viewing instrument like the ACE-FTS, 

hich looks through a large range of pressures and temperatures 

long the line of sight, asymmetry in the observed line shape can 

rise from strong pressure shifts or asymmetry in the line itself 

or a combination of the two effects). Studies with ACE-FTS spec- 

ra suggest that including an asymmetric term in the line-shape 

unction (with sharper effects close to line center than line mix- 

ng would provide) is required to flatten the residuals for these 

 2 O lines (e.g., invoking speed dependence for the pressure shift). 

 large temperature dependence for the pressure shift could also 

ontribute to the degree of apparent asymmetry for these N 2 O 

ines, but that possibility is difficult to assess from ACE-FTS limb 

easurements. 

It should be noted that the non-Voigt line parameters provided 

y Boone et al. [47] (generated empirically from ACE-FTS spectra) 

or N 2 O lines improve the atmospheric residuals. However, these 

arameters [47] do not agree well with the SDV parameters pro- 
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Fig. 8. The FT transmission spectra of N 2 O-air at T = 293.8 K, total P = 40 kPa and volume mixing ratio of X N 2 O = 9 . 7 × 10 −6 . The bottom panel shows the residuals and 

calculated using the VP for the HITRAN2016 data, the Adkins et al. [31] results, and the Ngo et al. [44] calculations. 

Fig. 9. The FT transmission spectra of N 2 O-air at T = 293.8 K, total P = 40 kPa and X N 2 O = 9 . 7 × 10 −6 . The bottom panel shows the residuals for three sets of calculations 

for the use of the SDV parameters measured by Adkins et al. [31] , Loos et al. [38] , and Ngo et al. [44] . 
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ided in the present study. This difference can be explained by the 

act that the authors added an additional parameter for speed de- 

endence of the pressure shift, and as a result all the parameters 

including both the broadening and the speed dependence of the 

roadening parameters) change. 

. CO-CO and CO-air line-shape parameters 

The line list of CO in HITRAN includes the line-by-line param- 

ters for six stable isotopologues covering 3 cm 

−1 to 14478 cm 

−1 

note that line lists for the three radioactive isotopologues, 14 C 

16 O , 
4 C 

18 O and 

14 C 

17 O are provided in the so-called ”Supplementary”

older in HITRAN). For updating the CO line list in the HITRAN2020 

dition, the line positions for carbon monoxide lines were not 

hanged, however, the line intensities of CO in the 1-0 band and 

he corresponding hot bands were reduced by 2% based on the 

easurement by Devi et al. [60] . Also, intensities of the 3-0 band 
8 
nd the corresponding hot bands were scaled up by 2.6% based on 

esults of Borkov et al. [61] and Cygan et al. [62] . 

The line-shape parameters of CO in HITRAN2016 for the VP 

ad been populated using the line list provided by Li et al. [63] .

he half-width parameters by Li et al. [63] were produced based 

n a semi-empirical polynomial fit to the experimental data of 

evi et al. [64,65] which were deduced using the SDV profile. 

he SDV parameters were provided only to those lines in the first 

vertone that had measured values from Devi et al. [64,65] . The 

ir-shifts of CO in the previous edition were generated by ex- 

rapolating measured air-shifts by Devi et al. [64] using the ap- 

roach proposed by Hartmann and Boulet [66] . For the purpose 

f separating the VP and SDV parameters, the line-shape param- 

ters of CO in the HITRAN2020 edition have undergone a ma- 

or revision. Various measurements of the CO-CO and CO-air line- 

hape parameters were employed to update the values in the HI- 

RAN database. A review of previous studies of carbon monox- 

de line-shape parameters for different broadeners and bands was 
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Fig. 10. Contributions to the transmittance spectrum in the vicinity of an N 2 O band 

near 2460 cm 

−1 . Each color represents a different atmospheric constituent, with the 

molecule name and isotopologue number indicated in the label. Calculations are 

for the ACE-FTS limb viewing instrument and correspond to a tangent height near 

9 km. 

Fig. 11. ACE-FTS analysis results from occultation sr10063. Top panel: Calculated 

contributions to the analyzed spectral region, corresponding to a tangent height 

near 9 km for the ACE-FTS instrument. Middle panel: fitting residuals for a tan- 

gent height near 18.2 km using VP parameters from HITRAN2016 (in pink) and SDV 

parameters from HITRAN2020 (in green). Bottom panel: the same as the middle 

panel, but for a tangent height near 17.5 km. 
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Fig. 12. The comparison of the air-broadening parameters (VP) in cm 

−1 atm 

−1 ver- 

sus m for various bands such as Régalia-Jarlot et al. [68] , Zou and Varanasi [69] , 

Sung et al. [70] . The Padé approximant model is also presented with the solid line. 

The bottom panel shows the relative percentage difference for the air-broadening 

values of different data sets. 

Table 4 

The coefficients obtained in fitting Eq. (1) for calculating air- and self-broadening 

parameters of CO at room temperature (in cm 

−1 atm 

−1 ) using the VP line-shape pro- 

file. 

Coef. γ0 -air (VP) [68–70] γ0 -self (VP) [71–74] 

c 0 −4 . 970 × 10 −1 5 . 249 × 10 −1 

c 1 1 . 612 × 10 1 1 . 469 × 10 1 

c 2 −0 . 119 × 10 1 −3 . 365 × 10 −1 

c 3 6 . 7038 × 10 −1 0 . 165 × 10 1 

d 1 1 . 795 × 10 2 1 . 676 × 10 2 

d 2 −0 . 01 × 10 2 −0 . 01 × 10 2 

d 3 0 . 853 × 10 1 2 . 179 × 10 1 

d 4 1 . 923 × 10 −1 4 . 323 × 10 −1 
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rovided in Table 1 of Ref. [67] . However, the aforementioned table 

id not include the publications after 2016, where more advanced 

ine-shape profiles (including the SDV profile) were used in the 

nalysis. 

.1. The broadening half-width parameters of CO 

For the air half-widths (the VP parameters), first, we evalu- 

ted the vibrational dependence by plotting the results for differ- 

nt bands. Fig. 12 presents the measured air-broadening parame- 

ers of CO for selected vibrational bands. In the bottom panel the 

elative differences are presented for individual bands. It was ob- 

erved that the average difference for both the 1–0 and 3–0 bands 

ompared to the 2–0 band is less than 1% for the air-broadening 

f CO (VP). Therefore, we assumed negligible vibrational depen- 
9 
ence for the broadening parameters. The Padé approximant was 

mployed to fit all the measured air-broadening data for various 

ands simultaneously, such as Ref. [68] for the 1–0 band measured 

ith FT spectrometer, in the pressures of 6.32 kPa up to 101.11 kPa. 

lso, Ref. [69] data which the FT spectra were recorded at tem- 

eratures between 174 and 296 K and various pressures up to 

4.32 kPa for the 2–0 band. Furthermore, the results in Ref. [70] for 

he 3–0 band, where the experimental spectra were collected us- 

ng a FT spectrometer at 298 K and pressures of 267.7, 399.9, 536.3, 

 6 6.6 kPa. The fit coefficients are given in Table 4 . As a result,

roadening parameters were expanded to all the transitions of CO 

erturbed by air. 

The self-broadened half-widths of CO obtained using the VP in 

ifferent bands are displayed in Fig. 13 . The self-broadening values 

or the 1–0 band measured by Ngo et al. [71] using the FT spec- 

ra at room temperature and for various pressures ranging from 

.85 to 101.62 kPa are shown. The 2–0 band data, reported by Es- 

eki et al. [73] , were obtained using the measured FT spectra at 

 temperature of about 298 K and pressure ranges from 0.42 to 

7.59 kPa. For the same band Predoi-Cross et al. [72] obtained their 

esults using the FT spectra recorded at 296 K over a range of pres- 

ures from 4 to 10.66 kPa. The FT spectra at a temperatures 205 

o 350 K and pressures up to 101.325 kPa in the 3–0 band were 
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Fig. 13. The comparison of the self-broadening parameters (VP) in cm 

−1 atm 

−1 ver- 

sus | m | for the measured data by Ngo et al. [71] , Devi et al. [76] , Esteki et al. [73] , 

Bordet et al. [75] , and Predoi-Cross et al. [72,74] for various bands. The Padé ap- 

proximant fits for the 2–0 band data (blue line) and for the other bands (purple 

line) are presented. The bottom panel shows the relative percentage differences for 

the self-broadening values of different data sets. 
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Fig. 14. The comparison of the air-broadening parameters (SDV) in cm 

−1 atm 

−1 ver- 

sus | m | for two bands measured by Devi et al. [60,64] and Birk et al. [81] . The Padé

approximant fit to the data in Ref. [64] is represented by the red line. 

Table 5 

The fitting coefficients obtained using Eq. (1) for extrapolating the air-broadening 

parameters (SDV) (in cm 

−1 atm 

−1 ), temperature dependence of the air-broadening, 

and the air speed-dependence (in cm 

−1 atm 

−1 ) of CO-air lines at room temperature 

using the SDV line-shape profile. 

Coef. γ0 -air [64] n γ0 
-air [64] γ2 -air [64] 

c 0 9 . 050 × 10 −1 −7 . 802 × 10 1 1 . 465 × 10 3 

c 1 4 . 673 × 10 −1 4 . 132 × 10 2 −1 . 115 × 10 3 

c 2 0 . 136 × 10 1 −7 . 264 × 10 1 9 . 326 × 10 2 

c 3 0 . 108 × 10 1 4 . 353 × 10 1 1 . 036 × 10 2 

d 1 2 . 774 × 10 1 3 . 497 × 10 2 1 . 278 × 10 5 

d 2 −0 . 01 × 10 2 −0 . 01 × 10 2 −0 . 01 × 10 2 

d 3 1 . 960 × 10 1 4 . 131 × 10 1 2 . 293 × 10 4 

d 4 1 . 498 × 10 −1 6 . 914 × 10 −1 8 . 085 × 10 2 
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easured by Predoi-Cross et al. [74] ) to deduce the self-broadening 

arameters of CO. Bordet et al. [75] measured the 4–0 band of CO 

sing CRDS at room temperature and low pressure up to 1.33 kPa 

nd obtained the self-broadening values. These data are compared 

o the 2–0 band data measured by Devi et al. [76] using a FT spec-

rometer at room temperature and pressure range between 0.4 and 

7.6 kPa. The relative percentage differences are presented in the 

econd panel. The low average difference obtained for the com- 

ared bands supported the assumption of negligible vibrational 

ependence for the self-broadening values as well. All these data 

ere fitted simultaneously to estimate the self-broadening param- 

ters for the lines that were not measured for all the bands except 

or the measured transitions in the 2–0 band, where the data from 

evi et al. [76] were used for the update. In Table 4 we present

he fit results for the coefficients of Eq. (1) . 

The temperature dependence of the air-broadening parame- 

ers for the VP were not changed and remained the same as HI- 

RAN2016 values which had been produced by using a polyno- 

ial fit to the measurements of Refs. [69,77,78] described in the 

ITRAN2004 edition [34] . 

The importance of including non-Voigt line shapes in at- 

ospheric retrievals of CO has been highlighted by Hochstaffl

t al. [79,80] . The HITRAN2016 line list had included the speed- 

ependent parameters for some of the lines in the first overtone 

and, which was unfortunately overlooked in the Ref. [80] paper. 

owever, these parameters were only provided for the measured 

ransitions of the 2–0 band (up to J max = 29). Thanks to the ap-

roach described in this paper, we included the SDV parameters 

or e v ery transition of CO in the HITRAN2020 edition. 

Fig. 14 presents the air-broadening parameters measured in the 

–0 band [60] (for the 13 CO isotopologue) and 2–0 [64] band of 

O-air deduced using the SDV profile. The FT spectra measured 

y Devi et al. [64] was collected at the pressure range between 

.66 and 93.32 kPa and the temperature range from 150 to 298 K. 

he measured results by Birk et al. [81] , using the FT spectroscopy 
10 
easurements at room temperature and pressure up to 100 kPa, 

ere obtained using the HT [39] profile for the 2–0 band are plot- 

ed for comparison. For adding the SDV line-shape parameters, the 

emi-empirical Padé approximant fits were applied to the experi- 

ental air-broadening parameters in the 2–0 band data measured 

y Devi et al. [64] . The approximated values from the model were 

xpanded for lines of every band. Although we have assumed no 

sotopic-dependence for the broadening parameters of CO, when 

he measured values were available, those were used directly in 

he update of HITRAN (i.e. the air-broadening from the Devi et al. 

60] data were used for the lines of the 1–0 band and the mea- 

ured parameters of Devi et al. [65] were used for updating the 

–0 band lines for different isotopologues of CO). 

With the same procedure explained in the previous sections of 

ur paper for the broadening parameters extrapolation, the tem- 

erature dependence of the air-broadening parameters (SDV) were 

tted to the measured data in the 2–0 band [64] , and the co-

fficients obtained from this fit are provided in Table 5 . Fig. 15 

emonstrates the measured and approximated temperature depen- 

ence of CO-air broadening parameters ( n γ0 
-air) for the 2–0 band. 

he temperature dependence of self-broadening parameters ( n γ0 
- 

elf) for the same measurement [64] are presented in the same fig- 

re. Based on this graph, it can be concluded that the n γ0 
-air val-

es are larger than those measured for n γ0 
-self. However, the de- 

ending slope of the fitted line to the n γ0 
-air parameters is larger 

han the one fitted to the n γ0 
-self parameters. 

The air and self speed dependence of line widths were fitted 

s well using the same data source [64] , and the corresponding 

parameters were estimated and attributed to each transition. 
2 
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Fig. 15. The comparison of the temperature-dependence exponent of the air- 

and self-broadening parameters (SDV) versus | m | for the 2-0 band measured by 

Devi et al. [64] . The Padé approximant fit to both the self and air temperature- 

dependence parameter are shown. 

Fig. 16. The comparison of the speed-dependence of the air- and self-broadening 

parameters (SDV) versus | m | for various measurements by Devi et al. [60,64,65] . The 

speed-dependence parameters deduced using the HT profile by Birk et al. [81] are 

compared as well. The Padé fit to Ref. [64] data is also presented. 
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Fig. 17. The comparison of the self-broadening parameters (SDV) in cm 

−1 atm 

−1 

versus | m | for various bands measured by Wójtewicz et al. [82] , Esteki et al. [73] , 

Borkov et al. [61] and Devi et al. [64] . The Padé approximant method is applied for 

the data in Ref. [64] . 

Table 6 

The coefficients obtained in fitting Eq. (1) for calculating the self-broadening param- 

eters of CO at room temperature (in cm 

−1 atm 

−1 ) and the temperature exponent of 

the self-broadening using the SDV line-shape profile. 

Coef. γ0 -self (SDV) [64] n γ0 
-self (SDV) [64] 

c 0 −6 . 002 × 10 −1 7 . 434 × 10 −1 

c 1 9 . 753 × 10 −1 −9 . 265 × 10 −2 

c 2 0 . 161 × 10 1 −5 . 894 × 10 −5 

c 3 0 . 125 × 10 1 2 . 543 × 10 −4 

d 1 −0 . 01 × 10 2 −1 . 247 × 10 −1 

d 2 1 . 999 × 10 1 9 . 414 × 10 −6 

d 3 1 . 642 × 10 1 3 . 204 × 10 −4 

d 4 3 . 637 × 10 −1 1 . 326 × 10 −6 
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herever the measured SDV parameters were available, the origi- 

al experimental results were used in populating the database. For 

nstance, the Devi et al. [60] data were used for the lines of the

–0 band and the measured parameters of Devi et al. [65] were 

sed for updating the 2–0 band lines for different isotopologues of 

O (these values are presented in Fig. 16 ). 

The accurate measurement by Devi et al. [64] was used for up- 

ating the SDV parameters for the broadened lines of CO. We ex- 

rapolated the self-broadening values, the temperature dependence 

f the broadening, and their speed dependence. By fitting these pa- 

ameters to Eq. (1) , we obtained the fitting coefficients using the 

easured line widths of Ref. [64] fitted to the Padé approximant 

odel. We imported the experimental values to the database for 

ifferent isotopologues reported in Refs. [60,65] for the 1–0 and 

–0 bands, respectively. Fig. 17 presents the overlaid results, where 

he measured data by Devi et al. [64] for the 2–0 band are com-

ared to the data measured by Wójtewicz et al. [82] for the 3–

 band (measured using the frequency-stabilized cavity ring-down 

pectrometer at 301 K and pressures 0.13 to 0.6 kPa), Esteki et al. 

73] for the 2–0 band, and the self-broadening measured by Borkov 
11 
t al. [61] (the data was collected using a FT spectrometer at pres- 

ure range from 19.6 to 49.2 kPa and temperature of about 302 K). 

he approximated values using the Padé fit are within the exper- 

mental uncertainties of the presented data sets. The half-widths 

easured for the higher- J values in Ref. [82] confirm the rotational 

ependence of the extrapolated self-broadening values. The tem- 

erature dependence of these parameters are shown in Fig. 15 and 

he required coefficients for the expansion of these values are pro- 

ided in Table 6 . 

To avoid mixing the SDV parameters from different measure- 

ent sets, for the speed-dependence of self-broadening widths of 

O, the same data source as for the self-half-widths was used 

64] in HITRAN2020. The a w 

parameters from Devi et al. [64] are 

lotted in Fig. 18 . The speed-dependent parameters using the ro- 

ational spectrum of CO determined by Seleznev et al. [83] (us- 

ng a backward-wave oscillator based spectrometer with radioa- 

oustic detection of absorption at room temperature and pressures 

etween 0.26 and 0.5 kPa), the measured a w 

by Wójtewicz et al. 

82] in the 3–0 band, and the weaker bands results (4–0, 4–1) 

easured by Borkov et al. [61,84] are displayed for comparison. 

he measurements of Ref. [64] agree well with the pure rotational 

ata in Ref. [83] except for transitions with m = 5 and 7. However, 

hey disagree with those in Ref. [82] . The 4–0 and 4–1 band results

61,84] represent an agreement for the transitions with lower | m | 
nd deviate from the Ref. [64] data for | m | > 10. This discrepancy

s explained by the fact that the authors fixed most of the γ2 val- 

es to 0.006 (cm 

−1 atm 

−1 ) for the weaker lines. It is worth noting

hat Wójtewicz et al. [82] also used the SDNG profile in their anal- 
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Table 7 

The coefficients obtained when fitting the experimental δ0 -self [69] and δ0 -air [69] values to Eq. (5) . 

Coeff. δ0 -self Coeff. δ0 -air 

δv ib δrot δv ib δrot 

αV 
1 = −2 . 476 × 10 −2 αR 

1 = 2 . 413 × 10 −2 αV 
1 = −8 . 314 × 10 −3 αR 

1 = 7 . 146 × 10 −4 

αV 
2 = 1 . 520 × 10 −3 αR 

2 = −8 . 608 × 10 −2 αV 
2 = 8 . 370 × 10 −4 αR 

2 = −2 . 688 × 10 −3 

αV 
3 = 2 . 125 × 10 −2 αR 

3 = 6 . 240 × 10 −2 αV 
3 = 4 . 762 × 10 −3 αR 

3 = 2 . 742 × 10 −3 

βV 
1 = 5 . 363 × 10 −1 βR 

1 = 1 . 507 × 10 −2 βV 
1 = 3 . 880 × 10 −1 βR 

1 = 4 . 487 × 10 −2 

βV 
2 = 3 . 993 × 10 −3 βR 

1 = 2 . 301 × 10 −2 βV 
2 = 1 . 999 × 10 −2 βR 

1 = 1 . 6084 × 10 −1 

Fig. 18. The self speed-dependent parameters (SDV) of CO versus m measured by 

Seleznev et al. [83] Wójtewicz et al. [82] , Borkov et al. [61,84] and Devi et al. [64] . 

Fig. 19. The measured δ0 -air at 296 K versus m presented by symbols and the es- 

timated ones using the Hartmann algorithm [54] in the present study (PS) shown 

by the same color solid lines. The measured shifts for the 2–0 band by Zou and 

Varanasi [69] are compared to those in HITRAN2016 and the calculated ones. The 

calculated shift parameters and the HITRAN2016 shifts in the 3–0 band are plotted 

as well. 
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Fig. 20. The measured δ0 -self at 296 K versus m presented by symbols and the 

estimated ones using the Hartmann-algorithm [54] in the present study (PS) shown 

by the same color solid lines. The measured shifts for the 2–0 band by Zou and 

Varanasi [69] are displayed with the blue rhombus, the 3–0 band shifts, measured 

by Predoi-Cross et al. [74] , are shown with the green stars, and the measured values 

for the 4–0 band [75] are presented with the purple hexagons. 

Fig. 21. The measured Y k -air at 296 K versus m and the estimated ones using the 

EPG method in the present study (PS). The measured Y k for the 2–0 band by Devi 

et al. [64] and Birk et al. [81] are displayed. The presented Y k values are calculated 

at 296 K and 101 kPa. 
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sis and indicated the strong correlation between the narrowing 

arameters and speed-dependent parameters in their investigation. 

.2. The CO-air and CO-CO pressure shifts 

The air and self shifts of CO were calculated employing the 

ame approach we explained in Section 2.3 for the N 2 O molecule 

54] to obtain the coefficients αR ,..., αR , αV , ..., αV , βR , βR , βV , 

1 3 1 3 1 2 1 

12 
V 
2 

. These coefficients are written in Table 7 . For estimating the 

ir-shifts, the measured data in Refs. [69,70] were used to feed 

he algorithm. The coefficients obtained from the fit are writ- 

en in Table 7 . We note that where the accurate measured pres- 

ure shift parameters were available in HITRAN2016 database, 

hey were taken in place of our calculated values. Therefore, the 
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Fig. 22. The first-order line-mixing ( Y k -self) of CO calculated from the line-mixing 

code and comparison with those measured by Devi et al. [64] and Brault et al. [85] . 

The presented Y k values are calculated at 296 K and 101 kPa. 
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easured air shifts for the transitions in the 1–0, 2–0, and 3–0 

ands remained the same as HITRAN2016. In addition, the values 

or the SDV profile for the 2–0 band remained the same as HI- 

RAN2016 (only for the measured transitions). The calculated air- 

hifts were used for populating the non-measured transitions in 

ITRAN2020. 

The CO shift coefficients obtained based on the Hartmann semi- 

lassical routine are compared with the measured results and HI- 

RAN2016 air-shifts in Fig. 19 . There is good agreement between 

he measured and calculated data for the two presented bands. 

ew values of the shifts for the higher- J transitions have now been 

dopted, thereby replacing the previous constant value in HITRAN. 

For determining the CO-CO shifts using the VP, the measured 

ressure-shift values [69,71,74,76] , measured in different regions, 

ere utilized in the fit. The optimized fit result was achieved us- 

ng the 2–0 band measured by Zou and Varanasi [69] . The same 

easurement was used to estimate the a 1 constant to be 0.54. 

he required coefficients for calculating the self shifts are provided 

n Table 7 . Again, the high-quality measured self shifts of CO for 
ig. 23. The FT transmission spectra of CO-air at T = 296 K, total P = 101 kPa and X C
he HITRAN2016 database using the VP, b) the new VP parameters as in the HITRAN20

arameters including the first-order line-mixing effect. 

13 
he 1–0 [71] , 2–0 [64] , 3–0 [70] and 4–0 [75] bands were directly

dopted into the database for the measured lines. 

For obtaining the a 1 parameters, the experimental values mea- 

ured by Devi et al. [64] for the 2–0 band (SDV) were used. By 

tting the measured pressure shifts in this band and minimizing 

he difference, we obtained the coefficient a 1 = 0.5. The calculated 

oefficients presented in Table 7 can be used to obtain the δ0 -self 

or different bands. 

Fig. 20 shows that the best agreement was obtained for the 2–

 band since these data were used to retrieve the empirical func- 

ions. The values agree well with the results reported by Predoi- 

ross et al. [74] for the 3–0 band and with the measured self-shifts 

y Bordet et al. [75] for the 4–0 band. 

The δ0 -self for all the bands are produced using this method. 

his method yielded reliable estimates of pressure shifts for every 

ransition. The rotational and vibrational dependence of the line 

hifts were reproduced well by the suggested process. 

.3. First-order line-mixing coefficients for CO-air and CO-CO lines 

For the CO-air and CO-CO broadened lines, the EPG approxi- 

ation was used as well to calculate the first-order line-mixing 

arameters. The air- and self-broadening parameters of CO mea- 

ured using the VP and SDV profiles were used in the calculations. 

ig. 21 presents a comparison of the measured and calculated Y k 
alues for the 2–0 band. A good agreement was observed between 

he Devi et al. [64] measurements and the EPG calculations. In ad- 

ition, the Y k parameters measured by Birk et al. [81] using the HT 

rofile are displayed. The large difference in the higher m lines in 

he P-branch can be attributed to the difference of the SDV and HT 

ine-shape models as well as increased relative uncertainty due to 

he weaker intensities of these lines. 

The same comparison was performed for the CO-CO measured 

ine-mixing parameters, and the approximated values are plotted 

n Fig. 22 . The EPG calculated Y k for CO-CO are overlaid with the 

xperimental parameters measured by Brault et al. [85] (using FT 

pectra at pressure range between 27 and 80 kP and temperature 

arying between 297.8 and 302.1 k) and Devi et al. [64] . As can be

een, there is an excellent agreement between the semi-empirical 

alculation and observed broadening coefficients for the P- and R- 

ranch lines. 
O = 0.002. The bottom panel shows the residuals for four set of calculations: a) 

20 database, c) the new SDV parameters as in HITRAN2020, and d) the new SDV 
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.4. Validation of the results using laboratory spectra 

We used the laboratory FT spectra measured at the DLR [81] in 

he 2–0 band spectral region at a total pressure of 101 kPa and 

emperature of 296 K using a Bruker 125HR spectrometer. This 

aboratory measurement was employed to compare the experi- 

ental transmission to the line-shape calculation in HAPI [59] . 

ig. 23 shows the experimental spectra (the upper panel) and the 

ransmission calculated for the updated VP and SDV parameters. In 

ddition, the HITRAN2016 VP parameters were used for calculating 

he transmission. 

The highest amplitudes of the residuals were calculated when 

sing HITRAN2016 VP parameters. Using the new VP and SDV pa- 

ameters led to improvements in calculating the spectra. We note 

hat HITRAN2016 included the same SDV parameters for the 2–0 

and only for the measured transitions (up to J max = 29) taken 

rom Ref. [64] . We additionally examined how including the cal- 

ulated line mixing influences the residuals. The calculated RMS 

alue revealed that the best residuals were achieved when using 

he SDV parameters while accounting for the Rosenkranz parame- 

ers (RMS = 0.00141). 

The new parameters for N 2 O and CO are provided as sup- 

lementary data tables to this paper and can be found in HI- 

RAN online as well. 

. Conclusion 

This study provided details regarding the update and extension 

f the HITRAN database for N 2 O and CO spectral line-shape param- 

ters. We carried out an overview of the previous spectroscopic 

tudies of N 2 O and CO that used the VP and SDV line profiles to

odel observed line-shapes. Informed by these results to provide 

est estimates of the relevant line parameters, we updated the 

 2 O-air, N 2 O-N 2 O, CO-air, and CO-CO line-shape parameters for 

oth profiles in the 2020 edition of the HITRAN database. More- 

ver, the new edition of the HITRAN database includes the calcu- 

ated first-order line-mixing Y k values for each line. The shift pa- 

ameters for the air- and self-broadened N 2 O, and CO absorption 

ines were also updated. 

Experimental validations for the N 2 O-air system using atmo- 

pheric spectra showed that the new SDV N 2 O parameters appear 

o give improved residuals compared to those obtained using HI- 

RAN2016 parameters with the VP. However, there remain signif- 

cant systematic features in the residuals, possibly indicating the 

eed for adding the speed-dependence and temperature depen- 

ence of the pressure-shift parameters. Validation using the lab- 

ratory spectra utilizing HAPI verified that new parameters esti- 

ated for both CO and N 2 O lines improve the residuals substan- 

ially either using the new VP or the SDV parameters. 

The semi-empirical models used in the present study, are valid 

or the use of the HITEMP database as well. The new data are 

vailable in the HITRAN online and can be used for a variety of at- 

ospheric applications. Note that atmospheric scientists should be 

ware that HITRAN has parameters associated with broadening by 

ater vapor for the transitions of both N 2 O and CO as described in

an et al. [86] . In future developments of the database, the HT pa-

ameters will be included for N 2 O and CO line lists as the flexible

nfrastructure of the database [29,30,87] readily allows for inclu- 

ion of these advanced parameters. 
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