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Abstract 25 

The 12CO2 band at 1.6 µm is used for carbon dioxide monitoring in the Earth atmosphere. The 26 

targeted accuracy of these measurements motivates important efforts to improve the quality of the 27 

spectroscopic parameters in atmospheric conditions. In the present work, the line shapes of the R(6), 28 

R(12), R(16), R(18) and R(20) transitions of the 30013-00001 band of 12CO2 in air are studied with a 29 

cavity ring down spectrometer (CRDS). For each transition, high signal-to-noise ratio spectra 30 

(between 2000 and 20000) are recorded at different temperatures (250, 274, 285, 295 and 320 K) 31 

and total pressures (50, 100, 250, 500 and 750 Torr). To this end, a spectrally narrowed and stable 32 

(sub-kHz) laser source is coupled into a temperature regulated high-finesse optical cavity. The 33 

frequency scale of each spectrum is accurately determined from measurements of the frequency of 34 

the beat note between a part of the laser light and the closest tooth of a frequency comb referenced 35 

to a rubidium clock. A multi-spectrum fit procedure with quadratic speed dependent Nelkin-Ghatak 36 

profiles, including line-mixing effects, has been used to derive for each transition, the different 37 

spectroscopic parameters and their temperature dependence. Results are discussed in comparison 38 

with previous experimental data, HITRAN2020 database and values obtained from requantized 39 

classical molecular dynamics simulations (rCMDS). 40 

41 
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1. Introduction 42 

Due to its importance for remote sensing applications from ground- or satellite-based 43 

observatories, the 30013-00001 band of 12CO2 in the 1.6 µm atmospheric transparency window has 44 

been the subject of many laboratory studies using Fourier transform spectroscopy (FTS) [1,2 and 45 

references herein] and cavity ring down spectroscopy (CRDS) [3,4,5,6,7]. This band is especially used 46 

to monitor the column averaged CO2 atmospheric dry air mole fraction, XCO2, in several satellite 47 

missions like the Orbiting Carbon Observatory-2 (OCO-2) [8,9,10], OCO-3 [11] and GOSAT [12]. A 48 

relative uncertainty of less than 0.3 % (i.e. ~1 ppm) is required [13] to better characterize the surface 49 

CO2 sources and sinks on regional scales and constrain the climate models. This brings strong quality 50 

constrains on the spectroscopic parameters which have to be determined with very small 51 

uncertainties. As stated in [14], the spectroscopic error estimates (…) are generally comparable to or 52 

larger than the noise-only XCO2 posterior uncertainty (…), showing the importance of new 53 

experimental data with improved accuracy. Moreover, upcoming missions like CO2M [15] will have 54 

even stronger requirements on XCO2 and thus on the spectroscopic parameters and their temperature 55 

dependence. In parallel, it is necessary to make available accurate spectroscopic line-shape 56 

parameters for CO2 lines to improve the semi-empirical models used to update all of the carbon 57 

dioxide transitions in the spectroscopic databases (e.g. HITRAN [16] or GEISA [17]), especially for the 58 

non-Voigt parameters [18]. The same accurate experimental data are also valuable for validation 59 

tests of the parameters provided by requantized classical molecular dynamics simulations (rCMDS) 60 

[19]. 61 

The aim of this work is to determine the line-shape parameters and their temperature 62 

dependence with a reduced uncertainty for five transitions belonging to the R-branch of the 30013-63 

00001 band of 12CO2 in air. To achieve this goal, parameters are retrieved from high signal-to-noise 64 

ratio CRDS spectra recorded at different temperature and pressure conditions with a spectrally 65 

narrowed and stable (sub-kHz) laser source coupled into a temperature regulated high-finesse 66 

optical cavity. The frequency scale of each spectrum is accurately determined from measurements of 67 

the frequency of the beat note between a part of the laser light and the closest tooth of a frequency 68 

comb referenced to a rubidium clock. The experimental set-up is described in Part 2 together with 69 

the recording procedure. The multi-spectrum fit procedure and the retrieved spectroscopic 70 

parameters are detailed in Part 3. The latter are compared with the most recent and accurate 71 

experimental and theoretical data in Part 4 before concluding (Part 5).  72 

  73 
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2. Experimental details 74 

2.1 The setup 75 

The comb-referenced cavity ring down spectrometer used for the recordings has been detailed in 76 

[20] and is only briefly described here. The light source consists in a distributed feedback (DFB) laser 77 

diode narrowed to sub-kHz level thanks to an optical feedback signal from a stable V-shape high 78 

finesse cavity (FSR= 480 MHz; finesse= 500000) made of ultra-low expansion glass [21]. At the same 79 

time, the optical feedback allows locking the laser diode to one of the longitudinal cavity modes. The 80 

continuous tuning of the light source is achieved thanks to a Mach-Zehnder modulator (MZM) 81 

generating a side-band scanned between 2 GHz and 22 GHz from the carrier frequency (i.e. over 0.67 82 

cm-1). By locking the laser diode to different cavity modes and changing the side band frequency, a 83 

continuous tuning is achieved between 6231.5 cm-1 and 6243.5 cm-1 with the DFB diode at disposal 84 

(From Fitel). Due to the low efficiency (~5%) of the MZM, the output beam is amplified by a booster 85 

optical amplifier (BOA) before being separated in three parts: towards the high finesse cavity, the 86 

wavelength meter (HighFinesse WSU7-IR) and the frequency comb (Model FC 1500-250 WG from 87 

Menlo Systems) .  88 

Most of the light is coupled into a temperature stabilized high finesse cavity (TS-HFC) described in 89 

[22] where ring down (RD) events are achieved at resonance by switching the laser light off with an 90 

acousto-optic modulator (AOM). The extinction coefficient, (), is deduced from: 91 

      
 

     
 

 

      
     (1) 92 

where  and 0 are the RD times for the cell filled with the gas mixture and evacuated, respectively, c 93 

is the speed of light and n is the refractive index of the absorbing gas. RD events are acquired at a 94 

typical rate of 200 RD/s by applying a triangular voltage ramp coupled to a RD tracking loop on the 95 

PZT tube on which the output cavity mirror is mounted [20].  96 

Accurate measurement of the absolute frequency of the laser source is deduced at each RD event 97 

from the frequency of the beat note, fBN, between a part of the light source and one tooth of a 98 

frequency comb (FC) [20]. The comb tooth number is determined from the wavelength meter 99 

measurements.  100 

Two versions of the TS-HFC, described in [20] and [22], are used here, namely the V1 (FSR= 258 101 

MHz; F~ 211600) and the improved V2 (FSR= 332 MHz; F~ 310600) versions. Both work on the same 102 

principle (see Fig.1 of Ref. [22]): a fluid, whose temperature is regulated using a deported 103 

refrigerated/heating circulator (model Corio 1000F from Julabo), flows through two counter-104 

propagating copper coils wrapped around a tube containing the two dielectric mirrors of the cavity. 105 

An inner copper tube is placed between the mirrors to limit the convection and reduce exchange of 106 

the gas inside the tube with the surrounding gas. It has been shown that the surrounded gas is very 107 
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well thermalized to the tube temperature (with a difference smaller than 0.05°C) [20]. The latter is 108 

measured by four 3-wires 1000 Ω platinum temperature sensors (⅓ DIN class B; accuracy: ±0.1 K to 109 

0.2 K) for the V1 cell and by five 4-wires 100 Ω platinum temperature sensors (class 1/10 DIN) giving 110 

an accuracy equal to 0.03+0.0005t (with t the temperature in °C) for the V2 cell. In both versions, the 111 

gas temperature can be regulated over the 245-330 K range, with a maximal temperature variation 112 

along the inner tube, ΔT, of 0.5 K and 0.1 K for the for the V1 and V2 cell, respectively. The former 113 

one was used for spectra recordings at room temperature and 274 K, where ΔT is kept below 0.3 K, 114 

and the latter one at 320, 285 and 250 K (Table 1). The temperature variations are limited to only 115 

0.04 K over ~14h at 250 K. 116 

A gas mixture of 398.9±2.0 (2σ) mol-ppm of CO2 in air (Ar: ~1 mol-% ; O2: ~20.95 mol-%; N2: ~ 117 

78.05 mol-%) provided by AirLiquide is used in this work. The pressure in the cells is measured by a 118 

heated absolute Baratron capacitance manometer (1000 mbar full scale; accuracy: 0.10% of reading).  119 

30013-00001  
ν0  

cm
-1

 
S(296 K) 
cm/mol 

320K  295K  285K 274K  250K  

R(6)  6233.183 1.097×10
-23

 V2  V1  V2  V1  V2  

R(12)  6237.421 1.656×10
-23

 V2  V1  V2  V1  V2  

R(16)  6240.104 1.751×10
-23

 V2  V1  V2  V1  V2  

R(18)  6241.403 1.721×10
-23

 V2  V1  V2  V1  V2  

R(20)  6242.672 1.646×10
-23

 V2  V1  V2  V1  V2  

 

120 
Table 1. Summary of the temperature conditions and cell version used to record the five CO2 transitions studied 121 

in this work. Position and intensity values are those provided in the HITRAN database [16]. 122 

 123 

2.2. Spectra acquisition 124 

For each transition and temperature conditions reported in Table 1, a series of spectra are 125 

recorded for five total pressure values (750, 500, 250, 100 and 50 Torr). With the V1 cell, one 126 

spectrum was recorded for each pressure with a sampling step corresponding to the FSR of the cavity 127 

(i.e. 0.0087 cm-1). The spectral sampling corresponding to the FSR of the cavity is adopted to increase 128 

the efficiency of the RD tracking loop (reducing the acquisition time) as the resonance always occurs 129 

at the same offset value of the ramp. With V2, the recording procedure was modified to provide 130 

more measurement points: at each pressure, four spectra were recorded for the absorption line from 131 

the starting frequency, fstart, for the first one and from fstart shifted by ¼, ½ and ¾ of the FSR value for 132 

the others (Figure 1). The acquisition time of one spectrum is typically 1 to 2 minutes. It is important 133 

to mention that as the CO2 concentration can slightly evolve with time due to adsorption or 134 

desorption on the walls of the cell, it is a better choice to not concatenate the spectra recorded at a 135 

given pressure but fit them separately during the multi-spectrum fitting procedure described below. 136 

In this way, the evolution of the concentration over one spectrum can be considered as negligible 137 
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(0.1% in the worst case). Note that the adsorption or desorption rate depends on the temperature 138 

and pressure conditions. 139 

 140 

Figure 1. The spectral sampling applied during the spectra recordings with V2 of the TS-HFC illustrated here 141 

for the R(18) transition at 750 Torr and 250 K with the CO2 in air mixture. The different colors correspond to the 142 

four interlaced spectra. 143 

During the spectra recordings, an adaptative averaging procedure is applied to compensate the 144 

noise level increase occurring at strong absorption near the center of the lines. This consists in 145 

automatically increasing the number of RDs averaged per spectral point with absorption until a user 146 

defined maximum value (in order to avoid too long acquisition times). Typically, 50 and 250 RD 147 

events are averaged in the wings and at the top of the absorption line, respectively. 148 

3. Line profile analysis 149 

3.1. The multi-spectrum fit procedure 150 

The same fit procedure is adopted for all the transitions: at a given temperature the five (V1 cell) 151 

or twenty spectra (corresponding to the four interlaced spectra times the five pressures in the case 152 

of the V2 cell) are taken into account in a multi-spectrum fit procedure using the Multi-spectrum 153 

Analysis Tool for Spectroscopy (MATS) fitting program [23] developed at NIST. As illustrated in Figure 154 

2. Large residuals are obtained if the speed dependent Voigt profile is used. A better spectra 155 

reproduction is achieved by adding line-mixing effects but to reduce residuals at the noise level, it is 156 

necessary to use a speed-dependent Nelkin-Ghatak profile (SDNGP) [24] including first-order line 157 

mixing [25]. Note that the first-order approximation adopted in our work is valid if the off-diagonal 158 

relaxation matrix element coefficients times the pressure is much smaller than the difference 159 

between the positions of the neighbor lines [18]. This condition is verified in our case with matrix 160 

element coefficients smaller than 0.025 cm-1atm-1 [1] and differences in position on the order of ~1.3 161 

cm-1 and maximum pressure values of 1 atm. The SDNG profile takes into account the Doppler effect, 162 

the collision-induced velocity changes, quantified by the velocity changing collision rate (in cm-1), νVC, 163 

the collisional broadening and shift for which a quadratic law is used for the speed dependence such 164 

that:  165 
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        (2) 166 

and               
 

  
 
 
  

                      (3) 167 

where Γ0 and Δ0 (in cm-1) correspond to the (thermally averaged) line width and shift, respectively, 168 

and Γ2 and Δ2 (in cm-1) are the speed dependence components.     
    

 
 is the most probable 169 

speed of the absorbing molecule (12C16O2) of mass m. The first-order line mixing is characterized by 170 

the dimensionless Y parameter. Note that when fitting the correlation parameter, η, with a 171 

Hartmann Tran profile (HTP), the retrieved value is close to 0 and does not improve the fit quality. 172 

Thus, to avoid the risk of a overfitting of the spectra [26], we decided to fix η to 0 corresponding to a 173 

SDNG profile.  174 

 175 

Figure 2. Series of CRDS spectra recorded for the R(6) transition at 250 K for five pressures between 50 and 176 

750 Torr (upper panel). Corresponding fit residuals (exp-fit) obtained after the multi-spectrum fit procedure with 177 

different line profiles are shown on the lower panels. The different colors correspond to the different pressures. 178 

For each pressure value, the residuals of the four interlaced spectra are displayed. The quality factors vary 179 

between 7700 and 14300 according to the spectrum in the case of SDNGP+LM. Note the different y-scales on 180 

the residuals. 181 
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In the multi-spectrum fit procedure, the wavenumber of the spectral line at zero pressure, ν0, the 182 

line-broadening and pressure-shift coefficients γ0 (Γ0/P, in cm−1atm-1) and δ0 (Δ0/P, in cm−1atm-1), their 183 

speed dependence components γ2 (Γ2/P, in cm−1atm-1) and δ2 (Δ2/P, in cm−1atm-1), the Dicke 184 

narrowing parameter β (νvc/P, in cm−1atm-1) and the first-order line-mixing coefficient ζ (Y/P, in atm−1) 185 

are globally fitted for each temperature. The mixing ratio of CO2, XCO2, is fixed to the value of 398.9 186 

ppm given by the gas supplier. The Doppler width is fixed to its calculated value at the measured 187 

temperature and the line intensity, S, and the linear baseline are fitted independently for each 188 

spectrum. As shown on Figure 2 for the R(6) transition at 250 K, residuals at the noise level (which is 189 

typically 5×10-11 cm-1 in this case) are achieved using the multi-spectrum fit procedure and 190 

SDNGP+LM. This leads to quality factors between 7700 and 14300 in this case (QF is defined as the 191 

ratio of the absorption at the peak to the rms of the residuals).  192 

It is important to mention that, during the fit procedure, the absorption due to the weak CO2 lines 193 

in the neighbourhood of the fitted transition is taken into account by the MATS program based on 194 

the HITRAN2020 database [16] using a Voigt profile and XCO2=398.9 ppm. If significant, absorption 195 

due to the interfering water vapour transitions is also calculated and included in the simulation, using 196 

the same database and a concentration fixed to a value deduced from isolated H2O lines. Water 197 

vapour mixing ratios were found to be lower than 140 ppm.  198 

The parameter values of this multi-spectrum fit procedure are provided in Supplementary 199 

Material for each transition at the different temperatures. 200 

3.2. Temperature dependence of the line parameters 201 

The multi-spectrum fit procedure applied to the five transitions provides sets of spectroscopic 202 

parameters for five temperatures between 250 and 320 K. The temperature dependence of the line 203 

parameters can be empirically modelled using the usual power law of the form:      204 

        
    

 
  

  

 where Tref = 296 K, A(T) corresponds to either γ0, γ2, β or ζ and nA is the 205 

corresponding temperature dependence exponent. In the case of the pressure shift and its speed 206 

dependence component (δ2), the following linear dependence is applied:                207 

  
          (with i= 0 or 2) to allow for a change of sign for δi. Note that since we are working with 208 

a mixture of CO2 at a very low mixing ratio in air (XCO2=398.9 ppm), the contribution due to collisions 209 

between two CO2 molecules can be neglected for all parameters. For example, as       210 

            
                   

     , γ0 can be assimilated to γair with a relative error smaller 211 

than 1.5×10-4. 212 
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Plotting the retrieved parameters γ0(T), β(T) and ζ(T) versus Tref/T and fitting these data points 213 

with a function of the form y= axb, allows determining A(Tref) and   . In the same way, δ0(T) is plotted 214 

versus (T-Tref) to retrieve δ0(Tref) and   
 . In the case of γ2(T) the things are slightly different, as in the 215 

MATS program the fit output corresponds to    
     

        
 because no temperature dependence is 216 

assumed a priori (   
  ). Hence, by plotting aw(T) versus Tref/T and fitting these data points with a 217 

function of the form y=axb we obtain aw(Tref)= γ2(Tref)/γ0(Tref) and    . In the case of δ2(T), the fit 218 

output corresponds to    
     

        
. By plotting    versus (T-Tref), we obtain as(Tref)= δ2(Tref)/δ0(Tref) 219 

and   
 .  220 

The different parameters obtained from the multi-spectrum fit procedure are plotted versus 221 

temperature on Figure 3. The retrieved parameter values at Tref and their temperature dependence 222 

coefficients are given in Table 2 and compared with the most accurate literature data in the next 223 

section. Note that in the fits on Figure 3, the data are weighted by the inverse of the squared 224 

uncertainty estimated as discussed below.  225 

 226 
Figure 3. Variation of the fitted parameters of the R(6), R(12), R(16), R(18) and R(20) lines of the 30013-00001 227 

band of 
12

CO2 versus the temperature. The parameters γ0, β, aw, ζ are fitted with a function of the form y= ax
b
 to 228 
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determine their value at Tref and the temperature dependence exponent. The δ0 and as parameters are fitted 229 

with a linear function which provides their value at Tref and the temperature dependence coefficient (see text). 230 

231 
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 γ0 nγ0 δ0 δ
’ 

β nβ aw nγ2 as* ζ nζ 

 cm-1atm-1  cm-1atm-1 cm-1atm-1K-1 cm-1atm-1     atm-1  

R(6) 0.08295(3) 0.698(4) -0.00465(3) 0.0000107(10) 0.00211(22) 0.8(9) 0.0889(12) 0.66(10) 0.093(5) 0.01040(49) 0.1(4) 

R(12) 0.07726(1) 0.682(2) -0.00506(2) 0.0000128(7) 0.00218(5) 1.7(2) 0.0942(6) 0.52(5) 0.076(2) 0.00357(15) -1.4(4) 

R(16) 0.07437(1) 0.683(2) -0.00539(1) 0.0000146(5) 0.00245(10) 1.4(4) 0.0931(3) 0.39(3) 0.060(3) -0.00024(12) 11.5(32) 

R(18) 0.07318(3) 0.687(4) -0.00558(1) 0.0000148(5) 0.00243(13) 1.8(5) 0.0914(5) 0.30(5) 0.057(2) -0.00146(13) 5.4(6) 

R(20) 0.07218(2) 0.699(3) -0.00574(2) 0.0000158(6) 0.00238(11) 1.7(4) 0.0892(5) 0.37(4) 0.054(2) -0.00277(6) 3.5(2) 

 232 

Note 233 

*
These values correspond to the mean value averaged over all the temperatures. 234 

Table 2. List of the spectroscopic parameters obtained for the five transitions studied in this work. A SDNG profile is used in the multi-spectrum fit procedure. One-sigma 235 
uncertainties are given in parenthesis in the unit of the last digit. Here, aw and as correspond to γ2/γ0 and δ2/δ0, respectively.  236 
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3.3 Estimated error budget 237 

a. Type-A uncertainty 238 

As explained in [26], the standard error provided for each fitted parameter by the MATS program 239 

could underestimate the « real error » by factors between typically 3 to 5, depending of the 240 

considered parameter, because the numerical correlations between the parameters are not taken 241 

into account in the calculation of this standard error. To estimate these factors in our case, we first 242 

simulated 100 spectra with different random noise and then calculated the standard deviation of the 243 

fitted parameters. In our typical noise conditions (10 kHz or σx= 3×10-3% of the Doppler FWHM on the 244 

x-axis and 1×10-10 cm-1 or σy= 0.02% of the maximum absorption on the y-axis), we found that the 245 

uncertainty reported for the fitted parameters is equivalent to the « real error » showing that the 246 

impact of the correlation between the parameters is small thanks to the low noise level on the two 247 

axis. The fit errors are thus directly considered as our type-A uncertainty. 248 

b. Type-B uncertainty 249 

To evaluate possible biases due to inaccurate pressure and temperature values, we also adopted 250 

the method described in [26] consisting, for a given transition and temperature, in: (i) generating a 251 

set of spectra at the five pressures of the recordings using our list of spectroscopic parameters and a 252 

SDNG profile and fixing one parameter (the temperature or the total pressure in our case) to its 253 

biased value and, then (ii) fitting these simulated spectra with the « true » temperature or total 254 

pressure. The retrieved spectroscopic parameters are then compared to the values used to generate 255 

the spectra. Here we adopted a bias of 0.1% for the total pressure, corresponding to the uncertainty 256 

of the pressure gauge, and a bias of 0.1 K for the temperature reflecting the uncertainty on the 257 

absolute temperature measurement and the inhomogeneity of the sounded gas temperature [20]. At 258 

274 K a bias of 0.3 K is applied due to the larger temperature inhomogeneity of the V1 cell. These 259 

evaluations have been done for all the transitions and temperatures. Note that a bias related to XCO2 260 

was not considered here as this parameter (in fact the line intensity which is equivalent) was fitted 261 

for each spectrum. 262 

Final uncertainties on the spectroscopic parameters retrieved from the multi-spectrum fit 263 

procedure at temperature T are then calculated as the square root of the quadratic sum of the type-264 

A and type-B errors. These 1σ-uncertainties are plotted in Figure 3. By looking to these plots, we can 265 

observe that the estimated final uncertainties are consistent with the dispersion of the parameter 266 

values, the fitted curves being within a ±2σ interval in most of the cases. We nevertheless note that, 267 

for some transitions, the final uncertainties seem to be underestimated by a factor of ~2 for the δ0, 268 

aw and ζ parameters at 285 and 320 K and for the β parameter of the R(6) transition. 269 
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The uncertainties included in Table 2 for the spectroscopic parameters at Tref= 296 K and their 270 

temperature dependence exponent, correspond to the fit error taking into account the uncertainties 271 

on the spectroscopic parameters at each temperature.  272 

4. Discussion 273 

As mentioned above, a number of previous spectroscopic works have already been reported for 274 

the 12CO2 band studied here. We will limit our discussion to:  275 

(i) The FTS measurements by Devi et al. [1] (also named hereafter Devi2016), whose results, 276 

obtained with a quadratic speed-dependent Voigt profile including line-mixing, are implemented in 277 

the latest version (5.1) of the absorption coefficient (ABSCO) tables for the Orbiting Carbon 278 

Observatories for the 1.6 µm band [27],  279 

 (ii) The latest version of the HITRAN database (HITRAN2020) [16] which is based on empirical 280 

modeling described in Ref. [18], adopting as in Ref. [1] a quadratic speed-dependent Voigt profile 281 

with line-mixing, 282 

 (iii) The rCMDS calculations [19] (also named hereafter Nguyen2020) which provides Voigt 283 

and non-Voigt line-shape parameters to complement the databases when no experimental data are 284 

available. Note that the rCMDS spectroscopic parameters are only given for the P-branch, but 285 

Nguyen et al. indicated that the calculated R branch spectrum will be the exact symmetric of the P 286 

branch that we interpret as the rCMDS spectroscopic parameters are function of the absolute value of 287 

m where m=-J and J+1 for the P- and R-branch, respectively [19]. 288 

(iv) The Frequency-stabilized (FS)-CRDS measurements on the R(16) transition of the studied 289 

band done at NIST between 240 and 290K using a SDNG profile (also named hereafter Ghysels2017) 290 

[7]. 291 

Recently, several CRDS studies have reported highly accurate measurements (at the kHz level 292 

or below) of the positions of the studied CO2 transitions by saturation spectroscopy [6] or from 293 

Doppler limited spectra [4,5]. The comparison of our fitted positions with the values provided by 294 

these studies shows averaged differences (over the 5 transitions) from 25 kHz at 250K and 285 K, for 295 

which the best signal-to-noise ratios are achieved, to 150 kHz in the worst case at 320 K. Fixing the 296 

positions to these very accurate values during the multi-spectrum fit procedure modifies only 297 

marginally the values retrieved for the different line-shape parameters. 298 

a. Comparison of the air-broadening coefficients and their temperature dependence 299 

Comparison of the retrieved air-broadening coefficients, γ0(Tref), with Devi et al, HITRAN and 300 

rCMDS values is presented in the upper panel of Figure 4. As already observed in [18], rCMDS values 301 

are systematically lower than measurements with differences of up to 2.6% compared to our values. 302 

Let us remind, that in the rCMDS calculations, the molecules were considered as rigid rotors so that 303 

all the effects of vibrational motion were disregarded. In fact, as shown in Fig. 6 of [28], the air-304 
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broadening coefficients at 296 K increase with the vibrational excitation up to few percent’s. Due to 305 

the underestimation of the rCMDS values, HITRAN2020 adopted rCMDS values for the air-broadening 306 

coefficients of CO2 [18] after a rescaling according to the FTS values of Devi et al.. In the lower panel 307 

of Figure 4, we present the ratios of the experimental air-broadening coefficients to the 308 

corresponding HITRAN2020 values. The agreement of our values with HITRAN2020 values is within 309 

the HITRAN error bars (i.e. 1%) with differences from ~0.1% for R(6) line to 0.85% for the R(16), R(18) 310 

and R(20) lines. Interestingly, a systematic difference by about 0.5 % is noted between the P- and R- 311 

branches for the FTS values of Devi et al. This difference is between one and two orders of 312 

magnitude larger than the experimental error bars of Devi et al. The same behavior is observed for 313 

the 30012-00001 band from the data reported in [29]. If confirmed, it would indicate that a universal 314 

law in |m|, as adopted in the HITRAN list for the air-broadening coefficients, is not adequate to 315 

accurately account for the rotational dependence of the air-broadening coefficient in CO2. 316 

Air-broadening coefficients obtained in this work in the R-branch and by Devi et al. are close to 317 

each other (Figure 4) with differences from -0.18% for the R(18) transition to +0.39% for the R(6) 318 

transition. Nevertheless, for this latter transition, the particular FTS value seems to be ~0.3% smaller 319 

than what could be extrapolated from the higher J lines of the R branch.  320 

It is interesting to consider the impact of the line profile on the derived γ0 values in particular 321 

because Devi et al. adopted a SDV profile to model their FTS data while a SDNG profile was found 322 

necessary to reproduce our CRDS spectra (see Figure 2). Following what has been done above to 323 

quantify the temperature and pressure biases, we ran our fitting program with a SDV profile instead 324 

of a SDNG profile. The γ0_SDV fitted values were found systematically higher than our γ0_SDNG values by 325 

0.15 to 0.17%, thus compensating a significant part of the observed deviations (except for the R(6) 326 

transition). 327 

Another possible difference is related to the presence of argon in the air sample used for the 328 

measurements. The dry air sample used by Devi et al corresponds to Ultra Zero grade from Airgas 329 

which is a synthetic blend of 20-22% of oxygen and nitrogen, as found in the supplier documentation, 330 

without 1% of argon contrary to our air sample. To evaluate the impact of argon, we used the results 331 

of Ref. [29] where the O2-, N2- and Ar-broadening coefficients are measured for the nearby 30012-332 

00001 CO2 band by frequency-agile rapid scanning (FARS) CRDS technique. Replacing 1% of N2 by 1% 333 

of Ar leads to a decrease of the broadening coefficient by ~0.2%. Note that the exact O2 mixing ratio 334 

in the mixture used by Devi et al. is not given and could also have an effect on the reported 335 

broadening coefficients.  336 

After correction of the FTS data from these two effects, the differences are reduced to less than 337 

0.2% for the R(10), R(16), R(18) and R(20) transitions,  the deviation of the R(6) “outlier” reaching a 338 

value of 0.7%. 339 
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 340 

 341 

 342 

Figure 4. Comparison of the retrieved air-broadening coefficients, γ0(Tref), with a selection of recent works: 343 

Devi2016 [1], Nguyen2020 [19], Ghysels2017 [7] and HITRAN2020 [16] (Upper panel). Ratios of the air-344 

broadening coefficients obtained in this work (TW), in Devi2016 and in Ghysels2017 to those of HITRAN2020 are 345 

presented in the lower panel. A 1%-uncertainty is reported for HITRAN2020 values. Note the weak asymmetric 346 

behavior between the P- and R-branch. 347 

We have included in Fig. 4, the NIST value for the R(16) transition [7] obtained for 400 ppm of CO2 348 

in purified dry air (thus containing argon as in our sample) using a SDNG profile. An excellent 349 

agreement is achieved (difference of about 0.04%). 350 
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From this discussion, we conclude that accuracy on the γ0 determination at the 0.1% level 351 

requires to carefully consider the impact of the line profile and the composition of the dry air sample 352 

(fraction of O2 and N2, presence of argon). 353 

 354 

Figure 5. Comparison of the retrieved temperature dependence exponent of the air-broadening coefficient, 355 

   , with a selection of recent works: Devi2016 [1], Nguyen2020 [19], Ghysels2017 [7] and HITRAN2020 [16]. 356 

The γ0 temperature dependence exponent obtained in the present work shows a clear m 357 

dependence contrary to the rCMDS calculated values which are almost constant for |m|>5 (see Fig. 358 

5). The rCMDS values are systematically higher by 2.5 to 6% which can be considered as satisfactory 359 

for these calculations [19]. The comparison with Devi et al gives differences on the same order. As 360 

rCMDS calculations of     for air and O2 show that     is not very sensitive to the perturber [19], the 361 

observed deviations cannot be due to the presence of 1% of argon in our air mixture. The observed 362 

differences are possibly explained by the use of different line profiles (i.e. SDNG profile in this work 363 

and a SDV profile in Devi et al.).  364 

For the R(16) transition we see that the NIST     value [7] obtained with a SDNG profile agrees 365 

with our value. In the same paper, the    
 value retrieved from a SDV profile was found in very good 366 

agreement with the value reported in Devi et al. which might indicate that temperature dependence 367 

exponent of the air-broadening coefficient is quite sensitive to the choice of the profile. The fitting of 368 

our spectra with a SDV profile did not confirm this sensitivity, the retrieved     value being almost 369 

unchanged when using one or the other profile (including line-mixing effects). Note that NIST 370 

estimated uncertainty of 0.018 is about ten times larger than what is estimated for the same 371 
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transition in our work (0.002). If we try to fit our γ0(T) data by fixing    to the values reported by Devi 372 

et al. (and by freeing γ0(Tref)), a clear mismatch between the fit and our data is observed with 373 

differences up to ±0.4% for the two “extreme” temperatures (250 and 320 K). This shows the 374 

importance of an accurate determination of    
  As HITRAN2020 values are fitted on the FTS data of 375 

Devi et al. with Padé approximants, similar differences are observed compared to HITRAN values. 376 

b. Comparison of the air-pressure shifts and their temperature dependence 377 

 378 

Figure 6. Comparison of the retrieved air-pressure shift coefficients, δ0(Tref), (Upper panel) and its 379 

temperature dependence coefficients, δ
’
, with Devi2016 [1] and HITRAN2020 [16]. Note that no temperature 380 

dependence is reported in HITRAN2020. 381 

In HITRAN2020, the approach proposed by Hartmann [30] is adopted to extend to other 382 

vibrational bands the air-pressure shift coefficients fitted to one band. The good agreement observed 383 

with our data (Figure 6) demonstrates the relevance of this approach. Devi et al. pressure shifts are 384 

smaller than our values by amounts between 3×10-4 and 5.5×10-4 cm-1atm-1 which are outside the 385 
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combined error bars. But, the reported FTS error bars (typ. 4.5×10-5 cm-1atm-1) do not include 386 

systematic uncertainties due to wavenumber calibration of the spectra and physical conditions of the 387 

spectra. Let us note here that the wavenumber calibration of the FTS spectra recorded by Devi et al 388 

was performed using additional absorption cells containing gases (CO, C2H2 or HCl) for which some 389 

transitions have accurately known positions, so that the overall FTS absolute uncertainty on line 390 

positions was estimated to be better than ±0.0001 cm-1. This uncertainty is a factor of 20 larger than 391 

the worst uncertainty on the absolute value of our fitted line positions. Our pressure-shift 392 

temperature dependence coefficients are close to the FTS values (although outside the combined 393 

error bars) and show an overall smooth increase with |m| (lower panel of Figure 6).  394 

c. Comparison of the Dicke narrowing parameters 395 

 396 

Figure 7. Comparison of the retrieved Dicke narrowing coefficients, β(Tref), and of its temperature 397 

dependence exponent, nβ, with a selection of recent works: Nguyen2020 [19] and Wilzewski2018 [31].  398 
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As expected, no evident m dependence is observed for β and nβ (Figure 7). With a weighted mean 399 

value over m of 0.00230(18) cm-1atm-1, our Dicke narrowing coefficients are found in good 400 

agreement with SDNGP values obtained in Wilzewski2018 [31] for the ν3 band of 12CO2 in N2 and with 401 

the rCMDS values [19] (for CO2 in air). Note that these values are quite different from the value of 402 

0.0199 cm-1atm-1 obtained from the diffusion coefficient of CO2 in air derived from the kinetic theory 403 

of gases [26,32]. The retrieved temperature dependence exponents of the Dicke narrowing 404 

coefficients, nβ, are not accurately determined neither by experiment nor by rCMDS calculations 405 

(Figure 7) but the different values roughly agree within their large error bars. In our case, the 406 

weighted mean value of nβ is 1.45±0.32.  407 

d. The speed-dependent parameters and their temperature dependence 408 

 409 

Figure 8. Comparison of the speed dependent parameter, aw(Tref), and of its temperature dependence 410 

exponent,    , with a selection of recent works: Devi2016 [1], Nguyen2020 [19], Ghysels2017 [7], 411 

Wilzewski2018 [31] and HITRAN2020 [16].  412 
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The |m| dependence of the speed dependent broadening parameter, aw(Tref), is presented in 413 

Figure 8 together with selected literature data. According to Ref. [33], the aw(Tref) values can be 414 

computed from the retrieved γ0(T) broadening coefficients and the mp/ma mass ratio where mp and 415 

ma correspond to the mass of the perturber and of the absorber, respectively. The obtained values, 416 

included in Figure 8, are found consistent with our aw(Tref) values although systematically smaller by 417 

5-7%. Our values are also in good agreement with the rCMDS and HITRAN2020 data and the 418 

experimental values of Wilzewski et al. [31] based on a quadratic SDNG profile. Note that the latter 419 

study concerns the 3 band of CO2 in N2 and not in air. But, by using Ref. [33] to calculate aw(T), we 420 

see that replacing air by N2 decreases aw(Tref) by only 2% for the R(20) transition for example. The aw 421 

value reported by NIST for the R(16) transition is 11.5% lower than our value but this could be 422 

explained by the fact that aw was considered as independent of the temperature [7].  423 

The FTS values of Devi et al. are notably larger than other experimental sources by about 25%. 424 

This difference should only be partially explained by the use of a SDV profile instead of a SDNG 425 

profile in our work. Indeed, simulations based on the MATS program, indicate that, in our conditions, 426 

replacing the SDNG profile by a SDV one, leads to an increase of aw by 5 to 6%. The agreement of 427 

Devi et al. is also not very good with the HITRAN2020 data derived from rCMDS using a SDV profile. 428 

The difference may also be related to the fact that Devi et al. assumed that aw is identical for both 429 

self- and air-broadening and independent of the gas sample temperature        . This latter 430 

assumption is in contradiction with both our results and the experimental results reported by 431 

Wilzewski et al. for the ν3 band (with    on the order of 0.5) (Figure 8).  432 

The rCMDS and HITRAN2020     values (derived from rCMDS calculations fitted with a SDV 433 

profile) are in rough agreement with the experimental data. Note that our data and those of 434 

Wilzewski et al. seem to show a slow decrease with |m| contrary to rCMDS and HITRAN2020 data.  435 

To our knowledge, no data are available for comparison of as (Table 2) for which no temperature 436 

dependence is detected. A clear decrease with m from 0.093 to 0.053 for m= 7 to 21 is obtained for 437 

the values averaged over the five temperatures of our measurements. 438 

e. The line-mixing parameters and their temperature dependence 439 

Our first-order line mixing parameters at 296 K are plotted on Figure 9 together with the rCMDS, 440 

HITRAN2020 values and the 3 results of [31]. The experimental values (relative to different bands) 441 

are in close coincidence indicating that there is almost no vibrational dependence. This is confirmed 442 

by the rCMDS results (with no vibrational dependence considered) which are systematically smaller 443 

but agree satisfactorily with both experimental datasets. The same satisfactory agreement is 444 

observed with HITRAN2020 values calculated by Lamouroux et al. [34] using the Energy-Corrected 445 

Sudden (ECS) approximation. 446 
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Devi et al. reported off-diagonal relaxation matrix element coefficients between the nearest 447 

neighbor pairs. To convert these matrix element coefficients into the line-mixing parameters plotted 448 

on Figure 9, we used Eq. IV.24 of [35] and Eq. 7 of [36]. The m dependence reported by Devi et al. 449 

differs noticeably compared to the experimental values. Devi et al mentioned that the values of these 450 

line mixing temperature dependence exponents (…) showed no systematic variations with m or J 451 

contrary to what is shown on Figure 9, where the CRDS, FTS and rCMDS temperature dependence 452 

exponents,   , are all in good agreement, showing a clear dependence with m with a rapid variation 453 

near m= 15. To simplify the calculations with HAPI [37], two average values over m were adopted for 454 

in HITRAN2020 with         for m ≤16 and        for m> 16 [18].  455 
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 456 

Figure 9. Comparison of the line-mixing parameter, ζ(Tref), and of its temperature dependence exponent,   , 457 

with a selection of recent works: Devi2016 [1], Nguyen2020 [19], Wilzewski2018 [31] and HITRAN2020 [16].  458 

5. Conclusion 459 

Line-shapes of five transitions of the 30013-00001 band of carbon dioxide have been studied from 460 

high sensitivity CRDS spectra recorded with the help of a narrowed and stable (sub-kHz) laser source. 461 

Series of spectra were recorded in different conditions of temperature (from 250 to 320 K) and 462 

pressure (from 50 to 750 Torr) for a mixture of ~400 ppm of CO2 in air. From a multi-spectrum fit 463 

procedure using quadratic SDNG profiles, including the line-mixing effects, the line-shape parameters 464 
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were retrieved with reduced uncertainties and limited numerical correlations. Temperature 465 

dependence is reported for all of these parameters. Noticeably, contrary to what was claimed in 466 

some previous works, a clear temperature dependence is noticed for the speed dependence 467 

component of the air-broadening coefficient, very similar to what has been observed in Wilzewski et 468 

al. for the ν3 band of CO2. No temperature dependence is observed for the speed dependence 469 

component of the air pressure-shift coefficient. A good overall agreement is obtained with rCMDS 470 

data for the different parameters, which participates to the validation of these calculations aiming to 471 

fill the databases for the non-Voigt spectroscopic parameters.  472 

A comparison with HITRAN2020 shows that the values reported in this database for the air 473 

pressure-broadening and -shift coefficients of the studied transitions are in good agreements with 474 

our values. An agreement better than 0.2% is found between the air-pressure-broadening 475 

coefficients obtained at 296 K in this work and those from Devi et al., used in the ABSCO tables for 476 

the OCO missions, for four of the five transitions studied. Nevertheless, the temperature dependence 477 

exponents in Devi et al are systematically higher by up to 6% leading to differences close to 1% for γ0 478 

at the lowest atmospheric temperatures. Interestingly, the comparison of our results to the air 479 

pressure-broadening available in the literature, in particular the FTS values of Devi et al.  and the 480 

CRDS values of Adkins et al. [29], revealed a systematic difference by about 0.5 % between the P- and 481 

R- branches (Fig. 4 bottom panel), largely above the experimental uncertainty. The origin of this 482 

effect which was apparently not noted in Refs. [1,29], remains unclear but may indicate that the 483 

universal law in |m|, as adopted in the HITRAN list for the air-broadening coefficients, is not 484 

adequate to account for the rotational dependence of the air-broadening coefficient in CO2 at the 485 

level of accuracy achieved by the best experiments. Different empirical laws for the P- and R- 486 

branches might be required. 487 
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