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 Key Points: 18 

 The temperature dependence of the CIA of the 1.27 µm O2 band is measured by highly sensitive 19 

cavity ring down spectroscopy. 20 

 Comparison with previous calculations shows similar temperature dependence for O2-N2 CIA 21 

while for O2 CIA large differences are visible.  22 

 When comparing to experimental data of Maté et al. (1999) for O2-air CIA, a similar shape and 23 

temperature dependence are observed.  24 

 Temperature coefficients are provided to account for the variation of the O2 CIA at 1.27 µm in the 25 

range of the atmospheric temperatures.  26 
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Abstract 27 

The 1.27 µm O2 band is called upon to be used more and more for air-mass determination from 28 

ground-based and space-borne atmospheric spectra because of its advantages compared to the A-band at 29 

0.76 µm. For this purpose, it is important to well characterize not only the narrow absorption lines but 30 

also the strong underlying broad collision-induced absorption (CIA) structure and its temperature 31 

dependence. Spectra of O2 and of O2 in N2 were recorded by cavity ring down spectroscopy (CRDS) at 32 

271 K and 332 K, with the help of a newly developed temperature regulated cell. The quality of the 33 

spectra allowed determining the small variations (at the few percent level) of the 𝐵ைమିைమ
, 𝐵ைమିேమ

 and 34 

𝐵ைమି௔௜௥ binary coefficients with temperature. Together with the binary coefficients at 297 K reported 35 

previously, they allow characterizing the temperature dependence of the O2 CIA at 1.27 µm in 36 

atmospheric conditions. The obtained results are compared with previous measurements by Fourier 37 

transform spectroscopy (FTS) and recent theoretical calculations. In the wings of the pure O2 CIA, an 38 

increase with temperature is observed in agreement with calculations but contrary to the latter, a decrease 39 

is observed near the maximum of the CIA band. The temperature dependence is found in good agreement 40 

with the theoretical 𝐵ேమିைమ
 values and the experimental 𝐵ைమି௔௜௥ values derived from the FTS 41 

measurements. Binary coefficients integrated over the entire band show almost no variation with 42 

temperature for O2-N2 and a small increase for pure O2, in agreement with the theoretical predictions. 43 

 44 

1. Introduction 45 

Thanks to its constant volume mixing ratio of 0.2095 in the Earth’s atmosphere (Goody & Yung, 46 

1989), oxygen is used as a proxy to determine sounded air- masses (Long et al., 2010; Washenfelder et 47 

al., 2006; Wunch et al., 2011). Up to very recently, the A-band of O2 centered at 0.76 µm was preferred to 48 

retrieve air-masses from space borne instruments. The weaker 𝑎 ∆ଵ
௚ − 𝑋 Σ୥

ିଷ (0 − 0) band near 1.27 µm 49 

was only used by ground-based instruments as those of the Total Carbon Column Observing Network 50 

(TCCON) (Washenfelder et al., 2006) even if it presents specific advantages. First, being weaker, the 1.27 51 

µm band shows less saturated lines and reduced line-mixing effects compared to the A-band. Second, its 52 

spectral proximity with the CO2 and CH4 absorption bands near 1.60 µm and 1.66 µm, respectively, 53 

allows reducing uncertainties due to the aerosol scattering which spectrally varies depending on location 54 

of the sounded air-column (Bertaux et al., 2018).  55 

Until recently, the strong mesosphere/stratosphere airglow produced by O3 photo-dissociation 56 

limited the use of the 1.27 µm band to ground-based remote sensing. But, Bertaux et al. (2018) and Sun et 57 

al. (2018) managed to accurately model this effect rendering this band suitable for space-borne 58 

observations. Hence, as a comparative test, both the A- and 1.27 µm bands will be covered by the 59 
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MicroCarb satellite dedicated to the accurate determination of CO2 in the troposphere, that should be 60 

launched in 2021 (CNES, 2018). In order to achieve a targeted accuracy on the column-averaged CO2 61 

mole fraction better than 1 ppm (i.e. 0.3% in relative), an accurate derivation of the dry air column is 62 

mandatory. To achieve this goal, the rovibronic lines of the 1.27 µm band must be accurately 63 

characterized together with the underlying CIA. This is all the more crucial as about half of the total O2 64 

absorption of the 1.27 µm band is due to the CIA for 1 amagat of air. 65 

Note that the heat balance of the Earth’s atmosphere is affected by the O2 CIA bands which overall 66 

contribute to absorption of about 1 Wm-2 (Zender, 1999). About 22% of this contribution (integrated 67 

between 5000 and 30000 cm-1) is due to the 1.27 µm band. 68 

O2 bands could also be used as a marker of the oxygenic photosynthesis (Misra et al., 2014, 69 

Schwieterman et al., 2018) and bring constraints on the atmospheric pressures of the Earth’s like 70 

exoplanets. Hence, Misra et al., (2014) showed that atmospheric pressures could be retrieved from pure 71 

bound and quasi-bound O2 complexes in the near infrared for a certain range of pressures and O2 volume 72 

mixing ratios. They also calculated that the CIA of the 1.27 µm band should be detectable in some cases 73 

during transit transmission spectroscopy by the future James Webb Space Telescope (Gardner et al., 74 

2006).  75 

In the 𝑎 ∆ଵ
௚ − 𝑋 Σ୥

ିଷ (0 − 0) band centered near 1.27 µm, the electric dipole rovibronic transitions 76 

are forbidden by both spin (S = 1 ↛ 0) and spatial (g ↛ g) selection rules. Monomer absorption is thus 77 

due to the (weak) spin–orbit-allowed magnetic dipole transitions and even weaker electric quadrupole 78 

transitions and (1 − 1) hot band transitions (Gordon et al., 2010; Leshchishina et al., 2010). These 79 

monomer lines are superimposed to the CIA continuum coming from the transient electric dipole induced 80 

by collisions of O2-O2 and O2-N2 molecules (Gordon et al., 2017; Solomon et al., 1998). Note that in our 81 

atmosphere, the absorption coefficient integrated over an absorption line is proportional to the O2 density, 82 

2O , while the CIA involves a self-component proportional to 
2O squared and a foreign component 83 

proportional to 
22 NO  .  84 

The CIA of the 1.27 µm band has been studied experimentally with grating or Fourier transform 85 

(FT) spectrometers at room temperature and below since more than 60 years (Badger et al., 1965; 86 

Blickensderfer et al., 1969; Chagas et al., 2002; Cho 1963; Dianov-Klokov, 1964; Ketelaar, 1955; Maté et 87 

al., 1999; McKellar et al., 1972; Smith et al., 1999; Tabisz et al., 1969), but only a few studies (Chagas et 88 

al., 2002; Maté et al., 1999; Newnham and Ballard, 1998; Smith and Newnham, 2000) reported cross-89 

sections with reasonable signal-to-noise ratio because of the quite weak CIA absorption. For this reason, 90 
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all these previous studies used long absorption path lengths and sample pressures at atmospheric 91 

pressures or above.  92 

Recently, cavity enhanced absorption techniques like cavity-ring-down spectroscopy (CRDS) have 93 

been applied to the O2 CIA measurements (Karman et al., 2018; Mondelain et al., 2019) and more 94 

generally to the continua measurements (see for example Campargue et al., 2016 and references herein; 95 

Lechevallier et al., 2018; Mondelain et al., 2017 and references herein; Richard et al., 2017). These 96 

techniques were found particularly suitable as they provide both a high sensitivity and a high baseline 97 

stability of the spectra.  98 

The present work follows our CRDS study of the 1.27 µm CIA at room temperature (Mondelain et 99 

al., 2019) in support of the MicroCarb satellite mission. Here, we focus on the temperature dependence of 100 

the CIA i.e. of the 𝐵ைమିைమ
, 𝐵ைమିேమ

, and 𝐵ைమି௔௜௥ binary absorption coefficients. For this purpose, a 101 

temperature regulated CRDS cell has been developed and spectra of pure O2 and of O2 in N2 were 102 

recorded at 271 K and 332 K between 7550 and 8360 cm-1. Overall, the set of measurements at three 103 

temperatures allows for the determination of the temperature dependence of the O2 CIA at 1.27 µm in the 104 

range of the atmospheric temperatures. This study, together with the recent works devoted to the 105 

absorption lines (Konefał et al., 2020; Tran et al., 2020), will help to meet the spectroscopic accuracy 106 

requirements of the MicroCarb satellite mission. In the next part (Part 2), the experimental set-up and the 107 

adopted experimental strategy are presented. The spectra analysis and retrieval of the binary absorption 108 

coefficients are presented in Part 3. The comparison of the obtained temperature dependence with those 109 

from FTS measurements of Maté et al. (1999) and calculations of Karman et al. (2018) is discussed in 110 

Part 4 and perspectives are drawn up in Part 5.  111 

2. Experimental set-up 112 

The high sensitivity and baseline stability of the continuous wave CRDS technique (Berden et al., 113 

2000; Maity et al., 2021; Romanini et al., 1997) have been largely demonstrated during the last years 114 

(Campargue et al., 2016 and references herein; Kassi et al., 2012). Reader is referred to (Kassi et al., 115 

2012; Mondelain et al., 2019) for the presentation of our CRDS setup. For this project, we developed a 116 

temperature regulated high finesse cavity (HFC) (Figure 1) using the circulation of a coolant as adopted 117 

in Ghysels et al. (2017).  118 

2.1. The temperature regulated high finesse cavity  119 

Two high reflectivity mirrors from Layertec (R>99.99% over the 1170 nm-1370 nm range), 120 

separated by 500 mm, were placed inside a stainless steel tube (700 mm long, 63 mm external diameter) 121 

fitted with two receptacle flanges at both ends. Outer flanges, housing anti-reflective and wedged 122 
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windows, are bolted to the receptacle with a Viton o-ring ensuring the tightness. This aspect is inherited 123 

from previous liquid nitrogen cooled setup (Kassi et al., 2008) and high pressure CRDS setup (Kassi et 124 

al., 2015). The gas is therefore free to circulate around the mirrors. 125 

The tube was thermalized thanks to two counter-propagating copper coils through which a cooling 126 

fluid flows. A non-flammable, low vapor pressure silicone oil has been chosen as the heat transfer fluid. 127 

Its temperature was regulated using a deported refrigerated/heating circulator (model Corio 1000F from 128 

Julabo). Thanks to the counter-propagating arrangement, temperature gradients were averaged out, 129 

ensuring a uniform temperature of the cell envelope. Thanks to this highly symmetric conception, thermo-130 

mechanical gradients were essentially self-compensated allowing for preservation of the optical 131 

alignment, which was done at room temperature, after several temperature cycles from -20 to +60°C. 132 

To further homogenize the gas temperature and limit convection, a copper tube (1 mm thick, 30 133 

mm outer diameter), resting on two isolating shims, was installed between the two high reflectivity 134 

mirrors to closely surround the probed gas. Four 3-wires 1000 Ω platinum temperature sensors (⅓ DIN 135 

class B from -50°C to 150°C) were installed at the surface of the copper tube to determine the sample 136 

temperature. Maximum gradients of 0.3 K and 0.5 K along the HFC axis were measured at 270 K and 332 137 

K, respectively, which reads as 0.2% relative. A satisfactory long term stability of the temperature was 138 

observed. Over several weeks, internal copper tube temperature fluctuated between 331.50 K and 331.65 139 

K and between 270.1 K and 270.8 K for 333.15 K and 268.15 K coolant set points, respectively. 140 

 141 

Figure 1. Scheme of the temperature regulated cavity ring down cell developed for the present 142 

study. Here A, B and C correspond to the receptacle and outer flanges and to the copper coil, respectively. 143 

The CRD setup is enclosed in a thermalized chamber. The gas is free to circulate all around the mirrors. 144 
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The temperature is adjusted by circulating temperature regulated fluid in two contra-propagating copper 145 

coils. For clarity, the second coil and the internal copper tube (see text) are not shown and the length of 146 

the cell is not to scale. One of the mirror is actually hold on a PZT actuator (not shown) allowing for 147 

cavity length dithering. Electrical wires of the Pt1000 probes and PZT are passing through the gas tubing. 148 

2.2.  Spectra acquisition 149 

Eleven distributed feed-back (DFB) fibered laser diodes and one external cavity laser diode 150 

(ECDL) were used as CRDS light sources. The 7550-7920 cm-1 range was covered with the DFB diode 151 

lasers; each of them allowing for a 30 cm-1 spectral coverage. The ECDL was used to cover the 7920-152 

8360 cm-1 range. The emitted light wavenumber was measured during each scan by sending a part of the 153 

beam to a wavelength meter (Bristol 621-A IR or HighFinesse WSU7-IR). Following a cw-CRDS scheme 154 

(Morville et al. 2004), the cavity length was dithered with a PZT element supporting the output mirror. 155 

With the DFB laser diodes, the spectra were recorded with a spectral step equal to 3×10-3 cm-1 or 5×10-3 156 

cm-1 depending on the gas pressure/density. At each spectral step of a scan, several ring down events were 157 

acquired, fitted with an exponential fit and averaged, providing an averaged RD time, τ. With the ECDL, 158 

in order to increase the scan speed, no effort was done to discipline it. Only its grating was scanned, 159 

leading to spectral steps of typically of 0.1 cm-1, induced by the laser cavity modes. The RD events and 160 

corresponding wavenumbers were recorded on the fly, when scanning the ECDL over its entire emission 161 

range, taking about 2 hours per spectrum. 162 

For each laser diode and for the ECDL, the procedure consisted in recording in static regime a 163 

series of spectra corresponding to two consecutive spectra with the cell filled by pure O2 (99.9999% 164 

purity) or a mixture of O2+N2 (with an O2 relative concentration of 20.965±0.044% (2σ); 165 

O2+N2>99.9999% provided by Air Liquide), framed by two argon spectra (99.9999% purity) for the base 166 

line determination (Figure 2). The cell was entirely pumped between the gas changes. As this procedure 167 

was time consuming (typically 5 hours for the four spectra recorded for each diode), contrary to our 168 

previous CIA study at room temperature (Mondelain et al., 2019), only one pressure was recorded for a 169 

given laser diode. In addition to the superposition of the two argon spectra recorded for one diode, the 170 

baseline stability was checked with the overlap spectral range between two consecutive laser diodes as 171 

illustrated in Figure 2. For pure O2, the cell was filled at different pressures from 300 Torr to 750 Torr 172 

depending of the CIA amplitude, while for the O2+N2 mixture, a pressure of 700 Torr was adopted. These 173 

gas pressures were measured with a heated absolute capacitance manometer (model AA02A from MKS 174 

instruments; 1000 mbar full scale; accuracy: 0.12% of the reading).  175 
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The extinction coefficient, (), corresponds to the difference between the loss rates for the cell 176 

filled with pure O2 or O2+N2 gas mixture, n/c and with a non-absorbing gas (i.e. argon in our case), 177 

nAr/c0, 178 

     


0c

n

c

n Ar       (1) 179 

where c is the speed of light and n and nAr, are the refractive indexes of the absorbing gas and 180 

argon, respectively. 1/c0 is related to the reflectivity of the mirrors, R, and the cavity length, Lcav:  181 

 
 

cav

Ar

L

R

c

n 





1

0

      (2) 182 

The RD time, 0, varied from 90 µs at 7870 cm-1 to 67 µs at 7550 cm-1 for the cell filled with argon. 183 

The measured extinction coefficient is the sum of contributions from the O2 monomer lines, the O2 CIA 184 

and Rayleigh scattering.  185 

 186 

Figure 2. CRDS spectra recorded with different DFB laser diodes (red/black solid lines) for the 187 

O2+N2 mixture (upper spectra) and argon (lower spectra) at a total pressure of 700 Torr and a temperature 188 

of 271.2 K. The argon baseline is mostly due to the mirror reflectivity curve and includes a small 189 

Rayleigh scattering contribution. Note the good superposition of the baselines recorded at different days. 190 

Spectra were recorded by scanning the DFB laser diode temperature leading to minimum detectable 191 

absorption coefficient (evaluated as the rms of the baseline fluctuation), min, between 2×10-10 cm-1 and 192 

5×10-10 cm-1, for the cell filled with argon, depending on the DFB laser diode. The excess of noise 193 
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observed on Figure 2 between 7820 cm-1 and 7860 cm-1 was due to the low emitted power of one of the 194 

DFB laser diode.  195 

3. Spectra analysis 196 

3.1. Retrieval of the binary coefficients 197 

First, the spectrum baseline due to the mirror losses has to be subtracted to the oxygen (or N2+O2 198 

mixture) spectra. After removal of some water vapor absorption lines (present as an impurity at the ppm 199 

level in argon), the argon spectra were fitted with a second order polynomial function for each DFB laser 200 

diode and a fourth order polynomial for the ECDL. After this baseline correction, the small contribution 201 

due to Rayleigh scattering was considered and removed. The Rayleigh scattering cross-sections of Ar and 202 

O2 being very close (Thalman et al., 2014; Thalman et al., 2017), its impact on the extinction coefficient 203 

is very small (~3×10-11 cm-1 at 700 Torr and 331K) which leads to a negligible correction on the 204 

𝐵ைమିைమ
measurements. In case of air, the difference with Ar is more important and leads to a linear 205 

variation increasing from 3.9×10-10 cm-1 at 7690 cm-1 to 5.0×10-10 cm-1 at 8150 cm-1 for a pressure of 700 206 

Torr and a temperature of 270 K (Thalman et al., 2014; Thalman et al., 2017). This weak effect was taken 207 

into account in the determination of the 𝐵ைమିேమ
, binary coefficients.  208 

The remaining absorption coefficient is expressed by: 209 

𝛼ைమ
(𝜈) = 𝐵ைమିைమ

(𝜈)𝜌ைమ

ଶ + 𝑀ைమ
(𝜈)𝜌ைమ

    (3) 210 

for pure O2, and by: 211 

𝛼ைమାேమ
(𝜈) = 𝐵ைమିைమ

(𝜈)𝜌ைమ

ଶ + 𝑀ைమ
(𝜈)𝜌ைమ

+ 𝐵ைమିேమ
(𝜈)𝜌ைమ

𝜌ேమ
   (4) 212 

for the N2+O2 mixture. 213 

Where ρ are densities in amagat, 𝐵ைమିைమ
and 𝐵ைమିேమ

are the binary collision absorption coefficients 214 

in cm-1 amagat-2. 𝑀ைమ
(𝜈)𝜌ைమ

 is the local monomer contribution due to the 1.27 µm band of O2 that was 215 

generated using the most recent spectroscopic data [see (Tran et al., 2021) and references therein]. A 216 

speed dependent Nelkin-Ghatak profile was used for these intense lines and a Voigt profile for the others, 217 

with a cutoff value of ±5 cm-1 from the line center. It was also necessary to include the line mixing effect 218 

for the Q- and R-branches region near 7890 cm-1 (Tran et al., 2020). This calculated line contribution was 219 

subtracted from the spectrum as illustrated on Figure 3. Note that the obtained residuals included in 220 

Figure 3 show some large values which have an experimental origin: the very strong absorption due to 221 

the O2 lines leads to very short ring down times and a low level of photons exiting the HFC and thus a 222 

high noise level.  223 

The ideal gas law was applied to calculate the densities as the deviation from this law, due to the 224 

second virial coefficient, does not exceed 0.06% in the worst case. Due to desorption from the gas cell, 225 

water vapor absorption lines were observed in some spectra at 332 K and were removed using a Voigt fit 226 



of their profile (the corresponding relative concentration of water vapor was 227 

𝐵ைమିைమ
coefficients derived from the oxygen spectra (Eq. 3) w228 

from the spectra of the N2+O2 mixture229 

3 for the N2+O2 mixture , the O2-O2230 

band maximum.  231 

The following procedure, illustrated on the right panel of 232 

curves for the binary coefficients v233 

binary coefficients, as described below, the data points with the strongest uncertainties (i.e. at the location 234 

of the absorption lines), were removed235 

spectral intervals (typically ~150 cm236 

concatenated fit results were then interpolated with a 1 cm237 

238 

Figure 3. Retrieval of the binary coefficients239 

Left panel: Different contributions to the absorption 240 

DFB laser diode centered at 1270 nm for a mixture of N241 

temperature of 331.6 K, 242 

Right panel: Retrieved binary absorption coefficient243 

different notations. Data point before (grey solid line) and after (bl244 

calculated uncertainties are shown together with the result of the fit to the cleaned data 245 

the recommended 𝐵ைమିேమ
 values (red246 

 247 

Figure 4 presents an overview of the obtained values of the 248 

270.5 K and 331.6 K, as provided in the 249 

For atmospheric applications, it is convenient to introduce the 250 

251 
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e (the corresponding relative concentration of water vapor was typically of few ppm

derived from the oxygen spectra (Eq. 3) were used to subtract the O

mixture and derive the 𝐵ைమିேమ
coefficients (Eq. 4). As illustrated in 

2 and N2-O2 contributions are on the same order of magnitude 

The following procedure, illustrated on the right panel of Figure 3, was used to provide smooth 

versus the wavenumber. After calculation of the uncertainties of the 

ients, as described below, the data points with the strongest uncertainties (i.e. at the location 

of the absorption lines), were removed. The entire “cleaned” CIA band was then divided into a few 

(typically ~150 cm-1 wide) over which a polynomial fit was 

concatenated fit results were then interpolated with a 1 cm-1 spectral step.  

Retrieval of the binary coefficients 

ifferent contributions to the absorption coefficient, 𝛼ைమାேమ
(𝜈), measured 

DFB laser diode centered at 1270 nm for a mixture of N2+O2 at a total pressure of 700 Torr and a 

binary absorption coefficient, 𝐵ைమିேమ
. Refer to the text and Eq. (4) for the 

different notations. Data point before (grey solid line) and after (blue solid line) data cleaning using the 

calculated uncertainties are shown together with the result of the fit to the cleaned data 

red solid line). 

overview of the obtained values of the 𝐵ைమିைమ
 and 𝐵ைమ

provided in the Supplementary material.  

, it is convenient to introduce the 𝐵ைమି௔௜௥ coefficient defined by:

  airOairOCIA B 
22

)(      

9 

typically of few ppm). 

used to subtract the O2-O2 contribution 

. As illustrated in Figure 

on the same order of magnitude near the 

, was used to provide smooth 

After calculation of the uncertainties of the 

ients, as described below, the data points with the strongest uncertainties (i.e. at the location 

divided into a few 

was performed. The 

 

( ) measured with the 

at a total pressure of 700 Torr and a 

Refer to the text and Eq. (4) for the 

solid line) data cleaning using the 

calculated uncertainties are shown together with the result of the fit to the cleaned data corresponding to 

మିேమ coefficients at 

coefficient defined by: 

  (5) 
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where ρair is the dry air density. The relative concentrations of nitrogen, oxygen and argon in dry air 252 

are 78.08, 20.95 and 0.93 %, respectively. The O2 CIA induced by argon is expected to be very close to 253 

that due to nitrogen (Karman et al., 2018). Thus, the 𝐵ைమି௔௜௥ values computed as: 254 

𝐵ைమି௔௜௥ = 0.2095𝐵ைమିைమ
+ (1 − 0.2095)𝐵ைమିேమ

    (6) 255 

are provided as Supplementary Material at both temperatures. 256 

 257 

Figure 4. Recommended binary coefficients obtained in this work at 270.1 K and 331.6 K and in 258 

(Mondelain et al., 2019) at room temperature. 259 

We have gathered in Figure 4, the binary coefficients obtained in this work at 270.1 K and 331.6 K 260 

with the results at room temperature reported in (Mondelain et al., 2019). Let us note the consistency of 261 

the results of the two studies performed with different CRDS set ups (for instance the length of the CRDS 262 

cell used at room temperature was 140 cm to be compared to 50 cm in the present recordings). Although 263 

the changes of the CIA shape with temperature are relatively weak, the room temperature curves are 264 

systematically intermediate between the 270.1 K and 331.6 K curves. The main variations are observed at 265 

the center of the band with a decrease of the binary coefficients with the temperature (maximum variation 266 

of 5.7% between 270.1 K and 331.6 K). An opposite behavior occurs in the wings of the pure O2 CIA.  267 

Using the three temperature values at disposal, the 𝐵ைమି௑(𝜈௜) values can be plotted versus T (X= 268 

O2, N2 and air). At each spectral step, 𝜈௜, a mostly linear dependence with the temperature is observed 269 

over the 270-331 K interval (Figure 5 left panel). The corresponding slope (𝑑𝐵/𝑑𝑇)ைమି௑(𝜈௜) was 270 

obtained from a linear fit of the 𝐵ைమି௑(𝜈௜) values at the three temperatures. The frequency dependence of 271 

the dB/dT is presented on the right panel of Figure 5. As expected, the strongest (negative) temperature 272 
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coefficients are located near the band maximum at 7900 cm-1 for both O2-O2 and O2-N2. In the wings, both 273 

O2-O2 and O2-N2 coefficients increase with temperature but the effect is more pronounced for O2-O2. A 274 

small asymmetry of the dB/dT profiles can be noted for the different curves.  275 

In the Supplementary Material, we provide for each CIA (O2-O2, O2-N2, O2-air), the binary 276 

coefficients at 271, 297 and 332 K and the corresponding temperature dependence coefficients and 277 

estimated uncertainties. A sample of the Supplementary Material is presented in Table 1.  278 

 279 

Table 1. Sample of the Supplementary material provided for B୓మିୟ୧୰. 280 

Experimental CRDS B୓మିୟ୧୰ binary coefficients obtained from this work (at 271 K and 332 K) and from 281 

Mondelain et al. (2019) at 297 K. Values between parenthesis are estimated error bars given in the unit of 282 

the last quoted digit. 283 

 284 
Spectral step 

(cm-1) 

𝐵ைమି௔௜௥  d𝐵ைమି௔௜௥/dT 

(10-6 cm-1 amagat-2 K-1) 271K 297K 332K 

7920 0.6980(138) 0.6667(50) 0.6464(109) -6.59(41)×10-4 

7921 0.6889(134) 0.6588(50) 0.6398(109) -6.18(40)×10-4 

7922 0.6784(131) 0.6509(49) 0.6332(108) -5.56(35)×10-4 

7923 0.6680(128) 0.6429(49) 0.6266(107) -4.94(30)×10-4 

7924 0.6584(127) 0.6349(49) 0.6188(107) -4.46(29)×10-4 

7925 0.6488(126) 0.6271(48) 0.6108(106) -4.00(26)×10-4 

7926 0.6390(126) 0.6190(48) 0.6027(106) -3.70(22)×10-4 

7927 0.6290(125) 0.6109(48) 0.5946(105) -3.41(17)×10-4 

7928 0.6195(124) 0.6027(47) 0.5866(105) -3.18(15)×10-4 

7929 0.6101(124) 0.5943(47) 0.6464(109) -2.98(13)×10-4 

7930 0.6008(123) 0.5859(47) 0.5711(104) -2.79(12)×10-4 



285 

286 

Figure 5. Temperature dependence of the binary coefficients. 287 

Left panel: Example of the 288 

temperature at 7800, 7900 and 8200 cm289 

al., 2019). 290 

Right panel: Fitted temperature coefficients, 291 

3.2. Error budget 292 

Uncertainties on the retrieved binary absorption coefficients have been calculated with the 293 

propagation of error approach using Eqs. (3) and (4) and assuming uncorrelated variables. 294 

The base line stability was systematically checked for each series of spe295 

argon spectra recorded before and after the absorbing gas spectra296 

or below was achieved except for two series where a degraded stability of ~1×10297 

These values were adopted as the uncertainties on298 

calculated from the pressure gauge and temperature sensor accuracies together with gas stated purity and 299 

concentrations, are typically around 0.15%.300 

monomer contribution we applied the method proposed in (Ptashnik 301 

removed the data points with the lar302 

lines so that this latter contribution becomes marginal for the “cleaned” data points.303 

The resulting absolute uncertainties (1304 

Supplementary Material. Over a large part of the absorption band, uncertainties better than 305 

have been achieved for O2-O2 CIA and O306 

given by the linear fit, the uncertainties on the binary coefficients were not307 

underestimation on that reported uncertainties.308 
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Example of the variation of the experimental binary coefficient, 

temperature at 7800, 7900 and 8200 cm-1. Experimental values at 297 K were taken from 

Fitted temperature coefficients, dB/dT, of 𝐵ைమି௑(𝜈௜) with X= O2, N2

Uncertainties on the retrieved binary absorption coefficients have been calculated with the 

propagation of error approach using Eqs. (3) and (4) and assuming uncorrelated variables. 

The base line stability was systematically checked for each series of spectra by comparing the 

argon spectra recorded before and after the absorbing gas spectra (see Figure 2). Stability of 5×10

or below was achieved except for two series where a degraded stability of ~1×10-9 cm

as the uncertainties on 𝛼ைమ
 and 𝛼ைమାேమ

. Uncertainties on the densities, 

from the pressure gauge and temperature sensor accuracies together with gas stated purity and 

concentrations, are typically around 0.15%. To estimate the uncertainty coming from the subtracted 

monomer contribution we applied the method proposed in (Ptashnik et al., 2007). As explained above, we 

largest uncertainties, corresponding to the location of the absor

lines so that this latter contribution becomes marginal for the “cleaned” data points. 

The resulting absolute uncertainties (1) of the different binary coefficients are included in the 

a large part of the absorption band, uncertainties better than 

CIA and O2-N2 CIA, respectively. Note that, for the uncertainties on 

given by the linear fit, the uncertainties on the binary coefficients were not included leading to an 

underestimation on that reported uncertainties. 
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4. Comparison to literature 309 

Let us discuss our CRDS results310 

and to the theoretical calculations of Karman 311 

with high densities gas samples (between 1 and 10 amagat) 312 

with an absorption path length of 84.05 m313 

analytical models and numerical quantum scattering calculations. 314 

mechanisms have been identified to br315 

et al., 2017; Karman et al., 2018). T316 

dipole moments responsible of the 317 

and calculated O2 CIA cross-sections318 

version of the CIA section of the HITRAN datab319 

320 

321 

Figure 6. Comparison of the binary coefficients obtained experimentally at 270.1322 

this work with the theoretical values derived from Karman 323 

and 275 K and 323 K for 𝐵ைమିேమ
. Note that room temperature data are not shown for clarity reasons. 324 
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Comparison to literature  

results in comparison to the previous measurements of Maté 

theoretical calculations of Karman et al. (2018). Maté et al. (1999) used an

with high densities gas samples (between 1 and 10 amagat) at three temperatures: 253, 273, and 296

an absorption path length of 84.05 m. The theoretical approach of Karman et al

dels and numerical quantum scattering calculations. The spin-orbit and exchange 

mechanisms have been identified to break the spin symmetry in the studied collision complexes

Through quadrupole induction, these two mechanisms 
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௚ − 𝑋 Σ୥

ିଷ (0 − 0)  band of

sections of the considered 1.27 µm band of O2 are provided 

of the HITRAN database (Karman et al., 2019).  

 

Comparison of the binary coefficients obtained experimentally at 270.1

this work with the theoretical values derived from Karman et al. (2018) at 271K and 332

Note that room temperature data are not shown for clarity reasons. 
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 325 

Figure 7. Comparison of the temperature dependence of the 𝐵ைమିைమ
(𝜈௜) (upper panel), 𝐵ைమିேమ

(𝜈௜) 326 

(middle panel) and 𝐵ைమି௔௜௥(𝜈௜) (lower panel) binary coefficients derived from CRDS measurements 327 

(This work), FTS measurements (Maté et al., 1999) and theoretical calculations (Karman et al., 2018). 328 

 329 

Figure 6 presents an overview comparison of our binary coefficients with the calculated values 330 

from Karman et al., (2018) at 271 K and 332 K. At the scale of the overview, a general agreement in 331 

observed. For a more detailed comparison, it is worth comparing the dB/dT derivatives as displayed on 332 

Figure 7. In the same way as done for the CRDS values, dB/dT values were derived, for each 333 

wavenumber value, from a linear fit of the B values of Maté et al. (1999) (at 253, 273 and 296 K) and 334 

Karman et al. (2018) (at 271, 296 and 332 K for 𝑩𝑶𝟐ି𝑶𝟐
and 275, 298 and 323 K for 𝑩𝑶𝟐ି𝑵𝟐

 and 335 

𝑩𝑶𝟐ି𝒂𝒊𝒓).  336 

Even if slightly more negative temperature coefficients are obtained around the band center in the 337 

case of Maté et al. (1999), the FTS and CRDS results for air are close (Maté et al. (1999) did not report 338 

binary coefficients for O2-O2 and O2-N2 at temperatures other than 296 K). Considering the different 339 
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experimental techniques, range of pressure values used in the two studies and the limited temperature 340 

dependence of the CIA, the achieved agreement provides a mutual validation and can be considered as 341 

very satisfactory.  342 

Compared to Karman et al. (2018) a very good agreement is observed for the O2-N2 CIAs. It is 343 

interesting to mention that only the spin-orbit mechanism is present for the O2-N2 collision complexes 344 

leading to the conclusion that this mechanism is well theoretically characterized in Karman et al. (2018) 345 

in the case of O2-N2.  346 

The situation is less satisfactory for the O2-O2 temperature dependence. Far from the center, the 347 

temperature evolution is also well predicted by calculations, but, closer to the center, large differences are 348 

visible. In particular, according to the calculations, the O2-O2 CIA absorption is predicted to increase for 349 

all the wavenumber values while our measurements reveal a significant negative temperature dependence 350 

between 7860 cm-1 and 7950 cm-1. In the case of pure O2 CIA, the exchange mechanism contributes to the 351 

CIA in addition to the spin-orbit mechanism. As shown in Fig. 4 of Karman et al. (2018), the spin-orbit 352 

mechanism leads to a relatively narrow band shape dominating in the center of the O2-O2 CIA band while 353 

the exchange mechanism leads to a broad contribution dominating in the wings, with an equivalent 354 

contribution of the two mechanisms around 20 cm-1 from the center. Our observations indicate that the 355 

positive temperature dependence of the exchange mechanism is overestimated by the calculations and/or 356 

that the negative temperature dependence of the spin-orbit mechanism (around the center) is 357 

underestimated for O2-O2 CIA.  358 

Table 2 lists the CRDS, FTS and calculated integrated band intensities, XOS 2
 (X= O2, N2 or air), 359 

corresponding to the integration of the fitted binary coefficients 𝐵ைమି௑ over the entire spectral range. The 360 

obtained values are compared in Figure 8. Note that, in order to reproduce quantitatively the experimental 361 

results of Maté et al. (1999), scaling factors have been applied at room temperature to the theoretical line 362 

shapes corresponding to the exchange and spin-orbit mechanisms (Karman et al., 2018). As already noted 363 

in Mondelain et al. (2019), a very satisfactory overall agreement is found when comparing our data to the 364 

FTS values. Even if some small shape differences are observed, the mutual compensation of deviations 365 

leads to very close integrated band intensities. 366 

In the case of O2-N2, according to calculations, the integrated intensity, 𝑆ைమିேమ
, is mostly 367 

independent of the temperature with a mean value around 70×10-6 cm-2 amagat-2 which falls within the 368 

error bars of the FTS and CRDS values.  369 

In the case of O2-O2, the calculated integrated 𝐵ைమିைమ
 coefficient is predicted to increase 370 

significantly with the temperature (about 15% over ~60 K). This is about twice the increase rate measured 371 

by CRDS while Maté et al. did not evidence any significant variation between 253 and 296 K.  372 
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 373 

 Temperature 

K 

𝑺𝑶𝟐ି𝑶𝟐
 

10-6 cm-2 amagat-2 

𝑺𝑶𝟐ି𝑵𝟐
 

10-6 cm-2 amagat-2 

𝑺𝑶𝟐ି𝒂𝒊𝒓 

10-6 cm-2 amagat-2 

This work 271.1 349.2(60) 73.3(25) 131.2(33) 

Mondelain et al. (2019) 297.0  358.8(21)a 71.1(37) 131.4(29)a 

This work 331.6 375.0(60) 71.6(25) 134.5(33) 

Maté et al. (1999) 253.0 349.9(9) 73.7(20) 131.7(15) 

 273.3 347.3(10) 67.8(25) 126.5(19) 

 296.2 349.9(16) 67.9(36) 127.1(27) 

Karman et al. (2018) 271/275/275 b 321.1 c 70.6 121.3 

 296/298/298 b 341.6 c 70.9 124.9 

 332/323/323 b 373.7 c 71.2 129.1 

Table 2. Integrated binary coefficients derived from this work and from the literature. The numbers in 374 

parenthesis correspond to the 1σ uncertainties in unit of the last digit. The associated uncertainties were 375 

obtained by integrating the binary coefficients plus and minus their uncertainties. 376 

a The given values of 𝑆ைమିைమ
and 𝑆ைమି௔௜௥  are smaller by 0.9 and 0.5 % compared than the value reported in Table 377 

1 of Mondelain et al. (2019), respectively, because, for comparison to the present work, the integration was limited 378 

to the 7546-8354 cm-1 interval, narrower than the 7515-8466 cm-1 considered in Mondelain et al. (2019),  379 

b The temperatures correspond respectively to 𝑆ைమିைమ
, 𝑆ைమିேమ

 and 𝑆ைమି௔௜௥. 380 

c Obtained using the Supplementary Material of Karman et al. (2018) and extended values given by T. Karman 381 

over the 7483-8482 cm-1 spectral range.  382 

 383 
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 384 

Figure 8. Evolution of the experimental and theoretical integrated intensities of the 𝑆ைమିேమ
 and 𝑆ைమିைమ

 385 

versus temperature. 386 

 387 

It is important to mention that over the 270-332 K temperature range, the theoretical binary 388 

coefficients of Karman et al. (2018) evolves quasi-linearly with the temperature similarly to what we 389 

observe experimentally. When considering a larger temperature interval (e. g. between 200 K and 350 K), 390 

the calculations predict a quadratic dependence with temperature over some spectral ranges. We estimate 391 

that our experimental 𝐵ைమି஺௜௥(𝜈௜) binary coefficients should be safely linearly extrapolated over the 250 392 

K-350 K temperature range.  393 
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5. Conclusion and perspectives 394 

Spectra of pure O2 and N2-O2 mixture were recorded at 271 K and 332 K over the 7550 – 8360 cm-1 395 

spectral range thanks to a highly sensitive and stable cavity ring down spectrometer based on a newly 396 

developed temperature regulated high finesse optical cavity. The performances of the developed CRDS 397 

set-up, in particular its long term stability, allowed to accurately determine the small variation (a few %) 398 

of the CIAs with temperature. The 𝐵ைమିைమ
, 𝐵ைమିேమ

 and 𝐵ைమି௔௜  binary absorption coefficients of the CIA 399 

retrieved from these spectra and the ones obtained at room temperature from our previous work 400 

(Mondelain et al., 2019) will allow to account for the variation of the CIA in the temperature range of the 401 

Earth’s atmosphere. 402 

Comparison to the calculations of Karman et al. (2018) shows a similar temperature dependence for 403 

𝐵ைమିேమ
while for 𝐵ைమିைమ

 significant differences are noted near the band center. The reported results 404 

provide constraints on the scaling factor of the line shapes for the spin-orbit and exchange mechanisms 405 

and could help to better estimate the exchange-induced dipole which has quite large uncertainty.  406 

Our 𝐵ைమି௔௜௥ coefficients are found in good agreement with results of Maté et al. (1999) obtained by 407 

FTS in different pressure conditions (up to 10 atm, while our CRDS spectra where recorded at pressures 408 

ranging between 300 and 700 Torr). Integrated binary coefficients over the entire band show almost no 409 

variation with temperature for O2-N2 CIA and an increase with temperature for pure O2 CIA in qualitative 410 

agreement with the same quantities derived from calculations of Karman et al. (2018). 411 

As MicroCarb instrument will use the B4 band between 7800-7912 cm-1 to retrieve the surface 412 

pressure and then normalize the computed CO2 column concentration, the impact of our new O2 CIA data 413 

set on these quantities will be investigated using high signal-to-noise ratio and high resolution TCCON 414 

spectra with well-known pressure, temperature, humidity conditions and instrument characteristics. For 415 

that, spectra will be calculated with the Spectroscopic Parameters And Radiative Transfer Evaluation 416 

(SPARTE) chain (Armante et al., 2016), a calibration/validation chain, used to compare ground-based and 417 

space-borne observations. The direct radiative transfer calculations will be done by the 4A/OP code 418 

selected for the calibration/validation activities of MicroCarb.  419 

It could also be useful to update the study of Zender (1999) on the solar absorption of oxygen 420 

collision complexes based on the new data set provided in this work and in Mondelain et al. (2019), for 421 

the CIA of the 1.27 µm band, and in the updated version of HITRAN (Karman et al., 2019). This will 422 

allow refining the radiative forcing due to oxygen collision pairs.  423 

In a recent study, Baranov et al., (2012) and Hartmann et al. (2018) shown that the CIA of N2 is 424 

importantly enhanced by water vapor. In this context, the magnitude of the O2 CIA induced by 425 

atmospheric water vapor in wet atmospheres should also be investigated.  426 

 427 
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