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a b s t r a c t 

Oxygen–oxygen collision-induced absorption ( O 2 –O 2 CIA) of solar radiation heats the atmosphere, affects 

radiative transfer, and needs to be considered in spectroscopy applications in Earth’s atmosphere. The 

lack of O 2 –O 2 CIA spectra in the gas phase below 335 nm wavelength is limiting remote sensing ap- 

plications in this spectral range. This study reports measurements of the O 2 –O 2 CIA cross-section in 

the gas phase at high signal-to-noise ratio and spectral resolution, sufficient to fully resolve spectral 

band shapes (0.31–0.42 nm FWHM, full width at half maximum) using Cavity Enhanced Extinction Spec- 

troscopy at atmospheric pressure, and variable temperature (293, 263, and 223 Kelvin). Excellent agree- 

ment with literature spectra is observed for selected strong bands. Several heretofore unmeasured weak 

absorption bands are characterized for the first time in the gas phase under controlled laboratory con- 

ditions, i.e., the bands centered at 315 and 328 nm ( b 1 �+ 
g + b 1 �+ 

g ← X 3 �−
g + X 3 �−

g , vibrational quanta 

change �νtot = 4 , 3 ), 420 nm ( a 1 �g + b 1 �+ 
g ← X 3 �−

g + X 3 �−
g , �νtot = 2 ), and 495 nm ( a 1 �g + a 1 �g ← 

X 3 �−
g + X 3 �−

g , �νtot = 3 ). The band shape at 344 nm deviates from the available literature, in part owing 

to the overlap of neighboring bands that give rise to non-zero continuum absorption. The consistency of 

spectral band shapes of transitions with non-zero �νtot is used to predict the absorption bands at 301 nm 

( b 1 �+ 
g + b 1 �+ 

g ← X 3 �−
g + X 3 �−

g , �νtot = 5 ), and 397 nm ( a 1 �g + b 1 �+ 
g ← X 3 �−

g + X 3 �−
g , �νtot = 3 ). A 

complete O 2 –O 2 CIA cross section spectrum is presented between 297–500 nm, that is optimized for 

use in hyperspectral (and other) remote sensing applications. 

© 2022 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Collision-induced absorption (CIA) is the absorption in sys- 

ems of interacting atoms or molecules, where the absorption ex- 

eeds the simple sum of the absorption by the isolated atoms and 

olecules [1–5] . For oxygen, electronic transitions forbidden for 

solated molecules by both spin and electric dipole selection rules 

ecome possible in O 2 –O 2 interactions. The absorption αCIA [ cm 

−1 ] 

elated to binary O 2 –O 2 CIA scales with the square of the oxygen 

oncentration c O 2 [6] : 

CIA = σCIA c 
2 
O 2 

(1) 

ere, σCIA is the CIA cross section [ cm 

5 molec −2 ] . The combined 

hange of electronic state and total vibrational quantum νtot , i.e. 

he net change of vibronic quanta of the participating X 3 �−
g , b 

1 �+ 
g , 

nd a 1 �g states of molecular oxygen during the transition, gives 

ise to series of transitions that extend across the UV to NIR spec- 
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ral range ( Fig. 1 ). Theory describes the structure of the observed 

bsorption features in general terms, but is not yet able to predict 

he cross section at the level of accuracy and precision required in 

any spectroscopy applications. Specifically, neither the exact line 

hape nor the strength of different transitions can be predicted ac- 

urately. 

The O 2 –O 2 collision complex in the atmosphere is a natural 

reenhouse gas, and O 2 –O 2 CIA is a source of singlet oxygen sug- 

ested to be relevant in atmospheric chemistry [8] . The total ab- 

orption of incoming solar radiation for mid-latitude overhead sun 

mounts to ∼ 1 . 07 W m 

−2 in the visible range alone, and 2.03–

.31 W m 

−2 total [9] . 

O 2 –O 2 CIA overlaps with the absorption of numerous trace 

ases of interest to atmospheric chemistry, and therefore needs to 

e accounted for in the retrieval of gases such as formaldehyde, 

lyoxal, nitrogen dioxide, nitrous acid, chlorine dioxide, bromine 

xide radicals, iodine oxide radicals, sulfur dioxide and others 

10,11] that are relevant to discussions about air quality and life- 

imes of climate active gases such as ozone and methane. Fig. 2 

hows the optical density of O 2 –O 2 CIA ( τO 2 O 2 
) for two geometries: 
under the CC BY-NC-ND license 
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Fig. 1. σCIA (298 K ) in the UV-Vis spectral range. Data for wavelengths larger 500 nm are adapted from Thalman and Volkamer [7] . Vibronic transitions involving ground 

states (black) and vibrationally excited oxygen (grey) give rise to overlapping spectral features that modify apparent band shapes, and give rise to non-zero broad band 

absorption not previously quantified. 

Fig. 2. Overlap between O 2 –O 2 CIA and atmospheric trace gases at UV-Vis wave- 

lengths. Also the weaker lines can reach strengths that are significant for the re- 

mote sensing of other gases. 
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xtinction along the Rayleigh scattering path at standard temper- 

ture and pressure (STP), and from the top of atmosphere to the 

round. As can be seen, even weak lines can cause optical depths 

f ∼ 10 −4 , comparable to the optical depths caused by weakly ab- 

orbing trace gases. The incorrect representation of σCIA in the in- 

erpretation of spectra can cause interferences. In the UV spectral 

ange, Pinardi et al. [12] explicitly studied the sensitivity of HCHO 

etrievals towards different literature σCIA and concluded that sig- 

ificant interferences occur between σCIA , HCHO, and BrO absorp- 

ion features in the 336.5–359 nm interval. Extending the retrieval 

nterval towards the UV, to include more absorption features of 

CHO, has to some extent been limited by the lack of reference 

pectra for σCIA below 335 nm. 

αCIA in the atmosphere can be accurately predicted if the atmo- 

pheric temperature and humidity profile are known [7] . Therefore, 

xygen is of interest as a calibration gas to determine air mass fac- 

ors, and constrains radiative transfer simulations to characterize 

erosols that influence the Earth radiation balance. 
2 
While good σCIA spectra are needed for the above reasons, lab- 

ratory measurements at atmospherically relevant conditions are 

hallenging. For the most meaningful results, large columns have 

o be attained by using long light paths, and avoiding high oxygen 

ressures, which introduce pressure broadening and terneray in- 

eractions. The temperature dependence [e.g. 7,13 ] needs to be re- 

olved, an effect that is particularly relevant for measurement ge- 

metries that cover a wide range of temperatures, i.e., all satellite 

eometries [14] and airborne measurements [11,15] . There is a long 

egacy of studies investigating σCIA in various experimental condi- 

ions. Numerous laboratory studies analyzed the absorption in the 

V-Vis spectral ranges in the gas phase [6,7,16–31] , in the liquid 

hase [32–37] , and in solid oxygen [38] . Perner and Platt [39] in-

luded σCIA for the first time in the interpretation of atmospheric 

pectra, and σCIA has been determined from atmospheric observa- 

ions in direct sun geometries [13,40,41] . 

Still, for the transitions at 420, 328, and 315 nm, spectrally re- 

olved data in the gas phase currently do no exist. Lampel et al. 

42] detected the bands at 328 and 420 nm in the atmosphere, 

ighlighting the need for more complete absorption cross sections. 

The more recent development of cavity enhanced extinction 

pectroscopy (CEES) has created the capability to create large gas 

olumns in a compact instrument via long light paths, rather than 

igh pressures. The compact design allows for a straight-forward 

emperature control, such that measurements can be carried out 

t close-to-atmospheric conditions. While the stronger absorption 

eatures of O 2 –O 2 CIA have been characterized using this technique 

7,31] , the measurements of the weak bands have been impeded by 

1) progressively stronger Rayleigh scattering at UV wavelengths, 

imiting the effective path length inside the optical cavity to few 

m only (confer Table 1 ), (2) small signals requiring a high level of 

recision, and (3) limited availability of suitable mirror-light source 

ombinations. 

Using CEES with optimized optical components, an automated 

ata acquisition and analysis scheme, long integration times in a 

tabilized setup, and by using pure oxygen at atmospheric pres- 

ure, this study provides information on the heretofore unresolved 

bsorption of the weak bands in the UV-Vis range below 500 nm, 

enerating a cross section that is complete in regards to the needs 
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Table 1 

Experimental Setup: Configuration and characterization. 

Spectral Light Filter mirror σCIA Setup Opt. density FWHM 

range source band L a Ar D = 

I Ar 

I O 2 
− 1 

nm [nm] [km] [nm] 

307–349 LDLS WG320, UG11, 

dichroic 

Layertec 315 0.60 1 . 4 · 10 −4 0 . 31 b, f 

328 1.1 1 . 3 · 10 −3 

344 1.0 7 . 2 · 10 −3 

349–397 LDLS CVI320, UG11 ATFilms 360 2.0 5 . 6 · 10 −2 0 . 40 c, f 

380 1.6 2 . 6 · 10 −2 

408–427 LED 

h SP450 CRD Optics 420 7.0 2 . 0 · 10 −3 0 . 42 d, f 

427–498 LED 

i GG430 ATFilms 447 16 5 . 7 · 10 −2 0 . 35 e,g 

477 12 5 . 0 · 10 −1 

495 1.0 9 . 0 · 10 −4 

a: Photon path length in argon, b: Spectral resolution, expressed as the full width half maximum (FWHM) of atomic 

emission lines; Hg at 334 nm, c: Kr at 368 nm, d: Kr at 432 nm, e: Kr at 450 nm, f: grating with 2400 grooves mm 

−1 , 

g: grating with 1200 grooves mm 

−1 , h: Lumiled L1F3-U410200014000, i: LED Engin LZ1-10B201 
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Fig. 3. Sketch of the experimental setup. Building on Thalman and Volkamer [7] , 

the setup has improved stability, the optical bench and transfer optics (specifically, 

filters) are held at a constant temperature; gases are injected in the center of the 

cavity and vented symmetrically through a shared port. 
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n atmospheric spectroscopy. To cover the temperature range rele- 

ant for spectroscopic atmospheric sensing, the cross section was 

etermined at three temperatures: +20 ◦C, for surface and labora- 

ory applications, −10 ◦C, the typical effective temperature of the 

otal column in direct sun measurements, and −50 ◦C, as found in 

he upper troposphere by satellite and aircraft. 

. Experiment and data analysis 

The O 2 –O 2 CIA cross section is determined from the measure- 

ent of spectral light extinction due to oxygen, i.e., the combi- 

ation of O 2 –O 2 CIA and oxygen Rayleigh scattering. The spectral 

ath length in the optical cavities and the reference light fluxes are 

onstrained from spectral flux measurements in the presence of ar- 

on and helium [43] , i.e., two noble gases with distinct Rayleigh 

cattering cross sections that are well-described by theory due to 

he absence of a King correction factor [44] . The contribution of 

xygen Rayleigh scattering to the total extinction is accounted for 

sing theory. 

.1. Experimental setup 

The experimental apparatus is shown in Fig. 3 . It builds on a 

etup used by Thalman and Volkamer [7] , but is optimized re- 

arding stability and automation for long integration times, and 

mploys optical elements and light sources optimized for the 

ew spectral ranges. We used either LEDs or a laser driven light 

ource (LDLS, Energetiq EQ99FX, purged with nitrogen, coupled by 

 650 μm fiber) to provide measurement light in the desired spec- 

ral range. Filtering of out-of-band light – light that is not cavity- 

nhanced and interferes as stray light – is established with a short 

ocal length collimating lens and different filters ( Table 1 ). Mirrors 

re one inch in diameter with a radius of 1 m. Temperature con- 

rol of the cavity jacket is the same as in Thalman and Volkamer 

7] . The surrounding transfer optics are held at a constant temper- 

ture to minimize drifts. Using pure oxygen instead of air mixtures 

nhances the signal by a factor of approximately 25 without dis- 

orting the cross section or introducing ternary interactions [26] . 

easurements are carried out at ambient pressure (Boulder, CO, 

800 hPa ), which is monitored by electronic pressure transduc- 

rs (Honeywell) and calibrated periodically by a mercury barom- 

ter. We used an Acton 2150 Czerny-Turner grating spectrometer 

Princeton Instruments) and a PIXIS400B scientific camera (Prince- 

on Instruments) to record spectra. A spectral resolution of 0.31–

.42 nm ensures full sampling of the bands. 

To minimize measurement bias from lamp intensity drifts while 

llowing for long total integration time necessary for photon statis- 

ics, an automated recurring measurement sequence was devel- 

ped. Every gas is sampled in periods of 7 min duration only, 
3 
horter than the characteristic light source drift times of approx- 

mately 15 min. Transitions between gases are established with 

 min of high purge flow (1 lpm), while for the remaining 4 min 

he purge is reduced to 0.1 lpm, to minimize gas consumption and 

revent back diffusion. Intensities of adjacent argon spectra (the 

loser half of the 4 min low flow spectrum) are averaged between 

djacent sets, which in first order compensates for lamp drifts. 

igher order lamp drift effects cancel out statistically. Following 

his procedure, ratios of oxygen, argon, and helium are co-added 

o reduce photon shot-noise. The intensity ratio I Ar /I He , informing 

he photon path length, is distinct from unity on the order of sev- 

ral percent and does therefore not need to be measured at the 

ame level of absolute precision as measurements of I Ar /I O 2 , where 

ptical thicknesses can be as small as 1 . 4 · 10 −4 . Accordingly, most 

f the measurement time is dedicated to characterize I Ar /I O 2 . Only 

very fifth ratio of gases, recurring hourly, is dedicated towards 

haracterizing I Ar /I He . This ratio is interpolated to the measurement 

ime of the oxygen spectra. Pressure changes are not significant on 

his timescale. Pressure changes that occur over longer timescales 

re considered in the data analysis. 

.2. Data inversion to derive σCIA 

The theoretical path length L vac [cm] in an evacuated cavity 

ithout extinction from neither absorption nor scattering is given 

y: 

 vac = 

b 

1 − R 

= 

1 − I Ar 

I He 

I Ar 

I 
c Ar σ

Ray 
Ar 

− c He σ
Ray 
He 

(2) 
He 
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Table 2 

Error budget. The measured uncertainty is estimated as the quadratic sum of all 

individual parameter uncertainties, including baseline correction; the final error 

leverages trend information for weak bands. 

parameter uncertainty [%] 

individual measured final 

temperature < 1 

pressure 0.1 

fill purity < 1 

σ Ray 
Ar 

1 

baseline correction 

303 nm 

∗ 97 ∗

315 nm 214 214 65 ∗

328 nm 33 33 33 

344 nm 7.3 7.7 7.7 

360 nm 0.40 2.5 2.5 

380 nm 0.46 2.5 2.5 

397 nm 

∗ 16 ∗

420 nm 40 40 40 

447 nm 4.0 4.7 4.7 

477 nm 0.3 2.5 2.5 

495 nm 28 28 28 

∗: extrapolated based on trend information, see Sect. 2.4 . 
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here b is the distance between the mirrors [cm], and R is the mir- 

or reflectivity [unitless]. L vac can be determined from comparing 

pectral fluxes I x [cts bin 

−1 s −1 ] in the presence of gases x , where

 x is the concentration [molec cm 

−3 ] of gas x calculated from mea- 

urements of temperature and pressure, and σ Ray 
x is the Rayleigh 

cattering cross section [ cm 

2 molec −1 ] taken from the literature 

44–46] . In this study, argon and helium were used as gases with 

ell-known σ Ray 
x . The effective optical thickness D describes the 

ttenuation of light inside the cavity: 

 = c x σx L vac = 

I vac 

I x 
− 1 (3) 

here σx is the extinction cross section [ cm 

2 molec −1 ] of gas x , 

nd I vac is the theoretical spectral flux in vacuum. Eq. (3) takes into 

ccount that any extinction process necessarily reduces the length 

 photon travels inside the optical resonator (self-limitation) [47] . 

olving Eq. (3) for I x leads to: 

 x = 

I vac 

1 + c x σx L vac 
⇔ I vac = I x (1 + c x σx L vac ) (4) 

or argon and oxygen, considering that σO 2 
has contributions from 

Ray 
O 2 

and σCIA : 

 vac = I Ar (1 + c Ar σ
Ray 
Ar 

L vac ) (5) 

= I O 2 (1 + c O 2 σ
Ray 
O 2 

L vac + c 2 O 2 
σCIA L vac ) (6) 

here σCIA is the O 2 –O 2 CIA cross section [ cm 

5 molec −2 ]. Solv- 

ng for σCIA and assuming no significant pressure and tempera- 

ure changes between the measurement of I x for different gases 

 c Ar = c He = c O 2 = c) yields: 

CIA = 

1 

c 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

(
I Ar 

I O 2 
− 1 

)
︸ ︷︷ ︸ 

D 

( 

I Ar 

I He 
σ Ray 

Ar 
− σ Ray 

He 

1 − I Ar 

I He 

+ σ Ray 
Ar 

) 

︸ ︷︷ ︸ 
1 

cL Ar 

−
(
σ Ray 

O 2 
− σ Ray 

Ar 

)︸ ︷︷ ︸ 
�

σRay 

⎤
⎥⎥⎥⎥⎥⎦

(7) 

here D is the optical thickness as defined in Eq. (3) , L Ar is the

ath length [cm] in argon, �σ [cm 

2 molec −1 ] is the difference in 

ayleigh scattering cross section between oxygen and argon. No- 

ably, Eq. (7) does not explicitly involve instrument specific param- 

ters such as b, R or L Ar , but derives σCIA directly from knowledge 

f σ Ray 
x and the measured spectral fluxes. 

.3. Baseline correction 

Even when great care is taken to minimize interferences and 

nstabilities during the measurement process, data acquisition and 

nalysis following Eq. (7) will initially yield a raw cross section 

raw 

CIA 
that is not free of artifacts, and a baseline B needs to be 

ubtracted: σCIA = σ raw 

CIA 
− B . This baseline is not well understood 

nd could have different origins, but can be constrained experi- 

entally, as described below. As in the measurement process the 

xtinction of oxygen, i.e., the combination of σ Ray 
O 2 

and σCIA , is de- 

ermined, σCIA needs to be isolated from σ Ray 
O 2 

following Eq. (7) . 

ncorrect descriptions of σ Ray 
O 2 

and σ Ray 
Ar 

could bias �σ Ray and in- 

roduce a baseline. We also speculate that the slightly different re- 

ractive indeces of gases affect the coupling of measurement light 

nto and out of the optical cavity [48] . In particular, the refrac- 

ion of non-perpendicular light on surfaces of the transfer optics 

ill differ slightly if the bath gas changes. The reflectivity across 
4 
he mirror surfaces is not fully uniform, and slight differences in 

he instrument illumination for the different gases will influence 

he light path. Ultimately, the need to correct this baseline reflects 

n uncertainty in σCIA . This baseline is small and not limiting the 

verall accuracy for strong bands, but it can limit the overall un- 

ertainty of the weaker bands ( Table 2 ). 

To constrain the baseline, we exploit that the wings of individ- 

al transitions fall off approximately exponentially in wavenumber 

pace [1,29,49] . We assume the following shape for the baseline B 

n each spectral range covered in a measurement: 

 (ω) = c 0 + c 1 ω + c 2 ω 

2 + c 3 
σ Ray 

Ar 
(ω) − σ Ray 

He 
(ω) 

(1 − I Ar 

I He 
(ω)) 2 ︸ ︷︷ ︸ 

∂ ( I Ar 
I He 

)1 /L Ar 

+ c 4 
2(σ Ray 

Ar 
(ω) − σ Ray 

He 
(ω)) 

(1 − I Ar 

I He 
(ω)) 3 ︸ ︷︷ ︸ 

∂ 2 (
I Ar 
I He 

)1 /L Ar 

(8) 

here ω are wavenumbers [ cm 

−1 ], and c i scaling coefficients. The 

ast two terms are motivated by the assumption that the varia- 

ion in coupling efficiency between helium and argon transfers to 

he coupling efficiency variation between argon and oxygen. To de- 

ermine the coefficients c i we exploit that for each notch ∨ k , i.e. 

he spectral ranges between transition centers, the true cross sec- 

ion can be approximated by the superposition of the red and blue 

ing (dashed lines in Fig. 4 ) of the adjacent transitions: 

CIA ( ω 

∨ k ) ≈ σ ∨ k 
CIA ( ω 

∨ k ) 

= r k exp ( R k ω 

∨ k ) ︸ ︷︷ ︸ 
red 

wing + b k exp ( −B k ω 

∨ k ) ︸ ︷︷ ︸ 
blue 

wing (9) 

here R k , B k > 0 are the fitted slopes of the red and blue wing

cm], and r k , b k > 0 scaling factors [ cm 

5 molec 
−2 

]. Then, for the en-

ire set of ω 

∨ k covered in one measurement, we choose fit param- 

ters that optimize σ raw 

CIA 
− B − σ∨ → 0 . This fitting approach is ro- 

ust for stronger bands. For weaker bands the slope of the cor- 

esponding wings from adjacent vibrational transitions with good 

ignal-to-noise ratio (SNR) is adopted. The parameterization of the 

otches helps to merge data of adjacent wavelength ranges, ac- 

uired with a different setup configuration, with only minimal 
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Fig. 4. Example of baseline correction. The baseline B is determined and subtracted 

from σraw such that the corrected σ = σraw − B ≈ σ ∨ in notches. 
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iscontinuities and distortion. The baseline correction influences 

he retrieved shape of the transition in the far wings, but it only 

arginally influences the width of the transition and the line 

hape as a whole. 

.4. Predicting extremely weak transitions 

The extremely weak transitions b 1 �+ 
g + b 1 �+ 

g ← X 3 �−
g + 

 

3 �−
g , �νtot = 5 , and a 1 �g + b 1 �+ 

g ← X 3 �−
g + X 3 �−

g , �νtot = 3 ,

 Fig. 1 ) have been detected previously [33,36] , but were not mea-

ured directly in this study. In this study we leverage information 

rom measurements with lower �νtot to predict the absorption 

n these transitions, and to generate smoother data for the tran- 

ition b 1 �+ 
g + b 1 �+ 

g ← X 3 �−
g + X 3 �−

g , �νtot = 4 . Specifically, we

xploit that band shape, position and line strength follow distinct 

rends [36] that justify extrapolation. In this study, we used peak 

bsorption strength to predict the strength of missing transitions, 

ut integral cross section could be used similarly. The trends are 

iscussed in Sections 3.1 and 3.2 . 

.5. Wavelength accuracy and error budget 

Wavelength calibration is achieved by recording a spectrum 

f solar scattered light, and comparing the position of numerous 

raunhofer lines (present at all wavelengths) by spectral fitting of 

 literature solar spectrum [50] . The wavelength of the σCIA spec- 

rum is reported as wavelength in vacuum, with an uncertainty of 

ess than 0.01 nm. 

The accuracy of the determined σCIA depends on the accuracy 

f the parameters in Eq. (7) and on the extent that the instru- 

ent properties vary for different gases. Temperature control is 

etter than 1%, as in Thalman and Volkamer [7] . Ultra high purity 

r (99.998%), He (99.998%), O 2 (99.994%) was used. The complete- 

ess of gas exchanges was monitored via spectral intensity mea- 

urements and is better than 1% . The total concentration uncer- 

ainty is therefore better than 2%. Notably, Eq. (7) neither depends 

pecifically on the mirror separation, nor on mirror reflectivity, but 

CIA is derived directly from measured intensities. Eq. (3) is ac- 

urate even for the strongest absorption band studied (477 nm), 

here relative deviations of D from the exact solution are much 

maller than 10 −4 [47,51] . The uncertainty of σ Ray 
Ar 

was estimated 

o be < 1% [44,52] . For oxygen a King correction factor is needed,

ith an uncertainty of < 1% [46] . The uncertainty in σ Ray 
O 2 

is there- 

ore larger, but only contributes in decoupling the oxygen Rayleigh 

ross section from the collision induced absorption ( Eq. (7) ). It thus 
5 
nly introduces a baseline in σ raw 

CIA 
, but does not affect the scal- 

ng of the cross section. Uniform intensity shifts during sets of ar- 

on and oxygen measurements may add to the baseline, but do 

ot affect the differential signal that ultimately determines σCIA . 

he uncertainty due to baseline correction ( Section 2.3 ) was es- 

imated as the standard deviation between baselines determined 

or the three temperatures at the wavenumber of peak absorp- 

ion. The resulting total accuracy for the different transitions is es- 

imated in Table 2 as quadratic sum of the individual uncertainty 

ources. 

It is difficult to estimate the uncertainty for the extrapolated 

ransitions. The observed trends for position and strength are clear, 

ut not rigorously explained by theory. The differences predicted 

or different temperatures are not believed to be significant but 

ather representative for the accuracy of the measurements. Errors 

ropagated from fits to the band position (linear spacing) and peak 

bsorption (exponentially weakening with increasing �νtot ), using 

ncertainties as weights, yield estimates for the uncertainty in the 

nal data ( Table 2 ). The transition at 315 nm was measured di- 

ectly, but to avoid artifacts from relatively poor SNR in practical 

pplication, trend information and the band shape of the adjacent 

ransition at 328 nm is leveraged for this transition. 

. Results & discussion 

Analysis as outlined above yields cross sections as shown in 

ig. 5 . 

.1. Spectral band shapes 

The O 2 –O 2 CIA spectrum is the result of absorption in pairs of 

inglet oxygen molecules of different vibrational excitation ( Fig. 1 ). 

otably, for a given �νtot , the observed line shape is generally 

ot due to a single pair of transitions, but results from combi- 

ations of multiple transitions. Fig. 6 shows the normalized ab- 

orption relative to the wavenumber of peak absorption for tran- 

itions with given �νtot within the different electronic systems 

 b 1 �+ 
g + b 1 �+ 

g , b 
1 �+ 

g + a 1 �g , a 
1 �g + a 1 �g ) at T = 293 K. The lat-

er data are adapted from Thalman and Volkamer [7] and given for 

eference. The line shape is not the same for the transitions in the 

ifferent electronic systems, and there are also differences within 

he systems. Within the b 1 �+ 
g + b 1 �+ 

g ← X 3 �−
g + X 3 �−

g band, the 

hape of the �νtot = 0 line is markedly different from transitions 

ith higher �νtot . The former can be remarkably well approxi- 

ated by a simple Voigt profile (dashed line in Fig. 6 ). While sim-

lar is also observed as a good approximation for the �νtot = 0 

ransition of the a 1 �g + a 1 �g system, it does not apply to the 

νtot = 0 transition of the a 1 �g + b 1 �+ 
g system. Within the lat- 

er system, the line shapes appear to all be rather consistent with 

ach other. Possible explanations for the different band shape for 

νtot = 0 transitions in the symmetrical systems are further dis- 

ussed in Section 4.3 . 

The transition a 1 �g + b 1 �+ 
g ← X 3 �−

g + X 3 �−
g , �νtot = 2 was 

easured at relatively poor SNR, such that the deviation of the 

and shape from the �νtot = 0 , 1 transitions is not believed to be 

ignificant. 

.2. Line positions and strength 

Fig. 7 shows the position, peak absorption, width (FWHM), and 

ntegral cross section for measured and extrapolated transitions 

ithin the two electronic bands measured at T = 293 K. The hol- 

ow markers indicate extrapolated properties, crosses data used for 

xtrapolation. Distinct trends are clearly visible, with the exception 

f the b 1 �+ 
g + b 1 �+ 

g ← X 3 �−
g + X 3 �−

g , �νtot = 0 transition, which

s markedly different in that it exhibits a significantly narrower 
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Fig. 5. The cross section at T = 223, 263, and 293 K . Measurements (dotted) and complete composite cross section (lines). The middle panel shows absolute differences of 

the cold cross sections to the cross section at 293 K ( �σ = σT − σ293 K ), the bottom panel shows the ratio ( �σ = σT /σ293 K − 1 ). 

Fig. 6. Line shapes for the three electronic transitions in the UV-Vis spectral range for different �νtot within each system. The asymmetry in line shape for transitions with 

�νtot = 0 in like pairs of oxygen molecules is less pronounced than in transitions that involve distinguishable molecules. Data for a 1 �g + a 1 �g ← X 3 �−
g + X 3 �−

g are adapted 

from Thalman and Volkamer [7] . 

Table 3 

Oscillator strengths [ 10 −43 cm 

4 molec 
−2 

] and relative oscillator strengths for the electronic transitions below 477 nm. Bracketed values in- 

dicate hypothetical oscillator strengths under the assumption of a zero-baseline between transitions in this study. 

Greenblatt et al. [24] Hermans et al. [26] Thalman and Volkamer [7] This study (no baseline) 

b 1 �+ 
g + b 1 �+ 

g ← X 3 �−
g + X 3 �−

g , λ < 380 nm 

abs. 3.51 2.66 2.82 3.18 (3.08) 

rel. 1.10 0.83 0.88 1 (0.97) 

a 1 �g + b 1 �+ 
g ← X 3 �−

g + X 3 �−
g , λ < 477 nm 

abs. 2.16 2.13 2.16 2.41 (2.24) 

rel. 0.90 0.88 0.90 1 (0.93) 
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WHM (compare Section 3.1 ), more than an order of magnitude 

maller peak absorption and integral cross section compared to the 

xtrapolated values. 

.3. Oscillator strength 

The oscillator strength for the two measured electronic transi- 

ions is given in Table 3 . The effect of baseline correction methods 

n the oscillator strength is illustrated by bracketed values that 

ndicate hypothetical oscillator strengths calculated under the as- 

umption of a zero-baseline correction, i.e., the assumption that 

IA assumes zero between transitions. This analysis suggests that 

he baseline contributes approximately 7% in the blue spectral 

ange and 3% in the UV spectral range. A complete table of inte- 

ral cross sections for different �νtot is given in Table S2. 
6 
.4. Comparison of gas-phase measurements in the laboratory 

Fig. 8 compares the σCIA spectrum at T = 293 K with available 

iterature cross sections in the UV-Vis spectral range. The more re- 

ent cross section determined in He et al. [31] was recorded at rel- 

tively poor SNR, limiting the ability for a meaningful comparison. 

or clarity it is omitted in the middle and bottom panel of Fig. 8 ;

t seems to be consistently smaller in the UV spectral range, espe- 

ially at 360 nm. For the other cross sections shown, there is gen- 

rally good agreement, and differences are generally understood in 

erms of differences in the methods used for baseline correction, 

nd SNR. 

Evidently, the exponentially decreasing absorption in the line 

ings leads to overlap between neighboring transitions that gives 

ise to a broad band continuum absorption that spans much of the 
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Fig. 7. Trend analysis of line properties as a function of �νtot at T = 293 K: 
1 �+ 

g + 

1 �+ 
g (UV) and 1 �+ 

g + 

1 �g (blue). Bold markers indicate measured quantities, 

crosses indicate quantities used for extrapolation, hollow markers indicate extrapo- 

lated quantities. 
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V-Vis spectral range as shown in Fig. 8 . This significant baseline 

bsorption between the transitions is on the order of few percent 

f the adjacent peak cross section values. Hermans et al. [26] and 

halman and Volkamer [7] made the assumption that σCIA is zero 

n the minima between neighboring O 2 –O 2 bands (see Fig. 8 ); 

hose ranges were used as supporting points to approximate their 

aseline with a polynomial. Greenblatt et al. [24] did not make a 

ero-baseline assumption, but the low SNR in the measurements, 

nd high pressures applied in that study did not allow to accu- 

ately constrain and resolve the baseline absorption minima. 

No direct comparison is possible at 315, 328, 420, 495 nm, as 

his study is the first to resolve these transitions. This is due to 

imited SNR and limited spectral coverage. For the strong transi- 
ig. 8. Comparison with literature spectra. The middle panel shows the absolute differenc

anel shows the relative difference ( �σ = σlit /σ − 1 , data were filtered for σ ≥ 2 . 5 · 10 −47

7 
ions at 477, 360, and 380 nm, the agreement is good, with de- 

iations of few to several percent (for peak cross section values 

ompare Table S2). The larger cross section found in this study is 

artially explained by the contribution of the underlying baseline. 

or the 344 nm transition, the determined absorption is notably 

ider and stronger than in Hermans et al. [26] and Thalman and 

olkamer [7] , likely because of a limited spectral range and the 

ero-baseline assumption in these studies. For the 447 nm transi- 

ion, σCIA in Hermans et al. [26] and Thalman and Volkamer [7] is 

pproximately 10% smaller than in this study, and Greenblatt et al. 

24] reports a significant baseline. For the 495 nm transition, no 

pectrally resolved data exist for direct comparison. However, the 

bsorption position and strength is consistent with the trends in 

he a 1 �g + a 1 �g ← X 3 �−
g + X 3 �−

g system ( Fig. 1 ). 

For a comparison of the differential cross sections, σ ′ 
CIA 

, as it is 

ypically used in DOAS fitting, see Section 4.1 and Table 4 . 

.5. Comparison of weak transitions with liquid phase measurements 

For the weak bands, where no previous laboratory measure- 

ents in the gas phase are available, a semi-quantitative compari- 

on is possible with measurements in liquid O 2 by Dianov-Klokov 

36] . The interaction of oxygen molecules in the liquid-phase (at 

 = 78 K [36] ) is distinct from interactions in relatively dilute gases 

at T = 293 K), but still meaningful [19] , and is also supported from

he comparisons shown in Table S1. Absorption strengths are com- 

ared relative to the �νtot = 1 transition, and the measured cross 

ections are found to be in reasonable agreement for peak wave- 

ength and peak absorption. Specifically, for the weak transitions 

t 315 and 328 nm the relative absorption strength and the po- 

ition agree within uncertainties with the data of Dianov-Klokov 

36] . While the position for the extremely weak 301 and 397 nm 

ransitions is given in Dianov-Klokov [36] , the absorption strength 

s not unambiguously apparent in the publication and could there- 

ore not be compared. The transition at 397 nm is predicted at the 

ssentially the same position, for the 301 nm transition the po- 

ition predicted in this study is 1.9 nm shorter than reported in 

ianov-Klokov [36] . Direct measurements would be needed to as- 

ess whether this difference is at least partially also the result of 

ur extrapolation method. The transition at 495 nm agrees reason- 

bly well with Dianov-Klokov [36] both in position and magnitude, 

hile the transition at 420 nm agrees well in the position, but 

he lower absorption strength is only marginally compatible with 
e of this study’s cross section to the literature ( �σ = σlit − σ ), whereas the bottom 

 cm 

5 molec 
−2 

) for clarity. 
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Table 4 

DOAS fit comparison of the differential σCIA with the literature. c is the fit factor ( σCIA − c · σCIA,lit → 0 ), and RMS is the fit residual (root mean square) as 

indicator of systematic differences in spectral features. 

Target gas Retrieval interval Polyn. degree Greenblatt et al. [24] Hermans et al. [26] Thalman and Volkamer [7] 

[nm] c a RMS b c a RMS b c a RMS b 

HCHO, BrO 336.5–359 5 1.010 7 . 4 · 10 −5 0.956 1 . 3 · 10 −4 1.102 3 . 8 · 10 −5 

NO 2 , O 2 –O 2 338–370 5 1.082 4 . 4 · 10 −4 0.987 2 . 2 · 10 −4 1.032 7 . 9 · 10 −5 

NO 2 , O 2 –O 2 425–490 5 1.008 2 . 8 · 10 −4 0.994 2 . 1 · 10 −4 1.000 6 . 0 · 10 −5 

a: fit uncertainty negligible; b: assuming an O 2 –O 2 CIA slant column of 4 · 10 43 molec 
2 
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he liquid-phase measurement. The comparison of spectral band 

hapes is not possible due to the lack of reference spectra in digital 

ormat for liquid oxygen. 

.6. Comparison of weak transitions with field measurements 

Lampel et al. [42] estimated the transition position and relative 

eak absorption from regression analysis in atmospheric field data, 

y transferring the band shape of the 344 nm transition to approx- 

mately 328 nm and of the 447 nm transition to approximately 

20 nm. Then, the exact position was derived from allowing the 

bsorption feature to shift, the relative strength was derived from 

tting the column and comparing it to the column fitted for tran- 

itions at 344 and 447 nm. Table S1 compares our laboratory mea- 

urements with the estimates made in Lampel et al. [42] . The tran- 

ition at 328 nm is in good agreement regarding both peak posi- 

ion and absorption strength, but quantified with lower error bars. 

he transition at 420 nm is in good agreement regarding peak ab- 

orption. The transition position is notably longer than in Lampel 

t al. [42] . The reason for the relatively large uncertainties in Lam- 

el et al. [42] for this transition lies in the absorption of water 

apor as poorly constrained interference in this spectral range in 

tmospheric spectra. 

.7. Temperature dependence 

Fig. 5 shows the cross section for T = +20 , −10 , −50 ◦C . It is

learly discernible in the strong transitions how the peak cross 

ection increases towards lower temperatures and how the band 

idth decreases, consistent with previous studies and the idea 

hat the interaction time scales with the thermal velocity [1] . For 

he very weak transitions with large �νtot measurements have 

 lower relative accuracy and give no strong indication whether 

or all �νtot peak cross sections at cold temperature are gener- 

lly stronger than at warm temperature. The comparison of the 

ross section at different temperatures yields an interesting fea- 

ure: The transition a 1 �g + a 1 �g ← X 3 �−
g + X 3 �−

g , �νtot = 4 , is

iscernible at 473 nm, overlaid by the strong transition a 1 �g + 

 

1 �+ 
g ← X 3 �−

g + X 3 �−
g , �νtot = 0 (middle and bottom panel in 

ig. 5 ). The absorption added by this transition is < 1% , but might

e relevant for rigorous interpretations of the band shape. 

Fig. 9 shows the peak absorption and integral absorption of 

elected bands as scalars in comparison with literature data. The 

60 and 477 nm transition are chosen for comparison as they of- 

er goodSNR, the 380 nm transition was chosen as it stands out 

ithin the UV transitions in regard to band shape and intensity 

 Section 4.3 ). The peak absorption cross section increases with de- 

reasing temperature, consistent with Thalman and Volkamer [7] , 

ut seemingly varies less strongly with temperature as in that 

tudy. Related, the new baseline method affects the integral cross 

ection, which consistently shows a marginally significant decrease 

ith temperature. Hollow circles indicate hypothetical cross sec- 

ions if a zero-baseline was assumed in this study, as used in Her- 

ans et al. [26] and Thalman and Volkamer [7] . They illustrate the 
8 
ontribution of the temperature dependent baseline. For the tran- 

ition at 380 nm a baseline is virtually absent. The slight decrease 

f the integral cross section towards colder temperatures seems to 

e marginally significant, and is worthy of further study. Oscillator 

trengths increasing with temperature have been found repeatedly 

or other systems. With increasing temperature closer encounters 

ccur, which leads to stronger induced dipole moments and thus 

reater intensities [1] . 

. Implications & outlook 

.1. Implications for DOAS retrievals 

Differential Optical Absorption Spectroscopy (DOAS) [10,53] is a 

echnique widely used to retrieve certain trace gases in the UV-Vis 

pectral ranges ( Fig. 2 ). It builds on the idea that distinct narrow- 

and absorption features of trace gases can be separated from 

road-band effects that influence the spectral fluxes smoothly, e.g. 

ayleigh or Mie scattering and molecular continuum absorption. In 

OAS fits, observed optical densities are reconstructed by linearly 

ombining cross sections of trace gases, differential with respect 

o a polynomial in the wavelength retrieval interval, and a polyno- 

ial. 

Table 4 shows what scaling factors c are needed in the frame- 

ork of a DOAS retrieval for literature σCIA to maximize closure 

o σCIA determined in this study. For the typical 425–490 nm re- 

rieval window, scaling factors are essentially 1 for all cross sec- 

ions. Deviations increase toward shorter wavelengths, where this 

tudy adds new information. The magnitude of retrieved O 2 –O 2 

IA columns is the critical parameter informing radiative transfer 

alculations to determine air mass factors and cloud top heights. 

he magnitude of σCIA directly affect closure studies of O 2 –O 2 CIA 

n the atmosphere, which currently give mixed results [54,55] . 

RMS (root-mean-square of the DOAS fit residual) is an in- 

icator for what systematic structures arise in the optical den- 

ity from fitting σCIA that have slightly different spectral fea- 

ures. Table 4 lists RMS assuming a typical O 2 –O 2 slant column of 

 · 10 43 molec 2 cm 

−5 . RMS is found to be generally below 5 · 10 −4 

unitless residual optical density). For comparison, optical densi- 

ies of weak atmospheric absorbers can be on the order of ∼ 10 −4 . 

MS is consistently lowest ( < 8 · 10 −5 ) for comparison to Thalman 

nd Volkamer [7] . It needs to be noted that the performed test is 

nly indicative of the relative likeness between the different spec- 

ra, and does not replace thorough testing with the full complexity 

f real environments and retrievals. It is expected that a more ac- 

urate representation of O 2 –O 2 CIA helps to reduce cross talk be- 

ween difficult-to-retrieve absorbers like BrO and HCHO that are 

etrieved in the same retrieval interval, as illustrated in the ab- 

tract figure. 

.2. Implications for heating rates 

The total absorption of incoming solar radiation due to O 2 –O 2 

IA in the visible range alone is approximately 1 W m 

−2 [9] , and

ncertainties in σ , including continuum contributions, need to 
CIA 
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Fig. 9. Temperature dependence of the peak absorption and integral absorption at 360, 380, and 477 nm. Solid circles indicate data from this study, and hollow circles 

indicate the effect if the same data are reanalyzed assuming a zero-baseline. 
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e interpreted in this context. Table 3 shows the oscillator strength 

etermined in this study in context with literature data. For the 

 

1 �g + b 1 �+ 
g ← X 3 �−

g + X 3 �−
g band in the blue wavelength range 

ifferences reach up to 12%. Differences in the b 1 �+ 
g + b 1 �+ 

g ← 

 

3 �−
g + X 3 �−

g band in the UV are even larger. Notably, the oscil- 

ator strength of the band in the red–green wavelength range is 

pproximately 4 times larger than in the blue wavelength range 

 ∼ 8 · 10 −43 cm 

4 molec −2 , Table S2). Considering the spectral distri- 

ution of solar incoming energy fluxes that decreases towards the 

V spectral ranges, partially counteracted by stronger scattering at 

horter wavelengths, the discrepancies found for σCIA in the UV 

nd blue spectral range could account for errors in heating rates of 

everal 0.01 W m 

−2 . Full radiative transfer calculations are needed 

o accurately assess the heating rates. 

The continuum absorption as baseline for transitions con- 

ributes a few percent to the oscillator strength ( Table 3 ) and must

ot be disregarded in calculations of heating rates. Greenblatt et al. 

24] did not make the assumption of a zero baseline, but the SNR 

id not allow to resolve σCIA below ∼ 10 −47 cm 

5 molec 2 , and data 

re influenced by the high oxygen pressures used. The cross sec- 

ion determined in this study differs from existing data in that it 

s the only to be spectrally complete in the 297–500 nm spectral 

ange, it measured σCIA at atmospheric pressure and atmospheric 

emperatures, and it contains a physically motivated baseline. Thus, 

e believe that it is a good cross section to represent O 2 –O 2 CIA 

n the atmosphere in this wavelength range. The effect of contin- 

um absorption on the oscillator strengths of the red–green bands 

arrants to be checked. 

.3. Opportunity to develop theory 

The extended range of vibronic quanta included in the mea- 

urements of O 2 –O 2 CIA in the gas phase is an opportunity to test 

nd develop theory. One should not disregard that observed line 

hapes generally result from the combination of multiple transi- 

ions with different rotational quanta in the incoming and outgo- 

ng molecules ( Fig. 1 ). E.g., at room temperature, approximately 1 

n 200 oxygen molecules is in its first vibrationally excited state. 

onsequently, observed trends might not be due to a single effect. 

he width of lines (FWHM ∼ 300 cm 

−1 at T = 293 K, Fig. 9 ), has

een contextualized with the duration of the collision, i.e. the ra- 
9 
iatively active lifetime [1] . The width is also comparable to the 

inetic energy change of the molecule pair involved (thermal en- 

rgy at T = 293 K is equivalent to 204 cm 

−1 ). The largest decrease

n kinetic energy (red wings of lines) occurs when the relative ve- 

ocity of the colliding molecules is reduced to essentially zero in 

 collision-induced absorption event. Increases in kinetic energy 

blue wings) are not exceeding thermal energies considerably as 

esult of the relatively weak interaction during the collision [19] . 

ffectively, the total line broadening due to change of kinetic en- 

rgy can reach few 100 cm 

−1 (FWHM), comparable to lifetime 

roadening. 

The different probabilities for kinetic energy gain and loss are 

nderstood to be the cause of the marked asymmetry of the lines 

nd referred to as detailed balance or detailed equilibrium [1] . De- 

ailed balance favors kinetic energy uptake, thereby introducing a 

lue shift: σCIA peak absorption positions are shifted blue relative 

o predictions that disregard kinetic energy changes, but only con- 

ider the energies of the involved oxygen molecules in different 

lectronic and vibronic configuration ( Fig. 1 ). 

The asymmetry expected from detailed balance is not appar- 

nt in the transition b 1 �+ 
g + b 1 �+ 

g ← X 3 �−
g + X 3 �−

g , �νtot = 0 –

nd a 1 �g + a 1 �g ← X 3 �−
g + X 3 �−

g , �νtot = 0 – which can rather

e approximated by a conventional symmetric Voigt profile (see 

ig. 6 , and Section 3.1 ). Additional to the band shape, the strength

nd width of this transitions does not follow the trend within 

he system ( Fig. 9 ); specifically, the FWHM is 20% smaller than 

he other transitions, peak and integral absorption strengths are 

maller than trend expectations by a factor 16 and 12, respec- 

ively. We hypothesize that these striking differences are due to 

he symmetry in the encounters, where pairs of indistinguishable 

olecules enter and leave the interaction. For collisions with weak 

oupling and negligible translational energy exchange, one would 

xpect the line width to be dominated by lifetime broadening and 

o be essentially symmetric. The weak absorption (compared to 

νtot = 1 ) suggest that these transitions are suppressed by a quan- 

um selection criterion. 

To our knowledge, the observed trend and the outlier from 

he trend in vibronic quanta has not previously been noted in 

he literature. The data of this study present an opportunity to 

urther develop theory in the field of collision-induced electronic 

pectra. 
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.4. Outlook 

The extinction of light due to oxygen in the UV-Vis spectral 

anges is not limited to O 2 –O 2 CIA but includes Rayleigh extinction 

nd molecular absorption. The contribution of these effects need to 

e considered correctly in experiments characterizing the optical 

roperties of oxygen. The Rayleigh scattering cross section of oxy- 

en σ Ray 
O 2 

is constrained in the UV-Vis spectral range to only within 

%. Previous studies investigating σ Ray 
O 2 

have assumed O 2 –O 2 CIA to 

e absent in the 390–420 nm wavelength range and found larger 

ositive deviations to theory at wavelengths between adjacent O 2 –

 2 CIA transitions (340, 440, 460, and 520 nm [44] ), consistent 

ith non-zero CIA. The new σCIA spectra can be used to correct for 

he contribution of CIA, and to identify wavelengths that minimize 

if not entirely avoid – O 2 –O 2 CIA contribution in measurements 

f σ Ray 
O 2 

at UV and visible wavelengths. 

In the red spectral range CIA and molecular absorption of oxy- 

en are overlaid (e.g., a 1 �g ← X 3 �−
g , 630 nm, Fig. 2 ). Studies have

sed high spectral resolution and variations in pressure (molecular 

bsorption scales linearly with pressure, binary CIA scales quadrat- 

cally) to separate molecular absorption and CIA, but uncertainties 

emain in this spectral range. Cavity enhanced (broadband) extinc- 

ion measurements have the potential to improve the characteri- 

ation of O 2 –O 2 CIA in this spectral range. Future studies should 

ake an attempt at constraining the continuum absorption here, 

lso because of its relevance to heating rates. 

Cavity enhanced techniques can realize large columns via long 

ight paths, rather than via high pressures, are compact and use- 

ul to allow good temperature control, and benefit from a spec- 

ral multiplexing advantage to measure entire bands simultane- 

usly. Well defined optical paths are key for accurate cavity en- 

anced measurements. The measurement sequence used in this 

tudy achieves high SNR, but accuracy is not refined by this ap- 

roach, and uncertainties remain. Setups that measure a very wide 

pectral range simultaneously can leverage information across the 

pectral range and thereby have the potential to better attribute 

ignal variations to optical properties of oxygen (Rayleigh scatter- 

ng, CIA, molecular absorption, potentially collision-induced scat- 

ering) and instrument effects. Cavity enhanced measurements that 

over a very wide wavelength range with a single set of mirrors 

ave so far provided only a moderate SNR and limited accuracy 

31] . Prism-based optical resonators [56] have the potential to sys- 

ematically exploit the multiplex advantages of cavity enhanced 

echniques, but also still face challenges. 

. Conclusions 

The development of a stable high-finesse optical cavity, an opti- 

ized data acquisition procedure, and a physically motivated base- 

ine correction allowed broadband measurements of O 2 –O 2 CIA at 

igh SNR at atmospherically relevant conditions. The generated 

ata contribute to a more complete picture of O 2 –O 2 CIA absorp- 

ion in the gas phase. A cross section spectrum is generated for T = 

23, 263, and 293 K that is complete in the 297–500 nm range. It 

ncludes previously unmeasured transitions and estimates for ex- 

remely weak transitions in this spectral range. It can be used in 

he interpretation of atmospheric spectra acquired in remote sens- 

ng applications of trace-gases and cloud top heights. 

Where previous data exist, the measurements are shown to be 

n agreement with literature data in the gas phase, liquid phase, 

nd inferences from atmospheric data. The differential cross sec- 

ions are evaluated in fits using Differential Optical Absorption 

pectroscopy, and found to agree well with literature cross sections 

or strong bands in the blue wavelength range. Deviations in the 

V spectral range are attributed to the previously uncharacterized, 
10 
nd non-zero continuum absorption. The resolved band shapes are 

xpected to more accurately account for O 2 –O 2 CIA as interference 

n retrievals of other trace gases. While some benefits may exist 

t all wavelengths studied, the largest benefits are expected be- 

ow 344 nm, and the new cross section is expected to help with 

he retrieval of trace gases like HCHO, BrO, HONO, etc., in the UV 

pectral range. 

Differences in the integral cross section to literature data are 

pproximately 10% in both the blue and UV spectral range, compa- 

able to an atmospheric heating rate of few 0 . 01 W m 

−2 . The con-

inuum absorption contributes 7% in the blue wavelength and 3% 

n the UV wavelength range. Knowledge about the non-zero O 2 –

 2 CIA in the entire UV-Vis spectral range is valuable to guide 

uture experiments constraining the Rayleigh scattering of oxygen 

hat rely on the extinction of oxygen. This study confirms previous 

eports [7] that the peak cross section increases and the width of 

ransition decreases at colder temperatures. However, a marginally 

ignificant increase of the integral cross section with temperature 

s observed, in line with the idea that higher temperatures lead to 

loser encounters, stronger induced dipoles and stronger absorp- 

ion. More studies are required to reduce uncertainties in the tem- 

erature sensitivity. The generated data include a large range of 

ibronic quanta and are an opportunity to test and develop theory. 

pecifically, the questions that warrant to be addressed concern a 

eeper understanding of the factors that determine the integral ab- 

orption and line shape of individual transitions, and their relative 

istribution within a system. The transitions with indistinguish- 

ble pairs of molecules involved (e.g., b 1 �+ 
g + b 1 �+ 

g ← X 3 �−
g + 

 

3 �−
g , �νtot = 0 ) exhibit a strikingly symmetric line shape, differ- 

nt from expectations for CIA. 
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