
Journal of Quantitative Spectroscopy & Radiative Transfer 338 (2025) 109412

Available online 27 February 2025
0022-4073/Published by Elsevier Ltd.

An accurate determination of O2 A-band line intensities through 
experiment and theory

Erin M. Adkins a,* , Sergei N. Yurchenko b, Wilfrid Somogyi b, Joseph T. Hodges a

a Chemical Sciences Division, National Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg, MD 20899, USA
b Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, United Kingdom

A R T I C L E  I N F O

Dataset link:  https://data.nist.gov/

Keywords:
Oxygen
Line intensities
Cavity ring-down spectroscopy

A B S T R A C T

Accurate intensities of the O2 A-band 
[
b1Σ+

g ←X3Σ−
g (0, 0)

]
centered about 760 nm are essential to reduce biases in 

satellite- and ground-based remote measurements of column-integrated air mass and greenhouse gas concen
tration. In support of these remote sensing techniques, we made cavity ring-down spectroscopy measurements of 
16O2 A-band line intensities up to J = 40, and we extrapolated these values to J = 60 using scaled ab initio in
tensity calculations. The J dependences of the measured and theoretical intensities differ on average by less than 
0.1 %, and the measured intensities have relative combined standard uncertainties at the 0.15 % level. Upon 
evaluation of the integrated intensity, we find a negative bias between literature results and this work, which is 
four times greater than our present uncertainty.

1. Introduction

The determination of airmass plays a key role in satellite- and 
ground-based remote sensing measurements of greenhouse gases 
(GHGs) relying on the absorption of solar radiation through an atmo
spheric column. To this end, the measurement of light absorption by 
atmospheric O2 can readily provide column-integrated airmass because 
it has a well-known, stable, and uniform mole fraction in the atmo
sphere. O2 is also used in remote sensing measurements for the deter
mination of temperature profiles [1–5], aerosol [1,6] and cloud [7,8] 
properties. For observations in the near-infrared region, the O2 A-band 
[
b1Σ+

g ←X3Σ−
g (0,0)

]
is the strongest and most often used absorption 

band for satellite measurements. This band is used in the GOSAT 
(Greenhouse Gases Observing Satellite) [9], SCIAMACHY (scanning 
imaging absorption spectrometer for atmospheric cartography) [10], 
TROPOMI (Tropospheric Monitoring Instrument) [11], and OCO-2/3 
(Orbiting Carbon Observatory) [12,13] missions for measuring airmass.

The OCO missions have a target dry air carbon dioxide (CO2) mole 
fraction precision of 1 mmol mol− 1 (0.25 % of 425 mmol mol− 1) to 
provide the precision and resolution to quantify regional CO2 sources 
and sinks [13–15]. Spectroscopic uncertainty is a key source of bias in 
the retrievals, and physically consistent spectroscopic models are critical 
to achieving the desired accuracy targets [16,17]. The O2 A-band 

absorption cross sections used by OCO are generated from an integrated 
self-consistent line-by-line spectroscopic model involving advanced line 
shapes, line mixing, and broadband collision-induced absorption (CIA) 
[18,19]. The most recent O2 spectroscopic updates resulted in a flat
tening of the latitudinal surface pressure bias [18] compared to the 
previous update [19]. However, a global surface pressure bias and 
structured spectral residuals in the retrievals remain [18]. These dis
crepancies indicate that there is still potential for improvement in the O2 
A-band spectroscopic model that could minimize spectroscopy-related 
biases in atmospheric retrievals.

Spectroscopic uncertainty in the O2 A-band has long been ascribed to 
the uncertainties in and correlations between the measured line mixing 
and CIA components [17,19,20]. However, accurate determinations of 
these higher-order components of the spectroscopic model require line 
intensities with low uncertainties.

Several previous works have thoroughly summarized the history of 
O2 A-band line intensity measurements [21–23]. Here, we will focus on 
studies reporting band-wide transition resolved intensity measurements 
with band intensities within the literature consensus region, which is 
nominally centered at 2.25 × 10− 25 cm molecule− 1 with a width that is 
± 2 % of this value [18,19,21–30].

Ritter and Wilkerson measured 54 transitions across the O2 A-band 
using a tunable dye laser (TDL) and a White cell at pressures between 10 
kPa and 100 kPa of pure O2. These spectra were fit individually with a 
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Galatry profile [24]. To model the measured intensities, they included a 
transition-dependent factor that captures the non-Boltzmann, rotational 
dependence of the intensities, and the coupling of the electron spin to 
the molecular axis of the ground state. They investigated several 
different expressions for modeling the rotational line intensities, 
concluding that the model for calculating the Hönl-London (HL) factors 
proposed by Watson [31], which we refer to as the Watson model 
(described below) agreed with their observations to within their mea
surement uncertainty [24].

Several Fourier transform spectroscopy (FTS) measurements from 
different institutions published across several decades reported 
transition-resolved intensities within the consensus region. Schermaul 
and Learner studied transitions up to J = 33 in pure O2 at pressures 
between 2.1 kPa and 100 kPa at 198 K and 296 K. The measured in
tensities were determined through single spectrum fits with a Voigt 
profile with modified Doppler widths to account for collisional (Dicke) 
narrowing [25]. Brown and Plymate reported line intensities for tran
sitions up to J = 22 from FTS measurements at temperatures between 
202 K and 296 K, pressures between 20 kPa to 80 kPa, and with pure O2 
where the transitions were fit with a Voigt profile single spectrum [21]. 
Predoi-Cross et al. measured line intensities up to J = 55 at 296 K for 
pure O2 samples at pressures between 1 kPa and 400 kPa and used 
multispectrum fitting with Voigt, speed-dependent Voigt (SDV), and 
Galatry profiles with line-mixing [23]. Schermaul and Learner modeled 
the rotational dependence of the intensities also using the Hönl-London 
factors reported by Watson [31]. They observed a linear deviation be
tween experiment and theory in the total angular quantum number 
dependence of the intensity. They attributed this discrepancy to 
rotation-vibration interactions which are not included in the Watson 
model [25], although Brown and Plymate were not able to confirm this 
effect [21]. Using the Watson model, Predoi-Cross et al. also reported a 
linear discrepancy between the measured and modeled rotational 
dependence of the intensities [23]. Most recently, Petrova et al. reported 
line intensities up to J = 20 in an FTS study of carbon dioxide broad
ening in the O2 A-band, which was conducted near room temperature at 
pressures between 6 kPa and 70 kPa and analyzed using the Voigt and 
SDV line shapes with multi-spectrum constraints [32].

O2 A-band intensities in the main portion of the P-branch [22], as 
well as higher J transitions up to J = 47 in the same branch [29] and up 
to J = 43 in the R-branch [30] were measured in a series of 
frequency-stabilized cavity ring-down spectroscopy (FS-CRDS) experi
ments. All measurements were made using the same spectrometer 
located at the National Institute of Standards and Technology (NIST) in 
Gaithersburg, Maryland. These experiments were done at room tem
perature, for 2 % O2 in N2, air, and pure O2 samples, and at pressures 
between 0.2 kPa and 101 kPa, where the combination of sample and 
pressure was adjusted on a line-by-line basis to optimize the spectrum 
signal-to-noise ratio. Galatry line profiles were fit to individual 
single-line spectra. Long et al. [30] combined these three FS-CRDS data 
sets [22,29,30] and observed percent level differences between the 
measured and fitted (Watson model) rotational dependence of the in
tensities. This deviation between experiment and theory was fit using a 
Herman-Wallis- [33] modified Watson (HWW) model, and the fitted 
results were included in the HITRAN 2012 O2 A-band line intensity 
update [34]. Importantly, it is worth noting that the Herman-Wallis 
(HW) modification, which was derived to treat vibration-rotation 
perturbation, only empirically accounts for deviations from the Wat
son model because the O2 A-band comprises vibrationless 
rotational-electronic transitions that exhibit effects such as spin 
uncoupling, orbit-rotation interaction, and spin-orbit perturbation [35].

To support spectroscopic data requirements for the NASA OCO 
missions, Drouin and colleagues on the NASA OCO Science Team re
ported a multi-spectrum analysis of laboratory data in which FTS [19] 
spectra acquired at Jet Propulsion Laboratory (JPL) and the FS-CRDS 
P-branch spectra that contributed to the Long et al. [22,30] work were 
combined and fit with a self-consistent spectroscopic model. This 

analysis incorporated the HWW intensity model, SDV profile, full-matrix 
first-order line-mixing effects, and CIA, thus providing line-by-line pa
rameters suitable for forward modeling spectral cross sections. Not 
surprisingly, Drouin et al. [19] noted good agreement with the relative 
line intensities in HITRAN 2012 [36] for J less than 35, given that both 
studies involved the P-branch data reported in Ref. [22]. Because they 
found that adjustment of the HW parameters degraded the extrapolated 
line intensities, the HW terms were fixed to the values reported in Long 
et al. [30]. Their reported 0.5 % increase in the band intensity from that 
given by Long et al. [30] was ascribed to the inclusion of line mixing and 
CIA. The resulting 16O2 A-band line intensities were archived in HITRAN 
2016 [37]. Furthermore, the broadband CIA spectrum reported in 
Drouin et al. [19] was retrieved from solar TCCON spectra and found to 
differ substantially in shape from that predicted by theory [38]. Because 
the CIA is determined from excess spectral features after accounting for 
absorption by monomer lines and line mixing, this discrepancy is po
tential evidence of errors or uncertainties in the spectroscopic model 
underpinned by the O2 A-band intensities.

The next self-consistent spectroscopic model of the O2 A-band with 
line mixing and CIA reported by the OCO Science Team as reported by 
Payne et al. [18], incorporated additional FS-CRDS spectra collected at a 
range of atmospherically relevant pressures and temperatures and 
additional high-pressure FTS spectra. Including these additional data 
highlighted discrepancies in the high J intensity and line-mixing models 
and pointed out a symmetric J dependent inconsistency between the FTS 
and FS-CRDS P-branch line intensities reported in Ref. [19]. Updating 
the HWW intensity model to be informed by both the FTS and FS-CRDS 
P-branch line intensities from [19] decreased the band intensity by 1.1 
% and significantly changed the HW corrections, resulting in a nominal 
4 % decrease in the intensities for the highest reported J lines (J = 45). 
These revised line intensities were subsequently included in the HITRAN 
2020 O2 A-band line intensity update [39].

While the line intensity studies reported by various groups using TDL 
[24], FS-CRDS [22,29,30], and FTS [18,19,21,23,25,32] have reported 
band intensities agreeing at the ± 2 % level, we have identified several 
factors which likely contributed to measurement bias in these prior 
studies. First, the previous measurements were acquired using different 
samples over a wide range of pressure, and spectra were fit using various 
line profiles both with [18,19,23] and without [21,22,24,25,29,30,32] 
line mixing. It is well documented that the choice of fitting line profile 
[40] and line mixing model [18] can affect the reported line intensity. 
Second, the recently documented effect of collision-induced intensity 
depletion in line cores and redistribution to a broad continuum [41–43] 
was not considered in any of the analyses. Third, at the time the FS-CRDS 
measurements [22,29,30] were made, NIST was unaware of any sig
nificant biases caused by non-ideality in commercial digitizers used to 
record the ring-down decay signals [44]. Fourth, relative uncertainty in 
the pathlength of the FTS and TDL measurements, 0.1 % to 0.2 % (where 
reported [18,19,23,32]), and the pressure uncertainty in all measure
ments, 0.1 % to 0.5 %, puts a lower bound on the uncertainty in pre
viously reported measured intensities.

To mitigate these confounding effects, we restricted the present re
sults to new FS-CRDS measurements. These data were acquired at 
relatively low pressures (< 1.35 kPa) for which the spectra were 
dominated by Doppler broadening, and for which effective pathlength 
uncertainties were miniscule. Operation at low pressure also minimized 
complications from line blending, and higher order collisional effects (e. 
g., line mixing, CIA, and intensity depletion). We also used pure O2 
samples to reduce uncertainty in sample chemical composition, and we 
used a secondary pressure transfer standard to minimize and accurately 
quantify impacts of the pressure uncertainty on the molecular density. 
Finally, we incorporated two redundant metrology-grade digitizers in 
the FS-CRDS setup to reduce bias in measured ring-down decay rates 
[44]. As discussed below, these improvements to the experiment result 
in relative combined standard uncertainties in measured intensities at 
the 0.15 % level out to J = 40.
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In the remainder of this article, we compare traditional analytical 
models [31,45,46] and a recent set of ab initio calculations of the line 
intensities [47]. Next, we describe the experimental method and results, 
providing line intensities and combined uncertainties for rotational 
quantum numbers up to J = 40. Using the predicted rotational depen
dence combined with the band intensity scaled in terms of the measured 
values, we present a line list for the O2 A-band to J = 60. Finally, we 
compare our intensities with literature values, identifying statistically 
significant bias in certain cases and resulting in more realistic combined 
uncertainties incorporating both statistical and systematic 
contributions.

2. Theoretical models of O2 A-band intensities

2.1. Herman-Wallis Watson (HWW) intensity model

We begin with a general expression for intensities of O2 rovibronic 
bands based on Eq. 11 of Gamache et al. [45]. After accounting for the 
appropriate degeneracy factors for the 16O2 A-band, the observed in
tensity of transition, J″ → J′ with lower-state energy EJʹ́  at wavenumber 
νJ″ → J′ is, 

SJʹ́ →Jʹ(T) =
Ia

8πc
νJʹ́ →Jʹ

ν3
X→b

AX→bLJʹ́ →Jʹe− c2EJ́ /T ( 1 − e− c2νJʹ́ →J́ /T )
Q− 1(T), (1) 

in which Ia is the relative abundance of the 16O2 isotopologue, J″ and 
J′are the lower and upper state total angular momentum quantum 
numbers, respectively, νJ″ → J′ is the wavenumber of the transition, AX → 
b is the integrated spontaneous emission (i.e., Einstein A) coefficient for 
the X → b electronic transition with a wavenumber at band center of νX 
→ b and LJ″ → J′ is the dimensionless Hönl-London factor accounting for 
the J″ → J′ dependence of the transition moment squared [45]. The 
dependence of the intensity on temperature, T, is completely described 
by the product of the last three terms in Eq. (1). The first two quantities 
involve the Boltzmann term and the stimulated emission term, con
taining the conversion from wavenumber to temperature, c2 = hc/k, in 
terms of the Planck constant, the speed of light and the Boltzmann 
constant. The third term depending on temperature is the total internal 
partition function equaling the product of the respective electronic, 
vibrational, and rotational terms, Q(T) = Qelec(T)Qνib(T)Qrot(T). Here, the 
Watson intensity model corresponds to the case where the HL factors, 
L(W)

Jʹ́ →J’ derived by Watson [31] are used. Note that the transition-specific 
spontaneous emission coefficient, AJ′ → J″is given by AX → bLJ″ → J′.

The O2 A-band is a doubly forbidden, magnetic dipole-allowed 
transition [48]. Because the ground state is a triplet state, the total 
angular momentum quantum numbers of the rotational states with fine 
structure are J = (N + S), whereas with the upper level being a singlet 
state, the rotational states with fine structure satisfy J = N. Here, N is the 
rotational angular momentum and S (not to be confused with the in
tensity above) represents the spin angular momentum. Each transition is 
specified by ΔNN″ΔJJ″, corresponding to four allowed branches denoted 
by PP, PQ, RR, and RQ, where P, Q, and R indicate ΔN and ΔJ for values 
of (-1, 0, 1), respectively. To simplify, we also specify a total angular 
momentum index, m = − J″ for the PP and PQ branch transitions (ΔN =
− 1) and m = J″ + 1for those in the RR and RQ branches (ΔN = 1).

A Herman-Wallis formula of the form [46], 

FHW(m) =
(
1 + a1m + a2m2)2

, (2) 

historically has been used to treat vibration-rotation interactions 
occurring within the ground state of diatomic molecules. Although not 
strictly applicable in the present case, this modification to the Watson 
intensity model has also been applied in the analysis of O2 A-band in
tensities [18,19,30]. Combining Eqs. (1) and (2), we define the 
Herman-Wallis-modified Watson (HWW) intensity model as 

S(HWW)
m (T) = FHW(m)

Ia

8πc
νm

ν3
X→b

AX→bL(W)
m e− c2Em/T ( 1 − e− c2νm/T)Q− 1(T),

(3) 

where the total angular momentum quantum number indices, J″ and 
J′are replaced with m.

2.2. Ab initio methods

Somogyi et al. recently reported theoretical line intensities for the 
16O2 A-band [47] computed using the variational diatomic code Duo 
[49] with the newly developed modules for the magnetic [47] and 
quadrupole [50] intensities. They used a spectroscopic model consisting 
of potential energy (PE), spin-orbit (SO), electronic angular momentum 
(EAM) and quadrupole moment (QM) curves covering seven electronic 
states of O2, X3Σ−

g , a1Δg, b1Σ+
g , I1Πg, II1Πg, I3Πg calculated using the 

ic-MRCI/ aug-cc-pV5Z level of theory [47,50]. Some PE, SO and EAM 
curves (states X3Σ−

g , a1Δg and b1Σ+
g ) were optimized by fitting to the 

experimentally derived (MARVEL) energies of O2 [51], while some other 
SO, EAM and QM curves (connecting with states I1Πg, II1Πg, I3Πg) were 
optimized [52] to the HITRAN 2020 band intensities of O2. These are the 
first intensity calculations of O2 from first principles and are therefore 
believed to describe the relative intensities (i.e., the rotational depen
dence of the line intensities) more correctly than the effective or 
empirical expressions, see, e.g. [31]. Indeed, the A-band intensities of O2 
are formed from a complex interplay between the rovibronic matrix 
elements of SO, EAM and QM contributions associated with (at least) 
seven electronic states X3Σ−

g , a1Δg, b1Σ+
g , I1Πg, II1Πg, I3Πg and the cor

responding PE curves [47]. The complexity of the model and the lack of 
the experimental data required for the description of all these contri
butions make the problem of the intensities of O2 from first principles 
challenging.

2.3. Comparison between Watson and ab initio models for m dependence 
of intensity

To quantify differences between the two theoretical approaches 
described above, we evaluate the relative m dependence of the in
tensities provided by the Watson model and ab initio calculations. 
Because the ab initio calculations provide A(ai)

m = AX→bL
(ai)
m , the m 

dependence of the HL factor can be evaluated from the Einstein A co
efficient given by the ab initio calculations, A(ai)

m , according to 

L(ai)
m = Cdϵ(2Jʹ+1)

A(ai)
m

AX→b

ν3
m

ν3
X→b

, (4) 

where dε = 3 is the degeneracy of the ground state, and C is a constant 
normalization factor embedded in the HL factors (nominally equal toπ2) 
so that L(ai)

m=2 equals the minimum value L(W)

m=2 = ½ which occurs for the 
R1R1 transition. With this definition, the m dependence of the intensity 
ratio for the two cases is 

r(ai− W)
m =

S(ai)
m

S(W)
m

=
L(ai)

m

L(W)
m

= Cdϵ(2Jʹ+1)
A(ai)

m
AX→b

ν3
m

ν3
X→b

1
L(W)

m
, (5) 

which is independent of temperature and is a function of intrinsic mo
lecular properties. We also note that nearly identical values for r(ai− W)

m 
(relative differences of < 2×10− 9) are be obtained by evaluating the 
ratio from SJʹ́ → Jʹ[νX → b /νJʹ́ → Jʹ ]Q(T)/

[
e− c2Em/T ( 1 − e− c2νm/T)] using 

the ab initio intensities and normalizing as above. From Eq. (8) of 
Gamache et al. [45] and assuming Q(T)≅ Qrot(T), this expression is 
proportional to the product AX → bLJ″ → J′ which is independent of 
temperature.

Using the ab initio values, A(ai)
m and the Watson values, L(W)

m , gives the 
results for the calculated intensity ratio, r(ai− W)

m , shown in Fig. 1. This 
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ratio was calculated only for the PQ and RQ branches, which, as will be 
shown below, provides the best agreement between experiment and ab 
initio theory. Over the range m = -60 to 60, r(ai− W)

m varies nearly linearly 
about unity by about ± 2.7 % from 1.028 to 0.974. This amount cor
responds to the amount of “correction” (i.e., FHW(m)) needed to ensure 
agreement between the HWW and ab initio models. The red line in the 
upper panel corresponds to a fit of a0FHW(m) to the calculated r(ai− W)

m , 
where a0 is a fitted scaling factor close to unity. To simulate experi
mental conditions and assess uncertainty introduced by extrapolation 
withFHW(m), the fit was done over the range m = -38 to 41. The re
siduals, shown in the bottom panel, reveal a more than 0.2 % bias out to 
m = -60 in the extrapolated fit. As shown in the bottom panel of Fig. 1, 
setting the a2 term to 0 only slightly changes the result. Treating the ab 
initio calculations as a proxy for true line intensities, in the absence of 
prior knowledge of the intensities beyond the measurement region, it is 
apparent that using Eq. (2) to extrapolate the results can lead to bias and 
uncertainty in the intensities.

3. Description of experiment and measurement results

3.1. Cavity ring-down spectrometer and gas sampling

All spectra were acquired at NIST in Gaithersburg, Maryland, USA 
with a custom-built spectrometer based on the FS-CRDS technique [53]. 
A total of 72 16O2 A-band transitions up to J = 40 were collected on 
room-temperature samples. The system uses the frequency-agile rapid 
scanning (FARS) [54,55] method for rapidly scanning the probe laser 
from mode-to-mode of the ring-down cavity and across a 20 GHz region 
centered about each target spectral transition. Fig. 2 presents a sche
matic of the experimental setup.

The optical cavity comprises two dual-coated, 760 nm (R = 99.98 %) 
and 633 nm (R = 95 %) high-reflectivity mirrors separated by nominally 
75 cm, giving an effective path length of 3.5 km and finesse of 1.5×104. 
The observed ring-down time constants ranged from 4 μs to 12 μs. The 
free spectral range of the empty cavity was measured to be 198.8938 
(15) MHz. The ring-down mirrors and piezoelectric assembly reside 
within an evacuable dumbbell-shaped enclosure forming the gas sample 
cell, with the long central portion being a 1.25 cm outer diameter 

electropolished stainless steel tube.
One ring-down cavity mirror was mounted to a piezoelectric trans

ducer that provides active stabilization of the ring-down cavity length 
through a proportional-integral-derivative (PID) servo that maintains 
resonance of an iodine-stabilized HeNe laser with a frequency stability 
of 12 kHz [39,40]. This reference laser is also used to calibrate the 
high-precision wavelength meter (~ 1 MHz) at the end of every FARS 
scan, providing an uncertainty in the absolute probe laser frequency of 
30 MHz.

The probe laser is an external cavity diode laser (ECDL) with a 
wavelength tuning range from 755 nm to 772 nm and an output power 
of approximately 20 mW coupled into an optical fiber. A portion of the 
laser light is sent to the wavelength meter, while the other portion is 
directed through an optical isolator and then coupled into an electro- 
optic modulator (EOM). The output of the EOM is then launched into 
free space and passed through optical isolators. The beam is steered 
through mode-matching optics and coupled into the optical cavity, and 
the cavity transmission is collected on a silicon-based photoreceiver.

For a given FARS scan, the carrier frequency is stabilized with respect 
to the wavelength meter through another PID servo using current and 
piezo modulation of the ECDL [56]. The EOM is used to generate 
first-order sidebands, one of which is resonant with the cavity. When the 
cavity transmission reaches a defined threshold, a digital gate and delay 
generator (DGDG) sends a TTL pulse to a fast microwave switch to turn 
off the sideband generation. The pulse is also sent to the digitizer to 
trigger the cavity ring-down decay signal collection. Importantly, this 
experiment used a metrology-grade digitizer with a 20-bit resolution at 
5 MS/s bandwidth. Using this type of digitizer ensures that nonlinear 
distortion effects that bias the measured decay rates are less than 0.02 % 
[44]. A subset of the measurements was made with a second metrology 
grade digitizer to verify consistent results.

This experiment used two pressure gauges with full scale ranges of 
1.3 kPa and 133 kPa, respectively. The gauges were calibrated against a 
secondary pressure transfer standard (SPTS), which provides a link to 
the NIST primary pressure standard [57]. Because each step in the 
calibration chain increases the uncertainty in the pressure calibration, 
for one set of measurements, it was necessary to use the SPTS directly to 
measure the sample pressure.

The temperature was measured by a calibrated platinum resistance 
thermometer (PRT) in thermal contact with the outer surface of the 
sample tube and located midway between the two ring-down cavity 
mirrors. Temperature stability was improved by housing the sample 
cell/ring-down cavity assembly within an insulated enclosure. Addi
tionally, ten thermocouples were fabricated and installed along the cell 
length. The reference probe of each thermocouple was co-located with 
the PRT, providing a real-time measurement of the temperature gradi
ents across the cavity. These data provided the capability to correct the 
PRT temperature to the mean sample temperature.

Most data were collected in the pressure range 0.04 kPa to 1 kPa with 
an ultrahigh purity sample of O2 (99.997 %). The relative abundance of 

Fig. 1. Upper panel: ratio of intensities in the PQ and RQ branches predicted by 
ab initio model [47] and Watson model [31,45] (blue dots). The solid red line is 
a three-parameter fit of a0FHW(m) to this result over the range a0FHW(m) and the 
dashed orange lines are extrapolations of the fit, where a0 = 1.00129, a1 =

-2.35283×10− 4, and a2 = 1.15735×10− 7. The bottom panel shows the relative 
deviation between the extrapolated fit and the ab initio values (red circles), and 
the analogous fit residuals (green triangles) with a two-parameter fit with a2 set 
to 0, and a0 = 1.00140 and a1 = -2.29755×10− 4.

Fig 2. Schematic of spectrometer system used for frequency-stabilized cavity 
ring-down spectroscopy (FS-CRDS) measurements of the O2 A-band. Abbrevi
ations: electro-optic modulator (EOM), frequency-agile rapid scanning (FARS 
scanning), radiofrequency source (RF), digital gate and delay generator 
(DGDG), personal computer (PC), acousto-optic modulator (AOM).
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the 16O16O molecular oxygen isotopologue was estimated to deviate by 
less than 0.2 ‰ from the HITRAN reference value (Ia= 0.995262) for this 
species [58]. Measurements were made at low pressures to enable using 
pure O2 samples and to work in a domain where the lines are essentially 
Doppler broadened and impacts from higher-order collisional effects are 
minimal. Higher pressure data, up to 13.3 kPa, were also included for 
relatively weak high J transitions to compensate for the diminishing 
signal-to-noise ratio in the measured spectra.

Sample stability studies were conducted at the lowest operational 
pressure to determine when leaks in the system were large enough to be 
detectable. This threshold was given in terms of changes in the measured 
absorption above the noise floor and was found to be greater than 1 h. 
We found that the fill-to-fill variability was much larger than the sta
tistical variation in replicate measurements on the same sample. A 
measurement cycle consisted of cavity evacuation with a turbo pump 
(for at least 8 min), then filling the cell with the O2 sample, and mea
surement of two to three lines on a given sample where the time interval 
between the cavity filling and last spectrum measurement was less than 
1 h. We also conducted measurements in three discrete data sets: (1) 1.3 
kPa and 133.3 kPa pressure gauges with the primary metrology grade 
digitizer, (2) 1.3 kPa pressure gauge with the second metrology-grade 
digitizer, and (3) SPTS pressure gauge with the primary metrology- 
grade digitizer. Each dataset had 3 to 5 replicates per line, resulting in 
900 unique line intensity measurements.

3.2. Measurement analysis, representative spectra, and quantification of 
uncertainty

Spectra collected at pressures below 1 kPa were fit individually using 
the Nelkin-Ghatak (NG) profile to capture Dicke narrowing effects, 
while spectra collected above this pressure were fit with the speed- 
dependent Nelkin-Ghatak (SDNG) profile. Both profiles are limiting 
cases of the Hartmann-Tran (HT) profile, which was recommended as 
the reference line profile for high-resolution molecular transitions [59]. 
All fits were made individually on each spectrum using the Multi
spectrum Analysis Tool for Spectroscopy (MATS) Python software 
package [60]. The spectra are modeled assuming absorption by 16O2, 
where τ(ν) is the ring-down time constant at cavity resonance frequency, 
ν, c is the speed of light, α(ν)is the absorption coefficient, ρ is the total 
number density (based on the ideal gas law at the measured pressure, 
pobs, and temperature Tobs) of the gas (here assumed to be pure O2), 
Sm(Tobs) is the observed intensity of transition having total angular 
momentum index, m, Φm is the normalized line profile (NG or SDNG) 
centered at line position νm, Lb is a linear baseline, and Let are sinusoidal 
features in the baseline caused by etalons. The etalons are treated using 
an FFT filter of initial fit residuals in the frequency domain followed by 
inverse Fourier transformation. Specifying αb + et = Lb + Let, then the 
measured spectrum of a single transition is modeled by, 

[cτ(ν)]− 1
= α(ν) + αb+et = ρSm(Tobs)Φm(νm;Tobs, pobs) + Lb + Let , (6) 

where it is understood that any blending by nearby O2 lines was 
described by additional terms ρSm′(Tobs)Φm′(νm′; Tobs,pobs) specified by m′.

Each measured intensity was obtained by fitting Eq. (6) to the 
measured spectrum [cτ(ν)]− 1, and floating the peak area equal to 
pobs(kTobs)− 1Sm(Tobs). A typical absorption spectrum and its associated fit 
are shown in Fig. 3, in which the root-mean-square of the fit residuals is 
nearly four orders of magnitude smaller than the peak absorption. Using 
Eq. (1), each measured intensity at the Tobs was converted to intensity 
Sm(Tr) at the reference temperature, Tr = 296 K, according to 

Sm(Tr) = Sm(Tobs)
Q(T)
Q(Tr)

e− c2Eʹ́ m/Tr
(
1 − e− c2νm/Tr

)

e− c2Eʹ́ m/Tobs (1 − e− c2νm/ Tobs )
. (7) 

The reported line intensities are based on the weighted average of the 
measured values determined from replicate spectra collected across 
several months and using unique sample fills. The replicates were 

averaged with weighting factors, wi = 1/σ2
i , where σi is the combined 

uncertainty based on the quadrature sum of the Type A (statistical) and 
Type B (systematic) evaluations of uncertainty. Because the pressure and 
temperature uncertainty varied across datasets, the quadrature sum of 
the statistical and systematic uncertainties were used to weight these 
data. The standard uncertainty components are summarized in Table 1. 
The measured line intensities (Table 3) include line-by-line statistical 
and combined uncertainties. In this instance, the line-by-line Type A 
uncertainty evaluation is a quadrature sum of the average fit uncertainty 
for the transition and the weighted standard deviation across the rep
licates for the transition. The combined uncertainty for each line is the 
weighted average of the statistical and systematic uncertainties for the 
replicate measurements of a transition.

The known systematic uncertainties arise from the sample impurity, 
isotopologue composition of the O2, digitizer, choice of the line profile, 

Fig. 3. Upper panel: FS-CRDS absorption spectrum (solid circles) and NGP fit 
(line) of the R5R5 16O2 A-band transition acquired on a sample of pure O2 at 
room temperature and at a pressure pobs = 66.7 Pa, using the spectrometer 
system described in Fig. 2. Here QF is the quality factor defined as the peak 
absorption divided by the root-mean-square of the fit residuals. Bottom panel: 
Fit residuals (measurement – fit).

Table 1 
Standard relative uncertainty components for FS-CRDS line intensity measure
ments. Statistical and combined uncertainties for each transition are provided in 
Table 3.

Evaluation Type component ur (%)

A spectrum fit uncertainty 0.02 (median)
A sampling repeatability 0.03 (median)
B sample composition 0.003
B 16O2 relative isotopic abundance 0.02
B lineshape 0.002
B digitizer uncertainty < 0.03
B internal partition function < 0.02
B temperature 0.03 (average)
B pressure 0.11 (average)
B intensity depletion 0.005 (average)
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intensity depletion associated with breakdown of the impact approxi
mation [41–43], partition function, cavity mode spacing, temperature, 
and pressure. The sample composition uncertainty is less than 0.003 %, 
as reported from the certificate of batch analysis from the manufacturer 
[61]. The difference in back-to-back measurements with the primary 
and secondary metrology-grade digitizers was used to estimate 
digitizer-driven uncertainty in measurement of the decay rate. The dif
ference was less than sampling repeatability (< 0.03 %). We estimated 
uncertainty associated with the choice of line profile by comparing NG 
and SDNG profile fits to the data of the P7P7 line. This estimate does not 
include any inherent bias between these HT-derived line profiles and the 
spectrum line shape, although given the proximity of the measurements 
to the Doppler limit, these deviations are expected to be well below 0.1 
% [62]. These measurements were collected at low pressures to allow 
the use of pure O2 samples and to operate in a regime where impacts of 
higher-pressure effects are small. The intensity depletion effect was also 
considered as a source of error. For each line, we estimate the bias 
introduced by neglecting this effect in terms of the measured pressure 
and the calculated (based on classical molecular dynamics simulations) 
intensity depletion coefficient at room temperature for air-broadened O2 
[63]. The uncertainty in the partition function is based on the changes 
between the Total internal partition sums (TIPS) 2011 and 2017 versions 
at 296 K for O2 [64]. The uncertainty in the pressure measurement is 
evaluated from the root-mean-square sum of the variation during the 
measurement, the calibration uncertainty, the pressure calibration drift, 
and the uncertainty in the zero-pressure measurement. Similarly, the 
temperature uncertainty is calculated from the calibration uncertainty, 
uncertainty in the gradient correction, and the deviation during the 
measurement. These uncertainties are obtained by quadrature addition 
of the partial derivatives with respect to pressure and temperature 
(obtained from Eqs. (6) and (7)) multiplied by the uncertainty in the 
respective parameters [65].

4. Comparison of experiment and theory

4.1. Scaling of the ab initio intensity model

In recent measurements of CO2 line intensities, Long et al. [66] and 
Fleurbaey et al. [67] modeled the J dependence of the measured in
tensities using a band-intensity-scaled ab initio line-by-line spectroscopic 
model. In the case of several near-IR rovibrational CO2 bands, they 
found that these theoretical line intensities adequately captured the J 
dependence of the measured intensities to within the measurement 
precision. Consequently, a single scaling factor specified as β, was suf
ficient to scale the calculated integrated band intensity to match the 
observations [66,67]. Notably, in the present study we take this same 
approach despite finding that the present β factor differs from unity by a 
much greater amount compared to the β factors recovered from mea
surements of these CO2 bands [66,67]. We attribute this discrepancy to 
shortcomings of the ab initio model in terms of accurate prediction of the 
O2 A-band integrated intensity. Nevertheless, as shown below, the 
relative J dependence of the ab initio calculation is in excellent agree
ment with the present measured spectra.

Intensity scaling of the ab initio results for the O2 A-band (Section 
2.2) provides several advantages over the HWW band intensity model 
given by Eq. (3). First, these ab initio calculations account for physical 
effects that are not described by the HL factors used in the Watson model 
and for which the HW modification is not strictly justified. Second, 
provided that the relative values of the ab initio intensities have been 
validated over a sufficiently wide range of J, then these calculations can 
be extrapolated to higher J values, thus extending the results to difficult- 
to-measure weak transitions. Finally, because the fitted scaling factor, β, 
is J independent, then relative uncertainty in the extrapolated intensities 
as well as that of the band intensity equals the relative uncertainty in β – 
with the caveat that extrapolation of this ab initio model is physically 
justified and does not introduce significant additional uncertainty.

Fig. 4 summarizes the results obtained in this scaling of the ab initio 
line intensities. Most notably, the relative line intensities agree well in 
the PQ- and RQ-branches, whereas there are significant systematic de
viations outside the statistical experimental uncertainties for the PP- and 
RR-branches. Note that at low J the systematic uncertainty is the 
dominant component of the combined uncertainty, but at high J the 
statistical uncertainties dominate based on the diminishing signal-to- 
noise ratio of the measured transitions.

Differences between the experimental and ab initio J dependences in 
the PP and RR branches can be ascribed to branch-dependent differences 
in different intensity components such as quadrupole, spin-orbit and 
electronic angular momentum (L-uncoupling) which will be addressed 
by future refinements to the theoretical calculations.

However, in the interim, we have made an empirical correction to 
the theoretical intensities in these two branches based on the β scaling 
factor obtained by a constrained fitting procedure. The scaling param
eter, β, is obtained by fitting Eq. (8) to measured intensities only in the 
PQ- and RQ-branches. We introduce a single-parameter linear correction 
term, b, to account for the slight discrepancy between experiment and 
theory in in the PP- and RR-branches (see Eq. (9)), where the deviations 
have odd symmetry about the band center. Thus, the relation between 
the measured, Sm, and theoretical ab initio, Sm,ai, intensities for the PQ- 
and RQ-branches is given by, 

Sm = βSm,ai, (8) 

whereas for the PP- and RR-branches we assume 

Sm = βSm,ai(1 + bm). (9) 

Fig. 5 shows the results (see Table 2 for resulting fit parameters and 
uncertainties) obtained by scaling the ab initio intensities to the 
measured values. The results are extrapolated to J = 60 and reveal that 
the PP-branch and RR-branch correction term, b, introduces an uncer
tainty that grows linearly with |m|, but only for the intensities within 
these two branches. However, it greatly improves the agreement be
tween theory and measurement to within the statistical uncertainty of 
the measurements. Summation of the scaled ab initio intensities over the 

Fig. 4. Intensity scaling of ab initio intensities [47] in terms of measured values. 
Top: Line intensities from the experiment (circles) and scaled ab initio spec
troscopic model (line). Bottom: Residuals from ab initio spectroscopic model fit 
to experimental data separated by sub-branches, where the shaded regions 
correspond to the experimental uncertainties.
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range of tabulated J values gives a band intensity, Sb, of 2.2496×10− 22 

cm molecule− 1, with a relative combined standard uncertainty of 0.14 
%. This value represents a lower bound on our reported band intensity 
uncertainty.

In our scaling of the ab initio intensity model to the experimental 
results, the line intensity measurements were weighted using the 
following normalized factors given by 

wm =
1

σ2
m

1
∑

m
1

σ2
m

, (10) 

where σm is the relative combined uncertainty in the average measured 
line intensity for a transition. The uncertainty in the ab initio band in
tensity model was evaluated by incorporating the statistical un
certainties in the fitted parameters, β and b. We note that the resulting 
statistical uncertainty in the scaled ab initio model does not include 
uncertainty in the underlying m dependence of the intensities caused by 
deficiencies in implementation of the ab initio theory. Our model un
certainties also include the systematic measurement uncertainties. For 
the transitions that were not measured, the systematic uncertainties are 
reported as the average of all those that were measured.

The isotopically weighted measured and scaled ab initio intensities, 
uncertainties, and non-isotopically weighted Einstein A coefficients are 
summarized in Table 3 where we give the theoretical results for lines 
with assignments from P61Q60 to R59Q60. These results extend the 
tabulated intensities more than six orders of magnitude from Sm =

1.23×10− 27 cm molecule− 1 for the weakest measured transition 
(P39P39) to Sm = 4.46×10− 34 cm molecule− 1 (P61Q60). To quantify the 
agreement between the experimental and theoretical J dependence of 
the intensities, we calculated the distribution of relative differences 
between these values for the PQ- and RQ-branch data comprising 36 
measured lines. This analysis gives a one standard deviation value equal 
to 0.18 % (all lines), 0.03 % (22 relatively strong lines from P25Q24 to 
R19Q20), and an average relative difference of 0.12 % for all lines with 
each datum weighted by the corresponding reciprocal combined 
variance.

4.3. Comparison between the HWW and scaled ab initio models

For completeness, we also compared the HWW model fit to the 
measured intensity and the scaled ab initio model discussed above. These 
results are discussed in the Supplementary Materials and reveal branch- 
dependent differences between the resulting extrapolated intensities 
using the HWW and scaled ab initio models.

4.4. Comparison to literature

In Fig. 6 we present the relative differences between two sets of 
literature intensities (left and right panels) and the present scaled ab 
initio intensities which are essentially anchored to the present mea
surements, shown in the right panel. In the left panel (Set I) we include 
results from previous TDL [24] and FTS-based [21,23,25,32] measure
ments, and in the right panel (Set II) we summarize the results of 
higher-precision FS-CRDS experiments [22,29,30] as well as line in
tensities which were derived from FS-CRDS measurements and addi
tional FTS measurements [18,19]. These three sets of O2 A-band line 
intensities were archived in HITRAN 2012 [30,34], HITRAN 2016 [19,
37], and HITRAN 2020 [18,39], respectively.

It is apparent that the Set I results in Fig. 6, which includes intensities 
reported by Ritter and Wilkerson [24], Schermaul and Learner [25], 
Brown and Plymate [21], Predoi-Cross et al. [23], and Petrova et al. [32] 
on average are in good agreement with the present results, although 
these data have relatively large uncertainties by comparison to the 
higher-precision results, dominated by FS-CRDS measurements, in the 
Set II data. Nevertheless, given that experimental biases in all five sets of 
unrelated data (e.g., pathlengths, temperature errors, line shape effects, 
etc.) are likely to be uncorrelated, averaging over these relatively 
low-precision measurements provides an interesting comparison. We 
find that for |m| < 30 the mean deviation with respect to the present 
results is 0.044 %, with a standard error in the mean of 0.43 %.

All Set II data in Fig. 6 have systematically different J dependences in 
the line intensities and smaller band intensities compared to this study. 
As discussed above, all FS-CRDS measurements [22,29,30] contributing 
to the results reported by Long et al. [30] and included in the combined 
FTS and FS-CRDS dataset used in Drouin et al. [19] and Payne et al. [18] 
would have been susceptible to unknown-at-the-time biases from the use 

Fig. 5. Model and residuals for ab initio intensities scaled by β (PQ- and RQ- 
branches) and those scaled by β with linear correction b (PP- and RR- 
branches) after fits to measured intensities. Top panel: Line intensities from 
the experiment (circles) and scaled ab initio spectroscopic model (PQ/RQ solid 
line and PP/RR dashed line) with residuals in the middle panel. Bottom panel: 
Relative model uncertainty from ab initio spectroscopic model fit to experi
mental data separated by sub-branch.

Table 2 
Band intensity parameters for the scaled ab initio intensity model with linear 
correction. In the ab initio scaled intensity model the band intensity, Sb, is not a 
floated parameter but is instead determined from the sum of intensities up to J =
60 with the reported relative uncertainty, ur, in parentheses resulting from the 
sum of the combined standard uncertainties. The reported uncertainties in the β 
and b parameters are as reported from the fit.

parameter units scaled ab initio intensity model

Sb (cm molecule− 1) 2.2496 × 10− 22 (uR = 0.14 %)
β ​ 0.87981(4)
b ​ 8.90(54) × 10− 5
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Table 3 
Summary of line-by-line isotopically weighted (Ia = 0.995262) transition intensities, Sm, for the O2 A-band in units of cm molecule− 1. The line-by-line statistical, 

uA
r and combined, ur =

[(
uA

r
)2

+
(
uB

r
)2
]1/2

, relative standard uncertainties (in %) are provided for the measured values and for the scaled ab initio band intensities 

models. For the measured intensities, the uA
r and urare based on those from Table 1. The uncertainties in the scaled ab initio intensities uA

r are from the constrained 
parameter fit of β and b in Table 3, with uB

r for each line given by the corresponding measurement uncertainty (with data present) and the average value (no data case). 
The Einstein A coefficients (in s− 1) are from the scaled ab initio intensities and were calculated as Am = 8πcQ(Tr)ν2

mSm, ai/
[
Ia(2Jʹ + 1)e− Eʹ́

mc2/Tr
(
1 − e− νmc2/Tr

)]
.

measured values scaled ab initio model

Line m Sm uA
r ur Sm,ai uA

r ur Am

P61Q60 -60 ​ ​ ​ 4.46201E-34 0.005 0.12 0.021064
P59P59 -59 ​ ​ ​ 2.28244E-33 0.032 0.13 0.021621
P59Q58 -58 ​ ​ ​ 2.24743E-33 0.005 0.12 0.021139
P57P57 -57 ​ ​ ​ 1.09086E-32 0.031 0.13 0.021711
P57Q56 -56 ​ ​ ​ 1.07339E-32 0.005 0.12 0.021212
P55P55 -55 ​ ​ ​ 4.94222E-32 0.030 0.13 0.021800
P55Q54 -54 ​ ​ ​ 4.85977E-32 0.005 0.12 0.021283
P53P53 -53 ​ ​ ​ 2.12190E-31 0.029 0.13 0.021888
P53Q52 -52 ​ ​ ​ 2.08483E-31 0.005 0.12 0.021350
P51P51 -51 ​ ​ ​ 8.63064E-31 0.028 0.13 0.021976
P51Q50 -50 ​ ​ ​ 8.47272E-31 0.005 0.12 0.021415
P49P49 -49 ​ ​ ​ 3.32433E-30 0.027 0.13 0.022063
P49Q48 -48 ​ ​ ​ 3.26037E-30 0.005 0.12 0.021478
P47P47 -47 ​ ​ ​ 1.21214E-29 0.026 0.13 0.022149
P47Q46 -46 ​ ​ ​ 1.18768E-29 0.005 0.12 0.021539
P45P45 -45 ​ ​ ​ 4.18276E-29 0.025 0.13 0.022235
P45Q44 -44 ​ ​ ​ 4.09380E-29 0.005 0.12 0.021598
P43P43 -43 ​ ​ ​ 1.36542E-28 0.024 0.13 0.022323
P43Q42 -42 ​ ​ ​ 1.33469E-28 0.005 0.12 0.021653
P41P41 -41 ​ ​ ​ 4.21499E-28 0.023 0.13 0.022411
P41Q40 -40 ​ ​ ​ 4.11460E-28 0.005 0.12 0.021708
P39P39 -39 1.22075E-27 0.58 0.59 1.22999E-27 0.022 0.10 0.022502
P39Q38 -38 1.19125E-27 0.85 0.85 1.19885E-27 0.005 0.09 0.021761
P37P37 -37 3.40871E-27 0.22 0.24 3.39122E-27 0.021 0.09 0.022594
P37Q36 -36 3.30903E-27 0.29 0.3 3.29981E-27 0.005 0.09 0.021811
P35P35 -35 8.85481E-27 0.13 0.16 8.83117E-27 0.020 0.09 0.022690
P35Q34 -34 8.59996E-27 0.1 0.13 8.57707E-27 0.005 0.09 0.021861
P33P33 -33 2.17289E-26 0.1 0.13 2.17092E-26 0.018 0.09 0.022790
P33Q32 -32 2.10654E-26 0.09 0.13 2.10396E-26 0.005 0.09 0.021909
P31P31 -31 5.04207E-26 0.05 0.1 5.03533E-26 0.017 0.09 0.022896
P31Q30 -30 4.87382E-26 0.07 0.11 4.86817E-26 0.005 0.08 0.021956
P29P29 -29 1.10237E-25 0.04 0.09 1.10128E-25 0.016 0.08 0.023009
P29Q28 -28 1.06269E-25 0.04 0.09 1.06183E-25 0.005 0.08 0.022002
P27P27 -27 2.27099E-25 0.03 0.09 2.26971E-25 0.015 0.08 0.023131
P27Q26 -26 2.18252E-25 0.03 0.09 2.18140E-25 0.005 0.08 0.022047
P25P25 -25 4.40556E-25 0.02 0.09 4.40436E-25 0.014 0.08 0.023265
P25Q24 -24 4.21753E-25 0.03 0.09 4.21746E-25 0.005 0.09 0.022091
P23P23 -23 8.04281E-25 0.03 0.11 8.03996E-25 0.013 0.11 0.023416
P23Q22 -22 7.66762E-25 0.02 0.11 7.66556E-25 0.005 0.10 0.022137
P21P21 -21 1.37995E-24 0.03 0.14 1.37907E-24 0.012 0.14 0.023590
P21Q20 -20 1.30861E-24 0.03 0.14 1.30805E-24 0.005 0.14 0.022184
P19P19 -19 2.21951E-24 0.04 0.16 2.21938E-24 0.011 0.16 0.023791
P19Q18 -18 2.09238E-24 0.05 0.16 2.09199E-24 0.005 0.16 0.022232
P17P17 -17 3.34876E-24 0.04 0.16 3.34510E-24 0.010 0.15 0.024033
P17Q16 -16 3.13042E-24 0.03 0.16 3.12875E-24 0.005 0.15 0.022283
P15P15 -15 4.71279E-24 0.03 0.14 4.71035E-24 0.009 0.13 0.024334
P15Q14 -14 4.36562E-24 0.03 0.14 4.36285E-24 0.005 0.13 0.022340
P13P13 -13 6.17680E-24 0.05 0.14 6.17559E-24 0.008 0.13 0.024721
P13Q12 -12 5.64795E-24 0.03 0.14 5.64780E-24 0.005 0.13 0.022407
P11P11 -11 7.50179E-24 0.04 0.14 7.50177E-24 0.008 0.13 0.025247
P11Q10 -10 6.74357E-24 0.04 0.14 6.74296E-24 0.005 0.13 0.022489
P9P9 -9 8.37940E-24 0.04 0.15 8.37851E-24 0.007 0.14 0.026008
P9Q8 -8 7.34560E-24 0.03 0.14 7.34756E-24 0.005 0.14 0.022600
P7P7 -7 8.49651E-24 0.03 0.15 8.49580E-24 0.006 0.14 0.027226
P7Q6 -6 7.16945E-24 0.04 0.15 7.17056E-24 0.005 0.14 0.022767
P5P5 -5 7.64233E-24 0.04 0.15 7.63756E-24 0.005 0.14 0.029512
P5Q4 -4 6.02949E-24 0.04 0.15 6.02665E-24 0.005 0.14 0.023068
P3P3 -3 5.77178E-24 0.03 0.14 5.77130E-24 0.005 0.13 0.035432
P3Q2 -2 3.92430E-24 0.04 0.14 3.92238E-24 0.005 0.13 0.023846
P1P1 -1 3.09229E-24 0.02 0.14 3.09298E-24 0.005 0.14 0.088617
R1R1 2 1.54452E-24 0.03 0.15 1.54524E-24 0.005 0.15 0.008866
R1Q2 3 3.59972E-24 0.03 0.13 3.59905E-24 0.005 0.13 0.020468
R3R3 4 4.31989E-24 0.03 0.13 4.32045E-24 0.005 0.13 0.014780
R3Q4 5 6.26667E-24 0.04 0.14 6.26585E-24 0.005 0.13 0.021239
R5R5 6 6.34583E-24 0.03 0.14 6.34589E-24 0.006 0.13 0.017055
R5Q6 7 8.08413E-24 0.03 0.14 8.08633E-24 0.005 0.14 0.021531
R7R7 8 7.40796E-24 0.03 0.14 7.40390E-24 0.006 0.14 0.018260

(continued on next page)
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of an uncalibrated or non-metrology-grade digitizer [44]. Other factors 
contributing to the discrepancy between these data and the present re
sults include pressure-dependent intensity depletion as well as correla
tions between fitted parameters in the analysis of measurements 
spanning a wide pressure range. We expect that these effects could 
systematically alter the measurements of relative intensity (J depen
dence) as well as band intensity. A disadvantage of the HWW intensity 
model (used in Long et al. [30], Drouin et al. [19], and Payne et al. [18]) 
is that it allows for adjustment to fit high J behavior that may or may not 
have a spectroscopic origin. This flexibility can mask the effect of un
identified or poorly constrained mechanisms that contribute to struc
tured residuals.

In Table 4 we present each literature (lit) band intensity, the relative 
difference with respect to this study (ts) defined as Δs(lit)b =
(
S(lit)

b /S(ts)
b

)
− 1, and a normalized difference parameter (NDP) 

defined as |Δs(lit)b | /u(com)
r where u(com)

r =
[(

u(lit)
r

)2
+

(
u(ts)

r
)2]1/2 

is the 

relative combined standard uncertainty of the band intensity of the 
compared values. The more that NDP exceeds unity, the less probable 
that the difference in band intensities is consistent with both reported 
uncertainties. This NDP analysis shows that as the statistical uncertainty 
in the measurement improved from Set I to Set II the NDP rose above 
unity highlighting the importance of quantifying systematic uncertainty 
sources. Long et al. [30] reported a combined standard uncertainty in 
band intensity of 0.31 %, which may have been about a factor of two too 
small. The studies by Drouin et al. [19] and Payne et al. [18] report fit 
uncertainties, but do not report combined standard uncertainties. 
However, the studies note that the uncertainty in line intensity is limited 
by the pressure measurement; thus a ur(Sb) = 0.1 % is used, consistent 
with the lower bound of the reported pressure uncertainties [19]. Payne 
et al. [18] reports the next iteration of the integrated self-consistent 
spectroscopic model reported in Drouin et al. [19], where a key 

Table 3 (continued )

measured values scaled ab initio model

Line m Sm uA
r ur Sm,ai uA

r ur Am

R7Q8 9 8.87333E-24 0.04 0.15 8.87639E-24 0.005 0.15 0.021685
R9R9 10 7.50449E-24 0.05 0.15 7.50232E-24 0.007 0.14 0.019005
R9Q10 11 8.68016E-24 0.06 0.16 8.67991E-24 0.005 0.15 0.021778
R11R11 12 6.83637E-24 0.03 0.15 6.83416E-24 0.008 0.14 0.019509
R11Q12 13 7.72583E-24 0.05 0.15 7.72517E-24 0.005 0.14 0.021840
R13R13 14 5.69277E-24 0.03 0.14 5.69317E-24 0.009 0.14 0.019872
R13Q14 15 6.32933E-24 0.04 0.14 6.33054E-24 0.005 0.13 0.021882
R15R15 16 4.38154E-24 0.03 0.13 4.37958E-24 0.010 0.13 0.020145
R15Q16 17 4.81154E-24 0.03 0.13 4.81082E-24 0.005 0.13 0.021911
R17R17 18 3.13193E-24 0.04 0.15 3.12991E-24 0.011 0.14 0.020356
R17Q18 19 3.40722E-24 0.03 0.15 3.40596E-24 0.005 0.15 0.021931
R19R19 20 2.08808E-24 0.06 0.16 2.08661E-24 0.012 0.15 0.020522
R19Q20 21 2.25422E-24 0.03 0.14 2.25378E-24 0.005 0.14 0.021944
R21R21 22 1.30151E-24 0.04 0.14 1.30141E-24 0.013 0.14 0.020655
R21Q22 23 ​ ​ ​ 1.39714E-24 0.005 0.12 0.021950
R23R23 24 7.60048E-25 0.06 0.12 7.60965E-25 0.014 0.11 0.020763
R23Q24 25 8.12160E-25 0.05 0.11 8.12848E-25 0.005 0.09 0.021952
R25R25 26 ​ ​ ​ 4.17824E-25 0.015 0.12 0.020850
R25Q26 27 4.44825E-25 0.06 0.17 4.44432E-25 0.005 0.16 0.021950
R27R27 28 2.15755E-25 0.05 0.1 2.15709E-25 0.016 0.08 0.020922
R27Q28 29 2.28891E-25 0.1 0.2 2.28622E-25 0.005 0.17 0.021944
R29R29 30 1.05092E-25 0.08 0.12 1.04815E-25 0.017 0.09 0.020979
R29Q30 31 1.10809E-25 0.19 0.27 1.10747E-25 0.005 0.19 0.021935
R31R31 32 4.80144E-26 0.17 0.2 4.79794E-26 0.018 0.10 0.021026
R31Q32 33 5.07897E-26 0.41 0.46 5.05571E-26 0.005 0.2 0.021922
R33R33 34 2.07106E-26 0.66 0.67 2.07048E-26 0.019 0.12 0.021063
R33Q34 35 2.17702E-26 0.29 0.3 2.17653E-26 0.005 0.09 0.021907
R35R35 36 ​ ​ ​ 8.42833E-27 0.020 0.13 0.021091
R35Q36 37 ​ ​ ​ 8.84160E-27 0.005 0.12 0.021888
R37R37 38 3.22333E-27 0.57 0.58 3.23822E-27 0.021 0.09 0.021111
R37Q38 39 ​ ​ ​ 3.39082E-27 0.005 0.12 0.021868
R39R39 40 ​ ​ ​ 1.17492E-27 0.022 0.13 0.021125
R39Q40 41 1.22189E-27 1.37 1.37 1.22826E-27 0.005 0.10 0.021844
R41R41 42 ​ ​ ​ 4.02750E-28 0.023 0.13 0.021132
R41Q42 43 ​ ​ ​ 4.20411E-28 0.005 0.12 0.021818
R43R43 44 ​ ​ ​ 1.30492E-28 0.024 0.13 0.021134
R43Q44 45 ​ ​ ​ 1.36030E-28 0.005 0.12 0.021789
R45R45 46 ​ ​ ​ 3.99764E-29 0.025 0.13 0.021130
R45Q46 47 ​ ​ ​ 4.16238E-29 0.005 0.12 0.021757
R47R47 48 ​ ​ ​ 1.15849E-29 0.026 0.13 0.021122
R47Q48 49 ​ ​ ​ 1.20491E-29 0.005 0.12 0.021722
R49R49 50 ​ ​ ​ 3.17691E-30 0.027 0.13 0.021109
R49Q50 51 ​ ​ ​ 3.30088E-30 0.005 0.12 0.021685
R51R51 52 ​ ​ ​ 8.24734E-31 0.028 0.13 0.021092
R51Q52 53 ​ ​ ​ 8.56093E-31 0.005 0.12 0.021645
R53R53 54 ​ ​ ​ 2.02737E-31 0.029 0.13 0.021069
R53Q54 55 ​ ​ ​ 2.10270E-31 0.005 0.12 0.021603
R55R55 56 ​ ​ ​ 4.72114E-32 0.030 0.13 0.021044
R55Q56 57 ​ ​ ​ 4.89287E-32 0.005 0.12 0.021558
R57R57 58 ​ ​ ​ 1.04180E-32 0.032 0.13 0.021013
R57Q58 59 ​ ​ ​ 1.07893E-32 0.005 0.12 0.021510
R59R59 60 ​ ​ ​ 2.17927E-33 0.033 0.13 0.020979
R59Q60 61 ​ ​ ​ 2.25555E-33 0.005 0.12 0.021460
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difference is the simultaneous adjustment of the HWW intensity and line 
mixing models. The large difference in NDP between the Payne et al. 
[18] and Drouin et al. [19], respectively 6.7 and 1.5, might be ascribed 
to biases due to correlations between line intensity and higher-pressure 
physics modeling.

By evaluating a weighted average of the literature band intensities 
from Sets I and II we determined a “best estimate” of S(lit)

b of data that 
were acquired prior to this study. In this analysis we use the standard 
error in the mean for the composite Set I data as discussed above, and for 
Set II we assign the uncertainties as the standard deviation of the three 
Δsb values. Weighting all four literature band intensity values in Table 4
by the respective squares of the reciprocal uncertainties (0.43 % for Set I 
and 0.5 % for each case in Set II) gives an average value, Δs(lit)b = -0.50 %. 
Given our comprehensive uncertainty analysis where statistical and 
systematic effects were considered, and because |Δs(lit)b | exceeds our 
uncertainty by nearly a factor of four, this result is probably dominated 
by a negative bias in the prior best estimate of S(lit)

b .

5. Conclusions

This work reports measured line intensities in the 16O2 A-band for 72 
transitions up to J = 40 with relative combined standard uncertainties at 
the 0.15 % level. These measurements were conducted at low pressures 
with pure O2 samples to minimize complicating collisional effects and 

uncertainty in sample composition. The rotational quantum number 
dependence of the measured intensities and corresponding values ob
tained from ab initio calculations were in good agreement, especially in 
the PQ- and RQ-branches. Because the measured intensities were 
significantly more accurate than the ab initio band-integrated intensity, 
these theoretical calculations were scaled accordingly thus allowing 
accurate extrapolation of the intensities to J = 60.

Satellite measurements that use O2 for retrieving atmospheric tem
perature profiles rely on accurate modeling of relative changes to the 
band shape [1–5]. The scaled ab initio line intensity model provides a 
physically based constraint to the relative band intensity compared to 
the previous empirical HWW model that should improve the ability to 
retrieve accurate temperature profiles. Low-uncertainty absolute line 
intensities are a key step in developing a self-consistent integrated O2 
A-band spectroscopic model necessary for airmass retrievals. Using the 
present experimental scaled ab initio line intensities can eliminate nu
merical correlations encountered in the retrieval of spectroscopic peak 
areas and line shape parameters for measurements made over a wide 
pressure range. Thus, the present results are expected to improve inte
grated models of the O2 A-band where advanced line shapes, 
line-mixing, collision induced absorption and especially intensity 
depletion are important. Developing such a robust spectroscopic model 
is critical to minimizing uncertainties in satellite and remote sensing 
missions that use the O2 A-band for measurements of airmass and mixing 
ratio of co-located greenhouse gases such as CO2.

Fig. 6. Comparison of line intensities between literature data and the scaled ab initio calculations. Left (set I): Comparisons with literature tunable dye laser (TDL) 
[24] and Fourier transform spectroscopy (FTS) [21,23,25,32] data. The black dashed line represents the average difference from the ab initio scaled model, 0.04 %, 
with the shaded region representing the standard error of 0.4 %. Right (set II): Comparisons with NIST frequency-stabilized cavity ring-down spectroscopy (FS-CRDS) 
measurements 2008 to 2010 [22,29,30] and 2024 measurements and HITRAN 2012 to 2020 [18,19,30,34,37,39]. The shaded regions represent the uncertainties on 
the reported band intensity models.

Table 4 
Band intensities and uncertainties in units of (10− 22 cm molecule− 1) evaluated up to |m| = 45 for this work and the data shown in Fig. 6 for set I (second row) and set II 
(last three rows). The normalized difference parameter, NDP, defined as |Δsb| /u(com)

r , is determined by comparison to the present results. *The set I values are based on 
the average band intensities from the five data sets summed over |m| ≤ 30, and corrected to |m| = 45 using the ab initio intensities by the ratio 
∑

|m|≤45
Sm.ai /

∑

|m|≤30
Sm.ai = 1.0018. **The Drouin et al. [19] and Payne et al. [18] are set to 0.1 %, which is the lower bound of the reported pressure uncertainty 

[19].

HITRAN version Sb u(Sb) ur(Sb)(%) Δsb (%) u(com)
r (%) |Δsb|/u(com)

r

this study ​ 2.2496 0.0031 0.14 ​ ​ ​
Set I * ​ 2.2506 0.0097 0.43 0.044 0.45 0.1
Long et al. [30] 2012 2.2314 0.0070 0.31 -0.81 0.34 2.4
Drouin et al. [19] 2016 2.2441 0.0022 0.10** -0.24 0.17 1.5
Payne et al. [18] 2020 2.2234 0.0022 0.10** -1.16 0.17 6.7
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