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A B S T R A C T

The oxygen (O2) A-band is used to determine the airmass in ground- and space-based remote sensing mea
surements because O2 is well-mixed in the Earth’s atmosphere and its column-integrated amount fraction on a 
dry-gas basis is nearly constant. Because biases in the retrieved airmass propagate to measurements of target 
species, low-uncertainty spectroscopic parameters are essential for increasingly precise and accurate greenhouse 
gas measurements. However, laboratory measurements and atmospheric retrievals of this O2 band typically 
neglect the line-shape effects caused by collisions with argon (Ar), which comprises 0.934 % by volume of the 
Earth’s atmosphere. To quantify the contribution of Ar to O2 A-band air-broadening line-shape parameters, we 
measured pressure broadening and shifting parameters for ten high J lines in the P-branch of this band. These 
data were acquired in the laboratory over a range of pressures and nitrogen (N2), O2, and Ar amount fractions 
using cavity ring-down spectroscopy. Respective line-shape parameters for these collisional partners were 
determined with a multi-spectrum fitting algorithm. These results were combined with literature data to provide 
an empirical model for the rotational dependencies of the broadening and shifting parameters by each collisional 
partner. Incorporating these results into analyses of atmospheric column-integrated solar absorption spectra in 
the O2 A-band shows that the neglect of Ar can lead to a small but potentially relevant systematic bias in surface 
pressure retrievals and a slight increase in the fit residuals of atmospheric spectra.

1. Introduction

The oxygen (O2) A-band (b1Σg
+ ← X3Σg

–(0,0)), centered at a wave
length of 762 nm (13 123 cm− 1), has been used extensively in ground- 
and space-based remote sensing [1–5]. Because the oxygen mixing ratio 
in Earth’s atmosphere is constant and uniform, this band has been used 
to characterize the atmospheric optical path to retrieve trace gas 
abundances [2], surface pressure [6], and aerosol and cloud properties 
[7–9]. Satellite missions designed to measure greenhouse gas concen
trations – including JAXA’s Greenhouse Gas Observing Satellite 
(GOSAT) [2], NASA’s Orbiting Carbon Observatory-2 (OCO-2) [3] and 
Orbiting Carbon Observatory-3 (OCO-3) [4], and China’s TanSat [5] – 
require high-quality O2 spectroscopic reference data for accurate target 
molecule retrievals. For example, OCO-2 requires knowledge of O2 
A-band airmass retrievals to better than its overall uncertainty goal of 1 
ppm column-averaged carbon dioxide amount fraction (~0.25 %) [10].

Numerous laboratory and theoretical studies have focused on 
improving the accuracy of O2 A-band spectroscopic models in support of 
atmospheric missions [11–23]. These efforts have included highly sen
sitive laboratory techniques [14–16], assessment of beyond-Voigt line 
profiles [12,13,17], multi-spectrum fits of data from multiple sources 
[18,19], and the characterization of collisional effects like line mixing 
and collision-induced absorption [18–21]. Incorporation of these im
provements has been shown to reduce residuals and surface pressure 
biases in OCO-2 retrievals. However, ground-based and satellite ana
lyses show persistent systematic residuals in the O2 A-band such that 
spectroscopic uncertainty remains a significant contributor to total un
certainty in atmospheric retrievals [24,25].

Spectroscopic line-shape studies in the O2 A-band have focused on 
the collisional effects of oxygen and nitrogen (N2) [11–19,22,23] 
because they are the primary components of the terrestrial atmosphere. 
Argon (Ar) and water vapor, which account for 0.934 % [26] and 0–5 % 
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[27] by volume of Earth’s atmosphere, respectively, are the next most 
abundant components. Vess et al. [28] and Drouin et al. [29] investi
gated pressure broadening by water because atmospheric water vapor 
varies temporally and spatially and can therefore nonuniformly bias 
retrievals. Because the Ar amount fraction in the atmosphere is <1 % 
and nearly constant, bias caused by neglecting this species in atmo
spheric retrievals is expected to be small. Consequently, there are few 
literature measurements of broadening and shifting of O2 A-band lines 
by Ar.

Pope, Wolf, and Perram reported pressure broadening parameters for 
the noble gases in the O2 A-band using Fourier-transform spectroscopy 
(FTS) [30]. They reported that collisional broadening by Ar [30] was 
smaller than that of O2 or N2 [31]. However, these spectra were only 
analyzed with a Voigt line profile, and the uncertainties in the mea
surements were large. Additionally, the Ar pressure shifts were not re
ported. Recent work by Klemm et al. studied Ar collisional broadening in 
the 1.27 μm O2 band to compare air pressure broadening parameters 
reported in the literature from measurements made with synthetic- (O2 
and N2 only) and whole- (natural) air [32]. This work found that the 
ratio of air to Ar collisional broadening parameters spanned from about 
1.1 to 1.5 over the transitions studied.

Line-shape effects caused by collisions with Ar, particularly pressure 
broadening parameters, have been measured for other gases of atmo
spheric interest. Foreign-broadening parameters for Ar in several 
infrared carbon dioxide bands are generally smaller than those of O2 or 
N2 [33,34]. Experiments by Nara et al. [35], Long et al. [36], and Brewer 
et al. [37] suggest that failing to account for Ar pressure broadening 
effects in calculating air-broadening parameters can bias carbon dioxide 
amount fraction measurements made with commercial cavity ring-down 
instruments. Similarly, biases from background Ar, attributed to pres
sure broadening effects, have been reported for nitrous oxide by Kelley 
et al. [38] and for water isotopologues by Johnson and Rella [39]. To 
reduce such potential biases, whole-air standards with Ar are recom
mended for calibrating spectroscopic instruments.

In the remainder of this article, we quantify the magnitude of Ar line- 
shape effects in the O2 A-band. We report line-shape parameters of ten 
high J transitions in the P-branch measured with frequency-agile, rapid 
scanning (FARS) cavity ring-down spectroscopy (CRDS) [40–42] over a 
range of pressures and Ar amount fractions. We analyze the data with a 
multi-spectrum fitting approach [43] to simultaneously determine O2, 
N2, and Ar parameters of pressure broadening and pressure shifting, as 
well as the air narrowing parameters for these transitions. Finally, we 
report numerical simulations and atmospheric spectra analyses to esti
mate the potential bias incurred by neglecting Ar broadening in atmo
spheric airmass retrievals based on O2 A-band spectra.

2. Methods

2.1. Instrument

Measurements were made using a custom room-temperature FARS- 
CRDS spectrometer located at the National Institute of Standards and 
Technology (NIST) in Gaithersburg, Maryland, USA, which has been 
previously described in the literature [42]. This FARS-CRDS system uses 
a servo incorporating a high-precision wavelength meter to stabilize the 
probe laser frequency [41], while an electro-optic modulator generates a 
tunable first-order sideband resonant with successive longitudinal 
modes of the optical cavity [40]. This technique enables rapid cavity free 
spectral range (FSR) stepwise scanning over ~20 GHz frequency seg
ments that can be combined to achieve broad spectral coverage. The 
resulting CRDS decay signals are sampled by a metrology-grade digitizer 
[44] and range from 4.3 µs to 11.1 µs with a typical relative standard 
deviation of about 0.05 %. Each spectral data point is the average of 200 
decays acquired at an acquisition rate of ∼430 Hz.

A transmission lock to an I2-stabilized HeNe reference laser (long- 
term frequency drift of about 10 kHz) was used to actively stabilize the 

cavity length and, consequently, the frequency detuning axis [45] cor
responding to integer multiples of the ring-down cavity FSR. This laser 
also served as a calibration reference for the wavelength meter, 
providing accurate (30 MHz standard uncertainty) laser frequencies for 
unambiguous selection of transitions and precise (1.4 MHz) measure
ments of laser frequencies resonant with the ring-down cavity used to 
determine the empty-cavity FSR, νFSR,0 = 198.8624(1) MHz. For each 
sample pressure and temperature, νFSR,0 was corrected by an amount, 
ΔνFSR, to account for changes in the refractive index caused by variations 
in gas density [46].

2.2. Sampling

In this study, we used five different gas samples with varying amount 
fractions of O2, N2, and Ar to determine the respective line-shape pa
rameters. Table 1 summarizes the sample compositions used in this 
study. The gas samples included a pure O2 sample, NIST Standard 
Reference Material (SRM®) synthetic air sample (SRM 2659a lot LS 71- 
EL-02), NIST SRM Southern Oceanic Air (SRM1721 lot 1721-A-29) [47], 
and 5 % and 15 % Ar-in-air samples previously described in Long et al. 
[36].

While the CRDS technique is highly sensitive and precise, its finite 
dynamic range limits the optical depths suitable for line-shape mea
surements. To enable measurements of the air-like samples outlined in 
Table 1 at pressures up to 133 kPa, we focused on ten relatively weak 
high J transitions in the P-branch of the O2 A-band, P29Q28 to P37P37. 
The intensities of the measured transitions ranged from 0.04 % to 1.2 % 
of the maximum line intensity in this band. The transitions are labeled as 
ΔNN″ΔJJ″, where N is the rotational angular momentum quantum 
number and J is the total angular momentum quantum number (sum of 
rotational angular momentum and spin angular momentum). There are 
four allowed branches in the O2 A-band: PP (ΔN = ΔJ = − 1), PQ (ΔN =
− 1, ΔJ = 0), RR (ΔN = ΔJ = 1), and RQ (ΔN = 1, ΔJ = 0). In this work, 
we use the term P-branch to mean both the PP and PQ branches and the 
R-branch to mean both the RR and RQ branches.

The studied ten transitions were measured in five pairs of adjacent 
PP- and PQ-branch lines to allow for the fitting of first-order line mixing 
and overlap in the wings of the lines. For all but the pure oxygen sample, 
line pairs were recorded at eight pressures: 3.33 kPa, 6.66 kPa, 13.3 kPa, 
26.7 kPa, 53.3 kPa, 80.0 kPa, 107 kPa, and 133 kPa. For a given pair, the 
pure oxygen spectra were collected at 1.3 kPa and then up to the highest 
pressure in the previous list that was within the dynamic range of the 
system. As a result, the number of pure oxygen sample pressures ranged 
from two (for the P29Q28 and P29P29 pair) to nine (for the P37Q36 and 
P37P37 pair). Fig. 1 shows typical spectra for the P35P35 and P35Q34 
line pair for the various pressures and gas mixtures considered. Pressures 

Table 1 
Sample compositions with combined standard uncertainties given by the last 
digit in parentheses. Sample composition values and uncertainties appear as 
stated in the Reports of Analysis or previous publications [34,36]. The range of 
measured temperatures for each sample are also reported. *Trace Ar in the 
synthetic air sample is treated as negligible during fitting. **Purity of Pure O2 
sample is 99.997%.

Sample 
name

Ar diluent 
contribution 
(%)

O2 diluent 
contribution 
(%)

N2 diluent 
contribution 
(%)

Measured 
Temperatures 
(K)

Pure O2 0 100** 0 298.20 – 
298.22

Synthetic- 
Air

0.0090* 20.868(28) 79.1319(106) 298.15 – 
298.19

Whole-Air 0.93493(136) 20.93234 
(118)

78.13273 
(180)

298.04 – 
298.10

5 % Ar 5.087(42) 19.8840(77) 75.029(43) 298.08 – 
298.13

15 % Ar 14.98(12) 17.9961(69) 67.0239 
(1200)

298.13 – 
298.18
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were measured by a resonant silicon manometer with a full-scale range 
of 130 kPa and temperatures by a thermistor in good thermal contact 
with the cavity cell wall. Both sensors were calibrated against SI- 
traceable NIST transfer standards [48]. The measured temperatures 
for each sample are summarized in Table 1.

2.3. Multi-spectrum fitting method

We used the Multi-spectrum Analysis Tool for Spectroscopy (MATS) 
[43] to fit line-by-line spectral models to the measured spectra. With this 
multi-spectrum analysis approach, global fitted line-shape parameters 
can be constrained by both pressure and the amount fraction of each 
collisional partner. MATS uses a least-squares algorithm to minimize the 
residuals computed between measured spectra and those modeled using 
line profiles from the HITRAN application programming interfaces 
(HAPI) [49,50]. For each transition pair, all spectra (ranging from 34 to 
41 spectra depending on available pure oxygen spectra) were fit 
simultaneously to extract N2, O2, and Ar pressure broadening and 
shifting parameters.

We modeled the spectrum of each line pair using Eq. (1), where τ(ν) 
is the measured ring-down time constant at the cavity resonance fre
quency ν, c is the speed of light, α(ν)is the absorption coefficient of the 
sample, and αb is an empirical quadratic baseline term. The absorption 
coefficient is modeled through Eq. (2), where χO2 is the 16O2 amount 
fraction, ρ is the ideal gas number density of the sample at the measured 
pressure, pobs, and observed temperature Tobs, Si is the line intensity, Φi is 
the area-normalized line profile, χj represents the amount fractions of 
the broadeners in the sample, and i indexes a spectral transition in the 
frequency range of the spectrum. All O2 transitions in HITRAN in the 
spectral region were modeled in the fits as, 

[cτ(ν)]− 1
= α(ν) + αb (1) 

α(ν) = χO2
ρ
∑

i
Si(Tobs)Φi

(
νi;Tobs, pobs, χj

)
. (2) 

Fitting the measured spectra with a Voigt profile (VP) shows char
acteristic structure at the line core, indicating the need for fitting with 
beyond-Voigt line-shape profiles such as those based on the Hartmann- 
Tran profile (HTP) and its limiting cases. This profile is recommended 
for high-resolution spectroscopy, and in addition to the pressure 
broadening and shifting parameters, γ0, and δ0 respectively, it includes 

terms accounting for speed-dependent broadening, γ2 (aw = γ2/γ0) and 
shifting δ2 (as = δ2/δ0), as well as the rate of velocity-changing collisions 
(Dicke narrowing), ̃νVC. Finally, the HTP has a correlation parameter, η, 
quantifying correlation between velocity- and rotation-state-changing 
collisions [51,52]. Here, we used two limiting cases of the HTP, the 
speed-dependent Nelkin-Ghatak profile (SDNGP, η = 0) and the 
speed-dependent Voigt profile (SDVP, ̃νVC = 0, η = 0). In the HTP, Dicke 
narrowing is based on a hard collision model, where molecular veloc
ities before and after collisions are unrelated. Some literature data in this 
band were obtained using the Galatry profile (GP), which models Dicke 
narrowing using a soft collisional model, where it is assumed that many 
collisions are necessary to change the molecular velocity [52]. Analysis 
with the SDVP and SDNGP also modeled line mixing using the first-order 
Rosenkranz parameterization [53]. Line mixing was included to mini
mize residuals, but parameters are not reported because line mixing in 
the O2 A-band is best modeled by a full matrix line mixing approach 
[18–20].

One significant challenge in fitting higher-order line-shape profiles 
to measured spectra of finite signal-to-noise is a numerical correlation 
between parameters, which may result in fitted values or uncertainties 
that are not physically meaningful [49,54]. In analysis with the SDNGP 
and SDVP profiles, the as term was set to 0 because the SNR was too low 
to extract physically meaningful parameters. Additionally, the aw, ν̃VC, 
and line mixing parameters were constrained to be the same for all 
broadeners. This assumption was incorporated into the uncertainty 
quantification. The line intensities were not constrained to be equal 
across all spectra when fitting a given line.

Fig. 1 shows measured spectra of the P35P35 and P35Q34 lines with 
SDVP and SDNGP fit residuals (measurement minus fit) for the various 
samples. Quality-of-fit factors (QF) from the multi-spectrum fit were 
higher for the SDNGP (mean 836, range 76–3361) than for the SDVP 
(mean 675, range 76–2556), and structured residuals in the line cores 
were reduced with the SDNGP. The QF is defined as the baseline sub
tracted peak absorption coefficient divided by the standard deviation of 
the fit residuals. The signal-to-noise ratio (SNR) is a similar metric only 
considering the noise in the spectrum baseline, rather than the standard 
deviation in the fit residuals (mean 870, range ~75 – 3850). QFs will 
approach the SNR when systematic residuals from the fitting model are 
negligible. Spectra were also analyzed independently in multi-spectrum 
fits for each gas sample: on average, the QFs from these fits of single gas 
samples were about 7 % larger than the multi-spectrum fits that included 

Fig. 1. Measured absorption spectra (top row) and corresponding residuals (measurement minus fit) from a multi-spectrum fit with the two different beyond-Voigt 
line-profiles described below: SDVP (middle row) and SDNGP (bottom row) for the P35P35 and P35Q34 lines in the O2 A-band. The columns correspond to results for 
different gas samples used in the multi-spectrum analysis as outlined in Table 1, with 9 measured spectra for pure oxygen and 8 measured spectra for each of the 
mixtures comprising a total of 41 spectra. The average quality-of fit-factor (QF) with the SDVP was 675 (range 76–2556), and that of the SDNGP was 836 (range 
76–3361). Note the change of the y-axis scale for the oxygen spectra compared to the other samples.
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all spectra. This result highlights that, while these data did not have 
sufficiently high signal-to-noise ratios to accurately determine the 
higher-order line-shape parameters for each broadener, there was some 
sensitivity to the broadener dependence in the higher-order line-shapes.

2.4. Uncertainty analysis

Uncertainty in the reported spectroscopic parameters arises from 
statistical uncertainties resulting from fitting spectra with experimental 
noise and systematic uncertainties in measured pressure, temperature, 
and sample composition. Tables 2 and 3 summarize the statistical (Type 
A evaluation) and systematic (Type B evaluation) uncertainties [55] for 
each reported parameter and the combined relative uncertainties for fits 
with the SDNGP and SDVP, respectively.

The analysis of statistical uncertainties in the reported parameters is 
complicated by the numerical correlation between line-shape parame
ters, which can be significant for the higher-order narrowing parame
ters, ν̃VC and aw. As part of the multi-spectrum fitting process, MATS 
reports the standard error of each fitted parameter from the least- 
squares fit. However, this approach underestimates the statistical un
certainties because it does not account for the numerical correlation 
between fitted parameters. For a more conservative estimate of the 
statistical uncertainties, we performed Monte Carlo simulations to 
obtain ensembles of fitted values, following the procedure reported in 
Fleurbaey et al. [56]. For each pair of transitions, we used MATS to 
generate synthetic spectra corresponding to the sample composition, 
pressure, and signal-to-noise ratio of the measured spectra. Repeating 
this procedure multiple times with unique synthetic noise and different 
initial parameter guesses for each pair of transitions, we assigned the 
standard deviation of each ensemble to be the Monte Carlo standard 
uncertainty, then computed the ratio of the Monte Carlo standard un
certainty to the standard error reported by MATS for the simulations. 
This ratio provides a factor by which the uncertainties from a Type A 
evaluation can be corrected to better account for the correlation be
tween parameters.

Systematic uncertainties in the pressure, temperature, and sample 
composition were evaluated for each parameter as described in Adkins 
et al. [34], and the results were combined in quadrature with the sta
tistical uncertainties to calculate combined relative uncertainties. The 
systematic pressure uncertainty is determined by the combined uncer
tainty in the pressure gauge, comprising the quadrature sum involving 
drift in the pressure zero measurement, uncertainty in the pressure 
calibration, and the change in pressure across a spectrum (<10 min for 
spectrum collection). The temperature uncertainty for each line-shape 
parameter is determined by both the uncertainty in the temperature 
measurement (0.028 K: thermistor uncertainty, deviation across mea
surement, and estimated gradients) and the uncertainty in the line-shape 
parameter’s temperature dependence, which is used to report the 
parameter at a reference temperature of 296 K. For the collisional 
broadening and pressure shifting terms, the sample composition 

uncertainty is based on the composition uncertainties in the samples 
used in the multi-spectrum fit outlined in Table 1. For ν̃VC and aw, an 
air-broadening value is reported, so the uncertainty associated with the 
sample composition includes the estimated uncertainty in the parameter 
based on the difference between theoretical values for air and the 
composite sample composition used in this study.

3. Results and discussion

Tables 4 and 5, respectively, contain broadener-dependent SDNGP 
and SDVP line lists for the ten reported transitions.

3.1. Line-shape parameters

In Fig. 2, we present pressure broadening parameters, γ0, obtained in 
this study as well as literature values for the three broadeners. The re
sults are plotted as a function of total angular momentum index m, 
where m = − J″ for the P-branch and m = J″+1 for the R-branch. 
Although fewer high-resolution measurements are available for high J 
transitions than at the center of the band, N2 and O2 broadening co
efficients obtained here are within 5 % percent of those reported by 
Robichaud et al. [14], Havey et al. [15], Drouin et al. [18], and Payne 
et al. [19]. There is also reasonable agreement across the band in the 
literature for the γ0,N2 and γ0,O2 parameters. It is also worth noting that 
the literature data includes broadening terms determined from fits of the 
VP [11,31], GP [14,15], and SDVP [12,13,18,19,23], which could ac
count for some of the variation. For each broadener, we fit a 
second/third-order Padé approximant to the literature and present data. 
For the N2 and O2 cases, each datum was weighted by the inverse of the 
square of its standard uncertainty, whereas for the Ar case, the data were 
not weighted because there was no overlap in m between the literature 
values and measurements. We refer to each fit (see Supplemental Ma
terials for numerical results) as the empirical model, which is shown by 
the dashed line for each case. In the empirical models for the N2 and O2 
cases, we excluded the VP-based results of Brown and Plymate [11] and 
Pope et al. [31] because their collisional broadening terms are expected 
to be smaller than those from higher-order profiles that account for line 
narrowing mechanisms. We note, however, that the Pope et al. γ0,O2 data 
are systematically larger than those of the literature, in opposition to the 
expected trend. Nevertheless, we used the Pope et al. data [30] in the 
empirical model for Ar broadening because these results are the only 
Ar-broadened O2 A-band data available in the literature. Fit residuals in 
the lower panel of Fig. 2 show the differences between the present 
measurements and literature data relative to the empirical model, where 
the standard deviation of the residuals (only considering data used in the 
empirical model development) was 4.7 % for γ0,N2, 3.4 % for γ0,O2, and 
5.1 % for γ0,Ar.

For the ten transitions measured in this study, the Ar pressure 
broadening parameters are smaller than those of O2 and N2 with an 
average ratio 〈γ0,Ar/γ0,O2〉 = 0.49 ± 0.06 compared to 〈γ0,N2/γ0,O2〉 =

Table 2 
Uncertainty analysis for reported SDNGP parameters. All uncertainty values are expressed as relative standard uncertainties in (%). Indicated statistical (Type A 
evaluation) and systematic (Type B evaluation) uncertainty values are based on the distribution median of all measured transitions. Combined uncertainties reported in 
Table 4 are based on the line-by-line statistical and systematic uncertainties. *Parameter value determined by constrained fit with all broadeners equal across all 
samples. Uncertainty quantification includes deviation from nominal air component amount fractions.

Type A Evaluation Type B Evaluation Combined

Line-shape Parameter Broadener Fit Uncertainty Monte Carlo Expanded Uncertainty p T χ

γ0 N2 0.11 0.11 0.06 0.04 0.06 0.15
O2 0.09 0.09 0.05 0.005 0.12
Ar 0.5 0.6 0.05 0.06 0.60

δ0 N2 0.2 0.2 0.05 0.06 0.20
O2 0.4 0.4 0.05 0.005 0.43
Ar 0.6 0.6 0.06 0.06 0.62

ν̃VC Air* 2 2 0.4 2 3
aw Air* 1.3 1.3 0.2 4 5
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0.87 ± 0.05 (uncertainty represents the standard deviation over the 
measured lines). However, using the present empirical models and 
including transitions up to J″ = 40, we obtain 〈γ0,Ar/γ0,O2〉 = 0.69 ± 0.19 
and 〈γ0,N2/γ0,O2〉 = 0.94 ± 0.07. Over the same range of J for broadening 
by water vapor, we find that 〈γ0,H2O/γ0,O2〉 = 1.05 ± 0.06 [27,57]. While 
water vapor broadening needs to be included in the atmospheric spec
troscopic models because of its geophysical, altitudinal, and temporal 
variation, the difference from γ0,N2 is larger for γ0,Ar than for γ0,H2O. 
Therefore, because the amount fraction of Ar in the atmosphere is 
constant and nearly equal to 1 %, systematic bias in atmospheric re
trievals might occur when using collisional broadening parameters 
based on laboratory measurements made with Ar-free synthetic air (N2 
and O2 only).

In Fig. 3, we compare the m-dependence of present pressure shifting 
parameters, δ0, for each broadener to literature values from Brown and 
Plymate [11], Predoi-Cross et al. [12,13], Robichaud et al. [14], Drouin 
et al. [18], Payne et al. [19], Lunny [22], and Sung [23]. Most notably, 
there is a much more significant discrepancy in the literature between 
pressure shifting coefficients than between those of pressure 

broadening. For pressure shifting by N2, the data from Brown and Ply
mate [11] and Predoi-Cross et al. [12] are displaced from the current 
data and those of Robichaud et al. [14], Drouin et al. [18], Payne et al. 
[19], Lunny [22], and Sung [23]. For O2, the δ0,O2 values reported by 
Lunny [22], Brown and Plymate [11], Predoi-Cross et al. [13], and Sung 
[23] are clustered, exhibiting an offset with respect to those of Drouin 
et al. [18] and Payne et al. [19]. Additionally, the results of Robichaud 
et al. [14] appear to be outliers compared to all other literature data and 
the present measurements. Unlike in the case of δ0,N2, the present 
measurements of δ0,O2 do not clearly agree in magnitude with one of two 
literature data groupings. Because the Payne et al. work [19] is the next 
iteration of the Drouin et al. O2 A-band spectroscopic model [18], 
agreement between these values is expected. However, the line list of 
Sung [23] is a reanalysis of the FTS spectra included in the Drouin and 
Payne data set and four additional FTS spectra. The Sung [23] O2 
pressure shifts are slightly larger than other literature data but more 
consistent with other literature data than the related Drouin [18] and 
Payne [19] O2 pressure shift values.

For the N2 and O2 pressure shifts, we fit first/second-order Padé 

Table 3 
Uncertainty analysis for reported SDVP parameters. All uncertainty values are expressed as relative standard uncertainties in (%). Indicated statistical (Type A 
evaluation) and systematic (Type B evaluation) values are based on the distribution median of all measured transitions. Combined uncertainties reported in Table 5 are 
based on the line-by-line statistical and systematic uncertainties. *Parameter value determined by constrained fit with all broadeners equal across all samples. Un
certainty quantification includes deviation from nominal air component amount fractions.

Type A Evaluation Type B Evaluation Combined

Line-shape Parameter Broadener Fit Uncertainty Monte Carlo Expanded Uncertainty p T χ

γ0 N2 0.13 0.13 0.06 0.05 0.06 0.16
O2 0.09 0.09 0.05 0.005 0.12
Ar 0.8 0.8 0.05 0.06 0.8

δ0 N2 0.2 0.2 0.05 0.06 0.2
O2 0.4 0.4 0.05 0.005 0.4
Ar 0.7 0.7 0.06 0.06 0.7

aw Air* 0.3 0.4 0.2 4 4

Table 4 
Measured SDNGP parameters. Values in parentheses are combined statistical and systematic uncertainties in the last reported digit. Units are cm− 1 atm− 1 (1 cm− 1 

atm− 1 = 0.295 872 15 MHz/Pa) for γ0, δ0, and ̃νVC; aw is dimensionless. Collisional broadening and shifting parameters are reported for N2, O2, and Ar broadeners, 
while aw and ̃νVC are reported for air broadening.

Line m γ0,N2 γ0,O2 γ0,Ar δ0,N2 δ0,O2 δ0,Ar aw,air ν̃VC,air

P37P37 − 37 0.02450(4) 0.03017(4) 0.01307(33) − 0.01075(2) − 0.00739(1) − 0.00933(20) 0.111(6) 0.0069(3)
P37Q36 − 36 0.02444(5) 0.02998(4) 0.01213(32) − 0.01071(3) − 0.00688(2) − 0.00981(22) 0.108(6) 0.0063(3)
P35P35 − 35 0.02649(3) 0.03153(3) 0.01414(15) − 0.01060(1) − 0.00732(1) − 0.00964(9) 0.109(5) 0.0061(2)
P35Q34 − 34 0.02672(3) 0.03145(3) 0.01447(17) − 0.01051(1) − 0.00678(1) − 0.00951(10) 0.117(5) 0.0050(2)
P33P33 − 33 0.02873(3) 0.03356(4) 0.01622(8) − 0.01029(1) − 0.00726(3) − 0.00946(5) 0.134(6) 0.0043(2)
P33Q32 − 32 0.02898(3) 0.03349(4) 0.01641(10) − 0.01031(1) − 0.00651(3) − 0.00937(5) 0.140(6) 0.0034(1)
P31P31 − 31 0.03090(4) 0.03540(10) 0.01799(4) − 0.01036(2) − 0.00620(7) − 0.00965(3) 0.121(5) 0.0055(2)
P31Q30 − 30 0.03063(5) 0.03546(13) 0.01794(11) − 0.01014(2) − 0.00613(8) − 0.00934(6) 0.117(5) 0.0050(2)
P29P29 − 29 0.03320(7) 0.03676(25) 0.02053(6) − 0.01025(5) − 0.00523(17) − 0.00966(3) 0.076(4) 0.0075(2)
P29Q28 − 28 0.03355(8) 0.03608(26) 0.02021(6) − 0.00986(4) − 0.00585(16) − 0.00973(3) 0.083(4) 0.0061(2)

Table 5 
Measured SDVP parameters. Values in parentheses are combined statistical and systematic uncertainties in the last reported digit. Units are cm− 1 atm− 1 (1 cm− 1 atm− 1 

= 0.295 872 15 MHz/Pa) for γ0 and δ0; aw is dimensionless. Collisional broadening and shifting parameters are reported for N2, O2, and Ar broadeners, while aw is 
reported for air broadening.

Line m γ0,N2 γ0,O2 γ0,Ar δ0,N2 δ0,O2 δ0,Ar aw,air

P37P37 − 37 0.02472(4) 0.03065(3) 0.01277(38) − 0.01074(3) − 0.00738(1) − 0.00932(20) 0.168(7)
P37Q36 − 36 0.02466(5) 0.03043(3) 0.01178(38) − 0.01071(3) − 0.00687(2) − 0.00983(21) 0.163(7)
P35P35 − 35 0.02672(3) 0.03195(3) 0.01390(18) − 0.01060(2) − 0.00732(1) − 0.00963(11) 0.159(7)
P35Q34 − 34 0.02694(3) 0.03181(3) 0.01430(18) − 0.01050(2) − 0.00677(1) − 0.00950(11) 0.157(7)
P33P33 − 33 0.02931(3) 0.03343(4) 0.01624(9) − 0.01029(1) − 0.00727(3) − 0.00946(5) 0.176(8)
P33Q32 − 32 0.02943(3) 0.03338(4) 0.01642(10) − 0.01031(1) − 0.00649(3) − 0.00934(6) 0.173(8)
P31P31 − 31 0.03171(5) 0.03453(13) 0.01800(6) − 0.01034(2) − 0.00615(8) − 0.00963(3) 0.166(7)
P31Q30 − 30 0.03175(7) 0.03481(18) 0.01783(16) − 0.01012(4) − 0.00732(12) − 0.00966(8) 0.168(7)
P29P29 − 29 0.03404(11) 0.03564(39) 0.02103(7) − 0.01024(5) − 0.00521(21) − 0.00967(4) 0.141(6)
P29Q28 − 28 0.03428(10) 0.03514(37) 0.02046(8) − 0.00985(6) − 0.00590(21) − 0.00963(4) 0.139(6)
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approximant functions to the literature and present measurements. This 
analysis was identical to that carried out for pressure broadening data, 
except that the data were not weighted. The resulting empirical model 

for the N2 pressure shift included the data from Robichaud et al. [14], 
Drouin et al. [18], Payne et al. [19], Lunny [22], and Sung [23], which 
agreed well with the current measurements. The fit to the O2 pressure 

Fig. 2. Comparison of N2, O2, and Ar pressure broadening coefficients reported here and in the literature. Error bars represent the combined standard uncertainty in 
the fitted parameters for the current measurements and reported uncertainties for literature values.

Fig. 3. Comparison of N2, O2, and Ar pressure shifting coefficients reported here and in the literature. Error bars represent the combined standard uncertainty in the 
fitted parameters for the current measurements and reported uncertainties for literature values.
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shifts included the data of Lunny [22], Brown and Plymate [11], 
Predoi-Cross et al. [12,13], and Sung [23]. The residuals of the data 
included in the fits with respect to the empirical models had a standard 
deviation of 8.3 % for δ0,N2 and 15.9 % for δ0,O2. To our knowledge, this 
work is the first to report Ar pressure shifts in the O2 A-band. Therefore, 
to extrapolate our high J measurements of δ0,Ar to lower-J values, we 
estimate δ0,Ar(m) to be δ0,N2(m) 〈δ0,Ar/δ0,N2〉, where 〈δ0,Ar/δ0,N2〉 = 0.923 
is based on the high J measurements reported here. Because δ0,Ar is 
similar in magnitude to that of δ0,N2, adverse impacts on atmospheric 
retrievals caused by neglecting Ar (either by explicitly assuming δ0,Ar =

δ0,N2 or by using a synthetic air sample) pressure shifting should be less 
significant than those associated with the neglect of pressure broadening 
caused by Ar. However, the literature discrepancy in O2 pressure shifts, 
and to a lesser extent, N2 pressure shifts, indicates the need for addi
tional investigation as this could lead to biases in atmospheric retrievals.

In Fig. 4, we compare the speed dependent and Dicke narrowing 
parameters, aw,air and ν̃VC,air, respectively, reported here and in the 
literature. There are no literature values for Dicke narrowing based on a 
hard collision model, but Robichaud et al. [14], Havey et al. [15], and 
Long et al. [16] report values determined with a line profile using the 
soft collision model, GP. The ν̃VC,airvalues reported in this work were 
determined using the SDNGP, which uses a hard collision model and 
accounts for both speed dependent narrowing and Dicke narrowing. 
Because accounting for only one narrowing mechanism will tend to bias 
the Dicke narrowing high [49], our inclusion of an additional narrowing 
mechanism explains our lower ν̃VC,air values compared to those in 
Robichaud et al. [14], Havey et al. [15], and Long et al. [16]. Over the 
studied range of transitions, our measurements did not show the 
decrease in ν̃VC,air with decreasing J as previously reported in the liter
ature. However, this could be due to the limited number of lines 
included in the study. In our reported aw,air values, we observe the same 
effect where the aw,air value obtained by fitting with the SDVP is larger 
than that obtained with the SDNGP. In Drouin et al. [18] and Payne et al. 
[19], aw,air values for most of the high J transitions measured in this 
study were fixed in their fits and are therefore not included in Fig. 4. 
However, in the present work the resulting SDVP aw,air values follow a 
J-dependent trend qualitatively similar to those reported by Drouin et al. 
[18] and Payne et al. [19].

3.2. Atmospheric implications

Because Ar constitutes only 0.934 % of atmospheric air by volume, 
even significant changes in Ar spectroscopic parameters result in only 
small perturbations of the air-broadening parameters. However, esti
mating the sensitivity of atmospheric retrievals to small changes in the 
spectroscopic parameters can be difficult in partially saturated bands 

like the O2 A-band, where effects can be nonlinear. We investigated the 
magnitude of the impact of this perturbation on atmospheric measure
ments in two ways. First, we performed a surface pressure retrieval 
sensitivity study on synthetic atmospheric spectra simulated with a 
whole-air (containing Ar) line list and evaluated with a synthetic-air line 
list (not containing Ar). Second, we compared retrievals of O2 total 
columns for actual atmospheric spectra collected at the Total Carbon 
Column Observing Network (TCCON) station located at Park Falls, WI, 
USA [58].

Using the empirical models described above (available in the Sup
plementary Materials), we model the collisional broadening and shifting 
parameters for O2, N2, and Ar. For each line in the band (J″ ≤ 45), we 
calculate synthetic-air and whole-air collisional broadening and shifting 
terms, defining synthetic-air and whole-air as in Table 1. The line lists 
for the synthetic spectra sensitivity study used the SDVP HITRAN 2020 
O2 A-band line list based on Payne et al., updating the collision broad
ening and shifting terms for the tested line lists [19,57]. The whole- and 
synthetic-air line lists for the TCCON tests updated the collisional 
broadening and shifting terms in the VP based TCCON telluric line list. 
We also updated the line intensities to those reported in Adkins et al. 
[42].

For the surface pressure sensitivity study, we simulate atmospheric 
spectra using TCCON priors for temperature and pressure as a function 
of altitude averaged by available month and time information for each 
TCCON site (32 sites) [1,59]. This set comprises 1580 simulations 
covering various locations, months, and times of day, providing sam
pling over a range of airmasses. An atmospheric spectrum is simulated as 
the sum of altitudinal atmospheric slices based on the TCCON priors 
(pressure, temperature, and slice thickness). The spectra were simulated 
with a signal-to-noise ratio of 1000. We also used a Gaussian filter with a 
width of 0.05 cm− 1 when both simulating with the whole-air line list and 
fitting with the synthetic-air line list. The relative pressure profile across 
the simulated atmospheric column was conserved, and only the surface 
pressure was fit to minimize the residuals.

Fig. 5 shows the surface pressure bias in atmospheric spectra ob
tained by simulating with a whole-air line list and fitting with a 
synthetic-air line list. Using the latter list in the analysis results in a 
systematic underprediction of retrieved surface pressure. The average 
surface pressure bias across all simulated airmasses is − 0.69 ± 0.05 hPa, 
in comparison to the simulated average surface pressure of 1016.5 hPa. 
Bias is defined here as the difference between the fitted and the simu
lated surface pressure. Additionally, there is a slight airmass depen
dence, with larger airmass increasing the magnitude of the bias. In 
comparison, the average global surface pressure bias between the OCO-2 
retrieval and its prior meteorology is about 2.5 hPa [19] and opposite in 
sign.

Fig. 4. Comparison of the Dicke narrowing (left) and speed-dependence (right) air-broadened parameters reported here and in the literature. Error bars represent the 
combined standard uncertainty in the fitted parameters for the current measurements and reported uncertainties for literature values.
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As a second test of the atmospheric impacts of neglecting Ar con
tributions to air-broadened line-shape parameters, we compare re
trievals of O2 total columns from the TCCON station located at Park 
Falls, WI, USA [58]. To replicate the results of the simulation shown in 
Fig. 5, we computed surface pressure from the retrieved O2 A-band and 
H2O columns using 

p =
vO2

fO2

Mair, dryg + vH2OMH2Og (3) 

where vO2 and vH2O are the total columns of O2 and H2O, respectively, 
retrieved using the GGG2020 algorithm [59] with the synthetic-air and 
whole-air line lists, fO2 is the mean atmospheric amount fraction of O2 
(calculated as 0.209294 for the year 2024 following appendix E2 of 
Ref. [59]), Mair,dry and MH2O are the molar masses of dry air (28.964 g 
mol-1) and H2O (18.01534 g mol-1), respectively, and g is the mean 
gravitational acceleration over the total column (for which we used 
9.784 m s-2), calculated as a pressure-weighted mean value for the 
TCCON observations used in this test.

The left panel of Fig. 6 shows histograms of the difference in surface 
pressure calculated from Eq. (3) versus the measured surface pressure at 
the Park Falls TCCON site for GGG2020 retrievals, on two days of Park 
Falls TCCON spectra (one in the winter and one in the summer) using the 
synthetic-air and whole-air line lists. Consistent with Fig. 5, the whole- 
air line list leads to a greater retrieved surface pressure than the syn
thetic air-line list. The synthetic-air line list results in a median differ
ence in retrieved surface pressure from measured surface pressure that is 
0.8 hPa smaller than the whole-air line list, which is consistent with the 
− 0.69 ± 0.05 hPa result from the sensitivity tests. Both line lists show an 
overall positive bias in surface pressure, which could be due to the lack 
of self-consistency in the line list construction (i.e., differences in line 
profile, differences in line centers). Note that TCCON does not use the A- 
band in their standard retrievals; instead, they use the O2 band centered 
at 1.27 μm to retrieve O2 because it is advantageous to retrieve O2, CO2, 
CH4, and other target gases from spectral windows recorded by the same 
detector [1].

While the comparison to surface pressure is unclear as to which line 
list yields a more accurate surface pressure due to the mean bias, the 
spectral residuals from the TCCON analysis show that the whole-air line 
list leads to slightly improved spectral fits. The right panel of Fig. 6
shows the distribution of root-mean-squared residuals (normalized by 
the continuum level) for retrievals of the same set of Park Falls spectra as 
in the previous paragraph. The whole-air line list has slightly smaller 
residuals overall (quantified by the median results), indicating a better 
fit to the observed solar spectra when Ar-broadening is included in the 
air collisional broadening and pressure shifting terms.

These analyses suggest that while atmospheric retrieval biases due to 
O2 A-band spectroscopy are still dominated by uncertainty in the higher- 
order line-shape parameters, line-mixing, and collision-induced ab
sorption models [17], the use of line lists that neglect the contributions 
of Ar to the collisional broadening and shifting introduces a 
non-negligible error in O2 A-band surface pressure retrievals. Including 
the line-shape effects of Ar in future analyses would reduce this bias. The 
consistency in surface pressure impact between the simulation-based 
sensitivity analysis and the TCCON retrieval analysis indicates that 
sensitivity tests on synthetic spectra are a valid tool for testing impacts of 
deficiencies in subsets of the total spectroscopic model, which might be 
confounded by the complexities of full atmospheric retrievals.

Fig. 5. Results of surface pressure bias in simulated atmospheric spectra 
simulated with a whole-air line list (including Ar) and fit with a synthetic-air 
line list (excluding Ar). The latter list underpredicts the surface pressure, 
increasing the magnitude of the bias at larger airmasses. The linear fit (red line) 
has a slope of − 0.02169(6) hPa/airmass and an intercept of − 0.637(2) hPa.

Fig. 6. Analysis of whole- and synthetic-air line lists in the TCCON A-band window for 397 spectra recorded at the Park Falls, WI, USA TCCON station (168 spectra 
from 2 Feb 2024 and 229 spectra from 1 Jul 2024). Left panel: Difference between surface pressure calculated from the O2 columns using Eq. (3) and the measured 
surface pressure at the Park Fall TCCON station. Right panel: Histograms of the root-mean-squared residual in the TCCON O2 A-band retrieval window (12,970 cm-1 

to 13,195 cm-1) normalized by the continuum level of the spectrum.
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4. Conclusions

In this work, we report pressure broadening and shifting parameters 
for O2, N2, and Ar for ten high J lines in the P-branch of the O2 A-band. 
Consistent with prior measurements, pressure broadening by Ar is 
smaller than that of O2 or N2, while pressure shifting by Ar is larger than 
that of N2 and smaller than that of O2. Additionally, we have compiled 
literature data and current measurements to report empirical models of 
O2, N2, and Ar collisional broadening and pressure shifting in the O2 A- 
band. The empirical models presented herein, incorporating both the 
present data and literature results, should also be useful for calculating 
the room-temperature broadening and shifting line-shape parameters in 
the O2 A-band for whole-air and arbitrary mixtures comprising N2, O2, 
and Ar.

These empirical models highlight the current levels of literature 
consensus in air-component collisional broadening and pressure shifting 
terms. There is literature agreement at the ~5 % level for O2 and N2 
collisional broadening parameters. In contrast, the O2 and N2 pressure 
shifting parameters have larger systematic disagreements between 
various literature data sets. This indicates the need for additional studies 
focusing on pressure shifts in the O2 A-band, specifically the self-shifts.

For most atmospheric measurements, neglecting Ar line parameter 
contributions likely leads to only a small offset in the retrieved surface 
pressure values. The initial simulations and TCCON retrievals in this 
work show that the impact is about 0.75 hPa in magnitude (0.07 %) – 
within a factor of four of the OCO-2 target uncertainty of 0.25 % for CO2 
amount fraction. However, newer missions like the CO2 monitoring 
mission within the European Union’s Copernicus Program (CO2M) have 
more rigorous precision targets (~0.15 %), requiring reduction of every 
possible source of error in retrievals [60]. As available spectroscopic 
parameters and atmospheric measurements continue to improve, the 
line-shape effects of Ar should be considered. The empirical models for 
Ar collisional broadening and pressure shifting presented in this work 
provide a first step towards the incorporation of Ar line parameters in O2 
A-band line lists. Future high-resolution and high-precision laboratory 
measurements of air-broadening can be made using air samples con
taining Ar to easily consider whole-air line-shape effects. If attainable, 
researchers should also report air-component line-shape parameters 
because this allows for the use of line-shape parameters for both 
synthetic-air and whole-air applications.
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