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Abstract.  

Ammonia (NH3) is a toxic pollutant, generally linked to agricultural emissions, and plays a major role in the formation of fine 10 

aerosols which have a significant and detrimental effect on human health.  NH3 is one of the most significant gases that can be 

monitored by satellite instruments orbiting the Earth, including the Infrared Atmospheric Sounding Interferometer (IASI) and 

the Cross-track Infrared Sounder (CrIS).  The interpretation of these measured atmospheric spectra requires accurate radiative 

transfer modelling, which relies on the quality of the input spectroscopic line parameters. 

 15 

In this work we present new high quality high-resolution infrared spectra of self- and air-broadened NH3 at 296 K using a 

Bruker IFS 125HR spectrometer and a 24.45 cm pathlength sample cell with silver chloride windows.  Using a multispectrum 

fitting approach, we then determine new spectroscopic line parameters over the range 685 cm-1 to 1250 cm-1 for the NH3 0100 

00 0 s ← 0000 00 0 a and 0100 00 0 a ← 0000 00 0 s transitions associated with the 𝑣2 mode; the Q branches of these 

transitions are the strongest NH3 features observed in atmospheric spectra.  Our analysis utilises the Voigt lineshape, with 20 

speed-dependent Voigt and Rosenkranz line mixing for the strongest lines.  To date this is the most complete experimental 

and multispectrum analysis of air-broadened NH3 over this spectral region.  Our derived spectroscopic line parameters 

reproduce the new measurements substantially better than line parameters from the HITRAN 2020 database, which were 

derived from a mixture of ab initio calculations and previous laboratory measurements. We have revised values for parameters 

such as line intensities and air-broadened Lorentz halfwidths, in some cases by almost 10%. We have substantially lowered 25 

the uncertainties of key parameters, such as line intensities.  In addition to the measured speed dependence and Rosenkranz 

line mixing parameters, which we believe are the first reported for the 𝑣2 band of NH3 in air, we also determine a range of 

parameters for the 𝑣2 band that are not currently in HITRAN, for example self- and air-pressure-induced shifts. We expect 

these new parameters to provide a more accurate basis for incorporation into atmospheric radiative transfer models to measure 

NH3 concentrations from satellite. 30 
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1 Introduction 

Ammonia (NH3) is found throughout the universe, from the interstellar medium (Ho et al., 1983) to the atmospheres of 

exoplanets, e.g. GJ 504 b (Mâlin et al., 2025).  Closer to home, it can be found throughout the Solar System, e.g. in the 

atmospheres of the gas giants Jupiter and Saturn (Irwin et al., 2025), and also in the Earth’s atmosphere where it is the most 35 

abundant alkaline gas.  On Earth, it is emitted through a range of anthropogenic sources (Sutton et al., 2008; Behera et al., 

2013; Wyer et al., 2022) of which agriculture, mostly accounted for by livestock and nitrogen-based fertilisers, is responsible 

for over 80% of the global total emissions (van Damme et al., 2021). Atmospheric NH3 is responsible for a variety of negative 

environmental and health effects. It contributes to the eutrophication and acidification of aquatic ecosystems, causing adverse 

effects on a variety of different flora (Sutton et al., 2009; García-Gómez et al., 2014). Additionally, NH3 serves as a significant 40 

precursor to fine particulate matter, PM2.5 (Brunekreef et al., 2015; Megaritis et al., 2013; Thakrar et al. 2020). It is estimated 

that atmospheric NH3 accounts for 30% and 50% of the total production of PM2.5 in the US and Europe, respectively (Erisman 

et al., 2004; Behera et al., 2010; Bauer et al., 2016; Han et al., 2020). PM2.5 contributes to visibility degradation (Ting et al., 

2022; Yang et al., 2022) and, when inhaled, can cause a number of diseases, including chronic obstructive pulmonary disorder 

(COPD) and lung cancer (Apte et al., 2018; Lelieveld et al., 2015; Yu et al., 2000).   45 

 

Atmospheric NH3 can be monitored near the Earth’s surface using a variety of in situ methods such as wet chemistry or 

spectroscopic techniques (Twigg et al., 2022).  Increasingly over the last few decades, it has been possible to monitor NH3 by 

infrared spectrometers onboard satellites, such as the Infrared Atmospheric Sounding Interferometer (IASI) (Clarisse et al., 

2009; van Damme et al., 2014; van Damme et al., 2018; Clarisse et al., 2019), the Cross-track Infrared Sounder (CrIS) 50 

(Shephard et al., 2015), the Atmospheric InfraRed Sounder (AIRS) (Warner et al., 2016; Warner et al., 2017), and the 

Tropospheric Emission Spectrometer (TES) (Shephard et al., 2011). Among the most prominent NH3 features in the infrared 

used for remote sensing are the two Q branches of the 𝜈2 ammonia band at ~ 10.4 and 10.7 µm. Accurate retrievals of NH3 

concentrations from the measurements recorded by the various instruments mentioned above depend upon our ability to model 

atmospheric radiative transfer, which in turn depends on the underlying NH3 spectroscopic line parameters. It is therefore 55 

crucially important that the line parameters for the 𝜈2 NH3 band are both accurately and precisely characterised. 

 

In 2013, a full re-analysis of 14NH3 spectroscopy was conducted (Down et al., 2013). In particular, line positions and intensities 

for the 𝜈2 band were revised. This work led to the most recent significant spectroscopic update for NH3 in the HITRAN 2012 

(Rothman et al., 2013) and GEISA 2015 (Jacquinet-Husson et al., 2016) databases. A study was also conducted to determine 60 

self- and air-broadened Lorentz halfwidths at half-maximum (HWHM) for the 𝜈2 14NH3 band for J ≤ 9 (Nemtchinov et al., 

2004); these results were included in the HITRAN 2012 database. In the case of 14NH3 lines where J > 9, the self-broadened 

halfwidths at each K level are set to 0.5, and the air-broadened halfwidths at each K level (K ≤ 9) are assigned the corresponding 

values for the J = 9 levels, except for K > 9 levels for which set values are assigned to fit the trend for other K values.  High 
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resolution spectra of 15NH3 have been recorded (Canè et al., 2019; Canè et al., 2020), and line positions derived from these 65 

studies being included in the HITRAN 2020 database (Gordon et al., 2021) with line intensities derived through ab initio 

calculations (Yurchenko et al., 2015). Currently, no lines of other minor isotopologues of NH3, such as NH2D, are included in 

the HITRAN database. 

 

In this work, we label vibrational states by 𝑣1𝑣2𝑣3𝑣4𝑙3𝑙4𝑙𝑖, where 𝑣𝑛 represents the quantum number of the nth vibrational 70 

mode. Unlike the non-degenerate modes 𝜈1 and 𝜈2, 𝜈3 and 𝜈4 are doubly degenerate and give rise to the vibrational angular 

momentum labels 𝑙3 and 𝑙4, respectively, which can take the values −𝑣 , −𝑣 + 2, …, 𝑣 − 2, 𝑣. These two angular momenta 

couple to produce the total vibrational angular momentum, 𝑙. The 𝑣2 mode is associated with the inversional umbrella motion 

between the two equivalent equilibrium structures, and is considered a classic textbook example of quantum mechanical 

tunnelling. As a result of this large amplitude vibration, each energy level of ammonia splits into a symmetric and 75 

antisymmetric level. For this reason, vibrational states additionally require an inversion label, 𝑖, denoted by 𝑠 or 𝑎 depending 

on whether the state is symmetric or antisymmetric on inversion through the planar configuration. The rotational levels are 

characterised by J, the total angular momentum quantum number, and K, its component along the molecular axis, which can 

take the values 0, 1, 2, …, J. 

 80 

In this work, we derive a set of new line parameters for the 𝜈2  NH3 band, including positions, intensities, self- and air-

broadened halfwidths and, for the first time, a complete set of self- and air-pressure-induced shifts, and, where possible, speed 

dependence and Rosenkranz line mixing parameters. Although this work has focused primarily on deriving new line 

parameters for the 0100 00 0 s ← 0000 00 0 a and 0100 00 0 a ← 0000 00 0 s transitions (excitation from the ground state to 

𝑣2 = 1) of 14NH3, which are of particular importance for remote sensing, we have also derived line parameters within the 685-85 

1250 cm-1 spectral window for the same transitions of 15NH3, alongside a variety of other less intense 14NH3 lines in the 𝜈4, 

2𝜈2 (first overtone), and 𝜈2 + 𝜈4 (combination) bands. The line parameters for these weaker bands are more fully detailed in 

the Supplementary Information. We note also that, due to the small range of pressures for the pure NH3 spectra in our analysis, 

the self parameters tend to have larger uncertainties than the air parameters, in particular the self-pressure-induced line shifts. 

The measurements and analysis were optimised for atmospheric remote sensing applications, and the NH3 amount fractions 90 

are small enough that the self contribution to the air-broadened spectra are smaller than the experimental uncertainty. The self-

induced values were derived from the lower pressure pure NH3 spectra in the multispectrum fit. 

2 Experimental details 

A new laboratory for the purposes of producing spectroscopic data for remote sensing of trace gases in the Earth’s atmosphere 

has recently been set up at Space Park Leicester. Dubbed the SPectroscopy for ENvironmental SEnsing Research (SPENSER) 95 

facility, the principal instrument is a Bruker IFS 125HR spectrometer.  In this work, we carried out measurements of pure and 
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air-broadened NH3 samples at 296 K with a focus on the spectral window 685-1250 cm-1. A glass sample cell, situated inside 

the sample compartment of the spectrometer, was configured with high IR transmission AgCl windows. The cell pathlength 

was determined as 24.45 cm using high resolution measurements of the 0002←0000 band of N2O and high accuracy line 

intensities from a previous study at the Physikalisch-Technische Bundesanstalt (Werwein et al., 2017). The pressure inside the 100 

absorption cell and gas line was monitored by four calibrated Inficon SKY CDG-45D manometers, with different full-scale 

pressures ranging from 0.1 to 1000 Torr. The temperature of the sample was maintained at a constant value of 296 K using a 

F32-HE Julabo circulator that flowed water around the outer jacket of the cell; the temperature was measured by four calibrated 

PRTs connected to an Isotech milliK precision thermometer and millisKanner channel expander. A schematic of the 

experimental setup is shown in Fig. 1. The spectrometer settings and additional measurement information are listed in Table 105 

1. 

 

 

Figure 1. Schematic representation of the experimental setup. 

 110 

Sample gas mixtures were made from high purity gases, namely NH3 (BOC; 99.98 % purity) and dry synthetic air (primary 

reference material (PRM) from the National Physical Laboratory (NPL); 0.95 % Ar, 20.95 % O2 in N2, relative uncertainties 

Ar 1.0 %, O2 0.2 %). For the pure NH3 measurements, a spectral resolution of 0.003 cm-1 was used, defined as the Bruker 

instrument resolution of 0.9/MOPD; MOPD = maximum optical path difference. For the air-broadened measurements, the 

spectral resolution was reduced according to the linewidth, with a lowest resolution of 0.02 cm-1 used where the total pressure 115 

approached 1000 hPa. Table 2 lists the pressures and resolutions selected for the measurements, which were optimised for the 
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Earth’s atmospheric conditions. These mixtures were found to be stable for many hours of scanning, with no signal degradation 

observed that might otherwise be attributed to reactions with the cell windows, for example. For the analysis, NH3 spectra 

were ratioed against appropriate empty cell spectra (taken at 0.03 cm-1 spectral resolution) to produce transmittance spectra. 

The generation of these transmittance spectra was handled by the Bruker OPUS program, which zero-fills the backgrounds to 120 

provide a point-by-point division on the grid of the single channel sample scans. These spectra were unapodised except for the 

highest resolution measurements (< 0.005 cm-1, equivalent to MOPD > 180 cm) for which the following apodisation function 

(ap) was applied (Devi et al., 2003): 

[1 − (
𝑝

MOPD
)

2

]
2

,            (1) 

where p is the path difference, and 𝑎𝑝 is defined as zero when p > MOPD. Finally, additional N2O spectra were recorded for 125 

the purposes of calibrating the wavenumber scales of the NH3 spectra. This is discussed in more detail in Section 3. 

 

Table 1. Spectrometer settings and measurement information for the pure and air-broadened NH3 spectra. 

Spectrometer Bruker IFS 125HR 

Light source MIR globar 

Beam splitter KBr 

Detector MCT D316 

Focal length of collimating lens 418 mm 

Aperture diameter 1.7 mm 

MOPD 45-300 cm 

Spectral resolution 0.02-0.003 cm-1 

Apodisation Eq. 1 for MOPD > 180 cm 

Spectral window 685-1250 cm-1 

Temperature 296 K 

Cell path length 0.2445 m 

Cell windows AgCl 

Signal-to-noise (SNR) 750-2500 

NH3 BOC, 99.98 % purity 

Dry synthetic air NPL PRM, 0.95 % Ar, 20.95 % O2 in N2, relative uncertainties Ar 1.0 %, O2 0.2 % 

Wavenumber calibration N2O 

 

 130 
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Table 2. Experimental conditions for the measured NH3 spectra. 

NH3 amount 

fraction 

Total pressure (hPa) Spectral resolution (cm-1) 

1 0.0171 0.0030 

1 0.121 0.0030 

1 0.320 0.0030 

1 0.579 0.0030 

1 0.995 0.0030 

0.003740 9.94 0.0030 

0.002160 19.91 0.0040 

0.002450 29.88 0.0045 

0.001810 50.21 0.0060 

0.001755 73.63 0.0080 

0.002135 99.54 0.0100 

0.001485 199.2 0.0150 

0.001355 302.7 0.0150 

0.001350 498.8 0.0200 

0.001260 749.5 0.0200 

0.001320 978.3 0.0200 

 

3 Analysis and data retrievals 

The pure and air-broadened ammonia spectra taken in this study were analysed using a nonlinear least-squares multispectrum 135 

fitting software package known as Labfit (Benner et al., 1995), which has an extensive history in deriving non-Voigt line 

parameters for remote sensing, e.g. (Benner et al. 2016). In this work, line parameters were determined for both Voigt and 

speed-dependent Voigt lineshapes with Rosenkranz first order line mixing (Rosenkranz et al., 1988). The normalised Voigt 

lineshape with Rosenkranz line mixing is defined in Labfit (Benner et al., 1995; Letchworth et al., 2007) as: 

𝐼 = √
𝑙𝑛(2)

𝜋

1

Γ𝐷
[𝐾(𝑥, 𝑦) + 𝑌𝐿(𝑥, 𝑦)],          (2) 140 

where Y is the Rosenkranz line mixing parameter, 

𝐾(𝑥, 𝑦) =
𝑦

𝜋
∫

𝑒𝑥𝑝(−𝑡2)

(𝑥−𝑡)2+𝑦2

∞

−∞
𝑑𝑡,          (3) 
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and 

𝐿(𝑥, 𝑦) =
1

𝜋
∫

(𝑥−𝑡)𝑒𝑥𝑝(−𝑡2)

(𝑥−𝑡)2+𝑦2

∞

−∞
𝑑𝑡.          (4) 

These are simply related to the complex probability function, 𝑊, by 145 

𝑊(𝑧) = 𝐾(𝑥, 𝑦) + 𝑖𝐿(𝑥, 𝑦) =
𝑖

𝜋
∫

𝑒𝑥𝑝(−𝑡2)

𝑥+𝑖𝑦−𝑡

∞

−∞
𝑑𝑡,        (5) 

where x and y are given by 

𝑥 = √𝑙𝑛(2)(𝜈 − 𝜈0 − Δ)/Γ𝐷 ,          (6) 

and 

𝑦 = √𝑙𝑛(2)Γ0/Γ𝐷 .           (7) 150 

In the above equations, 𝜈 − 𝜈0  is the wavenumber detuning relative to the unperturbed line centre 𝜈0 , Γ0  is the Lorentz 

(collisional) halfwidth at half maximum, Γ𝐷 the Doppler halfwidth at half maximum, and Δ the pressure-induced shift of the 

line centre (so that 𝜈 − 𝜈0 − Δ represents the wavenumber detuning relative to the pressure-shifted line centre, 𝜈0 + Δ). 

When the speed dependence of collisions is accounted for, the Voigt lineshape is modified into the speed-dependent 

Voigt profile.  With the inclusion of Rosenkranz line mixing, the mathematical form of this profile is defined in Labfit (Benner 155 

et al., 1995; Ciurylo et al., 1998) by rewriting the Lorentz halfwidth as a function of 𝑣, defined as the ratio of the speed of an 

absorbing molecule to its most probable speed, and integrating over the full range of velocities. This leads to K and L being 

redefined as: 

𝐾(𝑥, 𝑦, 𝑎𝑤) =
2

𝜋
∫ 𝑣 𝑒−𝑣2

𝑎𝑟𝑐𝑡𝑎𝑛 [
𝑥+𝑣

𝑦+𝑎𝑤𝑦(𝑣2−3/2)
] 𝑑𝑣

∞

−∞
,       (8) 

and 160 

𝐿(𝑥, 𝑦, 𝑎𝑤) =
1

𝜋
∫ 𝑣 𝑒−𝑣2

𝑙𝑛 {1 + [
𝑥+𝑣

𝑦+𝑎𝑤𝑦(𝑣2−3/2)
]

2

} 𝑑𝑣
∞

−∞
,       (9) 

where  

𝑎𝑤 =
Γ2

Γ0
,             (10) 

and Γ2 is the (quadratic) speed-dependence parameter for the Lorentz halfwidth.  In this work, we do not consider the speed-

dependence of the pressure-induced shifts. These shifts are expected to be small, and difficult to separate from the effects of 165 

line mixing. 

 

The parameters Γ0, Δ, and Y, introduced in Eqs. 2-10, are pressure dependent and can be expanded as 
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Γ0 = 𝑝[𝛾𝑎𝑖𝑟
0 (1 − 𝑥) + 𝛾𝑠𝑒𝑙𝑓

0 𝑥],          (11) 

Δ = 𝑝[𝛿𝑎𝑖𝑟
0 (1 − 𝑥) + 𝛿𝑠𝑒𝑙𝑓

0 𝑥],          (12) 170 

𝑌 = 𝑝𝑌𝑎𝑖𝑟
0 .            (13) 

In the above expressions, 𝛾0, 𝛿0, and  𝑌0 are defined at pref = 1 atm, p is the pressure in atmospheres, and 𝑥 is the amount 

fraction of NH3 in the sample.  As all measurements in this work were taken at 296 K, we have not considered temperature 

dependence terms in Eqs. 2-13. Also note that for each line in the spectrum, the current version of Labfit can only fit one speed 

dependence parameter (aw) and one Rosenkranz line-mixing parameter (Y0) in a solution, making no distinction between self 175 

and foreign contributions; however, the NH3 amount fractions in the high-pressure measurements are very small (less than 

~0.004) so that the self contributions to the air-broadened spectra are smaller than the experimental uncertainty. The definitions 

of the retrieved line parameters are summarised in Table 3. 

 

In addition to line parameters, Labfit is able to correct during the analysis for minor imperfections in the spectra associated 180 

with the field of view or residual phase errors. The software can also fit spectral baselines using Chebyshev polynomials, and 

the zero level of individual spectra, and all spectra can be weighted in accordance with their individual signal-to-noise ratios 

(SNRs). 

 

Table 3. Line parameters derived in this study. 185 

Symbol Description Units 

𝜈0 Line centre position at zero pressure cm−1 

𝑆 Line intensity at 296 K and 1 atm cm−1 (molecule cm−2)⁄  

𝛾𝑠𝑒𝑙𝑓
0  Self-broadened Lorentz halfwidth at 296 K and 1 atm cm−1 atm⁄  

𝛾𝑎𝑖𝑟
0  Air-broadened Lorentz halfwidth at 296 K and 1 atm cm−1 atm⁄  

𝛿𝑠𝑒𝑙𝑓
0  Self-pressure-induced line shift at 296 K and 1 atm cm−1 atm⁄  

𝛿𝑎𝑖𝑟
0  Air-pressure-induced line shift at 296 K and 1 atm cm−1 atm⁄  

𝑎𝑤(air) 
Ratio of the speed dependence of the air-broadened Lorentz halfwidth to 

the air-broadened Lorentz halfwidth at 296 K 
Unitless 

𝑌𝑎𝑖𝑟
0  First-order (Rosenkranz) line mixing parameter in air at 296 K and 1 atm 1 atm⁄  

 

Using Labfit (Benner et al., 1995) it is possible to relate line positions via the corresponding upper and lower state rovibrational 

energies, and parameterise them in terms of the band centre and the rotational constants B, D, H, etc. By constraining line 

positions to these quantum mechanical expressions, fewer parameters are floated and correlations between parameters are 
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reduced. This method has the advantage that blended lines can easily be separated using appropriate constraints. In Labfit, 190 

however, these position constraints are optimised for linear molecules such as carbon dioxide. Fitting spectra of ammonia, a 

symmetric rotor whose energy levels require an additional quantum number, K, adds an additional level of complexity to the 

problem that is too cumbersome without substantial modifications to the programming code.  Therefore, for this work all line 

parameters, including positions, were solved on a line-by-line basis. This does present challenges, for example, when fitting 

two lines of similar intensity that are blended even in the lowest pressure spectra. In such cases, some parameters of one or 195 

both of the lines need to be fixed, as outlined in Section 4. In all cases, preference is given to fitting lines from the 𝜈2 band. 

 

The multispectrum fitting technique requires that all spectra are consistently calibrated prior to the spectral fitting. Lines 

present in the measured spectra originating from water absorption inside the evacuated portion of the spectrometer (not the 

cell) were used to provide a relative wavenumber calibration between spectra; in this case we utilised averages of single 200 

channel sample scans rather than the full transmittance spectra on account of the mismatch between sample and background 

spectral resolutions. The absolute calibration of the wavenumber scales of these water lines was determined by measuring a 

low-pressure spectrum of N2O at room temperature and calibrating against NIST heterodyne calibration tables (Maki et al., 

1991). 

 205 

The NH3 multispectrum fit was initialized using parameters from HITRAN 2020 (Gordon et al., 2021), and proceeded by 

fitting all pure sample spectra before adding the air-broadened spectra to the solution and floating selected parameters for all 

spectra simultaneously.  Initial fits were carried out over the entire 685-1250 cm-1 region, however there was evidence from 

the saturated lines in the pure sample spectra that the zero level was not constant across this wide fitted interval; the current 

version of Labfit can only apply a single zero level offset correction to each spectrum. To counter this situation as much as 210 

possible, the spectra were split into three regions (685-900 cm-1, 885-1015 cm-1 and 1000-1250 cm-1), allowing three different 

offsets to be applied to each spectrum as required. 

 

The approach taken here was to fit all absorption features within the fitted interval, and adjust positions, intensities, Lorentz 

halfwidths, pressure-induced shifts, Rosenkranz line mixing parameters, and quadratic speed dependence for each line 215 

separately. Line mixing and speed dependence parameters were included in the fit as judged by inspection of the fit residuals 

and the derived uncertainties determined by the fit.  

4 Discussion of results and comparison with HITRAN 2020 

The final multispectrum fit for all 16 NH3 spectra (self- and air-broadened) over the entire 685-1250 cm-1 range is plotted in 

Fig. 2. The top panel shows the superimposed weighted spectral fit residuals (observed minus calculated), with the bottom 220 

panel showing the observed spectra. The vast majority of the residuals, including the entire Q branch region, are within ±0.5%. 
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The only exceptions are a small number of saturated features in the R branch region of the pure NH3 spectra, which are slightly 

greater. These small but persistent residuals are predominantly associated with the lowest pressure measurements, and are 

likely caused by small variations in the zero level for these spectra that are not adequately captured by Labfit (Benner et al., 

1995). 225 

 

 

Figure 2: Overlay of all the transmittance spectra across the entire measured spectral region, 685-1250 cm-1, alongside their weighted 

fit residuals, defined as the difference between the observed and calculated spectra. 

 230 

The principal focus of this work is the 𝜈2 band, however there are a number of other weaker bands present in the spectral 

region of interest. Table 4 lists the vibrational assignments of these bands along with the rotational lines and isotopologues 

that were included in the fit.  In total, parameters were fit for 1374 lines with intensities above a threshold of 1 x 10-23 cm-1 / 

(molecule cm-2).  For the weakest of these lines, only positions and intensities were determined; for the strongest, the whole 

suite of parameters listed in Table 3 were determined. In general, self- and air-broadened Lorentz halfwidths were fit for lines 235 

with intensities above 4 x 10-22 cm-1 / (molecule cm-2) and self- and air-pressure-induced shifts for lines with intensities above 

1.5 x 10-21 cm-1 / (molecule cm-2). Selected lines of intensity > 7.5 x 10-21 cm-1 / (molecule cm-2) were fit for one or both of 
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speed dependence and Rosenkranz line mixing parameters. The total number of each type of line parameter determined for 

each of the bands listed in Table 4 is given in Table 5. 

 240 

Table 4.  Main NH3 bands analysed in this study within the 685-1250 cm-1 spectral region. Some bands were only partially observed 

in the spectral window, for which only R branch lines were fit. The number ranges in columns 5 to 7 denote the range of analysed 

J” values for the observed transitions. However, a number of lines associated with K sub-levels are not included in the fit if the 

relevant lines are either outside the measured spectral window or have an intensity below the fitting threshold of 1 x 10-23 cm-1 / 

(molecule cm-2) at 296 K.  245 

Upper vib Lower vib P branch 

range in 

J” 

Q branch 

range in 

J” 

R branch 

range in 

J” 

Isotopologue 

Full 

notation 

Short 

notation 

Full 

notation 

Short 

notation 

0100 00 0 s 𝜈2(𝑠) 0000 00 0 a 𝐺𝑆(𝑎) 2-13 1-19 0-16 14N1H3 

0100 00 0 a 𝜈2(𝑎) 0000 00 0 s 𝐺𝑆(𝑠) 1-14 1-19 1-14 14N1H3 

0200 00 0 s 2𝜈2(𝑠) 0100 00 0 a 𝜈2(𝑎) 0 0 2-12 14N1H3 

0200 00 0 a 2𝜈2(𝑎) 0100 00 0 s 𝜈2(𝑠) 1-11 1-13 1-11 14N1H3 

0100 00 0 s 𝜈2(𝑠) 0000 00 0 a 𝐺𝑆(𝑎) 2-10 1-13 0-11 15N1H3 

0100 00 0 a 𝜈2(𝑎) 0000 00 0 s 𝐺𝑆(𝑠) 1-10 1-12 1-11 15N1H3 

0001 01 1 a 𝜈4(𝑎) 0100 00 0 a 𝜈2(𝑎) 0 6-8 1-11 14N1H3 

0101 01 1 s 𝜈2 + 𝜈4(𝑠) 0001 01 1 a 𝜈4(𝑎) 2-5 1-9 1-6 14N1H3 

0101 01 1 a 𝜈2 + 𝜈4(𝑎) 0001 01 1 s 𝜈4(𝑠) 2-5 1-9 1-6 14N1H3 

 

Table 5. The number of each type of fitted line parameter for the main NH3 bands analysed in this study. 

 Number of floated parameters  

𝝂𝟐(𝒔) ←

𝑮𝑺(𝒂) 

(14NH3) 

𝝂𝟐(𝒂) ←

𝑮𝑺(𝒔) 

(14NH3) 

𝟐𝝂𝟐(𝒔)

← 𝝂𝟐(𝒂) 

𝟐𝝂𝟐(𝒂)

← 𝝂𝟐(𝒔) 

𝝂𝟐(𝒔) ←

𝑮𝑺(𝒂) 

(15NH3) 

𝝂𝟐(𝒂) ←

𝑮𝑺(𝒔) 

(15NH3) 

𝝂𝟒(𝒂)

← 𝝂𝟐(𝒂) 

𝝂𝟐

+ 𝝂𝟒(𝒔)

← 𝝂𝟒(𝒂) 

𝝂𝟐

+ 𝝂𝟒(𝒂)

← 𝝂𝟒(𝒔) 

Total # 

of lines 

𝜈0 313 319 63 174 145 141 82 58 53 1374 

𝑆 313 315 63 174 145 141 82 58 53 1370 

𝛾𝑎𝑖𝑟
0   219 220 30 82 0 4 5 0 2 569 

𝛾𝑠𝑒𝑙𝑓
0  225 223 30 82 0 4 5 3 2 578 

𝛿𝑎𝑖𝑟
0  189 142 3 13 0 0 0 0 0 350 

𝛿𝑠𝑒𝑙𝑓
0  132 135 5 13 0 0 0 0 0 289 

𝑌0 46 42 0 0 0 0 0 0 0 89 

𝑎𝑤 41 27 0 0 0 0 0 0 0 68 
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Tables 6 and 7 list the newly derived line parameters for lines with an intensity > 1 x 10-21 cm-1 / (molecule cm-2) at 296 K for 250 

the 0100 00 0 s ← 0000 00 0 a and the 0100 00 0 a ← 0000 00 0 s transitions. This intensity cut-off was selected because in 

all but two cases, it was the minimum required to enable floating of the pressure-induced line shift parameters. Throughout 

this work we will often refer to these transitions using the shorthand notation 𝜈2(𝑠) ← 𝐺𝑆(𝑎)  and 𝜈2(𝑎) ← 𝐺𝑆(𝑠) , 

respectively. Tables in the Supplementary Information include line parameters for the lines with lower intensity, line 

parameters for the 15NH3 isotopologue, and the other transitions listed in Table 4. 255 

 

Figure 3 shows the spectral region covering the 𝜈2(𝑎) ← 𝐺𝑆(𝑠) Q branch, with spectral residuals that result from our fit (panel 

a) compared to those obtained using the values from HITRAN 2020 (panel b). A significant improvement over the fit residuals 

in 3(b) are obtained in 3(a) as a result of using the line parameters determined from our multispectrum fit. 

 260 

 

Figure 3. Overlay of all the transmittance spectra across the 𝝂𝟐(𝒂) ← 𝑮𝑺(𝒔) Q branch, 955-970 cm-1, alongside their weighted 

residuals using (a) the new line parameters determined in the present study, and (b) the line parameters from the HITRAN 2020 

database. 

 265 

Table 6. Measured parameters at 296 K for lines (labelled 𝜟𝑱(𝑱′′, 𝑲′′)𝒊′′ 
𝜟𝑲 ) with spectral intensity > 1 x 10-21 cm-1 / (molecule cm-2) 

for the transition 𝝂𝟐(𝒔) ← 𝑮𝑺(𝒂). The numbers in parentheses are 1σ uncertainties in the units of the last digit listed. Missing entries 

indicate a lack of convergence for a given parameter, which was set to zero in the final solution. An asterisk (*) indicates that the 

line parameter was fixed to its value in HITRAN 2020. A table of line parameters with spectral intensity < 1 x 10-21 cm-1 / (molecule 

cm-2) for this transition is provided in the Supplementary Information. 270 
Line 𝝂𝟎 

 

cm-1 

𝑺 × 1019 

cm-1 / (mol. 

cm-2)) 

𝜸𝒂𝒊𝒓
𝟎  

 

cm-1/atm 

𝜸𝒔𝒆𝒍𝒇
𝟎  

 

cm-1/atm 

𝜹𝒂𝒊𝒓
𝟎  

 

cm-1/atm 

𝜹𝒔𝒆𝒍𝒇
𝟎  

 

cm-1/atm 

𝒀𝟎 

 

1/atm 

𝒂𝒘 

𝑃(12,9)𝑎 
𝑄  691.023944(10) 0.0154(1) 0.0774(30) 0.448(19)     

𝑃(11,10)𝑎 
𝑄  700.965472(12) 0.0131(1) 0.0911(45) 0.547(23)     

𝑃(12,6)𝑎 
𝑄  702.940985(13) 0.0114(1) 0.0566(26) 0.315(23)     
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𝑃(11,9)𝑎 
𝑄  707.046787(5) 0.0352(1) 0.0885(16) 0.515(9)     

𝑃(11,8)𝑎 
𝑄  712.087270(9) 0.0182(1) 0.0967(35) 0.466(16)     

𝑃(11,7)𝑎 
𝑄  716.242510(9) 0.0175(1) 0.0830(29) 0.405(17)     

𝑃(11,6)𝑎 
𝑄  719.636566(5) 0.0320(1) 0.0722(13) 0.337(9)     

𝑃(11,5)𝑎 
𝑄  722.366957(10) 0.0144(1) 0.0687(27) 0.252(18)     

𝑃(10,9)𝑎 
𝑄  723.270108(4) 0.0554(1) 0.0874(10) 0.545(7) 0.00817(99)    

𝑃(11,4)𝑎 
𝑄  724.509302(10) 0.0139(1) 0.0559(21) 0.277(19)     

𝑃(11,3)𝑎 
𝑄  726.127029(6) 0.0256(1) 0.0501(10) 0.213(11)     

𝑃(11,2)𝑎 
𝑄  727.243373(11) 0.0122(1) 0.0483(19) 0.137(20)     

𝑃(11,1)𝑎 
𝑄  727.901739(11) 0.0120(1) 0.0451(18) 0.133(20)     

𝑃(10,8)𝑎 
𝑄  728.574279(10) 0.0383(2) 0.0803(26) 0.535(14)     

𝑃(10,7)𝑎 
𝑄  732.943438(5) 0.0398(1) 0.0806(12) 0.417(8)     

𝑃(10,6)𝑎 
𝑄  736.508920(3) 0.0796(1) 0.0777(6) 0.402(5) 0.00590(58)    

𝑃(10,5)𝑎 
𝑄  739.374623(5) 0.0382(1) 0.0736(11) 0.357(8)     

𝑃(10,4)𝑎 
𝑄  741.621288(5) 0.0363(1) 0.0719(12) 0.327(9)     

𝑃(10,3)𝑎 
𝑄  743.306420(3) 0.0680(1) 0.0606(5) 0.248(5) 0.01031(48)    

𝑃(10,2)𝑎 
𝑄  744.486107(5) 0.0331(1) 0.0547(9) 0.218(9)     

𝑃(10,1)𝑎 
𝑄  745.177922(5) 0.0320(1) 0.0538(9) 0.193(9)     

𝑃(9,8)𝑎 
𝑄  745.292189(10) 0.0543(1) 0.0900(11) 0.548(7) 0.00330(109) -0.050(14)   

𝑃(10,0)𝑎 
𝑄  745.419764(3) 0.0635(1) 0.0466(4) 0.167(5) 0.01180(36)    

𝑃(9,7)𝑎 
𝑄  749.862933(3) 0.0770(1) 0.0862(7) 0.503(5) 0.00775(70)    

𝑃(9,6)𝑎 
𝑄  753.590428(5) 0.1682(2) 0.0836(3) 0.454(3) 0.00547(31) -0.021(7)   

𝑃(9,5)𝑎 
𝑄  756.584160(7) 0.0860(1) 0.0806(6) 0.409(5) 0.00554(57) -0.044(9)   

𝑃(9,4)𝑎 
𝑄  758.929555(7) 0.0840(1) 0.0725(5) 0.355(5) 0.00812(50) -0.031(9)   

𝑃(9,3)𝑎 
𝑄  760.693882(2) 0.1613(2) 0.0638(2) 0.315(3) 0.00964(22)    

𝑃(9,2)𝑎 
𝑄  761.918038(3) 0.0793(1) 0.0611(4) 0.254(4) 0.01120(42)    

𝑃(9,1)𝑎 
𝑄  762.640495(3) 0.0782(1) 0.0547(4) 0.218(4) 0.01104(36)    

𝑃(8,7)𝑎 
𝑄  767.037327(3) 0.1006(1) 0.0899(6) 0.552(5)     

𝑃(8,6)𝑎 
𝑄  770.913750(3) 0.2886(4) 0.0871(2) 0.508(2) 0.00300(20) -0.031(5)   

𝑃(8,5)𝑎 
𝑄  774.025275(5) 0.1656(2) 0.0840(3) 0.452(3) 0.00679(32) -0.021(7)   

𝑃(8,4)𝑎 
𝑄  776.461608(5) 0.1707(2) 0.0792(3) 0.412(3) 0.00675(29) -0.034(6)   

𝑃(8,3)𝑎 
𝑄  778.289916(3) 0.3389(4) 0.0724(2) 0.362(2) 0.00838(13) -0.035(5)   

𝑃(8,2)𝑎 
𝑄  779.563955(4) 0.1702(2) 0.0679(3) 0.308(3) 0.00992(26) -0.021(6)   

𝑃(8,1)𝑎 
𝑄  780.314084(2) 0.1683(2) 0.0626(2) 0.276(3) 0.01004(21)    

𝑃(8,0)𝑎 
𝑄  780.567647(3) 0.3325(4) 0.0597(1) 0.269(2) 0.01092(10) -0.014(5)   

𝑃(7,6)𝑎 
𝑄  788.510315(3) 0.3416(4) 0.0904(2) 0.561(2) 0.00060(18) -0.024(5)   

𝑃(7,5)𝑎 
𝑄  791.726747(4) 0.2576(3) 0.0886(3) 0.508(2) 0.00290(23) -0.024(6)   

𝑃(7,4)𝑎 
𝑄  794.244042(3) 0.2977(4) 0.0861(2) 0.450(2) 0.00373(19) -0.030(5)   

𝑃(7,3)𝑎 
𝑄  796.134168(3) 0.6272(5) 0.0786(1) 0.400(1) 0.00563(9) -0.030(5)   
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𝑃(7,2)𝑎 
𝑄  797.447704(2) 0.3244(4) 0.0749(2) 0.351(2) 0.00704(14)    

𝑃(7,1)𝑎 
𝑄  798.222246(3) 0.3254(4) 0.0694(2) 0.310(2) 0.00744(13) -0.016(5)   

𝑃(6,5)𝑎 
𝑄  809.714703(4) 0.2810(4) 0.0932(3) 0.556(2)  -0.038(6) 0.0121(26)  

𝑃(6,4)𝑎 
𝑄  812.301057(3) 0.4267(5) 0.0905(2) 0.498(2) 0.00108(19) -0.044(5) 0.0093(20)  

𝑃(6,3)𝑎 
𝑄  814.241454(2) 1.0007(6) 0.0858(1) 0.436(1) 0.00303(8) -0.039(4) 0.0084(9)  

𝑃(6,2)𝑎 
𝑄  815.591048(3) 0.5385(5) 0.0811(1) 0.381(1) 0.00358(13) -0.026(5) 0.0136(16)  

𝑃(6,1)𝑎 
𝑄  816.386214(3) 0.5591(6) 0.0769(1) 0.338(1) 0.00502(13) -0.020(5) -0.0093(19)  

𝑃(6,0)𝑎 
𝑄  816.650989(1) 1.1273(7) 0.0747(1) 0.322(1) 0.00597(7)  0.0047(9)  

𝑃(5,4)𝑎 
𝑄  830.653100(3) 0.4227(5) 0.0942(2) 0.551(2) -0.00136(20) -0.045(5) 0.0049(21)  

𝑃(5,3)𝑎 
𝑄  832.634814(2) 1.3161(8) 0.0933(2) 0.473(1) 0.00121(6) -0.028(4) 0.0026(1) 0.124(5) 

𝑃(5,2)𝑎 
𝑄  834.012176(2) 0.7814(6) 0.0874(1) 0.414(1) 0.00276(8) -0.021(4)   

𝑃(5,1)𝑎 
𝑄  834.823783(1) 0.8500(7) 0.0846(2) 0.347(1) 0.00331(7)   0.106(9) 

𝑃(4,3)𝑎 
𝑄  851.326964(1) 1.1990(4) 0.0964(1) 0.530(1) -0.00115(5) 0.039(3) 0.0034(5)  

𝑃(4,2)𝑎 
𝑄  852.724762(1) 0.9344(4) 0.0934(1) 0.438(1) 0.00163(6) 0.056(3) 0.0058(7)  

𝑃(4,1)𝑎 
𝑄  853.548208(1) 1.1072(6) 0.0902(1) 0.365(1) 0.00269(4) 0.086(3)  0.111(5) 

𝑃(4,0)𝑎 
𝑄  853.817828(1) 2.2584(7) 0.0883(1) 0.336(1) 0.00413(3) 0.116(3) 0.0053(1) 0.109(2) 

𝑃(3,2)𝑎 
𝑄  871.736811(2) 0.7845(4) 0.0980(1) 0.484(1) -0.00167(8) 0.021(3) 0.0077(8)  

𝑃(3,1)𝑎 
𝑄  872.567121(1) 1.1918(5) 0.0957(1) 0.444(1) 0.00135(4) 0.072(3) 0.0033(1) 0.096(4) 

𝑃(2,1)𝑎 
𝑄  891.881924(1) 0.9172(6) 0.0987(2) 0.399(1) -0.00106(6) -0.009(3)  0.094(6) 

𝑃(2,0)𝑎 
𝑄  892.156656(1) 2.4022(7) 0.0956(1) 0.328(1) 0.00040(3) -0.011(3) 0.0064(1) 0.117(2) 

𝑄(15,15)𝑎 
𝑄  900.472748(4) 0.0285(1) 0.0930(14) 0.567(8) 0.00606(136)    

𝑄(14,14)𝑎 
𝑄  904.800019(4) 0.0332(1) 0.0921(12) 0.562(7) 0.01131(115)    

𝑄(13,13)𝑎 
𝑄  908.767389(2) 0.0721(1) 0.0950(6) 0.587(4) 0.01068(57)    

𝑄(12,12)𝑎 
𝑄  912.386259(1) 0.2901(2) 0.0935(2) 0.627(2) 0.00912(14)    

𝑄(14,13)𝑎 
𝑄  913.290967(7) 0.0171(1) 0.0906(22) 0.576(12)     

𝑄(11,11)𝑎 
𝑄  915.667346(1) 0.2766(2) 0.0937(2) 0.621(2) 0.00805(15)    

𝑄(13,12)𝑎 
𝑄  916.428023(5) 0.0756(1) 0.0890(5) 0.546(3) 0.00945(49) 0.033(7)   

𝑄(10,10)𝑎 
𝑄  918.620597(2) 0.4889(3) 0.0931(1) 0.627(1) 0.00852(9) 0.029(3)   

𝑄(12,11)𝑎 
𝑄  919.266284(2) 0.0794(1) 0.0914(5) 0.557(3) 0.00802(48)    

𝑄(14,12)𝑎 
𝑄  920.290102(6) 0.0181(1) 0.0888(20) 0.542(11) 0.00812(201)    

𝑄(9,9)𝑎 
𝑄  921.255116(1) 1.6239(5) 0.0946(1) 0.627(1) 0.00791(3) 0.041(3) 0.0043(1) 0.119(3) 

𝑄(11,10)𝑎 
𝑄  921.811877(3) 0.1537(1) 0.0897(3) 0.555(2) 0.00795(25) 0.024(4)   

𝑄(13,11)𝑎 
𝑄  922.752591(5) 0.0208(1) 0.0869(17) 0.526(10) 0.00883(170)    

𝑄(8,8)𝑎 
𝑄  923.579066(1) 1.2556(5) 0.0948(1) 0.624(1) 0.00747(4) 0.044(3) 0.0015(1) 0.106(3) 

𝑄(10,9)𝑎 
𝑄  924.070189(2) 0.5492(3) 0.0886(1) 0.579(1) 0.00740(9) 0.035(3) 0.0141(12)  

𝑄(12,10)𝑎 
𝑄  924.949970(3) 0.0438(1) 0.0859(8) 0.492(5) 0.01065(80)    

𝑄(7,7)𝑎 
𝑄  925.599645(1) 1.7950(6) 0.0957(1) 0.620(1) 0.00656(3) 0.052(3) 0.0037(1) 0.124(3) 

𝑄(9,8)𝑎 
𝑄  926.045700(2) 0.4628(3) 0.0891(1) 0.572(1) 0.00747(9) 0.037(3)   

𝑄(11,9)𝑎 
𝑄  926.884570(3) 0.1732(1) 0.0839(2) 0.504(2) 0.00814(21) 0.019(4)   
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𝑄(6,6)𝑎 
𝑄  927.323065(1) 4.7285(8) 0.0962(1) 0.618(1) 0.00582(2) 0.063(3) 0.0054(1) 0.122(1) 

𝑄(8,7)𝑎 
𝑄  927.741994(1) 0.7174(4) 0.0896(1) 0.570(1) 0.00667(6) 0.042(3)   

𝑄(13,10)𝑎 
𝑄  927.977270(9) 0.0112(1) 0.0669(23) 0.405(17)     

𝑄(10,8)𝑎 
𝑄  928.557879(3) 0.1599(1) 0.0860(3) 0.503(2) 0.00659(25) 0.022(4)   

𝑄(5,5)𝑎 
𝑄  928.754524(1) 2.8482(7) 0.0976(1) 0.617(1) 0.00470(3) 0.054(3) 0.0084(1) 0.126(2) 

𝑄(7,6)𝑎 
𝑄  929.161739(1) 2.0515(7) 0.0925(1) 0.559(1) 0.00543(3) 0.047(2) 0.0061(1) 0.129(2) 

𝑄(12,9)𝑎 
𝑄  929.642370(3) 0.0498(1) 0.0809(7) 0.469(5) 0.00526(78)    

𝑄(4,4)𝑎 
𝑄  929.898150(1) 3.0751(7) 0.0989(1) 0.613(1) 0.00369(3) 0.058(3) 0.0032(1) 0.127(2) 

𝑄(9,7)𝑎 
𝑄  929.970487(2) 0.2683(2) 0.0844(2) 0.514(2) 0.00626(21) 0.024(3) 0.0636(36)  

𝑄(6,5)𝑎 
𝑄  930.306629(1) 1.3243(5) 0.0919(1) 0.565(1) 0.00476(4) 0.053(3)   

𝑄(3,3)𝑎 
𝑄  930.757072(1) 5.8232(10) 0.0999(1) 0.605(1) 0.00284(2) 0.056(3) 0.0087(1) 0.126(1) 

𝑄(11,8)𝑎 
𝑄  931.062166(3) 0.0497(1) 0.0871(10) 0.447(5)     

𝑄(8,6)𝑎 
𝑄  931.122043(1) 0.8195(5) 0.0846(1) 0.515(1) 0.00623(7) 0.038(3)   

𝑄(5,4)𝑎 
𝑄  931.177372(1) 1.5284(7) 0.0949(1) 0.545(1) 0.00374(5) 0.049(3)  0.111(4) 

𝑄(2,2)𝑎 
𝑄  931.333294(1) 2.2597(8) 0.1018(1) 0.580(1) 0.00091(3) 0.043(3) 0.0234(1) 0.135(2) 

𝑄(1,1)𝑎 
𝑄  931.627798(1) 1.1633(6) 0.1017(2) 0.526(1) 0.00153(6) 0.052(3)  0.126(5) 

𝑄(4,3)𝑎 
𝑄  931.773587(1) 3.0229(8) 0.0963(1) 0.520(1) 0.00326(3) 0.061(3) 0.0051(1) 0.126(2) 

𝑄(7,5)𝑎 
𝑄  932.011239(2) 0.5746(4) 0.0866(1) 0.513(1) 0.00513(9) 0.037(3)   

𝑄(3,2)𝑎 
𝑄  932.094067(1) 1.1647(6) 0.0958(1) 0.486(1) 0.00296(6) 0.050(3)   

𝑄(2,1)𝑎 
𝑄  932.136195(2) 0.5311(4) 0.0972(1) 0.464(1) 0.00242(12) 0.074(3)   

𝑄(10,7)𝑎 
𝑄  932.234806(2) 0.0915(1) 0.0793(4) 0.443(3) 0.01021(40)    

𝑄(13,9)𝑎 
𝑄  932.292613(8) 0.0131(1) 0.1044* 0.500*  0.01341(417)    

𝑄(6,4)𝑎 
𝑄  932.635735(1) 0.7171(4) 0.0887(1) 0.491(1) 0.00442(6) 0.040(3)  0.072(7) 

𝑄(3,1)𝑎 
𝑄  932.881241(2) 0.2789(2) 0.0930(2) 0.369(1) 0.00252(18) 0.071(3)   

𝑄(5,3)𝑎 
𝑄  932.992346(1) 1.5059(6) 0.0912(1) 0.469(1) 0.00271(4) 0.044(2) 0.0115(1) 0.125(3) 

𝑄(4,2)𝑎 
𝑄  933.075863(2) 0.6078(4) 0.0908(1) 0.439(1) 0.00288(9) 0.050(3)   

𝑄(9,6)𝑎 
𝑄  933.157404(2) 0.3071(2) 0.0798(1) 0.454(1) 0.00619(13) 0.033(3)   

𝑄(12,8)𝑎 
𝑄  933.508227(11) 0.0144(1) 0.0724(18) 0.436(18)     

𝑄(8,5)𝑎 
𝑄  933.826075(2) 0.2336(2) 0.0796(2) 0.448(2) 0.00647(19) 0.030(4)   

𝑄(4,1)𝑎 
𝑄  933.842554(3) 0.1460(1) 0.0892(4) 0.345(2) 0.00512(34) 0.053(4)   

𝑄(7,4)𝑎 
𝑄  934.235784(2) 0.3118(2) 0.0797(2) 0.433(2) 0.00797(28) 0.026(3) -0.501(39)  

𝑄(5,2)𝑎 
𝑄  934.252181(2) 0.3050(2) 0.0830(2) 0.403(1) 0.00183(26) 0.034(3) 0.541(40)  

𝑄(6,3)𝑎 
𝑄  934.379647(1) 0.6989(4) 0.0827(1) 0.438(1) 0.00589(6) 0.043(3)   

𝑄(11,7)𝑎 
𝑄  934.486087(4) 0.0286(1) 0.0741(11) 0.378(7) 0.00961(108)    

𝑄(5,1)𝑎 
𝑄  934.994052(5) 0.0730(1) 0.0827(5) 0.313(3) 0.00509(46) 0.033(7)   

𝑄(10,6)𝑎 
𝑄  935.221193(2) 0.1054(1) 0.0744(3) 0.389(3) 0.00714(28)    

𝑄(6,2)𝑎 
𝑄  935.591689(3) 0.1444(1) 0.0788(2) 0.363(2) 0.00660(23) 0.034(4)   

𝑄(9,5)𝑎 
𝑄  935.707391(4) 0.0875(1) 0.0748(4) 0.386(3) 0.00678(35) 0.034(6)   

𝑄(7,3)𝑎 
𝑄  935.903810(2) 0.3072(2) 0.0754(1) 0.385(1) 0.00415(13) 0.031(3)   
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𝑄(8,4)𝑎 
𝑄  935.937325(3) 0.1272(1) 0.0746(3) 0.376(2) 0.00607(32) 0.024(5) 0.0493(47)  

𝑄(6,1)𝑎 
𝑄  936.304884(3) 0.0343(1) 0.0752(9) 0.302(6) 0.00756(84)    

𝑄(7,2)𝑎 
𝑄  937.059332(6) 0.0630(1) 0.0708(4) 0.307(4) 0.00770(43) 0.031(7)   

𝑄(11,6)𝑎 
𝑄  937.268250(3) 0.0329(1) 0.0713(8) 0.339(6) 0.00577(82)    

𝑄(8,3)𝑎 
𝑄  937.515514(1) 0.1253(1) 0.0705(2) 0.331(2) 0.00949(22)    

𝑄(10,5)𝑎 
𝑄  937.611525(4) 0.0297(1) 0.0693(10) 0.315(7) 0.00719(95)    

𝑄(9,4)𝑎 
𝑄  937.698851(3) 0.0475(1) 0.0694(7) 0.325(5) 0.00937(65)    

𝑄(7,1)𝑎 
𝑄  937.740407(7) 0.0151(1) 0.0674(19) 0.279(12) 0.00959(189)    

𝑄(8,2)𝑎 
𝑄  938.617525(4) 0.0255(1) 0.0622(9) 0.268(7) 0.00595(89)    

𝑄(9,3)𝑎 
𝑄  939.198142(3) 0.0464(1) 0.0634(5) 0.272(4) 0.00586(49)    

𝑄(10,4)𝑎 
𝑄  939.478940(6) 0.0160(1) 0.0594(13) 0.264(11) 0.01281(143)    

𝑄(9,2)𝑎 
𝑄  940.227526(11) 0.0100(1) 0.0598* 0.500*      

𝑄(10,3)𝑎 
𝑄  940.865857(6) 0.0158(1) 0.0596(13) 0.230(11) 0.01128(130)    

𝑅(0,0)𝑎 
𝑄  951.776277(1) 1.7200(6) 0.1043(1) 0.357(1) 0.00453(3) 0.186(2) -0.0012(1) 0.162(2) 

𝑅(1,1)𝑎 
𝑄  971.882067(1) 1.2105(5) 0.1022(1) 0.555(1) 0.00306(4) 0.066(3)  0.108(4) 

𝑅(2,2)𝑎 
𝑄  991.690541(1) 1.1878(5) 0.1018(1) 0.590(1) 0.00248(5) 0.047(3)  0.110(4) 

𝑅(2,1)𝑎 
𝑄  992.450303(1) 1.8033(7) 0.0966(1) 0.398(1) 0.00373(3) 0.080(2) -0.0024(1) 0.133(3) 

𝑅(2,0)𝑎 
𝑄  992.698752(1) 3.8725(8) 0.0929(1) 0.301(1) 0.00522(2) 0.127(2) 0.0063(1) 0.118(2) 

𝑅(3,3)𝑎 
𝑄  1011.203704(1) 2.0782(6) 0.1002(1) 0.601(1) 0.00302(3) 0.066(3) 0.0013(1) 0.103(3) 

𝑅(3,2)𝑎 
𝑄  1012.445179(1) 1.6183(6) 0.0962(1) 0.473(1) 0.00388(3) 0.091(3) 0.0037(1) 0.119(3) 

𝑅(3,1)𝑎 
𝑄  1013.175596(1) 1.9152(6) 0.0907(1) 0.355(1) 0.00504(3) 0.103(3) 0.0014(1) 0.118(2) 

𝑅(4,4)𝑎 
𝑄  1030.422430(2) 0.8371(4) 0.0980(1) 0.617(1) 0.00368(6) 0.051(3)   

𝑅(4,3)𝑎 
𝑄  1032.131113(1) 2.6106(6) 0.0953(1) 0.517(1) 0.00450(2) 0.093(3) 0.0045(1) 0.114(2) 

𝑅(4,2)𝑎 
𝑄  1033.315854(1) 1.5550(6) 0.0898(1) 0.426(1) 0.00494(3) 0.099(3) 0.0081(1) 0.119(3) 

𝑅(4,1)𝑎 
𝑄  1034.012794(1) 1.6845(6) 0.0847(1) 0.346(1) 0.00639(3) 0.104(3) -0.0089(1) 0.118(3) 

𝑅(4,0)𝑎 
𝑄  1034.244907(1) 3.4515(8) 0.0818(1) 0.313(1) 0.00785(2) 0.128(2) 0.0045(1) 0.119(2) 

𝑅(5,5)𝑎 
𝑄  1049.346438(2) 0.6316(3) 0.0973(1) 0.623(1) 0.00411(7) 0.069(3)   

𝑅(5,4)𝑎 
𝑄  1051.512043(1) 0.9667(5) 0.0936(1) 0.542(1) 0.00488(5) 0.084(3)  0.086(5) 

𝑅(5,3)𝑎 
𝑄  1053.130522(1) 2.2900(6) 0.0882(1) 0.464(1) 0.00565(2) 0.105(3) 0.0022(1) 0.119(2) 

𝑅(5,2)𝑎 
𝑄  1054.252803(1) 1.2316(5) 0.0827(1) 0.392(1) 0.00621(3) 0.098(3) 0.0083(1) 0.122(3) 

𝑅(5,1)𝑎 
𝑄  1054.912663(1) 1.2743(5) 0.0770(1) 0.330(1) 0.00741(3) 0.105(3) -0.0039(1) 0.123(3) 

𝑅(6,6)𝑎 
𝑄  1067.974489(1) 0.8950(5) 0.0982(1) 0.622(1) 0.00493(6) 0.066(3)  0.104(5) 

𝑅(6,5)𝑎 
𝑄  1070.591112(2) 0.6670(3) 0.0917(1) 0.558(1) 0.00554(7) 0.084(3)   

𝑅(6,4)𝑎 
𝑄  1072.627458(2) 0.7717(4) 0.0855(1) 0.489(1) 0.00580(5) 0.082(3)   

𝑅(6,3)𝑎 
𝑄  1074.149268(1) 1.6381(5) 0.0807(1) 0.415(1) 0.00624(3) 0.099(3) 0.0091(1) 0.131(2) 

𝑅(6,2)𝑎 
𝑄  1075.203269(1) 0.8398(4) 0.0749(1) 0.356(1) 0.00756(4) 0.094(3)  0.143(4) 

𝑅(6,1)𝑎 
𝑄  1075.822975(1) 0.8463(4) 0.0671(1) 0.302(1) 0.00755(4) 0.092(3)   

𝑅(6,0)𝑎 
𝑄  1076.033148(1) 1.6881(5) 0.0640(1) 0.285(1) 0.00940(2) 0.105(3)   

𝑅(7,7)𝑎 
𝑄  1086.304290(2) 0.2974(2) 0.0963(2) 0.618(2) 0.00574(15) 0.048(4)   
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𝑅(7,6)𝑎 
𝑄  1089.370025(2) 0.8582(4) 0.0903(1) 0.561(1) 0.00633(5) 0.083(3)   

𝑅(7,5)𝑎 
𝑄  1091.812026(2) 0.4849(3) 0.0845(1) 0.491(1) 0.00601(8) 0.055(3)   

𝑅(7,4)𝑎 
𝑄  1093.711470(2) 0.5018(3) 0.0777(1) 0.430(1) 0.00649(7) 0.081(3)   

𝑅(7,3)𝑎 
𝑄  1095.129363(1) 1.0079(4) 0.0708(1) 0.370(1) 0.00711(3) 0.079(3)  0.119(4) 

𝑅(7,2)𝑎 
𝑄  1096.112845(2) 0.5010(3) 0.0648(1) 0.312(1) 0.00815(5) 0.089(3)   

𝑅(7,1)𝑎 
𝑄  1096.689838(2) 0.4958(3) 0.0586(1) 0.264(1) 0.00763(5) 0.087(3)   

𝑅(8,8)𝑎 
𝑄  1104.332585(3) 0.1864(1) 0.0964(2) 0.606(2) 0.00725(23) 0.037(5)   

𝑅(8,7)𝑎 
𝑄  1107.849515(3) 0.2614(2) 0.0904(2) 0.551(2) 0.00655(15) 0.052(4)   

𝑅(8,6)𝑎 
𝑄  1110.689002(2) 0.5662(3) 0.0831(1) 0.506(1) 0.00677(7) 0.075(3)   

𝑅(8,5)𝑎 
𝑄  1112.949309(2) 0.2877(2) 0.0775(1) 0.440(2) 0.00649(11) 0.051(4)   

𝑅(8,4)𝑎 
𝑄  1114.706573(2) 0.2816(2) 0.0706(1) 0.383(2) 0.00629(10) 0.056(4)   

𝑅(8,3)𝑎 
𝑄  1116.019697(2) 0.5411(3) 0.0641(1) 0.327(1) 0.00749(5) 0.079(3)   

𝑅(8,2)𝑎 
𝑄  1116.926964(2) 0.2663(2) 0.0573(1) 0.267(3) 0.00773(8) 0.046(4)   

𝑅(8,1)𝑎 
𝑄  1117.459089(2) 0.2616(2) 0.0517(1) 0.220(1) 0.00676(7) 0.069(4)   

𝑅(8,0)𝑎 
𝑄  1117.647823(2) 0.5153(3) 0.0493(1) 0.210(1) 0.00809(4) 0.082(3)   

𝑅(9,9)𝑎 
𝑄  1122.055163(3) 0.2177(1) 0.0933(3) 0.612(2) 0.01045(32) 0.050(4) -0.0907(36)  

𝑅(9,8)𝑎 
𝑄  1126.029250(4) 0.1489(1) 0.0907(3) 0.555(3) 0.00770(26) 0.026(5)   

𝑅(9,7)𝑎 
𝑄  1129.261825(4) 0.1580(1) 0.0842(2) 0.501(2) 0.00739(22) 0.042(5)   

𝑅(9,6)𝑎 
𝑄  1131.869636(2) 0.3067(2) 0.0769(1) 0.451(2) 0.00689(11) 0.055(4)   

𝑅(9,5)𝑎 
𝑄  1133.944268(4) 0.1470(1) 0.0715(2) 0.383(2) 0.00621(19) 0.033(5)   

𝑅(9,4)𝑎 
𝑄  1135.556420(4) 0.1388(1) 0.0643(2) 0.329(2) 0.00654(17) 0.035(5)   

𝑅(9,3)𝑎 
𝑄  1136.757508(3) 0.2612(2) 0.0542(1) 0.280(2) 0.00684(8) 0.064(4)   

𝑅(9,2)𝑎 
𝑄  1137.592299(4) 0.1271(1) 0.0524(2) 0.222(2) 0.00751(14) 0.040(5)   

𝑅(9,1)𝑎 
𝑄  1138.077579(4) 0.1232(1) 0.0465(1) 0.185(2) 0.00641(12) 0.064(5)   

𝑅(10,10)𝑎 
𝑄  1139.466977(3) 0.0606(1) 0.0961(7) 0.611(6) 0.00657(69)    

𝑅(10,9)𝑎 
𝑄  1143.907945(4) 0.1583(1) 0.0903(3) 0.558(3) 0.00762(25) 0.036(5)   

𝑅(10,8)𝑎 
𝑄  1147.532764(2) 0.0814(1) 0.0852(4) 0.493(4) 0.00769(43)    

𝑅(10,7)𝑎 
𝑄  1150.478293(6) 0.0777(1) 0.0790(4) 0.449(4) 0.00733(41) 0.038(8)   

𝑅(10,6)𝑎 
𝑄  1152.852822(4) 0.1422(1) 0.0726(2) 0.401(3) 0.00703(20) 0.038(5)   

𝑅(10,5)𝑎 
𝑄  1154.740824(7) 0.0654(1) 0.0654(4) 0.337(4) 0.00683(37) 0.026(9)   

𝑅(10,4)𝑎 
𝑄  1156.207390(3) 0.0607(1) 0.0584(4) 0.291(4) 0.00640(34)    

𝑅(11,11)𝑎 
𝑄  1156.561951(16) 0.0309(3) 0.0933(13) 0.540(13) 0.00748(129)    

𝑅(10,3)𝑎 
𝑄  1157.304589(4) 0.1131(1) 0.0547(2) 0.238(3) 0.00752(17) 0.033(6)   

𝑅(10,2)𝑎 
𝑄  1158.058166(3) 0.0540(1) 0.0476(3) 0.199(5) 0.00693(29)    

𝑅(10,1)𝑎 
𝑄  1158.494324(3) 0.0526(1) 0.0434(3) 0.179(5) 0.00569(26)    

𝑅(10,0)𝑎 
𝑄  1158.667119(4) 0.1037(1) 0.0414(1) 0.159(3) 0.00691(17) 0.038(6) -0.0157(44)  

𝑅(11,10)𝑎 
𝑄  1161.483434(4) 0.0398(1) 0.0898(10) 0.565(7) 0.00624(95)    

𝑅(11,9)𝑎 
𝑄  1165.502964(2) 0.0787(1) 0.0849(5) 0.503(4) 0.00909(45)    

𝑅(11,8)𝑎 
𝑄  1168.779793(12) 0.0364(1) 0.0775(9) 0.458(7) 0.00843(84) 0.051(15)   
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𝑅(11,7)𝑎 
𝑄  1171.440325(4) 0.0323(1) 0.0719(9) 0.392(8) 0.00920(85)    

𝑅(12,12)𝑎 
𝑄  1173.333522(5) 0.0307(1) 0.0962(14) 0.633(9) 0.01201(136)    

𝑅(11,6)𝑎 
𝑄  1173.583646(8) 0.0576(1) 0.0665(4) 0.361(5) 0.00708(43) 0.039(10)   

𝑅(11,5)𝑎 
𝑄  1175.287053(5) 0.0260(1) 0.0603(8) 0.304(9) 0.00529(82)    

𝑅(11,4)𝑎 
𝑄  1176.609701(5) 0.0237(1) 0.0515(7) 0.260(10) 0.00513(73)    

𝑅(11,3)𝑎 
𝑄  1177.591221(3) 0.0436(1) 0.0438(3) 0.212(6) 0.00668(32)    

𝑅(11,2)𝑎 
𝑄  1178.277610(6) 0.0208(1) 0.0433(7) 0.192(11) 0.00680(65)    

𝑅(11,1)𝑎 
𝑄  1178.660802(6) 0.0200(1) 0.0394(6) 0.147(11) 0.00383(60)    

𝑅(12,11)𝑎 
𝑄  1178.752575(7) 0.0187(1) 0.0998(24) 0.522(14)     

𝑅(12,10)𝑎 
𝑄  1183.172650(8) 0.0181(1) 0.0864(20) 0.539(14)     

𝑅(12,9)𝑎 
𝑄  1186.777525(5) 0.0319(1) 0.0817(11) 0.459(8) 0.00798(104)    

𝑅(12,8)𝑎 
𝑄  1189.713243(10) 0.0138(1) 0.0798(23) 0.419(18)     

𝑅(12,7)𝑎 
𝑄  1192.094983(11) 0.0119(1) 0.0666(21) 0.372(20) 0.00787(206)    

𝑅(12,6)𝑎 
𝑄  1194.012659(6) 0.0209(1) 0.0610(11) 0.357(12) 0.00591(104)    

𝑅(13,12)𝑎 
𝑄  1195.711523(9) 0.0166(1) 0.0892(23) 0.563(16) 0.01004(229)    

𝑅(12,3)𝑎 
𝑄  1197.607283(8) 0.0148(1) 0.0489(11) 0.148(15) 0.00653(107)    

𝑅(12,0)𝑎 
𝑄  1198.708581(27) 0.0138(1) 0.0384(8) 0.128(16) 0.00532(82) 0.144(33)   

𝑅(13,9)𝑎 
𝑄  1207.676748(12) 0.0111(1) 0.0816(30) 0.415(22)     

 

Table 7. Measured parameters at 296 K for lines (labelled 𝜟𝑱(𝑱′′, 𝑲′′)𝒊′′ 
𝜟𝑲 ) with spectral intensity > 1 x 10-21 cm-1 / (molecule cm-2) 

for the transition 𝝂𝟐(𝒂) ← 𝑮𝑺(𝒔). The numbers in parentheses are 1σ uncertainties in the units of the last digit listed. Missing entries 

indicate a lack of convergence for a given parameter, which was set to zero in the final solution. An asterisk (*) indicates that the 

line parameter was fixed to its value in HITRAN 2020. A table of line parameters with spectral intensity < 1 x 10-21 cm-1 / (molecule 275 
cm-2) for this transition is provided in the Supplementary Information.  

Line 𝝂𝟎 

 

cm-1 

𝑺 × 1019 

cm-1 / (mol. 

cm-2)) 

𝜸𝒂𝒊𝒓
𝟎  

 

cm-1/atm 

𝜸𝒔𝒆𝒍𝒇
𝟎  

 

cm-1/atm 

𝜹𝒂𝒊𝒓
𝟎  

 

cm-1/atm 

𝜹𝒔𝒆𝒍𝒇
𝟎  

 

cm-1/atm 

𝒀𝟎 

 

1/atm 

𝒂𝒘 

𝑃(12,9)𝑠 
𝑄  724.061132(11) 0.0151(1) 0.0755(29) 0.461(19)         

𝑃(12,6)𝑠 
𝑄  726.929270(13) 0.0111(1) 0.0535(25) 0.297(24)         

𝑃(11,10)𝑠 
𝑄  743.072899(13) 0.0127(1) 0.0887(44) 0.480(23)         

𝑃(11,9)𝑠 
𝑄  743.957997(5) 0.0347(1) 0.0917(17) 0.527(10)         

𝑃(11,8)𝑠 
𝑄  744.850693(9) 0.0183(1) 0.0870(30) 0.483(17)         

𝑃(11,7)𝑠 
𝑄  745.705453(9) 0.0171(1) 0.0817(29) 0.416(17)         

𝑃(11,6)𝑠 
𝑄  746.489888(5) 0.0314(1) 0.0666(12) 0.300(10)         

𝑃(11,5)𝑠 
𝑄  747.181003(10) 0.0148(1) 0.0581(21) 0.343(19)         

𝑃(11,4)𝑠 
𝑄  747.762549(11) 0.0136(1) 0.0618(25) 0.257(20)         

𝑃(11,3)𝑠 
𝑄  748.226456(6) 0.0256(1) 0.0575(12) 0.236(11)         

𝑃(11,2)𝑠 
𝑄  748.569636(11) 0.0124(1) 0.0443(17) 0.200(21)         

𝑃(11,1)𝑠 
𝑄  748.767023(12) 0.0119(1) 0.0399(16) 0.151(21)         

𝑃(11,0)𝑠 
𝑄  748.834248(6) 0.0230(1) 0.0420(9) 0.099(11)         

𝑃(10,9)𝑠 
𝑄  764.077311(4) 0.0541(1) 0.0952(12) 0.564(7)         
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𝑃(10,8)𝑠 
𝑄  764.823394(5) 0.0371(1) 0.0881(15) 0.506(9)         

𝑃(10,7)𝑠 
𝑄  765.561045(5) 0.0402(1) 0.0823(13) 0.451(8)         

𝑃(10,6)𝑠 
𝑄  766.252403(3) 0.0784(1) 0.0746(6) 0.378(5)         

𝑃(10,5)𝑠 
𝑄  766.870430(5) 0.0372(1) 0.0698(11) 0.334(8)         

𝑃(10,4)𝑠 
𝑄  767.395851(5) 0.0351(1) 0.0618(10) 0.265(9)         

𝑃(10,3)𝑠 
𝑄  767.808735(8) 0.0669(1) 0.0532(4) 0.239(5) -0.00169(41) -0.055(11)     

𝑃(10,2)𝑠 
𝑄  768.128157(5) 0.0327(1) 0.0500(8) 0.200(9)         

𝑃(10,1)𝑠 
𝑄  768.311240(5) 0.0319(1) 0.0462(7) 0.181(9)         

𝑃(9,8)𝑠 
𝑄  784.980367(4) 0.0530(1) 0.0935(15) 0.552(7)         

𝑃(9,7)𝑠 
𝑄  785.596210(3) 0.0756(1) 0.0876(8) 0.510(5)         

𝑃(9,6)𝑠 
𝑄  786.190565(5) 0.1646(2) 0.0823(3) 0.454(3) -0.00217(31) -0.031(7)     

𝑃(9,5)𝑠 
𝑄  786.732205(3) 0.0836(1) 0.0748(5) 0.384(5)         

𝑃(9,4)𝑠 
𝑄  787.198874(7) 0.0817(1) 0.0687(5) 0.345(5)   -0.035(10)     

𝑃(9,3)𝑠 
𝑄  787.576067(2) 0.1582(2) 0.0625(2) 0.294(3)         

𝑃(9,2)𝑠 
𝑄  787.854562(3) 0.0782(1) 0.0546(4) 0.246(5)         

𝑃(9,1)𝑠 
𝑄  788.021371(7) 0.0764(1) 0.0507(4) 0.190(4) -0.00820(38) -0.067(10)     

𝑃(9,0)𝑠 
𝑄  788.077590(5) 0.1512(2) 0.0485(2) 0.187(3) -0.00654(20) -0.039(7)     

𝑃(8,7)𝑠 
𝑄  805.778912(3) 0.0975(1) 0.0953(7) 0.560(5)         

𝑃(8,6)𝑠 
𝑄  806.274178(2) 0.2796(3) 0.0877(2) 0.521(2) -0.00206(21)       

𝑃(8,5)𝑠 
𝑄  806.737669(2) 0.1598(2) 0.0825(3) 0.452(3)         

𝑃(8,4)𝑠 
𝑄  807.144066(5) 0.1668(2) 0.0759(3) 0.388(3)   -0.024(7)     

𝑃(8,3)𝑠 
𝑄  807.471744(3) 0.3301(4) 0.0670(2) 0.347(2) -0.00279(12) -0.036(5)     

𝑃(8,2)𝑠 
𝑄  807.722260(5) 0.1664(2) 0.0620(2) 0.275(3) -0.00345(31) -0.020(6) 0.0573(59)   

𝑃(8,1)𝑠 
𝑄  807.871553(5) 0.1642(2) 0.0572(2) 0.242(3) -0.00679(27) -0.043(6) -0.0530(55)   

𝑃(7,6)𝑠 
𝑄  826.470100(2) 0.3332(4) 0.0955(2) 0.576(2) -0.00132(26)   -0.0078(28)   

𝑃(7,5)𝑠 
𝑄  826.855255(2) 0.2509(3) 0.0895(3) 0.520(3) -0.00156(24)       

𝑃(7,4)𝑠 
𝑄  827.201102(2) 0.2908(4) 0.0829(2) 0.447(2) -0.00198(26)   0.0174(35)   

𝑃(7,3)𝑠 
𝑄  827.487784(3) 0.6109(6) 0.0760(1) 0.387(1) -0.00253(12) -0.020(5) 0.0336(18)   

𝑃(7,2)𝑠 
𝑄  827.702055(3) 0.3119(4) 0.0693(2) 0.336(2) -0.00308(23) -0.022(5) 0.0160(47)   

𝑃(7,1)𝑠 
𝑄  827.833356(3) 0.3168(4) 0.0644(2) 0.289(2) -0.00585(21) -0.045(5) -0.0994(43)   

𝑃(7,0)𝑠 
𝑄  827.877707(2) 0.6302(6) 0.0613(1) 0.277(1) -0.00764(8) -0.060(4)     

𝑃(6,5)𝑠 
𝑄  847.051290(2) 0.2723(3) 0.0971(3) 0.570(3) -0.00114(33)   0.0096(37)   

𝑃(6,4)𝑠 
𝑄  847.337605(2) 0.4129(5) 0.0906(2) 0.511(2) -0.00096(16)       

𝑃(6,3)𝑠 
𝑄  847.578087(2) 0.9696(8) 0.0842(1) 0.442(1) -0.00184(7) -0.028(4)     

𝑃(6,2)𝑠 
𝑄  847.762950(3) 0.5232(6) 0.0781(2) 0.377(1) -0.00296(17) -0.025(5) 0.0329(35)   

𝑃(6,1)𝑠 
𝑄  847.876314(3) 0.5429(6) 0.0735(1) 0.325(1) -0.00499(14) -0.042(5) -0.0407(31)   

𝑃(5,4)𝑠 
𝑄  867.520135(2) 0.4134(3) 0.0985(1) 0.551(1) 0.00049(16) 0.056(3) 0.0125(21)   

𝑃(5,3)𝑠 
𝑄  867.719609(1) 1.2761(7) 0.0934(1) 0.477(1) -0.00014(5) 0.051(3) 0.0110(1) 0.113(4) 

𝑃(5,2)𝑠 
𝑄  867.872920(2) 0.7584(5) 0.0864(1) 0.404(1) -0.00062(7) 0.044(3)     
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𝑃(5,1)𝑠 
𝑄  867.968907(2) 0.8178(6) 0.0813(1) 0.343(1) -0.00265(9) 0.019(3) -0.0357(13)   

𝑃(5,0)𝑠 
𝑄  868.001571(1) 1.6857(8) 0.0802(1) 0.315(1) -0.00447(4)     0.114(4) 

𝑃(4,3)𝑠 
𝑄  887.876851(1) 1.1339(6) 0.0983(1) 0.527(1) 0.00188(8) 0.071(3) -0.0134(14)   

𝑃(4,2)𝑠 
𝑄  887.999812(2) 0.9049(5) 0.0934(1) 0.440(1) 0.00050(9) 0.046(3) 0.0154(18)   

𝑃(4,1)𝑠 
𝑄  888.079400(1) 1.0670(5) 0.0885(1) 0.362(1) -0.00158(6) 0.013(3)     

𝑃(3,2)𝑠 
𝑄  908.112353(1) 0.7564(5) 0.0987(1) 0.477(1) 0.00220(9) 0.063(3) -0.0077(10)   

𝑃(3,1)𝑠 
𝑄  908.176885(1) 1.1511(8) 0.0962(2) 0.365(1)       0.115(6) 

𝑃(3,0)𝑠 
𝑄  908.199144(1) 2.5424(9) 0.0935(1) 0.330(0) -0.00160(3) -0.019(2) -0.0013(1) 0.121(3) 

𝑃(2,1)𝑠 
𝑄  928.232054(1) 0.8893(5) 0.1025(2) 0.486(1) 0.00120(6) 0.017(3)   0.118(5) 

𝑃(1,0)𝑠 
𝑄  948.232082(1) 1.4413(5) 0.1034(1) 0.358(1) 0.00441(4) 0.183(2) 0.0046(1) 0.156(3) 

𝑄(15,15)𝑠 
𝑄  952.431082(4) 0.0274(1) 0.0931(15) 0.604(8) -0.00719(143)       

𝑄(14,14)𝑠 
𝑄  954.346928(4) 0.0314(1) 0.0965(13) 0.576(7)         

𝑄(14,13)𝑠 
𝑄  954.578178(7) 0.0162(1) 0.0853(22) 0.530(14)         

𝑄(14,12)𝑠 
𝑄  955.055778(7) 0.0173(1) 0.0863(20) 0.517(12) -0.01028(202)       

𝑄(13,13)𝑠 
𝑄  956.150988(6) 0.0688(1) 0.0933(6) 0.595(4) -0.00610(58) 0.061(7)     

𝑄(13,12)𝑠 
𝑄  956.396724(5) 0.0724(1) 0.0886(5) 0.546(5) -0.00444(54) 0.033(7)     

𝑄(13,11)𝑠 
𝑄  956.841807(6) 0.0195(1) 0.0819(17) 0.479(11)         

𝑄(13,10)𝑠 
𝑄  957.398965(10) 0.0112(1) 0.0906* 0.500*          

𝑄(12,12)𝑠 
𝑄  957.838971(2) 0.2762(2) 0.0913(2) 0.626(2) -0.00326(18) 0.077(3) -0.0347(22)   

𝑄(13,9)𝑠 
𝑄  958.005751(8) 0.0123(1) 0.0677(22) 0.376(16)         

𝑄(12,11)𝑠 
𝑄  958.088723(5) 0.0759(1) 0.0863(5) 0.547(4) -0.00453(51) 0.055(7)     

𝑄(12,10)𝑠 
𝑄  958.496699(3) 0.0423(1) 0.0808(8) 0.518(5) -0.00677(77)       

𝑄(12,9)𝑠 
𝑄  958.989336(3) 0.0478(1) 0.0785(7) 0.457(5) -0.00440(65)       

𝑄(11,11)𝑠 
𝑄  959.407100(2) 0.2642(2) 0.0916(2) 0.626(2) -0.00404(20) 0.067(3) -0.0246(29)   

𝑄(12,8)𝑠 
𝑄  959.513850(8) 0.0140(1) 0.0732(24) 0.409(14)         

𝑄(11,10)𝑠 
𝑄  959.652317(3) 0.1475(1) 0.0884(3) 0.562(2) -0.00329(34) 0.043(4) -0.0203(51)   

𝑄(11,9)𝑠 
𝑄  960.019880(3) 0.1667(1) 0.0823(3) 0.510(2) -0.00302(23) 0.047(4)     

𝑄(11,8)𝑠 
𝑄  960.448221(7) 0.0482(1) 0.0751(6) 0.452(5) -0.00432(64) 0.056(9)     

𝑄(10,10)𝑠 
𝑄  960.852157(2) 0.4678(3) 0.0909(1) 0.637(1) -0.00426(10) 0.066(3)     

𝑄(11,7)𝑠 
𝑄  960.893028(4) 0.0281(1) 0.0734(12) 0.427(8)         

𝑄(10,9)𝑠 
𝑄  961.085933(2) 0.5250(3) 0.0859(1) 0.580(1) -0.00360(8) 0.066(3)     

𝑄(11,6)𝑠 
𝑄  961.322387(25) 0.0294(9) 0.0702(9) 0.336(12)         

𝑄(10,8)𝑠 
𝑄  961.411013(3) 0.1530(1) 0.0834(2) 0.497(2) -0.00227(30) 0.046(4) -0.0321(44)   

𝑄(10,7)𝑠 
𝑄  961.776163(4) 0.0894(1) 0.0788(4) 0.448(3) -0.00258(39) 0.039(6)     

𝑄(10,6)𝑠 
𝑄  962.144371(4) 0.1023(1) 0.0721(4) 0.401(3)   0.029(5)     

𝑄(9,9)𝑠 
𝑄  962.171436(1) 1.5504(6) 0.0919(1) 0.632(1) -0.00351(4) 0.090(3) -0.0136(1) 0.090(3) 

𝑄(9,8)𝑠 
𝑄  962.388336(2) 0.4436(3) 0.0866(1) 0.576(1) -0.00394(9) 0.063(3)     

𝑄(10,5)𝑠 
𝑄  962.488979(4) 0.0292(1) 0.0650(9) 0.339(7)         

𝑄(9,7)𝑠 
𝑄  962.669827(2) 0.2586(2) 0.0825(2) 0.507(2) -0.00286(14) 0.050(3)     
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𝑄(10,4)𝑠 
𝑄  962.790703(6) 0.0157(1) 0.0592(16) 0.252(12)         

𝑄(9,6)𝑠 
𝑄  962.973614(2) 0.2959(2) 0.0771(1) 0.455(1) -0.00207(15) 0.050(3) -0.0047(24)   

𝑄(10,3)𝑠 
𝑄  963.057363(6) 0.0158(1) 0.0529(13) 0.310(12)         

𝑄(9,5)𝑠 
𝑄  963.269115(5) 0.0851(1) 0.0734(4) 0.386(3)   0.031(6)     

𝑄(8,8)𝑠 
𝑄  963.362693(1) 1.2016(6) 0.0931(1) 0.633(1) -0.00309(4) 0.079(3) -0.0142(1) 0.101(4) 

𝑄(9,4)𝑠 
𝑄  963.534215(3) 0.0461(1) 0.0645(7) 0.326(5)         

𝑄(8,7)𝑠 
𝑄  963.558533(1) 0.6891(4) 0.0876(1) 0.573(1) -0.00298(7) 0.073(3)     

𝑄(9,3)𝑠 
𝑄  963.736449(3) 0.0452(1) 0.0610(6) 0.252(5)         

𝑄(8,6)𝑠 
𝑄  963.796216(1) 0.7923(4) 0.0830(1) 0.509(1) -0.00231(6) 0.065(3)   0.061(6) 

𝑄(8,5)𝑠 
𝑄  964.041207(2) 0.2262(2) 0.0785(2) 0.452(2) -0.00256(17) 0.037(4)     

𝑄(8,4)𝑠 
𝑄  964.268488(3) 0.1234(1) 0.0763(3) 0.377(2) -0.00130(28) 0.021(5)     

𝑄(7,7)𝑠 
𝑄  964.424034(1) 1.7179(7) 0.0942(1) 0.629(1) -0.00170(4) 0.094(3) -0.0338(1) 0.118(3) 

𝑄(8,3)𝑠 
𝑄  964.467014(3) 0.1218(1) 0.0668(3) 0.327(2) -0.00230(30) 0.019(5)     

𝑄(7,6)𝑠 
𝑄  964.595752(1) 1.9825(7) 0.0901(1) 0.562(1) -0.00198(3) 0.080(3)   0.103(3) 

𝑄(8,2)𝑠 
𝑄  964.609589(5) 0.0250(1) 0.0595(15) 0.268(9)         

𝑄(7,5)𝑠 
𝑄  964.790231(2) 0.5592(3) 0.0838(1) 0.501(1) -0.00174(8) 0.063(3)     

𝑄(7,4)𝑠 
𝑄  964.979620(2) 0.3033(2) 0.0790(1) 0.434(1) -0.00275(12) 0.053(3)     

𝑄(7,3)𝑠 
𝑄  965.137736(2) 0.2983(2) 0.0738(1) 0.381(1) -0.00218(12) 0.040(3)     

𝑄(7,2)𝑠 
𝑄  965.272750(2) 0.0615(1) 0.0719(7) 0.315(4)         

𝑄(6,6)𝑠 
𝑄  965.353930(1) 4.5603(10) 0.0961(1) 0.623(1) -0.00178(2) 0.097(3) -0.0086(1) 0.128(2) 

𝑄(6,5)𝑠 
𝑄  965.499444(1) 1.2850(7) 0.0927(1) 0.561(1) -0.00105(5) 0.082(3) 0.0018(1) 0.122(4) 

𝑄(6,4)𝑠 
𝑄  965.652036(1) 0.6898(4) 0.0858(1) 0.496(1) -0.00120(7) 0.066(3)     

𝑄(6,3)𝑠 
𝑄  965.791313(1) 0.6793(4) 0.0810(1) 0.426(1) -0.00297(7) 0.051(3)     

𝑄(6,2)𝑠 
𝑄  965.899176(3) 0.1397(1) 0.0756(3) 0.351(2) -0.00500(27) 0.028(4)     

𝑄(6,1)𝑠 
𝑄  965.967690(3) 0.0333(1) 0.0695(10) 0.315(6) -0.00625(97)       

𝑄(5,5)𝑠 
𝑄  966.151154(1) 2.7467(9) 0.0979(1) 0.617(1) -0.00069(3) 0.102(3) -0.0150(1) 0.132(2) 

𝑄(5,4)𝑠 
𝑄  966.269252(1) 1.4774(7) 0.0953(1) 0.549(1) -0.00147(5) 0.071(3) 0.0458(1) 0.137(3) 

𝑄(5,3)𝑠 
𝑄  966.379938(1) 1.4551(7) 0.0911(1) 0.474(1) -0.00016(4) 0.063(2)   0.145(4) 

𝑄(5,2)𝑠 
𝑄  966.473673(2) 0.2954(2) 0.0842(2) 0.405(1) -0.00123(19) 0.049(3) -0.0563(41)   

𝑄(5,1)𝑠 
𝑄  966.532416(2) 0.0708(1) 0.0782(6) 0.345(3)         

𝑄(4,4)𝑠 
𝑄  966.814749(1) 2.9580(10) 0.0998(1) 0.614(1)   0.099(3) 0.0014(1) 0.132(2) 

𝑄(4,3)𝑠 
𝑄  966.905162(1) 2.9139(10) 0.0966(1) 0.526(1) 0.00057(3) 0.089(3) 0.0066(1) 0.134(2) 

𝑄(4,2)𝑠 
𝑄  966.981017(2) 0.5873(4) 0.0901(1) 0.446(1) -0.00052(11) 0.053(3)     

𝑄(4,1)𝑠 
𝑄  967.030884(3) 0.1415(1) 0.0871(4) 0.349(2) -0.00269(36) 0.020(4) -0.1625(82)   

𝑄(3,3)𝑠 
𝑄  967.346381(1) 5.4605(13) 0.1002(1) 0.597(1) 0.00075(3) 0.101(3) 0.0066(1) 0.120(2) 

𝑄(3,2)𝑠 
𝑄  967.406845(1) 1.1240(6) 0.0960(1) 0.486(1) 0.00095(9) 0.067(3) 0.0135(37)   

𝑄(3,1)𝑠 
𝑄  967.449136(2) 0.2682(2) 0.0929(3) 0.369(1) 0.00183(28) 0.017(3) -0.122(14)   

𝑄(2,2)𝑠 
𝑄  967.738455(1) 2.1603(8) 0.1030(1) 0.575(1) 0.00071(5) 0.078(3) 0.0375(1) 0.130(3) 

𝑄(2,1)𝑠 
𝑄  967.774785(1) 0.5086(4) 0.0974(2) 0.400(1) 0.00091(15)   -0.1654(27)   
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𝑄(1,1)𝑠 
𝑄  967.997801(1) 1.1096(5) 0.1021(1) 0.592(1) 0.00233(7) 0.043(3)    

𝑅(1,1)𝑠 
𝑄  1007.540521(2) 1.1401(12) 0.0984(2) 0.528(2) 0.00209(15) 0.101(7)     

𝑅(1,0)𝑠 
𝑄  1007.547125(1) 3.0649(14) 0.0979(1) 0.291(1) 0.00033(6) 0.063(7)   0.143(2) 

𝑅(2,2)𝑠 
𝑄  1027.032962(1) 1.1380(7) 0.0986(1) 0.582(1) 0.00382(9) 0.108(3)     

𝑅(2,1)𝑠 
𝑄  1027.047044(1) 1.7326(9) 0.0956(1) 0.383(1) 0.00129(6) 0.066(3)   0.143(3) 

𝑅(3,3)𝑠 
𝑄  1046.374706(1) 1.9941(11) 0.0968(1) 0.606(1) 0.00406(8) 0.110(4)     

𝑅(3,2)𝑠 
𝑄  1046.388053(1) 1.5660(14) 0.0928(3) 0.467(2) 0.00259(11) 0.097(4)   0.105(8) 

𝑅(3,1)𝑠 
𝑄  1046.400598(3) 1.8092(28) 0.0848(2) 0.379(4)   0.171(12)     

𝑅(3,0)𝑠 
𝑄  1046.405551(1) 3.9377(31) 0.0872(1) 0.299(1) -0.00058(6)     0.176(3) 

𝑅(4,4)𝑠 
𝑄  1065.563836(2) 0.7653* 0.0863(5) 0.504(9) -0.00588(68)  -0.2000(52)  

𝑅(4,3)𝑠 
𝑄  1065.565532(2) 2.3830* 0.0884(2) 0.601(4) 0.00482(24) 0.063(9) 0.0544(16)  

𝑅(4,2)𝑠 
𝑄  1065.581753(1) 1.5936(11) 0.0949(2) 0.380(1) 0.00117(9) 0.143(3)   0.202(5) 

𝑅(4,1)𝑠 
𝑄  1065.594368(1) 1.6653(11) 0.0853(2) 0.334(1) -0.00061(7) 0.117(3)   0.205(4) 

𝑅(5,4)𝑠 
𝑄  1084.583656(2) 0.9251(7) 0.0883(2) 0.546(3) 0.00119(14) 0.116(6)     

𝑅(5,3)𝑠 
𝑄  1084.593124(2) 2.2158(15) 0.0862(2) 0.469(4)   0.222(7)   0.186(4) 

𝑅(5,5)𝑠 
𝑄  1084.599299(3) 0.6087(8) 0.0841(3) 0.555(9) 0.00431(29) 0.199(10)     

𝑅(5,2)𝑠 
𝑄  1084.609882(1) 1.1923(9) 0.0745(1) 0.382(2)   0.098(4)     

𝑅(5,1)𝑠 
𝑄  1084.623733(2) 1.2026(16) 0.0709(2) 0.346(3) -0.00836(15) 0.147(9)     

𝑅(5,0)𝑠 
𝑄  1084.629060(2) 2.5156(18) 0.0685(1) 0.310(1) -0.00467(7) 0.042(7)     

𝑅(6,4)𝑠 
𝑄  1103.430522(4) 0.7339(17) 0.0811(3) 0.511(6) 0.00299(24) 0.146(8)     

𝑅(6,5)𝑠 
𝑄  1103.434373(6) 0.6421(16) 0.0923(4) 0.445(18) -0.00287(38) 0.042(15)     

𝑅(6,3)𝑠 
𝑄  1103.441239(2) 1.5817(9) 0.0751(1) 0.430(2) -0.00123(9) 0.073(7)     

𝑅(6,2)𝑠 
𝑄  1103.469829(2) 0.8048(6) 0.0679(1) 0.355(2) -0.00303(11) 0.084(4)     

𝑅(6,6)𝑠 
𝑄  1103.479582(2) 0.8463(7) 0.0889(2) 0.550(4) -0.00232(16)       

𝑅(6,1)𝑠 
𝑄  1103.485776(2) 0.8197(7) 0.0624(1) 0.335(2) -0.00610(10) 0.037(6)     

𝑅(7,5)𝑠 
𝑄  1122.093743(2) 0.4677(3) 0.0785(2) 0.474(2) -0.00047(16) 0.074(4)     

𝑅(7,4)𝑠 
𝑄  1122.104028(2) 0.4834(4) 0.0727(2) 0.433(2) 0.00182(16) 0.071(4)     

𝑅(7,6)𝑠 
𝑄  1122.117766(2) 0.8160(5) 0.0823(1) 0.560(1) 0.00277(11) 0.121(3)     

𝑅(7,3)𝑠 
𝑄  1122.132977(2) 0.9699(6) 0.0668(1) 0.364(1) 0.00038(7) 0.116(3)     

𝑅(7,2)𝑠 
𝑄  1122.160044(2) 0.4847(3) 0.0567(1) 0.314(1) -0.00308(11) 0.049(3)     

𝑅(7,1)𝑠 
𝑄  1122.178400(2) 0.4735(4) 0.0537(1) 0.253(2) -0.01636(13) 0.023(5)     

𝑅(7,0)𝑠 
𝑄  1122.185302(2) 0.9551(6) 0.0505(1) 0.263(1) -0.00861(6) 0.046(5)     

𝑅(7,7)𝑠 
𝑄  1122.203657(3) 0.2841(2) 0.0860(3) 0.614(2) -0.00501(25) 0.082(4)     

𝑅(8,5)𝑠 
𝑄  1140.578024(6) 0.2689* 0.0769(5) 0.413(8)  0.075(13)   

𝑅(8,6)𝑠 
𝑄  1140.579298(3) 0.5305* 0.0750(4) 0.520(5) -0.00270(12) 0.098(8)   

𝑅(8,4)𝑠 
𝑄  1140.603793(3) 0.2731(2) 0.0670(2) 0.373(2) -0.00176(19) 0.062(4)     

𝑅(8,3)𝑠 
𝑄  1140.627329(3) 0.5227(5) 0.0584(1) 0.327(2) -0.00386(12) 0.104(5)     

𝑅(8,7)𝑠 
𝑄  1140.632137(4) 0.2517(4) 0.0846(4) 0.555(4) 0.00151(39) 0.082(6)     

𝑅(8,2)𝑠 
𝑄  1140.679206(3) 0.2569(2) 0.0509(1) 0.269(2) -0.00206(12) 0.043(4)     
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𝑅(8,1)𝑠 
𝑄  1140.699717(3) 0.2515(2) 0.0466(1) 0.234(2) -0.01067(10) 0.012(4)     

𝑅(8,8)𝑠 
𝑄  1140.770681(3) 0.1776(1) 0.0935(3) 0.610(2) -0.00482(28) 0.078(5)     

𝑅(9,6)𝑠 
𝑄  1158.865536(2) 0.2946(2) 0.0742(2) 0.449(2) -0.00121(15) 0.078(4)     

𝑅(9,7)𝑠 
𝑄  1158.884906(11) 0.1486(10) 0.0741(6) 0.488(6)   0.066(8)     

𝑅(9,5)𝑠 
𝑄  1158.887592(11) 0.1411(10) 0.0729(7) 0.396(6)   0.080(9)     

𝑅(9,4)𝑠 
𝑄  1158.928983(4) 0.1343(1) 0.0619(2) 0.333(3)   0.056(5)     

𝑅(9,8)𝑠 
𝑄  1158.975947(4) 0.1408(1) 0.0739(4) 0.523(4) -0.00139(39) 0.046(6)     

𝑅(9,3)𝑠 
𝑄  1158.985042(3) 0.2527(2) 0.0539(1) 0.306(2) 0.00334(14) 0.055(4)     

𝑅(9,2)𝑠 
𝑄  1159.025845(4) 0.1224(1) 0.0412(2) 0.246(3) -0.00512(19) 0.019(5)     

𝑅(9,1)𝑠 
𝑄  1159.047365(4) 0.1188(1) 0.0386(2) 0.177(3) -0.01819(20) -0.015(6)     

𝑅(9,0)𝑠 
𝑄  1159.056104(1) 0.2346(2) 0.0384(1) 0.208(2) -0.00906(9)       

𝑅(9,9)𝑠 
𝑄  1159.180082(3) 0.2057(1) 0.0931(2) 0.616(2) -0.00300(22) 0.072(5)     

𝑅(10,7)𝑠 
𝑄  1176.963675(6) 0.0744(1) 0.0757(6) 0.443(4)   0.070(8)     

𝑅(10,6)𝑠 
𝑄  1176.976760(4) 0.1366(1) 0.0712(3) 0.400(3) -0.00169(31) 0.050(5)     

𝑅(10,8)𝑠 
𝑄  1177.008560(6) 0.0781(1) 0.0796(7) 0.496(4) -0.00297(70) 0.048(8)     

𝑅(10,5)𝑠 
𝑄  1177.021239(7) 0.0633(1) 0.0635(6) 0.357(5) -0.00218(60) 0.039(9)     

𝑅(10,4)𝑠 
𝑄  1177.077707(7) 0.0586(1) 0.0573(5) 0.295(5) -0.00148(50) 0.042(9)     

𝑅(10,3)𝑠 
𝑄  1177.110798(4) 0.1096(1) 0.0473(2) 0.251(3) -0.00306(20) 0.030(6)     

𝑅(10,9)𝑠 
𝑄  1177.147801(4) 0.1501(1) 0.0832(3) 0.559(3) -0.00321(32) 0.088(5)     

𝑅(10,2)𝑠 
𝑄  1177.197873(3) 0.0522(1) 0.0411(4) 0.194(5)         

𝑅(10,1)𝑠 
𝑄  1177.218002(3) 0.0507(1) 0.0362(3) 0.157(5) -0.00967(27)       

𝑅(10,10)𝑠 
𝑄  1177.431563(8) 0.0569(1) 0.0947(7) 0.603(5) 0.00249(74) 0.089(11)     

𝑅(11,7)𝑠 
𝑄  1194.868068(67) 0.0343(21) 0.0619(18) 0.383(24)   0.134(30)     

𝑅(11,8)𝑠 
𝑄  1194.869935(62) 0.0321(21) 0.0969(38) 0.501(27) -0.00800(181)       

𝑅(11,6)𝑠 
𝑄  1194.911206(8) 0.0560(1) 0.0652(6) 0.376(5)   0.049(10)     

𝑅(11,9)𝑠 
𝑄  1194.948087(6) 0.0755(1) 0.0810(5) 0.520(4) -0.00310(64) 0.047(8)     

𝑅(11,5)𝑠 
𝑄  1194.976337(5) 0.0251(1) 0.0618(12) 0.299(10)         

𝑅(11,4)𝑠 
𝑄  1195.046529(6) 0.0228(1) 0.0565(10) 0.240(10)         

𝑅(11,3)𝑠 
𝑄  1195.133708(10) 0.0426(1) 0.0473(5) 0.243(6) 0.00377(42) 0.040(12)     

𝑅(11,10)𝑠 
𝑄  1195.146565(4) 0.0377(1) 0.0769(12) 0.552(8)         

𝑅(11,2)𝑠 
𝑄  1195.193054(6) 0.0203(1) 0.0342(8) 0.246(12) -0.00418(81)       

𝑅(11,1)𝑠 
𝑄  1195.206980(6) 0.0198(1) 0.0320(8) 0.187(13) -0.01644(84)       

𝑅(11,0)𝑠 
𝑄  1195.216938(4) 0.0385(1) 0.0331(4) 0.145(7) -0.00848(38)       

𝑅(11,11)𝑠 
𝑄  1195.525249(5) 0.0295(1) 0.0947(19) 0.610(10) 0.00468(149)       

𝑅(12,8)𝑠 
𝑄  1212.558281(10) 0.0136(1) 0.0720(29) 0.463(18)         

𝑅(12,9)𝑠 
𝑄  1212.581165(14) 0.0308(1) 0.0777(14) 0.487(9) -0.00515(146) 0.074(18)     

𝑅(12,7)𝑠 
𝑄  1212.595263(11) 0.0114(1) 0.0709(37) 0.331(21)         

𝑅(12,6)𝑠 
𝑄  1212.665106(7) 0.0203(1) 0.0588(12) 0.350(12) -0.00556(129)       

𝑅(12,10)𝑠 
𝑄  1212.701556(8) 0.0172(1) 0.0796(23) 0.500(15)         
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𝑅(12,3)𝑠 
𝑄  1212.863473(8) 0.0150(1) 0.0409(9) 0.195(15)         

𝑅(12,11)𝑠 
𝑄  1212.971122(8) 0.0179(1) 0.0828(20) 0.587(15)         

𝑅(12,12)𝑠 
𝑄  1213.461314(15) 0.0287(1) 0.0854(12) 0.606(10) -0.00389(123) 0.073(19)     

𝑅(13,9)𝑠 
𝑄  1230.044062(13) 0.0109(1) 0.0674(24) 0.527(24)         

𝑅(13,12)𝑠 
𝑄  1230.620500(68) 0.0147(7) 0.0716(21) 0.531(31) -0.01945(234) 0.208(38)     

        

 

In order to analyse our measured dataset, we produced a number of plots of the individual line parameters, comparing our new 

line parameters for the NH3 𝜈2 band to those reported in the HITRAN 2020 database (Gordon et al., 2021). HITRAN is chosen 

here for the primary comparison because its NH3 linelist forms the basis for the majority of remote sensing datasets of NH3 in 280 

the Earth’s atmosphere. Unless explicitly stated otherwise, the plots shown in the following sections display comparisons of 

data for the Q branch of the 𝜈2(𝑎) ← 𝐺𝑆(𝑠) transition. Analogous comparison plots for the P and R branch for this transition, 

along with the P, Q and R branches of the 𝜈2(𝑠) ← 𝐺𝑆(𝑎)  transition, can be found in the Supplementary Information. As long 

as sufficient parameters were available, similar comparison plots are shown in the Supplementary Information for the other, 

less intense bands found in the measured spectral window. In every case, the uncertainties in the plots represent Labfit internal 285 

uncertainties at three standard deviations (3σ) for additional clarity.  All uncertainties in tables are listed at 1σ. 

4.1 Uncertainties of the retrieved parameters 

The line parameter uncertainties directly provided by Labfit (Benner et al. 1995) correspond to Type A uncertainties (Joint 

Committee for Guides in Metrology, 2008), and are determined from the noise level of the spectrum, the spectral residuals, 

and the derived parameters in the solution. Labfit does not report Type B uncertainties (Joint Committee for Guides in 290 

Metrology, 2008) of the line parameters arising from uncertainties in quantities such as the sample conditions (i.e., temperature, 

pressure, pathlength), the partition sums, issues with the instrumental lineshape of the spectrometer, and uncertainties arising 

from a poor choice of lineshape function, so we calculate these Type B contributions separately. The overall uncertainty can 

be found by adding the Type A and Type B contributions in quadrature and taking the square root. 

 295 

Type B contributions are outlined in Table 8 and detailed below. The assumption we made in this study is that 1σ measurement 

uncertainties can be used to represent the maximum Type B uncertainty contributions to the derived line parameters; therefore 

all uncertainties presented here correspond to a 68% confidence interval with a coverage factor k = 1. There are a number of 

contributions that are very small and so are not included in this table.  For example, as the majority of parameters are 

temperature-dependent, there will be a very small uncertainty due to possible deviation of the true temperature from 296 K. 300 

An uncertainty of 0.05 K will contribute no more than 0.02 % to the Type B budget.  Additionally, the stated NH3 purity was 

99.98%, so we can assume that the uncertainty on the absorber amount is no more than 0.02 %. 
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Table 8. Type B uncertainties (k = 1) for the measured NH3 line parameters. 

Spectral line 

parameter 

Pressure (%) Pathlength (%) N2O wavenumber 

calibration (cm-1) 

Total Type B 

uncertainty 

𝜈0 - - 0.00005 0.00005 cm-1 

𝑆 0.65 0.40 - 0.76 % 

𝛾𝑠𝑒𝑙𝑓
0  0.65 0.40 - 0.76 % 

𝛾𝑎𝑖𝑟
0  0.09 0.40 - 0.41 % 

𝛿𝑠𝑒𝑙𝑓
0  0.65 - - 0.65 % 

𝛿𝑎𝑖𝑟
0  0.09 - - 0.09 % 

𝑎𝑤(𝑎𝑖𝑟) 0.09 0.40 - 0.41 % 

𝑌𝑎𝑖𝑟
0  0.09 0.40 - 0.41 % 

 

The NIST N2O lines (Maki et al., 1991) used for the wavenumber calibration in the present analysis have stated uncertainties 

of ~0.00005 cm-1, which we can equate to a Type B uncertainty in the retrieved line positions. The other line parameters have 

contributions to their Type B uncertainty from uncertainties in pathlength and absorber pressure.  The pathlength contribution 310 

is determined from the calibration process, namely 0.1% uncertainty in N2O pressures, 0.24% uncertainty in N2O line 

intensities (Devi et al., 2003), and 0.3 % resulting from the spectral fit. 

 

Uncertainties in the pressures depend on which of the manometer pressure gauges were used for the pressure measurements 

and their calibrations; all were factory calibrated using reference gauges traceable to the PTB standard. During the 315 

multispectrum fitting procedure, some of the pressures for the pure spectra needed small adjustments on account of small 

inconsistencies in the spectral residuals.  We made the assumption that the highest pure pressure (0.995 hPa) was the most 

reliable because it was made near the full scale of the (1 Torr) manometer; we spent the most attention in the lab to ensure this 

measurement was as accurate as possible.  Inconsistencies in the lower pressures were assumed to arise from problems with 

outgassing in the cell; there was no evidence of this for the 0.995 hPa pure spectrum.  The line intensity, self-broadened 320 

halfwidth, and self-pressure-induced shift parameters are most sensitive to the pure NH3 pressure measurements, which are 

estimated to have ~0.65% uncertainty (derived from the 0.995 hPa pure spectrum). The air-broadened halfwidths, air-pressure-

induced shifts, speed dependence of the air-broadened halfwidth and line mixing parameters are most sensitive to the partial 

pressure of air. For the range 200-1000 mbar pressure of air used in our experiments we have assumed a representative 

estimation of 0.09% uncertainty. Given the small amount fraction of NH3 in air (less than ~0.004), the contribution of NH3 325 

partial pressure uncertainties is minimal. Also note that the pressure-induced shifts do not depend on cell pathlength, and 
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represent wavenumber differences so that the absolute wavenumber calibration has minimal contribution. Lastly, it should be 

noted that Rosenkranz line mixing used in the present analysis is only an approximation, and therefore the uncertainty 

contributions from its use cannot easily be quantified. 

The total uncertainties in our line parameters compare favourably to those for the corresponding line parameters in HITRAN 330 

2020.  For the strongest lines, uncertainties in line positions are comparable, in the range 0.00001 – 0.0001 cm-1.  For the 

strongest lines in the Q branches of the 𝑣2 band, the total uncertainties of our line intensities, and self- and air-broadened 

Lorentz halfwidths are of the order of 1 %, a significant improvement over those reported in HITRAN 2020: 10 – 20 %, 2 – 5 

%, and 2 – 5 %, respectively. 

 335 

4.2 Line positions 

Newly determined line positions (𝜈0) have been compared with those from the HITRAN 2020 database, whose positions are 

based upon the analysis of Down et al. (Down et al., 2013), by plotting the position differences in Fig. 4(a). For the 𝜈2(𝑎) ←

𝐺𝑆(𝑠) Q branch lines up to J = 6, our line positions are higher by up to 0.00005 cm-1, comparable to the uncertainty (~ 0.00005 

cm-1) of the N2O lines from the NIST heterodyne wavenumber calibration tables (Maki et al., 1991) used in the wavenumber 340 

calibration. For lines with J > 6, our line positions tend to be lower than those reported in HITRAN 2020, although these lines 

are weaker with lower SNR in our overall analysis, and therefore the differences show more scatter. Table 9 reports that the 

average position difference between the new values and those from HITRAN is positive for the P, Q and R branches of both 

the 𝜈2(𝑎) ← 𝐺𝑆(𝑠) and 𝜈2(𝑠) ← 𝐺𝑆(𝑎) transitions, with the P and R branches displaying a greater shift in position than the Q 

branches. 345 

 

4.3 Line intensities 

The line intensity calculation is driven by the five pure NH3 spectra in the multispectrum fit. Of these, the lowest pressure 

(0.0171 hPa) NH3 spectrum has no saturated lines; the transmittance of the strongest line is ~ 0.17. Each line has at least one, 

usually more, unsaturated pure measurements from which to derive intensities. Because the lowest pressure measurements are 350 

less accurate, pressure values are adjusted in the fit so that the residuals align with those for the spectrum with the most accurate 

pressure (0.995 hPa). This adjustment is largely driven by the unsaturated lines that are present throughout multiple spectra. 

While Figure 4(a) shows differences between our measured line positions and those from HITRAN 2020 (Gordon et al., 2021) 

for the NH3 𝜈2(𝑎) ← 𝐺𝑆(𝑠) Q branch lines, Figure 4(b) shows a plot of the percentage deviations of our measured spectral 

line intensities (𝑆) against those from the HITRAN 2020 database (Gordon et al., 2021), again with intensities based on the 355 

work of Down et al. (Down et al., 2013). The scatter in percentage deviation as J increases is a consequence of the relative 

decrease in SNR for these high-J lines.  Overall, our line intensities are slightly higher than those in HITRAN 2020. 
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Considering only lines with 𝑆 > 1 x 10-21 cm-1 / (molecule cm-2) at 296 K, we report an average increase in 𝑆 of 3.4% for lines 

in the two 𝜈2 ← 𝐺𝑆 Q branches. Similar increases of 3-7% are observed for the P and R branches; see Table 9 for further 

information.  360 
 

 

Figure 4. (a) Differences between the measured line positions and those from HITRAN 2020 (Gordon et al., 2021) for the NH3 

𝝂𝟐(𝒂) ← 𝑮𝑺(𝒔) Q branch lines, with 3σ error bars, and (b) percentage deviations in intensity between the measured line intensities 

and those from HITRAN 2020 for the NH3 𝝂𝟐(𝒂) ← 𝑮𝑺(𝒔) Q branch lines. For both cases, only lines with intensity > 1 x 10-21 cm-1 / 365 
(molecule cm-2) are plotted. 

 

Table 9. Average absolute position differences, and percentage deviations of intensity and Lorentz halfwidths between parameters 

derived in this work and those in HITRAN 2020 (Gordon et al., 2021); the percentage deviations are calculated as 

100(Labfit/HITRAN – 1). The values were determined from lines with intensity 𝑺 > 1 x 10-21 cm-1 / (molecule cm-2) at 296 K. 370 
Halfwidth deviations were only determined for those lines with distinct halfwidth parameters for the analogous lines in HITRAN 

2020, as opposed to set values discussed in Section 4.4. 

Transition 

 

No. of 

lines above 

S 

threshold 

Average absolute 

position difference 

(10-5 cm-1)  

Average S 

deviation 

(%) 

Average 𝜸𝒔𝒆𝒍𝒇
𝟎

 

deviation (%) 

 

Average 𝜸𝒂𝒊𝒓
𝟎  

deviation (%) 

 

 

𝜈2(𝑠) ← 𝐺𝑆(𝑎) 

P 62 7.52 4.7 3.7 –2.5 

Q 70 4.14 3.6 –3.6 –6.5 

R 83 9.66 4.5 7.7 –1.7 

 

𝜈2(𝑎) ← 𝐺𝑆(𝑠) 

P 63 7.73 6.6 1.4 –4.6 

Q 69 3.55 3.2 –2.0 –8.2 

R 82* 8.24 2.8 6.2 –7.7  

*For the 𝜈2(𝑎) ← 𝐺𝑆(𝑠) R branch, four lines (two pairs) were blended together. In order to fit the other line parameters, their intensities 

were fixed to the values from HITRAN 2020. 

 375 
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4.4 Self- and air-broadened Lorentz halfwidths 

Figures 5(a) and 6(a) show the present measured self- (𝛾𝑠𝑒𝑙𝑓
0 ) and air- (𝛾𝑎𝑖𝑟

0 ) broadened halfwidths for all lines with intensity > 

1 x 10-21 cm-1 / (molecule cm-2) at 296 K compared to the corresponding values from HITRAN 2020, which were derived by 380 

Nemtchinov et al. using a polynomial function of m and K, apparently only from measurements in the P and R branches of the 

𝜈2 band (Nemtchinov et al., 2004). Our measured values are found to show the same general trend, with both 𝛾𝑠𝑒𝑙𝑓
0  and 𝛾𝑎𝑖𝑟

0  

increasing with K for the same J value. However, there are notable differences between the magnitudes of our halfwidths and 

those from HITRAN. Average percentage deviations of our measured parameters from HITRAN for the 𝜈2(𝑎) ← 𝐺𝑆(𝑠) Q 

branch are plotted in Figs. 5(b) and 6(b), with averages for other branches listed in Table 9 for both 𝛾𝑠𝑒𝑙𝑓
0  and 𝛾𝑎𝑖𝑟

0 . We observe 385 

significant deviations from the Nemtchinov-derived values, 4-10% for 𝛾𝑠𝑒𝑙𝑓
0  and 2-8% for 𝛾𝑎𝑖𝑟

0 . Analysis of the individual 

branches shows that the 𝛾𝑠𝑒𝑙𝑓
0  are 2-4% lower than the Nemtchinov values in the Q branches but 1-4% and 6-8% higher for the 

P and R branches, respectively. The 𝛾𝑎𝑖𝑟
0  percentage deviations demonstrate a consistent pattern of overestimation by HITRAN 

2020; our values are 2-5%, 6-8%, and 2-8% lower for the P, Q, and R branches, respectively. In addition, we report values of 

the halfwidth parameters for J” > 8 for the first time. Previously, in HITRAN 2020, 𝛾𝑠𝑒𝑙𝑓
0  values for J” > 8 were set to 0.5, 390 

while 𝛾𝑎𝑖𝑟
0  values for J” > 8 were based on the widths reported for lower J values, using an extrapolation of the width parameters 

determined by Nemtchinov et al. (Nemtchinov et al., 2004). 

 

 

Figure 5. Plots of (a) self-broadened halfwidth, 𝜸𝒔𝒆𝒍𝒇
𝟎 , and (b) percentage deviations from HITRAN of 𝜸𝒔𝒆𝒍𝒇

𝟎  plotted against K for 395 

each J value of the 𝝂𝟐(𝒂) ← 𝑮𝑺(𝒔) Q branch. The Labfit values of 𝜸𝒔𝒆𝒍𝒇
𝟎  are included with uncertainties of 3σ. For J > 8, HITRAN 

values for the self-broadened halfwidth were all set to 0.5, so percentage deviations have not been calculated for these cases. 
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Figure 6. Plots of (a) air-broadened halfwidth, 𝜸𝒂𝒊𝒓
𝟎 , and (b) percentage deviations from HITRAN of 𝜸𝒂𝒊𝒓

𝟎  plotted against K for each 400 

J value of the 𝝂𝟐(𝒂) ← 𝑮𝑺(𝒔) Q branch. The Labfit values of 𝜸𝒂𝒊𝒓
𝟎  are included with uncertainties of 3σ. For J > 9, HITRAN values 

for the air-broadened halfwidth were set to the same value as their corresponding K value at J = 9 (with values of K > 9 set to the 

value for K = 9), so percentage deviations have not been calculated for these cases. 

 

4.5 Self- and air-pressure-induced shifts 405 

Figure 7 reports the self- (𝛿𝑠𝑒𝑙𝑓
0 ) and air- (𝛿𝑎𝑖𝑟

0 ) pressure-induced shifts for lines with an intensity > 1 x 10-21 cm-1 / (molecule 

cm-2) at 296 K. Since the HITRAN 2020 database does not list any values for 𝛿𝑠𝑒𝑙𝑓
0  or 𝛿𝑎𝑖𝑟

0  for NH3, we report values for these 

parameters for the complete 𝜈2  band for the first time. Due to the optimisation of our experimental measurements for 

atmospheric conditions, i.e. the smaller range of NH3 pressures than air pressures, we observe larger errors in our determination 

of 𝛿𝑠𝑒𝑙𝑓
0  compared with 𝛿𝑎𝑖𝑟

0 . 410 

 

According to Fig. 7(a), the values of our measured 𝛿𝑠𝑒𝑙𝑓
0  parameters for the 𝜈2(𝑎) ← 𝐺𝑆(𝑠) transition tend to decrease with 

increasing J, but increase with increasing K. A plot of 𝛿𝑠𝑒𝑙𝑓
0  against J” for only K = 3 levels is shown in Fig. 8(a), and further 

indicates that the decrease in 𝛿𝑠𝑒𝑙𝑓
0  with increasing J holds for all three branches of the two 𝜈2 ← 𝐺𝑆 transitions, with the 

exception of a single line in the R branch.  Figure 8(b) indicates a tendency for 𝛿𝑎𝑖𝑟
0  values associated with the 𝜈2(𝑎) ← 𝐺𝑆(𝑠) 415 

Q branch to decrease with both increasing J and K (apart from two more R branch lines). However, the plot of 𝛿𝑎𝑖𝑟
0  against J” 

for K = 3 in Fig. 8(b) suggests that the trend of 𝛿𝑎𝑖𝑟
0  with J is dependent on the symmetry of the transition, unlike for 𝛿𝑠𝑒𝑙𝑓

0 . For 

P, Q, R branches of the 𝜈2(𝑠) ← 𝐺𝑆(𝑎) transition, 𝛿𝑎𝑖𝑟
0  increases with J”, but for P, Q, R branches of the 𝜈2(𝑎) ← 𝐺𝑆(𝑠) 

transition, 𝛿𝑎𝑖𝑟
0  decreases with J”. There are not enough fitted 𝛿𝑠𝑒𝑙𝑓

0  and  𝛿𝑎𝑖𝑟
0  values for the other transitions to provide a more 

detailed analysis of these J-dependent observations. 420 

 



30 

 

 

Figure 7. Plots of (a) self-pressure-induced shifts, 𝜹𝒔𝒆𝒍𝒇
𝟎 , and (b) air-pressure-induced shifts, 𝜹𝒂𝒊𝒓

𝟎 , against K for each J value of the 

𝝂𝟐(𝒂) ← 𝑮𝑺(𝒔) Q branch. Measured values are plotted with uncertainties of 3σ. The HITRAN 2020 database does not include values 

for these parameters. 425 
 

 

Figure 8. Plots of (a) self-pressure-induced shifts, 𝜹𝒔𝒆𝒍𝒇
𝟎 , and (b) air-pressure-induced shifts, 𝜹𝒂𝒊𝒓

𝟎 , against J’’ for K = 3, for the P, Q 

and R branches of the 𝝂𝟐(𝒔) ← 𝟎(𝒂) and 𝝂𝟐(𝒂) ← 𝑮𝑺(𝒔) transitions. The present measured values are given with uncertainties of 

3σ. The HITRAN 2020 database does not include values for these parameters in this band. 430 
 

Although values of 𝛿𝑠𝑒𝑙𝑓
0  are not currently included in the HITRAN or GEISA databases, we were able to compare our values 

to previous data in the literature. Aroui et al. (2009) and Guinet et al. (2011) recorded measurements of several pure NH3 

spectra at wavenumbers > 1000 cm-1 and at spectral resolutions of 0.0038 cm-1 and 0.005 cm-1 respectively. They determined 

𝛿𝑠𝑒𝑙𝑓
0  values for several lines in the 𝜈2(𝑠) ← 𝐺𝑆(𝑎) R branch. Figure 9(a) shows a comparison plot of 𝛿𝑠𝑒𝑙𝑓

0  for our work against 435 

both studies, for values where J = 9. We predict higher δself
0  values, an average increase of 0.0333 cm-1/atm from Aroui et al. 
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and 0.0570 cm-1/atm from Guinet et al. The data from the Guinet paper does however obey the same trend of 𝛿𝑠𝑒𝑙𝑓
0  decreasing 

with K as found in our data. 

 

 440 

Figure 9. Comparison plots of self-pressure-induced shifts, 𝜹𝒔𝒆𝒍𝒇
𝟎 , from our work and other papers, against K, for (a) the R branch 

of the 𝝂𝟐(𝒔) ← 𝑮𝑺(𝒂) transition, where J = 9; (b) the Q branch of the 𝝂𝟐(𝒂) ← 𝑮𝑺(𝒔) transition, where J = 7; (c) the P, Q and R 

branches of the  𝝂𝟐(𝒔) ← 𝑮𝑺(𝒂)  transition; (d) the P and Q branches of the 𝝂𝟐(𝒂) ← 𝑮𝑺(𝒔)  transition. Unlike other plots, 

uncertainties are plotted here as 1σ to better compare with the previous studies. The HITRAN 2020 database does not include values 

for these parameters in this band. 445 
 

With regards to the P and Q branches, Clar et al. (1988) and Ibrahimi et al. (1999) recorded measurements of several lines for 

both 𝜈2(𝑠) ← 𝐺𝑆(𝑎) and 𝜈2(𝑎) ← 𝐺𝑆(𝑠) transitions using tuneable diode laser spectrometers. Figure 9(b) shows a comparison 

plot of 𝛿𝑠𝑒𝑙𝑓
0  values against the data from Clar et al. for 𝜈2(𝑎) ← 𝐺𝑆(𝑠), where J = 7. We observe an average increase of 0.0532 

cm-1/atm from the work of Clar, and the same general trend of increasing 𝛿𝑠𝑒𝑙𝑓
0  with increasing K for the Q branch. Figure 9(c) 450 

and 9(d) show comparison plots of 𝛿𝑠𝑒𝑙𝑓
0  against the values from Ibrahimi et al. for 𝜈2(𝑠) ← 𝐺𝑆(𝑎)  and 𝜈2(𝑎) ← 𝐺𝑆(𝑠) 



32 

 

respectively. We observe an average increase of 0.0545 cm-1/atm from the work of Ibrahimi, and observe the same general 

trends of 𝛿𝑠𝑒𝑙𝑓
0  with J and K. 

 

We found no studies reporting 𝛿𝑎𝑖𝑟
0  values, and thus cannot make any comparisons to our values. 455 

4.6 Rosenkranz line mixing and speed dependence 

Figure 10(a) shows the Rosenkranz line mixing parameters, 𝑌𝑎𝑖𝑟
0 , plotted against the quantum number K for lines of the 

𝜈2(𝑎) ← 𝐺𝑆(𝑠) Q branch where values were determinable. The largest values of 𝑌𝑎𝑖𝑟
0  for this transition occur for K =1 levels. 

The lines corresponding with the parameters in Fig. 10(a) span a wavenumber range of 1 cm-1, and there is significant overlap 

between the lines when air-broadened at pressures approaching 1000 hPa. Line mixing parameters are almost exclusively fit 460 

for the Q branches, which are more congested than the P and R branches. 

 

 

Figure 10. Plots of (a) Rosenkranz line mixing parameter, 𝒀𝒂𝒊𝒓
𝟎 , and (b) speed dependence of the halfwidth parameter, 𝒂𝒘(𝒂𝒊𝒓), 

against K for each J value of the 𝝂𝟐(𝒂) ← 𝑮𝑺(𝒔) Q branch. The present measured values are shown with uncertainties of 3σ. The 465 
HITRAN 2020 database does not include values for these line parameters of NH3. 

 

Figure 10(b) provides a plot of the speed dependence of the width parameter, 𝑎𝑤(𝑎𝑖𝑟), where this parameter was determinable, 

against K for lines in the 𝜈2(𝑎) ← 𝐺𝑆(𝑠) Q branch. The results show a decrease in 𝑎𝑤 as J and K increase, although this trend 

is not observed in the Q branch for the 𝜈2(𝑠) ← 𝐺𝑆(𝑎), where 𝑎𝑤 remains constant across all values of J and K. We report an 470 

average value for 𝑎𝑤 of 0.131 for 𝜈2(𝑎) ← 𝐺𝑆(𝑠) and 0.118 for 𝜈2(𝑠) ← 𝐺𝑆(𝑎). 

 

As an illustration of the benefit in floating both 𝑌𝑎𝑖𝑟
0  and 𝑎𝑤(𝑎𝑖𝑟) parameters in the multispectrum fit, the plots in Fig. 11 show 

the final spectral fit residuals for both 𝜈2 Q branches, compared with residuals calculated from the same fit but with all 𝑌𝑎𝑖𝑟
0  
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and 𝑎𝑤(𝑎𝑖𝑟) values set to zero. It is clear that the inclusion of each parameter in the multispectrum fit improves the residuals, 475 

bringing them closer to zero.  

 

 

Figure 11.  Comparison plots over the spectral region containing the 𝝂𝟐 Q branches (900-980 cm-1) of the weighted fit residuals for 

the measured highest-pressure spectrum (total pressure 978.3 hPa): (a) with (black) and without (red) the inclusion of Rosenkranz 480 
line mixing; (b) with (black) and without (green) the inclusion of speed dependence; (c) shows the measured laboratory transmittance 

spectrum. 



34 

 

5 Conclusions 

We have carried out the most complete experimental and multispectrum analysis of air-broadened NH3 over the 675 cm-1 to 

1250 cm-1 spectral region to date.  This spectral region covers the most intense NH3 features observed in atmospheric spectra, 485 

the 0100 00 0 s ← 0000 00 0 a and 0100 00 0 a ← 0000 00 0 s transitions of the 𝑣2 band.  Our analysis utilises the Voigt and 

speed-dependent Voigt lineshapes (depending on the SNR of the lines), with Rosenkranz line mixing for congested Q-

branches.  In all, we derive line positions, line intensities, self- and air-broadened Lorentz halfwidths, self- and air-pressure-

induced line shifts, the speed dependence of the air-broadened Lorentz halfwidths, and first-order (Rosenkranz) line mixing 

parameters.  Our derived spectroscopic line parameters reproduce the new laboratory measurements substantially better than 490 

those from the HITRAN 2020 database.  We have revised values for parameters such as line intensities and air-broadened 

Lorentz halfwidths, in some cases by almost 10 %.  For the strongest lines, the total uncertainties of key parameters such as 

line intensities, and self- and air-broadened Lorentz halfwidths have been considerably improved to ~ 1 %.  In addition to the 

measured speed dependence and Rosenkranz line mixing parameters, which we believe are the first reported for the 𝑣2 band 

of NH3 in air, we also determine a range of parameters for the 𝑣2 band that are not currently in HITRAN, for example self- 495 

and air-pressure-induced shifts. We expect these new parameters to provide a more accurate basis for incorporation into 

atmospheric radiative transfer models to measure NH3 concentrations from satellite. 
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