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Laser spectroscopy applications for quantitatively detecting gas amount and composition are based on accurate measurements
of reference line intensities and collisional line shapes. Exceptionally high accuracies of such data are required in atmospheric
research focused on greenhouse gases where line intensities must be known at permille-level uncertainties. Similar or even
lower uncertainties are needed for the realization of optical gas amount, concentration, and temperature standards, which,
after the recent SI rede�nition, allows greater �exibility in linking fundamental constants to measurable quantities.

We demonstrate low-uncertainty line intensities and line shapes of carbon monoxide1,2,3,4 and hydrogen molecules3

obtained through a combination of cavity-enhanced absorption and dispersion spectroscopies, interlaboratory comparison
of independent measurements, and ab initio calculations. We also show that per mille uncertainties of line intensity for
hydrogen molecules4 require an advanced collisional line shape model5 that goes beyond the standard description used in
spectroscopic databases. Our experimental data were obtained using cavity mode-dispersion spectroscopy (CMDS)6 and
recently developed heterodyne cavity ring-down spectroscopy (HCRDS)3 that exploit optical cavity resonant frequencies
and enable high-resolution gas absorption and dispersion measurement with spectra fully linked to the primary frequency
standard.

We also present the �rst primary spectroscopic thermometry leveraging optical cavity resonance frequencies and ab

initio molecular line intensities7. Using CO rovibrational transitions, our frequency-based approach, achieving temperature
uncertainty of 82 parts per million, is much more accurate than any reported spectroscopic thermometry at pressures above
1 kPa and applies to a tenfold broader pressure range. In particular, it enables fully optical, molecule-selective primary
amount-of-substance measurements without contact sensors, achieving sub-permille uncertainty in gas concentration and
pressure.
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