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Water vapor absorption in the region of the oxygen A-band near 760 nm
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The oxygen A-band near 760 nm is used to determine the air-mass along the line of sight from ground or space borne atmospheric spectra. This band is located in a spectral region of very weak absorption of water vapor. The increased requirements on the determination of the air columns make suitable to accurately characterize water absorption spectrum in the region. In the present work, we use cavity ring down spectroscopy (CRDS) to measure with unprecedented sensitivity and accuracy the water spectrum in the 12969 -13172 cm-1 region. While about fifty transitions were previously detected in the region, a total of about 580 water lines are measured by CRDS and rovibrationally assigned, leading to the determination of 103 new levels and correction of 135 levels of H216O. Spectroscopic line lists available in the region -HITRAN, W2020 and theoretical line lists -show some important deviations compared to observations. In particular, line intensities are poorly predicted by available ab initio calculations for transitions involving a highly bending excitation.

Introduction

As the mixing ratio of oxygen is constant in the Earth's atmosphere (0.2095 according to Ref. [START_REF] Goody | Atmospheric Radiation. Theoretical Basis[END_REF]), the A-band of O2 is largely used to determine the air-mass along the line of sight from ground or space borne atmospheric spectra in particular for remote sensing calibration [START_REF] Washenfelder | Carbon dioxide column abundances at the Wisconsin Tall Tower site[END_REF][START_REF] Long | O2 A-band line parameters to support atmospheric remote sensing[END_REF][START_REF] Wunch | The total carbon column observing network[END_REF]. The accuracy of the derived dry air column has a direct impact on the column mole fraction of the targeted species (CO2, CH4, CO etc…). In this context, the possible contribution of absorption lines of atmospheric water in the region of the O2 A-band near 760 nm has to be considered as a possible bias on the air-mass retrieval.

According to the HITRAN [START_REF] Gordon | The HITRAN2016 molecular spectroscopic database[END_REF] and GEISA [START_REF] Jacquinet-Husson | The 2015 edition of the GEISA spectroscopic database[END_REF] spectroscopic databases, the A-band corresponds to a spectral region of weak absorption of water vapor. Taking into account rough atmospheric abundance values of 20% and 1% for oxygen and water vapor, respectively, the strongest water lines represents no more than 0.1 and 0.01% of the strongest oxygen lines near 13000 and 13100 cm -1 , respectively (see Fig. 1). The impact of water absorption is thus expected to be very small. Nevertheless, due to the scarcity of previous measurements in the region, line parameters provided by spectroscopic database should be tested. In particular, line intensities are mostly calculated values which have a questionable accuracy in this high energy range (the HITRAN code for the intensity error bar of most of the lines in the region corresponds to >20%).

Fig. 1

Overview of the HITRAN2016 line lists of oxygen (red stars) and water vapour (blue circles) in the region of the O2 A-band. Line intensities have been multiplied by 20% and 1% in order to roughly account for the atmospheric abundances of oxygen and water vapor, respectively.

The characterization of water lines in the region requires high sensitivity techniques. A review of experimental studies between 12900 and 13500 cm -1 , up to 2008, was included in Ref. [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF] (see Fig. 11 of this reference). To the best of our knowledge, no new high sensitivity measurements have been published in the region since that date except our CRDS study in the 13312-13378 cm -1 interval, thus above the A-band region. The sensitivity of the Fourier transform spectroscopy (FTS) technique coupled with multi reflection cell providing absorption pathlength of several hundred meters is not sufficient for reliable detection of water absorption lines in the A-band region (see below) [START_REF] Coheur | New water vapor line parameters in the 26000 -13000 cm -1 region[END_REF][START_REF] Mérienne | Water vapor line parameters in the 13 000 9250 cm -1 region[END_REF][START_REF] Schermaul | The water vapor spectrum in the region 8600-15 000 cm -1 : Experimental and theoretical studies for a new spectral line database:I: Laboratory measurements[END_REF][START_REF] Schermaul | The water vapor spectrum in the region 8600 -15 000 cm -1 : Experimental and theoretical studies for a new spectral line database: II. Linelist construction[END_REF][START_REF] Tolchenov | Water vapour line assignments in the 9250 -26 000 cm -1 frequency range[END_REF][START_REF] Tolchenov | Weak line water vapor spectrum in the 11 787 -13 554 cm -1 region[END_REF]. The most sensitive investigation in the region was performed by intracavity laser spectroscopy (ICLAS) between 12746 and 13558 cm -1 [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF]. This laser technique is a quantitative technique with effective absorption pathlength of several tens km giving access to absorption coefficients as low as αmin∼10 -9 cm -1 [START_REF] Campargue | High sensitive intracavity laser spectroscopy: Application to the study of overtone transitions in the visible range[END_REF]. About fifty lines could be measured by ICLAS in the A-band region (12969-13172 cm -1 ) above an intensity threshold of about 10 -27 cm/molecule [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF]. The spectral resolution of the ICLAS spectra which is fixed by the apparatus function of a grating spectrograph limits the accuracy of ICLAS intensity values to 5-10% in favourable cases [START_REF] Campargue | High sensitive intracavity laser spectroscopy: Application to the study of overtone transitions in the visible range[END_REF]. As described below, the sensitivity of the present CRDS recordings (αmin∼5×10 -11 cm -1 ) allows for lowering the detectivity threshold to about 10 -29 cm/molecule and increasing the number of detected lines to about 580.

The rest of the report is organized as follows. The CRDS spectrometer developed at the Institute of Atmospheric Optics (Tomsk) and the line list construction are presented in the next Section 2. Section 3 includes the vibration-rotation assignments performed using known experimental energy levels and calculated water spectra based on variational calculations by Schwenke and Partridge (SP) [START_REF] Partridge | The determination of an accurate isotope dependent potential energy surface for water from extensive ab initio calculations and experimental data[END_REF][START_REF] Schwenke | Convergence testing of the analytic representation of an ab initio dipole moment function for water: Improved fitting yields improved intensities[END_REF][17]. As a result of the high sensitivity of the spectra, in addition to the H2 16 O lines, some lines of the HD 16 O and H2 18 O isotopologues in "natural" isotopic abundance could be identified. Section 4 is devoted to a comparison to the previous ICLAS study [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF], to the HITRAN2016 list and to recent W2020 lists of H2 16 O and H2 18 O with line positions derived from empirically determined energy levels [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF].

Experiment

Figure 2 shows the block diagram of the experimental setup. The experimental arrangement is very similar to that described in details in Refs. [START_REF] Macko | High sensitivity CW-cavity ring down spectroscopy of water in the region of the 1.5 μm atmospheric window[END_REF][START_REF] Kassi | Cavity ring down spectroscopy with 5×10 -13 cm -1 sensitivity[END_REF]. Briefly, the CRDS spectrometer consists of a steel tube 1.4 m long and 10 mm inner diameter and fitted with two high reflectivity mirrors (from Layertec, reflectivity better than 99.99% throughout the laser tuning range). The two spherical mirrors (0.5-inch diameter, 1 m radius of curvature) are supported by adjustable frames which are force fit on the steel body of the cell through rubber seals. An external cavity diode laser (ECDL) from Sacher Lasertechnik, tunable in the 745-775 nm spectral range (12900-13400 cm -1 ) is used as radiation source.

The delivered radiation power varies from 33 to 40 mW depending on the wavelength. The laser is equipped with an optical insulator to eliminate the optical feedback and a fiber optic port; the output power of the single-mode fiber ranges between 18 and 24 mW. Coarse laser tuning is provided by rotating the diffraction grating of the cavity, and precise tuning, by the voltage across the piezoelectric element of the diffraction grating or by the laser diode current. The laser line width is ∼100 kHz over a 1 ms integration time i.e. more than one order of magnitude better than that of DFB laser diodes common, for the CRDS technique. This provides better spectrometer sensitivity due to more efficient radiation injection into the cavity and smaller frequency fluctuations. A fiber-optic beam splitter directs 20% of the radiation to a wavelength meter (HighFinesse WSU, 5 MHz resolution, measurement frequency up to 400 Hz). The remaining 80% is directed to an fiber-optic acousto-optical modulator (from AAOptoelectronics) controlled by an 80-MHz driver (RF generator), which interrupts the radiation input into the cavity in 60 ns. To obtain resonance between the longitudinal mode of the cavity and a laser beam, the output mirror of the cavity is mounted on a tubular piezoelectric element, to which a saw tooth voltage is applied. At the cavity output, the radiation is focused onto a silicon avalanche photodetector (Thorlabs APD410A). When resonance occurs, the radiation input into the cavity is The strongest lines displayed on the upper panel are due to oxygen present in the cell with a relative concentration of a few 0.1%. The O2 lines are marked with blue stars on the second and third panels. The right-hand intensity scale is adjusted to correspond approximately to the peak heights. The enlargements illustrate the dynamics achieved on the intensity scale and the noise equivalent absorption (min ≈ 5×10 -11 cm -1 ).

The pressure measured by a capacitance gauge (10 and 50 Torr Inficon CDG020D gauges having the accuracy of 0.5% of reading) and the ring down cell temperature were monitored during the recordings with 10 kthermistor TDK B57861S.

The whole investigated region between 12967 and 13172 cm -1 was covered by four recordings at a pressure of about 9 Torr, each of them performed after renewal of the water vapor sample (the corresponding spectral intervals are 12969 -13004, 13004.3 -13026.3, 13025.5 -13116.1 and 13115.9 -13171.9 cm -1 ). In addition, the central part of the region (13026.6 -13141.7 cm -1 ) was recorded at a pressure of 20 Torr. Let us mention that during the recordings, the ECDL source could not be tuned in a few narrow spectral intervals and the spectra show a ten of narrow (<1.3 cm -1 ) spectral gaps below 13020 cm -1 (the corresponding spectral intervals are listed in the headings of the line list provided as Supplementary Material). The availability of two spectra over most of the studied spectral range allowed to reduce the number of missing lines. During the whole measurement campaign the temperature varied between 297 and 299 K.

The frequency calibration provided by the wavemeter was refined by shifting the whole spectrum in order to match accurate positions of 16 O2 lines provided in the HITRAN database [START_REF] Gordon | The HITRAN2016 molecular spectroscopic database[END_REF]. After calibration, the rms value of the (meas. -HITRAN) position differences lines is less than 1×10 -3 cm -1 , which is thus the estimated accuracy of the calibration of the frequency scale of the spectra. Fig. 3 illustrates the sensitivity and high dynamical range on the intensity scale. The noise equivalent absorption evaluated as the root mean square (rms) of the baseline fluctuations is around 5×10 -11 cm -1 . The spectrum is in fact dominated by lines of the A-band of oxygen. Due to a small leak, air is entering the CRDS cell. The air leak rate was evaluated from the oxygen absorption lines to be on the order of 8×10 -4 Torr/hour. The recording times being limited to 15 hours at most, it leads to maximum partial pressures of air of about 10 mTorr which is negligible compared to the total pressure of 10 or 20 Torr.

The line centers and intensities were determined using an interactive least squares multi-lines fitting program written in LabVIEW. Most of the line profiles were assumed to be of Voigt type but for the strongest lines, the (obs.calc.) residuals show the usual W-shape signature revealing the significance of collisional narrowing effects. The quadratic speed-dependent Nelkin Ghatak profile was adopted to fit the observed profile and derive the line position and integrated absorption coefficient. The HWHM of the Gaussian component was fixed to the theoretical value of the Doppler width of H2O or O2 (about 0.0189 cm -1 half-width at half-maximum for H2 16 O at 296 K near 13000 cm -1 ). Note that at the pressure of the recordings (10-20 Torr), the self-pressure broadening (in the 0.2-0.4 cm -1 /atm range [START_REF] Gordon | The HITRAN2016 molecular spectroscopic database[END_REF]) is the main contribution to the line broadening. Fig. 4 illustrates the quality of the spectrum fit near 13161 cm -1 .

The accuracy on the fitted line centers is estimated to be better than 3×10 -3 cm -1 for unblended lines. This value includes the contribution of the unknown self-pressure shift of the line center.

According to the study of Grossman and Browell in the nearby region near 13800 cm -1 [START_REF] Grossmann | Spectroscopy of water vaporin the 720-m wavelength region: line strengths, self-induced pressure broadenings and shifts, and temperature dependence of line widths and shifts[END_REF], the amplitude of the self-induced pressure shift coefficients was found to be less than 0.03 cm -1 /atm for most of the transitions leading to a maximum position shift less than 1×10 -3 cm -1 at 20 Torr. The line center uncertainty will be confirmed below on the basis of combination difference relations.

After removal of the oxygen lines, the global line list between 12969 and 13172 cm -1 was obtained by merging the line lists obtained from the five recorded spectra. It includes a total of 692 lines. Next section is devoted to their rovibrational assignment.

Fig. 4

Examples of the quality of spectra reproduction provided by the line profile fitting. The pressure of water vapor was about 19 Torr.

Rovibrational analysis

The rovibrational assignments were performed using the IUPAC empirical energy levels [START_REF] Tennyson | IUPAC critical evaluation of the rotational-vibrational spectra of water vapor. Part II. Energy levels and transition wavenumbers for HD 16 O, HD 17 O, and HD 18 O[END_REF][START_REF] Tennyson | IUPAC critical evaluation of the rotational-vibrational spectra of water vapor, Part III: Energy levels and transition wavenumbers for H2 16 O[END_REF], the variational line list by Schwenke and Partridge (SP) [START_REF] Partridge | The determination of an accurate isotope dependent potential energy surface for water from extensive ab initio calculations and experimental data[END_REF][START_REF] Schwenke | Convergence testing of the analytic representation of an ab initio dipole moment function for water: Improved fitting yields improved intensities[END_REF][17] and the recent W2020 list [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF]. 577 lines were assigned to 604 transitions of three water isotopologues (H2 16 O -539, H2 18 O -12 and HD 16 O -53). In addition, 94 lines were assigned to oxygen ( 16 O2 and 16 O 18 O) which is present in the sample with a relative concentration less than 0.1 % (see above). The rovibrational assignments are included in the complete line list provided as Supplementary Material. Twenty-one lines with intensities smaller than 3.5×10 -29 cm/molecule remain unassigned.

For the main isotopologue, H2 16 O, 519 lines were assigned to 539 transitions. For comparison, only about fifty H2 16 O lines were previously assigned by ICLAS [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF] in the region. The assigned transitions belong to 26 cold and two hot bands. Let us underline the difficulties related to the vibrational labelling. The SP line list [17] was taken as basis because it is the only available variational list that gives complete vibration-rotation labeling for all calculated transitions. The complexity of the vibrational labeling is due to the fact that at least 30 vibrational bands fall into the studied range. The rotational levels of most vibrational states are strongly mixed, so the vibrational labeling is often ambiguous. In general, the deviations of SP calculated line positions from the observed values have smooth vibration and rotation dependences (see, for example, Ref. [START_REF] Campargue | Intracavity laser absorption spectroscopy of HDO between 11 645 and 12 330 cm -1[END_REF]). These dependences versus J and Ka allow for assigning new energy levels when a sufficient series of deviations is available from already known levels. The problem of the studied spectral range is the reduced number of energy levels for the vibrational states of interest, especially those with a large excitation of the bending vibration:

(080), ( 090), ( 150), ( 160), (250), etc. On the other hand, as noted in previous studies (see, for example, Ref. [START_REF] Macko | High sensitivity CW-cavity ring down spectroscopy of water in the region of the 1.5 μm atmospheric window[END_REF]), strong resonance perturbations can break the smooth dependences of deviations and some of the vibrational labeling remain ambiguous.

Overall, the assigned line positions allow us to determine 103 new upper energy levels for the main isotopologue. In addition, 135 upper energy levels were found to deviate by more than 5×10 -3 cm -1 compared to the W2020 values [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF] (see the discussion below). New and corrected term values are listed in Table 1 and 2, respectively. The use of ground state combination differences (GSCD) is limited in the considered spectral region but upper state energies determined from two line positions provide a way to check our accuracy on the line positions. About 60 upper levels are involved in GSCD relations. The rms of the differences between the two independent determinations of the upper energy level is 4.2×10 -3 cm -1 (2.5×10 -3 cm -1 if we exclude the 15 levels for which one of the two lines is very weak or highly blended). These values are consistent with the claimed uncertainty of 3×10 -3 cm -1 on the reported line positions.

The absorption spectrum of H2 18 O in the region was studied by Leshchishina et al. [START_REF] Leshchishina | High sensitivity ICLAS of H2 18 O in the 12,580 -13,550cm-1 transparency window[END_REF] by ICLAS of a highly 18 O enriched sample. Twelve transitions of H2 18 O in natural isotopic abundance, are identified in the present spectra. They belong to the 21+42 and 1+42+3 bands. All but one are in good agreement with the results of Ref. [START_REF] Leshchishina | High sensitivity ICLAS of H2 18 O in the 12,580 -13,550cm-1 transparency window[END_REF]. The only significant difference concerns the 21+42 2 0 2 -2 1 1 transition observed at 13140.832 cm -1 in Ref. [START_REF] Leshchishina | High sensitivity ICLAS of H2 18 O in the 12,580 -13,550cm-1 transparency window[END_REF] which is not observed in the present work while its calculated intensity on the order of 10 -29 cm/molecule [17,[START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF] is above our detection threshold. As concerns the HD 16 O isotopologue, forty-eight lines of fifty-three transitions of the 22+33 and 1+33 bands are assigned above 13049 cm -1 . The corresponding line positions are in good agreement with the results of Refs. [START_REF] Naumenko | Experimental and ab initio studies of the HDO absorption spectrum in the 13 165 -13 500 cm -1 spectral region[END_REF][START_REF] Voronin | HDO absorption spectrum above 11 500 cm -1 : Assignment and dynamics[END_REF][START_REF] Naumenko | Intracavity laser absorption spectroscopy of HDO between 12 145 and 13 160 cm -1[END_REF][START_REF] Naumenko | ICLAS of HDO between 13,020 and 14,115 cm -1[END_REF]. The position differences  = | Meas - Ref | are larger than 0.01 cm -1 for only four lines with maximum deviation of 0.017 cm -1 for the 22+33 6 1 5 -7 1 6 transition at 13,165.4746 cm -1 .

In addition, the lines of the 22+33 6 1 6 -707 and 1+33 743 -844 transitions are presently resolved (corresponding positions are 13,171.9145 and 13,171.9535 cm -1 , respectively) while a position value of 13,171.946 cm -1 was given in Refs. [START_REF] Naumenko | Experimental and ab initio studies of the HDO absorption spectrum in the 13 165 -13 500 cm -1 spectral region[END_REF][START_REF] Voronin | HDO absorption spectrum above 11 500 cm -1 : Assignment and dynamics[END_REF][START_REF] Naumenko | ICLAS of HDO between 13,020 and 14,115 cm -1[END_REF] for the unresolved doublet.

Comparison to literature line lists of H2 16 O

Experimental line lists

As mentioned above, due to the weakness of the water absorption lines in the region, previous experimental studies are very scarce. The only previous FTS observations in the considered region were reported by Tolchenov et al. [START_REF] Tolchenov | Weak line water vapor spectrum in the 11 787 -13 554 cm -1 region[END_REF] on the basis of spectra recorded at the Rutherford Appleton Laboratory (RAL) with long optical path lengths (up to 800.8 m) and a spectral resolution of 0.03 cm -1 [START_REF] Schermaul | The water vapor spectrum in the region 8600-15 000 cm -1 : Experimental and theoretical studies for a new spectral line database:I: Laboratory measurements[END_REF][START_REF] Schermaul | The water vapor spectrum in the region 8600 -15 000 cm -1 : Experimental and theoretical studies for a new spectral line database: II. Linelist construction[END_REF]. The FTS list attached to Ref. [START_REF] Tolchenov | Weak line water vapor spectrum in the 11 787 -13 554 cm -1 region[END_REF] includes 72 lines in our region, twenty-four of them being assigned to H2 16 O transitions (see Fig. 5). The comparison to the CRDS observations indicates that 15 of these 24 lines assigned to water are in fact A-band oxygen lines, as clearly apparent on Fig. 5 (upper panel). This assignment error was already mentioned in Ref. [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF]. Note that half of the O2 lines erroneously assigned to water in [START_REF] Tolchenov | Weak line water vapor spectrum in the 11 787 -13 554 cm -1 region[END_REF] were kept in the transition database used to determine the IUPAC-TG [START_REF] Tennyson | IUPAC critical evaluation of the rotational-vibrational spectra of water vapor, Part III: Energy levels and transition wavenumbers for H2 16 O[END_REF] and W2020 [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF] energy levels. Only five of the FTS assigned lines are confirmed by the present more sensitive CRDS measurements. Five additional water lines could be identified among the unassigned FTS lines of Ref. [START_REF] Tolchenov | Weak line water vapor spectrum in the 11 787 -13 554 cm -1 region[END_REF] but, overall, most of the reported lines are in fact artifacts or O2 lines.

The ICLAS study allowed for the assignment of forty-nine H2 16 O transitions in the region [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF] with intensities above 10 -27 cm/molecule, two orders of magnitude above the present CRDS detectivity threshold (Fig. 5, middle panel). All but one ICLAS lines are confirmed by the present CRDS recordings. The line at 13151.8818 cm -1 reported with no assignment in Ref. [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF] is also confirmed and corresponds to the 21+42 3 3 0 -4 4 1 transition. The rms value of the differences ( =  CRDS - ICLAS ) is 0.0075 cm -1 with maximum deviation of about 0.02 cm -1 for the three weakest lines. This is consistent with the uncertainty of 0.004 cm -1 on the ICLAS line positions [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF] combined to the present 0.003 cm -1 estimated uncertainty on the CRDS values.

Fig. 5

Overview comparison of the experimental line list of H2 16 O in the region of the A band of oxygen obtained by FTS [START_REF] Tolchenov | Weak line water vapor spectrum in the 11 787 -13 554 cm -1 region[END_REF], ICLAS [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF] and in the present work. In the case of the FTS dataset (upper panel), the lines assigned to water are highlighted (full red circles). In fact, most of FTS lines belong to the oxygen A band.

SP, W2020 and HITRAN2016 line lists

In the following, the recorded CRDS spectra and corresponding experimental list are used for comparison to the variational list by Schwenke and Partridge [START_REF] Partridge | The determination of an accurate isotope dependent potential energy surface for water from extensive ab initio calculations and experimental data[END_REF][START_REF] Schwenke | Convergence testing of the analytic representation of an ab initio dipole moment function for water: Improved fitting yields improved intensities[END_REF][17], to the very recent W2020 line list of H2 16 O [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF] and to the HITRAN2016 list [START_REF] Gordon | The HITRAN2016 molecular spectroscopic database[END_REF]. The series of examples displayed on Figs. 6 and7 illustrate some position and intensity discrepancies between the observations and the W2020 and HITRAN2016 lists. The HITRAN2016 line positions in the region rely mostly on the IUPAC-TG line positions [START_REF] Tennyson | IUPAC critical evaluation of the rotational-vibrational spectra of water vapor, Part III: Energy levels and transition wavenumbers for H2 16 O[END_REF]. As intensity measurements are mostly absent in the region, the HITRAN2016 list reproduces BT2 line intensities computed variationally using an ab initio dipole moment surface [START_REF] Barber | A high-accuracy computed water line list[END_REF].

As concerns the W2020 line positions, most of them were empirically corrected using an updated of the IUPAC-TG energy levels [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF]. Otherwise, the W2020 positions are variational values. On Figs. 6 and7, the W2020 variational position values are displayed without error bar while the W2020 uncertainty is displayed in the cases of empirical values. Note that the right-hand intensity scale has been adjusted to correspond approximately to the peak heights Fig. 6 Examples of comparison of the CRDS spectrum of water vapor and corresponding line list (green circles) to the W2020 line list of H2 16 O [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF] (grey pentagons) and the HITRAN2016 lists of natural water (blue circles). In the cases of line positions based on empirically determined energy levels, the W2020 error bars are displayed. The right-hand intensity scale is adjusted to correspond approximately to the peak heights Fig. 7 Examples of comparison of the CRDS spectrum of water vapor to the W2020 line list of H2 16 O [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF] (grey pentagons) and the HITRAN2016 lists of natural water (blue circles). See caption of Fig. 6.

The first step for a systematic comparison between the SP and W2020 line lists and our H2 16 O experimental list was to identify the corresponding transitions in the different lists. Identical lower state and upper J values, close values of the positions and intensities (within 0.3 cm -1 and 20-30 %, respectively) and the rovibrational assignment (when available) were used as criteria. A significant number of the W2020 transitions are provided without vibrational labeling of the upper level and without Ka and Kc values (only the J value is given). In addition, part of the SP assignments is ambiguous due to numerous resonances. In the global list provided as Supplementary Material, for each observed transition, the corresponding SP and W2020 position and intensity values are given. Note that the vibrational labeling of more than one hundred-twenty W2020 transitions were modified or completed.

The list includes the original W2020 assignments when they have been changed.

Line positions

Fig. 8 shows the overview of the deviations of the W2020 and SP position values from the corresponding CRDS values. SP position values were not empirically corrected and are thus, all, variational values. In the case of the W2020 list, the positions relying on empirical energy levels and those with variational origin are distinguished (blue full squares and red open circles, respectively). The rms value of the differences is 0.182 cm -1 for the SP list (536 positions) while for the W2020 list, rms values of 0.032 and 0.151 cm -1 are obtained for 419 empirical and 111 variational positions, respectively.

Note that the large  = -1.075 cm -1 position difference for the 72+3 11 1 11 -12 5 8 transition was not taken into account in the calculation of the W2020 rms and is not shown on Fig. 8. The W2020 error bar attached to this position is 0.00176 cm -1 , more than 600 times larger than the position difference ( =  CRDS - W2020 ). This is an extreme example of underestimation of the W2020 position uncertainties.

Fig. 8

Overview of the position differences between the present CRDS values and the W2020 [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF] and SP [17] position values (upper and lower panels, respectively). The W2020 differences corresponding to empirical and variational values have been distinguished (blue full squares and red open circles, respectively).

We have included in the global list provided as Supplementary Material, the ratio R= |𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑-𝑊2020| 𝑈𝑛𝑐𝑊2020 corresponding to the absolute deviation of the W2020 position from the CRDS value. Among the 420 positions relying on W2020 empirical energy levels, 245 have a deviation exceeding the claimed W2020 position uncertainty (R > 1). Among these, 183 deviate by more than the estimated uncertainty on the CRDS line positions (3×10 -3 cm -1 ). Some significant deviations are illustrated in Figs. 6 and7. Let us recall that only about 50 line positions were reliably reported from absorption spectrum in the region [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF]. The 420 W2020 empirical positions rely thus not only on the ICLAS measurements but also on energy levels retrieved from measurements performed in different spectral regions, in particular less accurate emission spectra [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF]. The agreement between the W2020 and CRDS position values is not satisfactory and reveals deficiencies of the xMARVEL procedure used to derive the W2020 energy levels and evaluate the uncertainty of the used data sources [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF]. We note for instance that the W2020 list in the region includes some lines with position accuracy as good as 2×10 -5 cm -1 while the ICLAS positions have a claimed accuracy of 4×10 -3 cm -1 [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF] i. e. two hundred times larger.

More problematic is the fact that the oxygen lines erroneously assigned as water transitions in Ref. [START_REF] Tolchenov | Weak line water vapor spectrum in the 11 787 -13 554 cm -1 region[END_REF] are included in the W2020 transition database and have strong impact on some of the W2020 energy values:

(i) the W2020 energy values of the (061) 10 2 9 and (061) 7 3 4 levels of H2 16 O rely on the 13041.127659 and 13118.04496 cm -1 FTS line positions [START_REF] Tolchenov | Weak line water vapor spectrum in the 11 787 -13 554 cm -1 region[END_REF], assigned as (061) 10 2 9 -(000) 9 2 8 and (061) 7 3 4 -(000) 6 3 3, respectively, while these lines are O2 lines (at 13041.123638 and 13118.044663 cm -1 , respectively, according to HITRAN2016 [START_REF] Gordon | The HITRAN2016 molecular spectroscopic database[END_REF]). The W2020 uncertainties claimed for the (061) 10 2 9 and (061) 7 3 4 levels are about 2×10 -3 cm -1 .

(ii) the W2020 energy value of the (061) 6 3 3 level uses the FTS line position at 13100.823102 cm -1 assigned to the (061) 6 3 3 -(000) 5 3 2 while it corresponds to the O2 line at 13100.821753 cm -1 [START_REF] Gordon | The HITRAN2016 molecular spectroscopic database[END_REF]. Our CRDS position for the same transition (13100.59815 cm -1 ) leads to a correction of the energy value of 0.225 cm -1 , more than 130 times the W2020 uncertainty attached to the considered level (1.71×10 -3 cm -1 ) [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF].

More details about the inclusion of the O2 line positions of Ref. [START_REF] Tolchenov | Weak line water vapor spectrum in the 11 787 -13 554 cm -1 region[END_REF] in the W2020 transition database and its impact on some W2020 energy levels of H2 16 O is provided as a Supplementary Material.

We have included in the last column of Table 2, the ratio R= |𝑀𝑒𝑎𝑠.-𝑊2020| 𝑈𝑛𝑐𝑊2020 corresponding to the absolute deviation of the W2020 upper energy value from the experimental value derived from the present CRDS measurements. For 115 of the 135 levels of Table 2, the deviation exceeds the W2020 stated accuracy (R > 1).

Line intensities

A number of spectral intervals showing important disagreement between the experimental spectrum and the HITRAN2016 and W2020 line lists are displayed in Figs. 6 and7. Let us recall that both HITRAN2016 and W2020 intensities have variational origin, from BT2 [START_REF] Barber | A high-accuracy computed water line list[END_REF] and PoKaZaTeL [START_REF] Polyansky | ExoMol molecular line lists XXX: A complete high-accuracy line list for water[END_REF], respectively. This situation reflects the difficulties to compute the intensities of the transitions in the region. Surprisingly, in a number of cases, the BT2 intensities included in HITRAN2016 agree better with the observations than the PoKaZaTeL intensities of the W2020 list. The large differences between the SP, BT2 and PoKaZaTeL intensities show the high sensitivity of the computed intensities to small changes in the potential energy or dipole moment surfaces in the considered region. This is probably related to the high excitation of the involved upper levels and to the fact that many of them involve a high bending excitation.

Fig. 9

Overview of the intensity ratios of SP [17] and W2020 [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF] variational values to the CRDS values (blue circles and red squares, respectively) versus the CRDS intensity values. On the upper panel, all the ratios of the H2 16 O transitions measured in the 12969-13172 cm -1 are displayed. The two lower panels are limited to the ratios relative to the 2+33 and 1+42+3 bands.

The ratios of the SP and W2020 variational values to the CRDS intensity values are displayed in Fig. 9 (upper panel). A large dispersion is noted for both SP and W2020 ratios, although more pronounced in the case of SP values. The ratios corresponding to the line intensities of the 2+33 and 1+42+3 bands have been separated on the middle and lower panels of the figure. In the case of the 2+33 band, the SP and PoKaZaTeL intensities are close and agree with the experimental values, although a systematic shift of about +3% and -11 % is noted for SP and PoKaZaTeL, respectively. The observed dispersion on the ratios provides a validation of the claimed uncertainty of the experimental intensities of about 5 % for most of the lines. In the case of 1+42+3 band, the experimental intensities are also intermediate between the two calculations but the difference is much larger, PoKaZaTeL intensities of the W2020 list being about twice smaller than measured while SP values are on average 50 % larger than measured. The fact that both calculations show a good agreement with measurements for the 2+33 band and a worse agreement for the 1+42+3 band, may indicate that the latter is more sensitive to small changes of the potential energy or dipole moment surfaces.

Recommended line list and concluding remarks

While variational intensities have been validated in some lower energy regions, in the considered region, the comparison of the variational line intensities (SP [17], BT2 [START_REF] Barber | A high-accuracy computed water line list[END_REF] in HITRAN, and PoKaZaTeL [START_REF] Polyansky | ExoMol molecular line lists XXX: A complete high-accuracy line list for water[END_REF] in W2020) shows a large dispersion and significant deviations from the measured values. For example, SP list contains about 30 relatively strong transitions (up to 2×10 -27 cm/molecule) of bands with a large bending excitation (92, 82, 1+62, 62+3) that are not observed in the spectrum in spite of a detectivity threshold on the order of 10 -29 cm/molecule. The SP intensity of these lines are this believed to be strongly overestimated. On the basis of the above comparisons, it appears that line parameters of water vapor transitions to be recommended in the region of the oxygen A-band are thus experimental values both for line positons and for line intensities.

In order to generate a recommended line list for the region, the CRDS line list provided as Supplementary Material was cleaned from unassigned and oxygen lines and completed in the narrow spectral intervals which were not covered by the recordings. The intensity cut off of the recommended list provided as a separate Supplementary Material is fixed to 1×10 -29 cm/molecule. Overall 89 transitions of the W2020 list predicted to be located in spectral gaps of the recordings or missing in the experimental list because they are obscured by much stronger lines, were incorporated in the recommend list. The total line list includes 693 transitions of H2 16 O, H2 18 O and HD 16 O.

In summary, the knowledge of the very weak absorption spectrum of water vapor has been significantly improved in the region of the oxygen A-band near 760 nm. The reported results were obtained on the basis of high sensitivity CRDS recordings which improved by two orders of magnitude the sensitivity of previous ICLAS observations [START_REF] Campargue | ICLAS of water in the 770 nm transparency window (12 746 -13 558 cm -1 ). Comparison with current experimental and calculated databases[END_REF]. These spectra are the first spectra recorded with a new CRDS spectrometer developed at the Institute of Atmospheric Optics (Tomsk) following the optical arrangement and data acquisition procedure of the CRDS spectrometers developed in Grenoble [START_REF] Macko | High sensitivity CW-cavity ring down spectroscopy of water in the region of the 1.5 μm atmospheric window[END_REF][START_REF] Kassi | Cavity ring down spectroscopy with 5×10 -13 cm -1 sensitivity[END_REF].

Overall, the negligible impact of the interfering lines of atmospheric water vapor on the air-mass retrieval based on the A-band of oxygen is confirmed. Nevertheless, the recorded spectra provide valuable validation tests for the different line lists covering this region. Significant differences are noted both for positions and intensities compared to the SP, HITRAN2016 and W2020 lists (see Figs. 6 and7). The deficiencies in terms of line positions are due to the lack of previous measurements.

Nevertheless, in the W2020 line list [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF] most of the line positions rely on empirically upper energy values and are reported with small error bars. Among the 420 positions relying on W2020 empirical energy levels, 183 deviate by more than the estimated uncertainty on the CRDS line positions (3×10 -3 cm -1 ). Deviations exceeding the W2020 error bars by a factor of ten or more are noted, indicating that the W2020 error bars are largely underestimated in the region.

Table 1

Energy levels of H2 16 O newly determined from the analysis of the CRDS spectra of water vapor between 12969 and 13172 cm -1

V1V2V3

J Ka Kc Energy (cm - 

Table 2

Energy levels of H2 16 O showing differences larger than 5×10 -3 cm -1 with the corresponding W2020 empirical values [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF]. is the ratio of the absolute deviation of the W2020 energy level value from the value derived from the present CRDS recordings by the corresponding W2020 uncertainty [START_REF] Furtenbacher | The W2020 Database of Validated Rovibrational Experimental Transitions and Empirical Energy Levels of Water Isotopologues. II. H2 17 O and H2 18 O with an update to H2 16 O[END_REF].

  interrupted by the acousto-optical modulator upon a photodiode signal attain a certain voltage threshold, and the exponential decay of the intracavity field (ring-down) is recorded. Data are collected by an NI-PCIe 6259 I/O board (16 bit resolution, acquisition frequency 1 M samples per second); the system is controlled and data are processed by a dedicated Labview software.

Fig. 2

 2 Fig. 2Experimental setup: wavelength meter (WLM), radio-frequency generator (RF generator), acousto-optical modulator (AOM), transistor-transistor logic switch of RF generator (TTL), matching lens (L1), high reflectivity mirrors (M1 and M2), piezoelectric transducer (PZT), pressure and temperature sensors (P&T), and photodiode (PD).

Fig. 3 .

 3 Fig. 3. CRDS spectrum of water vapour at a pressure of about 19.0 Torr in the region of the A-band of oxygen.The strongest lines displayed on the upper panel are due to oxygen present in the cell with a relative concentration of a few 0.1%. The O2 lines are marked with blue stars on the second and third panels. The right-hand intensity scale is adjusted to correspond approximately to the peak heights. The enlargements illustrate the dynamics achieved on the intensity scale and the noise equivalent absorption (min ≈ 5×10 -11 cm -1 ).
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