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Abstract  

Cavity ring down spectroscopy (CRDS) is used to measure with unprecedented sensitivity and 

accuracy the weak water vapor spectrum in the 13171-13417 cm
-1

 region. A total of more than 1400 

water lines are rovibrationally assigned to four isotopologues in natural isotopic abundance (H2
16

O, 

H2
18

O, H2
17

O and HD
16

O), leading to the determination of 151 new levels and correction of 160 levels. 

The review of previous experimental works in the region is discussed. The comparison to the recent 

HITRAN2020 spectroscopic databases and to the W2020 line lists [Furtenbacher et al. J. Phys. Chem. 

Ref. Data 49 (2020) 043103; https://doi.org/10.1063/5.0030680] shows important discrepancies both 

for line positions and line intensities. A significant fraction of the W2020 line positions is inaccurate 

and shows deviations compared to measurements largely exceeding their claimed error bars. Line 

intensities are poorly predicted by available ab initio calculations in the considered region. A 

recommended line list mostly based on the present CRDS measurements is proposed.  
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1. Introduction 

The present work takes part in long-standing efforts aiming at improving the knowledge of the 

absorption spectroscopy of the first greenhouse gas: water vapor. While high sensitivity laser 

techniques such as cavity ring down spectroscopy (CRDS) have been extensively used in the near 

infrared (see e.g. [1-3]), most of our knowledge of the water vapor spectrum in the visible (< 800 

nm) relies on spectra recorded by Fourier transform spectroscopy with long multipass cells (e.g. [4-

10]), or by intracavity laser spectroscopy (ICLAS) (e.g. [11,12]). 

  
Fig. 1 
Overview comparison of the FTS, ICLAS and CRDS line lists of H2

16
O between 12970 and 13420 cm

-1
.  

Upper panel: the FTS lists from Ref. [9] and Ref. [10] are superimposed (open circles and pink dots, 

respectively). The lines assigned to water in Ref. [9] are highlighted (black dots) - note the presence of the 

oxygen A-band transitions,  

Middle panel: ICLAS [11],  

Lower panel: CRDS studies of Ref. [13] and Ref. [14] (blue and green dots, respectively) and present work (red 

open circles). The HITRAN2020 list [15] is plotted in the background (grey symbols). 
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Fig. 1 illustrates the review of the most relevant experimental studies in the 12970-13420 cm
-1

 

range, including the presently studied interval (13171-13417 cm
-1

). Absorption lines are weak in this 

region with maximum intensity on the order of 10
-25

 cm/molecule near 13400 cm
-1

. Recently, using the 

same CRDS spectrometer [16] as used in the present work, recordings were dedicated to the lower part 

of the range (12970-13172 cm
-1

) [14]. This spectral interval corresponds to the A-band of oxygen of 

particular importance for atmospheric applications and interfering lines of atmospheric water vapor 

have to be accurately characterized. 

According to Fig. 1, the Fourier transform spectroscopy (FTS) technique coupled with a multi-

reflection cell (absorption pathlength of several hundred meters) allows for the detection of lines with 

intensity above a few 10
-27

 cm/molecule [9,10]. By providing effective absorption pathlengths of 

several tens km, a further gain in sensitivity by about a factor of five is achieved by ICLAS [11]. In 

2005, we reported a first CRDS study in the region limited to the 13312-13378 cm
-1

 interval [13]. This 

specific interval was chosen as it corresponds to the region where Pfeilsticker et al reported the 

detection of water dimer absorption from low resolution spectra recorded in open air atmosphere with 

18.4 km absorption path length over the sea [17]. The claimed water dimer signature was obtained by 

difference of the measured atmospheric absorbance and a simulation of the monomer absorption lines 

relying on the version of the HITRAN database available at that time. The sensitivity of the CRDS 

recordings of Ref. [13] allows for the detection of many new lines with intensity below 10
-28

 

cm/molecule. The resulting additional absorbance of water vapor provided by these CRDS 

measurements was found to represent an important fraction of the reported water dimer absorption and 

questioned the reliability of the detection of water dimer in the atmosphere, which was finally revoked 

[18].  

Due to the scarcity of previous measurements in the region, line parameters provided by 

spectroscopic database are mostly calculated i.e. line positions relying on empirical value of the upper 

and lower energy levels while line intensities have an ab initio origin [15]. With a detectivity threshold 

of about 10
-29

 cm/molecule, the present recordings with a noise equivalent absorption of about 

αmin∼5×10
−11

 cm
−1

 give access to a high number of newly detected lines which can be used as 

validation tests of spectroscopic databases. In particular, we will consider (i) the so-called W2020 line 

lists of H2
16

O, H2
18

O and H2
17

O which are recommended by their authors to be included in the next 

generation of line-by-line spectroscopic information systems [19] and (ii) the current version of the 

HITRAN list in the region [15]. 

The rest of the report is organized as follows. The acquisition of the CRDS spectra is briefly 

described below together with the line list construction (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) [20-22]. Section 4 is devoted to a 

comparison to previous experimental studies and validation tests of the HITRAN2020 and W2020 

lists. 
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2. Experiment 

 

Fig. 2. 
CRDS spectrum of water vapour at a pressure of about 9.5 Torr around 13250 cm

-1
. The enlargements illustrate 

the dynamics achieved on the intensity scale and the noise equivalent absorption (min ≈ 5×10
-11

 cm
-1

). The three 

lines observed on the lower panel have an intensity smaller than 5×10
-29

 cm/molecule. 

 

The spectra were recorded with the CRDS spectrometer developed at the Institute of 

Atmospheric Optics in Tomsk [16]. The experimental arrangement and data acquisition are similar to 

those implemented in Grenoble [23,24]. Their description has been detailed in Ref. [14] and is not 

repeated here. Briefly, an external cavity diode laser (ECDL) from Sacher Lasertechnik, tunable in the 

745-775 nm spectral range (12900-13400 cm
-1

) was used as radiation source. A fiber-optic beam 

splitter directs 20% of the radiation to a wavelength meter (HighFinesse WS-U, 5 MHz resolution, 
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measurement frequency up to 400 Hz). The remaining 80% is directed to a fiber-optic acousto-optical 

modulator which interrupts the radiation input into the cavity. At the cavity output, the radiation is 

focused onto a silicon avalanche photodetector (Thorlabs APD410A) which measures the exponential 

decay of the intracavity field (ring-down).  

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 13171 and 

13417 cm
-1

 was covered by a single recording session at a pressure of about 10 Torr. The total 

recording time was about 32 hours. Let us mention that the recorded spectra show a ten of narrow 

(<0.13 cm
-1

) spectral gaps corresponding to intervals where the ECDL source could not be tuned (the 

values of the spectral gaps are listed in the headings of the experimental list provided as 

Supplementary Material). During the whole measurement campaign the temperature varied between 

296.75 and 298 K.  

The frequency calibration provided by the wavemeter was refined by shifting the whole 

spectrum in order to match accurate positions of water
 
lines available in the region. Due to the lack of 

accurate measurements, the position of some reference lines of the region were calculated using 

accurate empirical values of the upper energy levels derived in [14]. The accuracy of the reference 

positions is estimated to 1×10
-3

 cm
-1

, which is thus the estimated accuracy of the frequency scale of the 

spectra. 

Fig. 2 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 

3.5×10
-11

 cm
-1

. The three lines displayed on the lower panel have an intensity smaller than 5×10
-29

 

cm/molecule. 

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 (about 0.019 cm
-1

 half-width at half-maximum for H2
16

O at 296 K near 13200 cm
-1

). 

Note that at the 10 Torr pressure of the recordings, the Doppler width is larger than the self-pressure 

broadening (0.005- 0.01 cm
-1

 according to Ref. [15]). Fig. 3 illustrates the quality of the spectrum fit 

near 13375 cm
-1

.  

Overall the global line list, displayed on the lower panel of Fig. 1, includes a total of 1420 

entries between 13171.41 and 13417.81 cm
-1

. The accuracy of the fitted line centers is estimated to be 

better than 3×10
-3

 cm
-1

 for unblended lines. This value includes the uncertainty on the calibration of 
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the frequency axis (~ 1×10
-3

 cm
-1

), the precision on the line center determination and the contribution 

of the small (<5×10
-4

 cm
-1

) unknown self-pressure shift of the line center [25]. 

 

Fig. 3 

Example of the quality of spectra reproduction provided by the line profile fitting. The pressure of water vapor 

was about 9.5Torr.  
 

3. Rovibrational analysis  

The rovibrational assignments were performed using the IUPAC empirical energy levels [26-

28], the variational line list by Schwenke and Partridge (SP) [20-22] and the recent W2020 list [19]. 

Energy levels newly derived from the analysis in the oxygen A-band region were also considered [14]. 

1412 lines were assigned to 1575 transitions of four water isotopologues (H2
16

O – 1257, H2
18

O – 61, 

H2
17

O – 4, and HD
16

O – 253). The complete line list with rovibrational assignments is provided as 

Supplementary Material. At the end of the assignment procedure, eight lines with intensities smaller 

than 6.1×10
-29

 cm/molecule were left unassigned. No lines due to impurities were identified in the 

considered region.  

For the main isotopologue, H2
16

O, 1139 lines were assigned to 1257 transitions. For 

comparison, 440 H2
16

O lines were previously assigned to 475 transitions by ICLAS [11] in the same 

region. The assigned transitions belong to 20 cold and eight hot bands. Let us underline the difficulties 

related to the vibrational labeling. The SP line list [22] was taken as basis because it is the only 

available variational list that gives complete vibration-rotation labeling for all calculated transitions. 

However, it should be mention that the same vibration-rotation labeling is sometimes attached to 
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various SP energy level which makes the assignment ambiguous. The complexity of the vibrational 

labeling is due to the fact that about 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. 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: (061), 

(080), (090), (160), (170), (250), etc. On the other hand, as noted in previous studies (see, for example, 

Refs. [14,29]), strong resonance perturbations can break the smooth dependences of deviations and 

some of the vibrational labeling remain ambiguous.  

The absorption spectrum of H2
18

O in the region was studied by Leshchishina et al. [29] by 

ICLAS of a highly 
18

O enriched sample. 61 transitions of H2
18

O in natural isotopic abundance are 

identified in the present spectra. They belong to six bands (1+42+3, 21+22+3, 21+42, 31+3, 

31+22, and 41). Measured line positions are in good agreement with the results of Ref. [29]. The 

 = |
TW

 - 
Ref. [28]

| deviations exceed 0.01 cm
-1

 only for seven lines. The RMS deviation is 0.0065  

cm
-1

 with maximum discrepancy of 0.0222 cm
-1

 for the 31+3 13 1 13 – 14 1 14 line position at 

13403.5837 cm
-1

 which is blended by the much stronger line 21+22+3 10 0 10 – 10 2 9 of the main 

isotopologue. Note that the estimated experimental uncertainties of the line positions in Ref. [29] are 

between 0.005 and 0.015 cm
-1

.  

Absorption lines of the HD
16

O isotopologue were reported in Refs. [10,30-32] in the region of 

interest. In our analysis, 253 HD
16

O transitions of the 22+33 and 1+33 bands were identified. The 

corresponding line positions are in good agreement with previous studies [10,30-32]. Compared to the 

ICLAS study of Ref. [32], the position differences  = |
TW

 - 
Ref. [32]

| are larger than 0.01 cm
-1

 for 

only 17 transitions. The RMS deviation is 0.0059 cm
-1

 with maximum discrepancy of 0.0259 cm
-1

 for 

the 22+33 4 2 2 – 4 1 3 line position at 13317.2251 cm
-1

. The line position of this transition is very 

close to those of the 1+33 3 2 2 – 3 2 1 transition at 13317.2616 cm
-1

. These two lines were not 

resolved in Ref. [32]. Estimated experimental uncertainties of the line positions in Ref. [32] are the 

same as those of Ref. [29] for H2
18

O (between 0.005 and 0.015 cm
-1

).  

In addition, three 21+22+3 and one 31+22 transitions of H2
17

O isotopologue were assigned 

in our CRDS spectrum of natural water.  

4. Comparison to literature data  

4.1 Experimental line lists  

As mentioned above, due to the weakness of the water absorption lines in the region, previous 

experimental studies are scarce (see Fig. 1). The two most relevant FTS studies were obtained by the 

Reims–Brussels collaboration at a spectral resolution of 0.06 cm
-1

 with a total absorption path length 
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up to 602.32 m [4] and at the Rutherford Appleton Laboratory (RAL) with path lengths up to 800.8 m 

and a spectral resolution of 0.03 cm
−1

 [6-10]. The RAL spectra were analyzed in Tolchenov et al. [9] 

but the line list attached to this reference includes assignment errors and artifacts which were corrected 

in Ref. [10] (see upper panel of Fig. 1). Overall the Reims-Brussels [4] and RAL spectra [10] have a 

similar sensitivity (about 180 and 150 detected lines in our region, respectively).  

The ICLAS study of Ref. [11] provided a higher sensitivity allowing to increase the number of 

measured lines to more than 440 (assigned to 475 transitions of the main isotopologue). Note that the 

weakest lines measured by ICLAS have an intensity of about 10
-27

 cm/molecule, two orders of 

magnitude above the detectivity threshold of the present CRDS recordings (Fig. 1). 

All but five ICLAS lines are confirmed by the present CRDS recordings. The lines at 

13245.7856 and 13402.3457 cm
-1

 reported with no assignments in Ref. [11] are also confirmed and 

correspond to the 92 5 2 3 – 6 3 4 and 21+32+3-2 4 2 2 – 5 2 3 transitions respectively. The RMS value 

of the differences ( =  CRDS
 -  ICLAS

) is 0.0077 cm
-1

 with maximum deviations up to 0.035 cm
-1

. The 

differences  exceed 0.02 cm
-1

 for the nine weakest lines. This is consistent with the uncertainty of 

0.004 cm
-1

 on the ICLAS line positions [11] combined to the present 0.003 cm
-1

 estimated uncertainty 

on the CRDS values. 

4.2 W2020 line positions 

Following the approach developed a decade ago by a task group (TG) of the International Union 

of Pure and Applied Chemistry (IUPAC) [26-28], most of W2020 line positions [19] rely on empirical 

energy levels derived from an exhaustive collection and review of measured transitions [19,33]. These 

empirical energy levels and line positions are tagged with “M” in the W2020 lists [19]. In absence of 

empirically determined energy levels, less accurate calculated values are used (tag “C”). The 

procedure and code xMARVEL were applied to the constructed catalog of published absorption and 

emission measured line positions of H2
16

O, H2
18

O and H2
17

O and recommended sets of empirical 

energy levels were released with their self-consistent uncertainties [19]. For the main isotopologue, the 

W2020-H2
16

O transition dataset gathers 286,987 non-redundant rovibrational transitions, and 19,225 

empirical energy levels were determined [19].  

In a recent contribution, we presented validation tests of the W2020 positions in the 8040-8630 

cm
-1

 region and concluded that, in the considered region, “the sophisticated xMARVEL procedure and 

algorithm elaborated to identify and adequately weight inaccurate line positions among the large 

W2020 transition database do not always prevent less accurate data from “spoiling” higher quality 

data sources” [31]. In other words, spectra newly recorded in Ref. [31]) (by CRDS) confirmed the 

quality of some experimental lists of the literature which were included in the W2020 transition 

database but the xMARVEL treatment led to recommended W2020 positions less accurate than these 

published original sources. In addition, some position deviations were found to exceed the W2020 

claimed uncertainty on the transition frequencies by large factors (>10-100) [34].  
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Similar conclusions were drawn in the region of the A-band of O2 (12970-13200 cm
-1

) [14,34]) 

where previous observations are much scarcer than in the near infrared. A number of substantial 

position deviations were evidenced, and in many cases, the W2020 error bars appeared to be strongly 

underestimated. 

In the spectral region of present interest, located just above the A-band region, the situation is 

similar to that encountered in the two above regions. The series of six examples presented on Fig. 4 

illustrate some position discrepancies between the observations and the W2020 (and HITRAN2020) 

lists. Note the position differences between the W2020 and HITRAN2020 positions observed in the 

intervals displayed in Figs. 4 a-c-d which will be discussed below.  

In order to provide a systematic comparison between the W2020 line list and our measurements, 

corresponding transitions in the different lists have to be identified. 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. In fact, as it was shown in Ref. [14], 

the criterion of the intensity proximity in this spectral range is not always fulfilled. One such example 

is shown in Fig. 4a. The experimental intensity value of the 21+42 1 1 1 – 0 0 0 line at 13262.5888 cm
-1

 

is 1.87×10
-27

 cm/molecule, while the calculated values in two different lists are 3.066×10
-27

 

cm/molecule [19] and 5.682×10
-28

 cm/molecule [15]. 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 the global list provided as Supplementary Material, for each measured transition, 

the corresponding W2020 position and intensity values are given (except for the HD
16

O isotopologue). 

Note that the vibrational labeling of about 200 W2020 transitions had to be modified or completed. 

The list includes the original W2020 assignments [19] when they have been changed. The 

HITRAN2020 values are also included together with the HITRAN reference codes for the line 

positions and line intensities. 

The W2020 uncertainties on the line positions plotted in Fig. 4, are considerably smaller than 

the deviations from the measured line centers. The stick spectra corresponding to the ICLAS [11] and 

CRDS [13] literature studies are included in the figure (cyan and black symbols, respectively). The 

present CRDS measurements confirm the quality of these two previous experimental line lists which 

are both part of the W2020 transition database [19]. Unexpectedly, in the displayed examples, the 

W2020 recommended position values differ significantly from the published ICLAS [11] and CRDS 

[13] values, probably due to the impact of other experimental sources of lower quality, also included 

in the W2020 transition database. These examples confirm the deficiencies of the xMARVEL global 

procedure and algorithm in identifying and adequately weighting inaccurate line positions among the 

large W2020 transition database. 
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Fig. 4 

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 [19] (grey pentagons) and the HITRAN2020 list of natural water [15] (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. 

 

Considering the W2020 H2
16

O positions relying on empirical energy levels (“M” positions), 978 

transitions are in common with our measurements. The corresponding average and RMS values of the 

position differences ( =  
CRDS - 

 
W2020) are -0.00644 and 0.0591 cm

-1
, respectively. These values 

should be taken with cautious as they are affected by a number of large outliers. For instance, the 

W2020 position of the 72+3 11 1 11 – 12 3 10 transition (13340.5697 cm
-1

) is larger than the 

experimental value (13339.4912 cm
-1

) by 1.0785 cm
-1

. This deviation is about 900 times the error bar 

of 0.0012 cm
-1

 of the W2020 position. This is the most extreme example of underestimation of the 

W2020 position uncertainties.  
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Fig. 5 

Histogram of the position differences between the CRDS line positions of H2
16

O measured in the 13171.41 - 

13417.81 cm
-1

 interval and the corresponding W2020 value [19] (red). The green bars correspond to the 

histogram of the position differences exceeding the W2020 position uncertainty (R > 1). The histogram of the 

W2020 uncertainties is given for comparison (grey bars). 

 

The histograms of Fig. 5 provide a more general view of the situation. For example, the W2020 

positions appear to be on average systematically overestimated by about 1.5×10
-3

 cm
-1

. The ratio 

R = 
                 

        
 which compares the absolute deviation of the W2020 position from the CRDS 

value to the claimed W2020 position uncertainty can be obtained from the global list provided as 

Supplementary Material. The histogram corresponding to transitions with position deviation exceeding 

the claimed W2020 uncertainty (R > 1) is included in Fig. 5 (green bars). Among the 978 W2020 

empirical positions, 559 have a R value larger than 1. Among these, 396 deviate by more than the 

uncertainty on the present CRDS measurements (3×10
-3

 cm
-1

).  

The histogram of the W2020 position uncertainties is included in Fig. 5 (grey bars). Most of 

W2020 error bars are between 1 and 2×10
-3

 cm
-1

 (the minimum uncertainty value is 2×10
-4

 cm
-1

). 

These values are significantly smaller than the position uncertainties claimed in the two literature 

studies providing most of the experimental information by absorption in the region (4×10
-3

 cm
-1

 by 

ICLAS [11] and 5×10
-3

 cm
-1

 by CRDS [13]). The 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 [19]. The complexity of the xMARVEL 

procedure and the large number of sources make difficult to trace precisely the origin of the W2020 

inaccuracies.  
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4.3 HITRAN2020 line positions 

According to the reference codes attached to the line positions of the HITRAN list, the 

HITRAN2020 database adopted the W2020 empirical transition frequencies from Ref. [19] for H2
16

O, 

H2
17

O and H2
18

O. Otherwise, variational values of Bubukina et al. [35] were adopted, mostly for 

(weak) lines with upper state energy level not yet determined by experiment. In fact, for unknown 

reasons, we evidenced significant differences between HITRAN2020 and the W2020 original line list: 

(i) a fraction of the HITRAN2020 transitions with claimed W2020 origin differs importantly 

from the original W2020 values of [19]. Among those, some HITRAN2020 line positions agree better 

with the experiment than the W2020 (empirical) line positions. A list of 55 such transitions is provided 

as Supplementary Material. Interestingly, we note that not all the W2020 empirical line positions were 

transferred to the HITRAN2020 list. For instance, the 62+3 11 6 5 – 12 6 6 transition measured at 

13312.8798 cm
-1

 has a W2020 empirical position overestimated by 0.6125 cm
-1

 (the W2020 

uncertainty 0.0017 cm
-1

 leads to a R value of 360). In the HITRAN2020 list, the calculated position 

value from Ref. [35] (13312.9472 cm
-1

) was judiciously preferred for this transition, leading to a 

position deviation from the measurement significantly reduced (-0.0674 cm
-1

). 

(ii) some lines with significant intensity (>5×10
-28

 cm/molecule) are observed by CRDS and 

included in the W2020 list but missing in the HITRAN list. Some examples of these missing lines are 

included in the above Supplementary Material. 

The origin of the evidenced problems affecting the HITRAN2020 list should be clarified and 

might possibly lead to an update of the HITRAN2020 list.  

4.4 HITRAN2020 and W20200 line intensities 

Let us recall that all the W2020 intensities are calculated values from the POKAZATEL list 

[36]. The HITRAN intensities are computed values of Ref. [37] except for the strongest lines of the 

region for which FTS intensities from Ref. [10] were preferred. Differences between the calculated 

intensities of the HITRAN2020 and W2020 lists reflect the sensitivity of the calculation to small 

changes in the potential energy or dipole moment surfaces in the considered region. This is probably 

related to the high excitation of part of the involved upper levels and to the fact that many of them 

involve a high bending excitation. A number of spectral intervals showing important disagreement 

between the experimental spectrum and the HITRAN2020 and W2020 line intensities are displayed in 

Fig. 6. It is amazing to note that in the displayed examples, the HITRAN2020 and W2020 line 

intensities are very different but neither agrees with the observations. This seems to reflect the high 

“instability” of the considered calculated line intensities, a small change of the potential energy surface 

used for the calculations leading to a large variation of the considered intensities.  
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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 [19] (grey pentagons) and the HITRAN2020 list of natural water [15] (blue circles). 

The right-hand intensity scale is adjusted to correspond approximately to the peak heights. Note the large 

differences between the displayed W2020 and HITRAN2020 intensity values which are both computed values 

(see text).  

 

 

 

Fig. 7 

Ratios of the CRDS values to the HITRAN2020 [15] and W2020 [19] intensities for H2
16

O transitions measured 

in the 13171.41 - 13417.81 cm
-1

 (circles and squares, respectively), versus the CRDS intensity values. HITRAN 

values are either calculated values from Ref. [37] or FTS values from Ref. [10] (blue and green circles, 

respectively). Note the logarithmic scale adopted for the two axis. 
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The ratios of the present CRDS intensity values to the HITRAN2020 and W2020 intensity 

values are displayed in Fig. 7. Different symbols are used according to the HITRAN intensity source 

(FTS [10] or calculated [37]). A logarithmic scale is adopted both for the ratios and intensities axis. A 

large dispersion is noted both for HITRAN2020 and W2020 ratios. In general, the largest HITRAN 

outliers correspond to large intensity overestimations while in the case of the W2020 list, the largest 

outliers are due to strongly underestimated line intensities. 

 

 
Fig. 8  

Ratios of the CRDS values to the HITRAN2020 [15] and W2020 [19] intensities for H2
16

O transitions (cyan 

circles and red squares, respectively), versus the CRDS intensity values. Note the logarithmic scale adopted for 

the two axis. The W2020 intensity values are the POKAZATEL values of Ref. [36] intensities The selected 

bands are 1+42+3 (upper left), 21+32+3-2 (upper right), 21+42 (lower left) and 21+22+3 (lower right) 

 

The ratios corresponding to the line intensities of some bands have been separated on four 

panels in Fig. 8. In the case of the 21+32+3-2 hot band (upper right panel), the HITRAN2020 [37] 

and POKAZATEL [36] intensities are close and agree with the experimental values, although a 

systematic shift of about +3.2% and +10.4% is noted for HITRAN2020 and POKAZATEL, 

respectively. Despite the fact that the systematic shift for the two lists differs by more than three times, 

the RMS deviations are almost the same: 23.9% and 21.4% for HITRAN2020 and POKAZATEL, 
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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 three other bands 

(1+42+3, 21+42 and 21+22+3), the experimental intensities are intermediate between the two 

calculations but the difference are much larger. For example, for the 1+42+3 band (upper left 

panel), the POKAZATEL intensities of the W2020 list are about twice smaller than measured while 

the HITRAN2020 values are on average 50% larger than measured. The fact that both calculations 

show a better agreement with measurements for the 21+22+3 (lower right panel) and 21+32+3-2 

(upper right panel) bands and a worse agreement for the 1+42+3 (upper left panel) and 21+42 

(lower left panel) bands, may indicate that the latter are more sensitive to small changes of the 

potential energy or dipole moment surfaces due to a higher vibrational excitation of the bending mode 

V2.  

5. Energy levels 

As concerns the upper energy levels (or term values), the positions of the lines assigned in the 

studied region allow us to determine 1124, 68, 4 and 124 term values for the H2
16

O, H2
18

O, H2
17

O and 

HD
16

O isotopologues, respectively. The term values were obtained by adding lower state energy from 

Refs. [26-28]. Among the 1320 derived energy levels, 151 H2
16

O levels are newly determined (Table 

1). A total of 160 H2
16

O energy levels were found to deviate by more than 5×10
-3

 cm
-1

 compared to the 

W2020 values [18] and have to be significantly corrected. Table 2 compares their experimental and 

W2020 term values. In addition, 20 H2
18

O term values and three H2
17

O ones are differ from those of 

W2020 by more than 0.005 cm
-1

.  

We provide as a separate Supplementary Material the list of upper energy levels of H2
16

O, 

H2
18

O, H2
17

O and HD
16

O derived in this work (13170-13418 cm
-1

) and in the oxygen A-band region 

(12969-13170 cm
-1

) [14]. About 40% of energy levels were derived using several transitions assigned 

in the 12969-13418 cm
-1

 sharing the considered upper state. Ground state combination difference 

(GSCD) relations can be used to estimate the accuracy of the determined upper energy levels. The 

RMS of the differences between independent determinations of the upper energy level is 2.4×10
-3

 cm
-1

. 

These values are consistent with the claimed uncertainty of 3×10
-3

 cm
-1

 on the reported line positions. 

The supplementary material provides also a comparison to the W2020 empirical energy levels 

(except for HD
16

O), with the corresponding R =  
                 

        
 values. For the main isotopologue, 

among the 1124 term values derived from the spectra analysis in the overall 12969 – 13418 cm
-1

 

region (this work and Ref. [14]), 238 are newly determined (i.e. they have variational origin in the 

W2020 dataset – label ”C”) and 548 shows deviations compared to W2020 (empirical) values larger 

than the W2020 uncertainty (R > 1). Most of the W2020 empirical values are larger than our values 

and for about 30 of them the deviation exceeds 0.1 cm
-1

. Note that we provide a complete and unique 

labeling for all the energy levels including for 238 energy levels with incomplete W2020 labeling. The 

W2020 labeling of 30 levels has been changed. 
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6. Recommended line list  

In the infrared range, except for some specific bands, variational intensities of water vapor 

transitions show an overall good agreement with experimental data. In the considered range near 750 

nm, the available calculated line lists (SP [20-22], Conway et al. [37] in HITRAN2020 and 

POKAZATEL [36] in W2020) show a large dispersion of the computed intensity values and neither of 

them shows a satisfactory agreement with the measurements (Figs. 6-8). For example, SP list contains 

about relatively strong transitions of the order of 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 thus believed to be 

strongly overestimated. Large deviations from the observations are also noted for some highly excited 

bands of the bending mode V2 in the W2020 line list (see Fig. 8). The above comparisons indicate that 

the basis of a recommended line list in the region must thus be experimental, both for line positions 

and line intensities. The recommended line list provided as Supplementary Material relies mostly on 

the CRDS line parameters derived in this work. The intensity cut off is fixed to 1×10
-29

 cm/molecule. 

Overall, the list includes 2050 transitions of four most abundant isotopologues of water (H2
16

O, H2
18

O, 

H2
17

O and HD
16

O) in natural isotopic abundance. 

 
Fig. 9  

Absorption line list for water vapour in natural isotopic abundance recommended for the 13170 – 13418 cm
-1

 

spectral interval. In the narrow spectral intervals missing CRDS spectra and for weak lines obscured by much 

stronger lines, the CRDS list has been completed with transitions with empirical positions (cyan dots) and 

W2020 transitions [19] (red dots). The intensity cut off is fixed to 1×10
-29

 cm/molecule.  



18 

In the narrow spectral intervals missing CRDS spectra and for weak lines obscured by much 

stronger lines, the list was completed with transitions with empirical positions when possibly 

associated to W2020 intensities for H2
16

O, H2
18

O and H2
17

O species and SP intensities for HD
16

O 

(labels “w” and “s”, respectively). A total of 473 transitions were added in this way. 168 of these 473 

transitions with W2020 variational line positions (line position uncertainty “-9999”) and incomplete 

vibration-rotation assignment had to be included to achieve completeness. We tried to check that these 

W2020 added transitions were compatible with the spectra at disposal (some lines with calculated 

intensity clearly above our detectivity threshold were excluded) but, considering the quality of the 

W2020 positions and intensities, these added lines should be considered with cautious. The sources of 

the line parameters which are given for each transition in the Supplementary material, are indicated on 

the overview presented in Fig. 9.  

7. Concluding remarks 

The present study in the 13170 – 13418 cm
-1

 interval has extended to higher energy our 

preceding study of the water vapor absorption in the region of the oxygen A-band near 760 nm (12969 

– 13170 cm
-1

) [14]. The reported results were obtained on the basis of high sensitivity CRDS 

recordings which improved by two orders of magnitude the sensitivity of previous observations by 

ICLAS [11]. The constructed recommended line list will allow to improve the spectroscopic databases 

in the region. 151 H2
16

O levels were newly determined (Table 1) while 160 additional energy levels 

were found to deviate by more than 5×10
-3

 cm
-1

 compared to the W2020 values [19]. The detailed 

comparison with the W2020 line positions has confirmed the conclusions drawn near 1.25 µm [34] 

and in the A-band region [14]:  

(i) for a large fraction of transitions, the procedure xMARVEL used to determine the empirical 

W2020 energy levels by inversion of a large transition dataset available from the literature leads to 

values which are less accurate than some of the used experimental sources. In the present case, part of 

the W2020 recommended position values differ significantly from the published ICLAS [11] and 

CRDS [13] values while the quality of these previous studies is confirmed by the present 

measurements (see Fig. 4). 

(ii) the uncertainty values attached to the W2020 empirical positions and energy levels are not 

reliable. The histograms of Fig. 5 indicate that for about half of the line positions, the deviation from 

the measured values exceeds the W2020 claimed error bar (R = 
                 

        
 >1). R values larger 

than 10 are observed (see Table 2).  

According to the HITRAN2020 database, the W2020 empirical positions of Ref. [19] was 

adopted as the main source of line positions in the region. In fact, significant differences between 

HITRAN2020 and the W2020 original line list have been evidenced in this work, some of them 

leading to a better agreement with the measurements. The origin of this situation should be clarified 

and might possibly lead to an update of the HITRAN2020 list. We also noted that some lines with 
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significant intensity (>5×10
-28

 cm/molecule) are observed in the CRDS spectra and included in the 

W2020 list but missing in the HITRAN2020 list. 
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Table 1 

Energy levels of H2
16

O firstly determined from the analysis of the CRDS spectra of water vapor between 13170 and 

13418 cm
-1

. 

 

V1V2V3 J Ka Kc Energy (cm
-1)

 

023   9 2   7 15258.7584 
023 12 2 11 15785.4447 
     

032 10 2   8 15530.7288 
     

042   2 1   1 13566.4404 
042   4 4   0 14136.6087 
042   6 5   1 14618.1513 
042   9 1   9 14347.1330 
042   9 2   8 14585.6731 
042   9 5   5 15194.1251 
042 10 5   5 15424.2091 
042 11 2   9 15228.0496 
042 11 3   9 15265.1230 
042 11 4   8 15482.7875 
042 11 4   7 15496.1661 
042 11 5   7 15699.6539 
042 11 5   6 15686.1290 
042 12 3 10 15553.7978 
042 12 4   8 15824.8627 
042 13 3 10 15978.7537 
042 13 5   8 16329.2381 
     

061   4 4   1 13631.4480 
061   5 3   3 13462.8335 
061   6 4   3 13896.4804 
061   6 5   2 14212.8961

a
 

061   7 4   4 14064.5510
 b

 
061   7 4   3 14060.5410 
061   8 4   4 14250.9054 
061   9 5   5 14793.0208 
061 10 6   4 15356.2534 
061 11 2   9 14493.6292 
061 11 5   7 15291.3205 
061 13 5   9 15885.7780 
     

071 10 1 10 15086.6849 
     

080   7 6   2 14711.3567 
080   7 6   1 14711.3567 
080   7 7   1 15156.0679 
080   7 7   0 15156.0679 
080   8 4   4 13831.1790 
080   8 6   3 14904.6576 
080   8 6   2 14904.6581 
080   8 7   2 15349.8992 
080   9 6   3 15120.5365 
080 10 6   5 15167.5044 
080 10 7   4 15713.4342 
080 13 6   7 16195.4338 
     

090   2 2   1 13629.2914 
090   8 2   7 14452.4232 
090 11 3   9 14450.3436 
090 13 1 12 15616.7724 
     

122   9 2   8 14958.6570 

V1V2V3 J Ka Kc Energy (cm
-1)

 

122 10 2   8 15330.5429 
122 11 2   9 15796.3450 
122 11 3   9 15797.6128 
122 11 4   7 15531.1616 
122 12 3 10 15532.0568 
     

141   7 4   3 14391.5188 
141 10 4   7 15028.0751 
141 11 3   8 15166.7499 
141 11 6   5 15618.0617 
141 11 7   5 15942.4378 
141 12 6   7 16028.0637 
141 12 6   6 16031.0931 
     

151   4 4   0 15476.4282 
     

160   4 4   0 13575.1211 
160   5 4   1 13694.1945 
160   5 5   0 14035.7733 
160   6 3   4 13529.2240 
160   6 5   1 14180.8768 
160   7 3   5 13694.9521 
160   7 5   3 14349.2370 
160   8 5   4 14540.5148 
160   8 5   3 14540.9104 
160   9 3   6 14095.8421 
160   9 4   5 14395.8694 
160   9 5   4 14754.5167 
160 11 2   9 14377.0873 
160 11 4   7 14865.4675 
160 12 2 10 14648.8477 
160 14 5 10 16141.8591 
     

170   8 0   8 14483.2750 
170   9 1   9 14756.9365 
     

221 11 5   6 15710.2282 
221 12 3 10 15568.1119 
221 12 5   7 15997.6941 
221 12 6   7 16073.4901 
221 12 6   6 16077.4540 
221 13 0 13 15342.4286 
221 13 1 12 15615.9489 
221 13 2 11 15844.1991 
221 13 3 11 15842.5247 
221 13 4 10 16030.2053 
221 13 4   9 16138.7978 
221 14 2 13 15886.7765 
221 14 2 12 16132.6648 
221 14 3 12 16132.6633 
221 15 1 15 15854.8955 
     

231 11 1 11 16359.0810 
     

240   4 4   0 13932.6666 
240   9 3   6 14591.7595 
240   9 4   6 14760.8125 

V1V2V3 J Ka Kc Energy (cm
-1)

 

240 10 3   8 14774.2742 
240 10 3   7 14835.5360 
240 10 4   6 15002.1090 
240 10 5   5 15237.8770 
240 11 1 11 14475.8195 
240 11 4   7 15262.7430 
240 12 0 12 14710.0991 
240 13 1 13 14916.6936 
240 13 3 10 15187.0823 
240 13 5   8 15727.7784 
240 14 1 14 15167.5190 
     

250   2 2   1 14854.0580 
250   3 2   1 14923.3118 
250   4 2   3 15014.9853 
250   6 2   5 15262.8063 
     

301 11 5   7 15632.5117 
301 11 6   5 15795.5404 
301 11 7   4 15905.4097 
301 11 8   4 16091.4874 
301 11 8   3 16091.2795 
301 11 9   3 16280.0041 
301 11 9   2 16280.0044 
301 12 5   7 15935.2574 
301 12 7   6 16181.3603 
301 12 7   5 16181.7481 
301 13 3 10 16097.2759 
301 13 4   9 16195.4118 
301 13 5   8 16246.1654 
301 14 2 12 16209.8547 
301 16 1 15 16578.9259 
     

320 10 1   9 15170.1657 
320 10 4   6 15227.1380 
320 12 0 12 15097.7814 
320 12 1 11 15347.9680 
320 12 3   9 15707.1466 
320 12 5   7 15995.2242 
320 13 1 13 15328.9501 
320 13 2 12 15604.3473 
320 13 2 11 15827.5377 
320 13 3 10 16008.7200 
320 13 4   9 16133.0885 
320 14 0 14 15590.3971 
     

400   7 6   1 14988.1654 
400 10 7   3 15659.8652 
400 10 9   2 16028.6460 
400 10 9   1 16028.6460 
400 11 5   7 15629.8267 
400 11 5   6 15640.8602 
400 12 2 11 15478.7722

 c
 

400 12 4   8 15893.6774 
400 13 2 12 15727.2790 
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Notes 
a
 Term value determined from the 13153.24948 cm

-1
 line position assigned to the 62+3 6 5 2 – 7 5 3 transition in Ref. [14] but 

not included in Table 1 of that paper.  
b
 Term value of this level is new compare to W2020 but corrected compare to its value given in Table 1 of Ref. [14] 

(14064.39737 cm
-1

). It was determined from the 13133.15976 cm
-1

 line position assigned to the 62+3744 – 74 3 transition in 

Ref. [14].  
c
 Term value determined from the 13064.05022 cm

-1
 line position assigned to the 41 12 2 11 – 13 3 10 transition in Ref. [14] but 

not included in Table 1 of that paper. 
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Table 2 

Energy levels of H2
16

O derived from the analysis of the CRDS spectrum of water vapor in the 13170 – 13418 cm
-1

 

range, showing differences larger than 5×10
-3

 cm
-1

 with the corresponding W2020 empirical values [19]. 

 

V1V2V3 J Ka Kc 

Energy level (cm
-1

) 
UncW2020 

(cm
-1

) 
R

 g
 

This Work W2020 
Difference 

(TW-W2020) 

  

023 13 2 12 16043.0830 16042.93989 0.1431 0.02864 5.00 
033 6 0 6 15962.8014 15962.80883 -0.0074 0.00132 5.63 
042 2 1 2 13546.5924 13546.75517 -0.1628 0.00166 98.05 
042 2 2 1 13647.2401 13647.23441 0.0057 0.02527 0.23 
042 2 2 0 13648.2180 13648.12927 0.0887 0.01562 5.68 
042 3 0 3 13589.1342 13589.14019 -0.0060 0.00124 4.83 
042 3 2 1 13722.5190 13722.52663 -0.0076 0.00192 3.97 
042 4 1 4 13685.3858 13685.56790 -0.1821 0.00102 178.53 
042 4 4 1 14136.5778 14136.80165 -0.2238 0.00607 36.88 
042 5 1 5 13782.6735 13782.68636 -0.0129 0.00800 1.61 
042 6 2 5 14061.7748 14061.75366 0.0211 0.00800 2.64 
042 6 3 3 14228.8163 14229.14990 -0.3336 0.00400 83.40 
042 6 5 2 14617.9028 14617.90809 -0.0053 0.00183 2.89 
042 7 0 7 14025.9510 14026.30928 -0.3583 0.00176 203.57 
042 7 1 6 14193.2848 14193.36940 -0.0846 0.03179 2.66 
042 7 3 4 14403.4646 14403.50611 -0.0415 0.00200 2.08 
042 7 4 3 14570.4645 14570.46973 -0.0052 0.00437 1.20 
042 8 0 8 14178.1135 14178.10163 0.0119 0.01881 0.63 
042 9 1 8 14571.2806 14571.30647 -0.0259 0.01306 1.98 
042 9 4 5 14982.8945 14982.93032 -0.0358 0.00587 6.10 
042 10 4 7 15213.1227 15213.10911 0.0136 0.00400 3.40 
042 10 4 6 15262.5683 15262.59529 -0.0270 0.00800 3.37 
042 11 0 11 14733.2767 14733.25852 0.0182 0.01331 1.37 
052 5 3 2 15554.0671 15554.07294 -0.0058 0.00229 2.55 
061 5 4 2 13752.0423 13752.03640 0.0059 0.00400 1.48 
061 8 6 2 14900.0058 14900.54575 -0.5400 0.00400 134.99 
061 10 2 8 14228.6084 14228.44897 0.1594 0.01150 13.86 
061 11 6 6 15749.1539 15749.04110 0.1128 0.00402 28.07 
061 11 6 5 15750.3809 15750.99418 -0.6133 0.00501 122.46 
080 10 4 6 14273.1320 14273.13841 -0.0064 0.01320 0.49 
090 5 2 3 13894.7610 13895.03236 -0.2714 0.00400 67.84 
090 8 1 8 13781.4259 13781.48247 -0.0566 0.02033 2.78 
090 10 1 10 14203.5563 14203.72439 -0.1681 0.02088 8.05 
103 10 2 8 15660.7193 15660.72549 -0.0062 0.00198 3.12 
103 10 4 6 15841.0284 15841.04062 -0.0122 0.00108 11.30 
122 7 2 6 14611.7662 14611.77179 -0.0056 0.00186 3.01 
122 7 3 4 14758.0609 14758.06636 -0.0055 0.00159 3.44 
122 8 3 5 14962.4414 14962.45230 -0.0109 0.00159 6.84 
122 8 6 3 15402.9281 15402.93569 -0.0076 0.00163 4.67 
122 9 0 9 14777.6257 14777.63102 -0.0053 0.01260 0.42 
122 9 1 9 14777.0497 14777.07422 -0.0245 0.00603 4.06 
122 9 2 7 15102.2205 15102.21512 0.0054 0.00184 2.93 
122 9 3 7 15118.9024 15118.84085 0.0616 0.00800 7.69 
122 9 4 5 15290.1930 15290.20530 -0.0123 0.01729 0.71 
141 0 0 0 13256.1592 13256.15296 0.0062 0.00400 1.56 
141 2 1 2 13350.1361 13350.13076 0.0053 0.00147 3.64 
141 2 1 1 13369.4092 13369.41533 -0.0061 0.00141 4.34 
141 3 1 2 13447.9152 13447.92126 -0.0061 0.00943 0.64 
141 3 3 1 13673.9407 13673.94576 -0.0051 0.00235 2.16 
141 4 3 2 13769.0324 13769.04027 -0.0079 0.00177 4.45 



23 

 

141 5 5 0 14300.6885 14300.69691 -0.0084 0.00150 5.59 
141 8 4 5 14579.5898 14579.58377 0.0060 0.02000 0.30 
141 9 5 5 15020.7492 15020.76419 -0.0150 0.00403 3.72 
141 9 7 2 15416.5470 a 15416.54164 0.0054 0.00810 0.66 
141 10 4 6 15034.6811 15034.68925 -0.0081 0.00471 1.73 
141 10 7 3 15650.3816 b 15650.38727 -0.0057 0.00839 0.68 
151 7 3 5 15681.9580 15681.95246 0.0055 0.00399 1.39 
160 6 4 2 13836.5522 13836.57303 -0.0208 0.01265 1.65 
170 7 1 7 14429.6280 14429.63338 -0.0054 0.00160 3.37 
202 11 2 9 15788.9433 15789.21872 -0.2754 0.00800 34.42 
202 11 5 6 16088.0896 16088.09592 -0.0063 0.01115 0.57 
211 11 5 7 14089.8364 14089.84160 -0.0052 0.00175 2.97 
221 5 4 1 14300.6217 14300.61620 0.0055 0.00102 5.37 
221 6 5 2 14648.4169 c 14648.42249 -0.0056 0.00372 1.50 
221 8 2 7 14516.9736 14516.97915 -0.0056 0.00197 2.82 
221 9 3 6 14923.3613 14923.36707 -0.0058 0.00420 1.37 
221 10 2 8 15074.9955 15075.00261 -0.0071 0.00146 4.88 
221 11 1 11 14896.6347 14896.63989 -0.0052 0.00294 1.76 
221 11 2 9 15311.1999 15311.19345 0.0065 0.00137 4.71 
221 13 1 13 15342.3588 15342.36858 -0.0098 0.01869 0.52 
221 13 2 12 15615.1969 15615.49721 -0.3003 0.00402 74.74 
221 14 0 14 15576.6425 15576.62632 0.0162 0.01763 0.92 
231 4 2 2 15456.3271 15456.33215 -0.0051 0.00103 4.89 
231 6 0 6 15543.9860 15543.99215 -0.0061 0.00240 2.56 
231 6 1 5 15662.0080 15662.01361 -0.0056 0.00369 1.52 
231 6 3 3 15824.0949 15824.10086 -0.0060 0.00124 4.80 
231 7 5 2 16304.6115 16304.60398 0.0075 0.00153 4.92 
231 8 1 8 15818.6233 15818.63505 -0.0117 0.00587 2.00 
231 8 2 7 16002.4459 16002.45373 -0.0078 0.01168 0.67 
231 8 3 5 16201.6948 16201.72003 -0.0252 0.00102 24.74 
231 8 4 4 16324.6050 16324.62052 -0.0155 0.00169 9.19 
231 9 0 9 15984.1090 15984.11976 -0.0108 0.00281 3.83 
240 6 2 4 13865.7616 13865.77439 -0.0128 0.02515 0.51 
240 6 3 4 13992.9619 13992.95680 0.0051 0.00158 3.23 
240 6 4 2 14193.0305 14193.06017 -0.0297 0.00403 7.36 
240 6 5 1 14426.6828 14426.58859 0.0942 0.00800 11.78 
240 7 2 5 14047.3010 14047.28580 0.0152 0.00400 3.80 
240 7 3 4 14166.9010 14166.90935 -0.0084 0.00369 2.27 
240 7 4 4 14361.4600 14361.44684 0.0132 0.00620 2.12 
240 7 6 2 14850.2936 14850.28613 0.0075 0.01074 0.70 
240 7 6 1 14850.2931 14850.28677 0.0063 0.00132 4.79 
240 8 4 4 14548.8192 14548.89307 -0.0739 0.00500 14.77 
240 8 5 3 14783.2451 14783.25211 -0.0070 0.00125 5.60 
240 8 8 1 15405.1000 15405.10694 -0.0069 0.00188 3.70 
240 8 8 0 15405.1000 15405.10843 -0.0084 0.00166 5.08 
240 9 4 5 14762.9640 14762.97125 -0.0073 0.01320 0.55 
240 9 5 5 14995.9539 14995.93699 0.0169 0.00500 3.38 
240 9 6 3 15252.8070 15252.82151 -0.0145 0.01030 1.41 
240 10 2 8 14720.5750 14720.59751 -0.0225 0.00300 7.50 
240 11 4 8 15251.6521 15251.63343 0.0187 0.07730 0.24 
240 12 5 7 15781.2620 15781.34935 -0.0874 0.00503 17.35 
301 4 1 4 14039.3778 14039.38387 -0.0061 0.00101 5.99 
301 4 1 3 14088.3327 14088.32538 0.0073 0.00100 7.31 
301 9 8 2 15612.4499 d 15612.61816 -0.1683 0.00965 17.44 
301 9 8 1 15612.4506 e 15612.61668 -0.1661 0.01038 16.00 
301 10 1 10 14867.3851 14867.39188 -0.0068 0.00166 4.09 
301 10 7 4 15686.0043 15686.01092 -0.0066 0.01410 0.47 
301 10 8 3 15840.7658 15840.79950 -0.0337 0.00802 4.20 
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301 10 8 2 15840.7247 15840.73035 -0.0057 0.00194 2.92 
301 11 6 6 15795.0549 15795.00555 0.0494 0.00193 25.56 
301 11 7 5 15905.3247 15904.86217 0.4625 0.01840 25.14 
301 12 2 10 15657.7881 15657.79587 -0.0078 0.00656 1.19 
301 12 3 10 15658.5351 15658.54082 -0.0057 0.00199 2.87 
301 12 3 9 15814.9370 15814.94336 -0.0064 0.00710 0.90 
301 12 4 9 15817.3848 15817.37733 0.0075 0.00300 2.49 
301 13 1 12 15730.2969 15730.30219 -0.0053 0.00031 16.80 
301 14 0 14 15759.0498 15759.06149 -0.0117 0.00453 2.58 
301 14 1 14 15759.1277 15759.13615 -0.0085 0.00491 1.72 
301 14 1 13 15996.4584 15996.46582 -0.0074 0.01053 0.70 
301 15 0 15 16023.8212 16023.73457 0.0866 0.02019 4.29 
301 15 1 15 16023.7618 16023.77023 -0.0084 0.00101 8.38 
301 15 2 14 16276.2951 16276.28945 0.0057 0.02233 0.25 
301 16 0 16 16305.1447 16305.12988 0.0148 0.00622 2.38 
320 7 1 7 14196.5329 14196.53840 -0.0055 0.00109 5.06 
320 7 4 4 14598.0564 14598.06262 -0.0062 0.00135 4.61 
320 8 2 7 14505.8284 14505.83580 -0.0074 0.00550 1.34 
320 8 7 2 15265.2187 15265.20843 0.0103 0.00189 5.45 
320 8 7 1 15265.2191 15265.20835 0.0108 0.00180 5.97 
320 9 4 5 15009.6072 15009.61555 -0.0083 0.00800 1.04 
320 9 7 3 15477.8881 15477.91500 -0.0269 0.00150 17.93 
320 9 7 2 15477.8874 15477.92119 -0.0338 0.01055 3.20 
320 10 2 8 15061.2370 15061.22927 0.0077 0.00530 1.46 
320 10 5 6 15441.6903 15441.70466 -0.0144 0.01086 1.32 
320 11 0 11 14884.1511 14884.15833 -0.0072 0.01161 0.62 
320 11 3 8 15424.8515 15424.86281 -0.0113 0.00400 2.83 
320 12 1 12 15098.0372 15098.12389 -0.0867 0.01241 6.99 
320 13 1 12 15603.7950 15603.80171 -0.0067 0.00800 0.84 
330 7 2 6 15824.2795 15824.29200 -0.0125 0.00193 6.46 
400 4 2 3 14104.8948 14104.90075 -0.0060 0.00102 5.81 
400 5 0 5 14131.1261 14131.13571 -0.0096 0.00165 5.81 
400 6 6 1 14747.6048 14747.61363 -0.0088 0.00293 3.01 
400 6 6 0 14747.6170 14747.61141 0.0056 0.00248 2.25 
400 7 5 2 14809.7429 14809.74816 -0.0053 0.00128 4.11 
400 7 6 2 14988.1490 14988.04615 0.1028 0.00800 12.86 
400 8 2 6 14745.1983 14745.20503 -0.0067 0.00259 2.60 
400 8 3 5 14809.2336 14809.23903 -0.0054 0.00115 4.72 
400 8 6 3 15178.8380 15178.82996 0.0080 0.00300 2.68 
400 9 1 9 14683.8670 14683.87381 -0.0068 0.00179 3.80 
400 9 6 4 15304.9733 15304.95952 0.0138 0.00925 1.49 
400 9 6 3 15305.4608 15305.47574 -0.0149 0.00220 6.80 
400 9 7 3 15432.7669 15432.68450 0.0824 0.00100 82.40 
400 10 1 9 15031.0451 15031.05605 -0.0110 0.00121 9.08 
400 10 6 4 15539.5462 15539.20909 0.3371 0.00800 42.14 
400 11 3 9 15403.7522 15403.75939 -0.0072 0.00800 0.90 
400 11 3 8 15551.7330 15551.74248 -0.0095 0.00307 3.09 
400 11 4 8 15548.0785 15548.00703 0.0715 0.00430 16.61 
400 11 6 6 15792.1287 15792.11710 0.0116 0.00300 3.87 
400 12 2 10 15652.8164 15652.82282 -0.0064 0.00800 0.80 
400 12 3 9 15797.1568 15797.14826 0.0085 0.00718 1.19 

 
Notes 
a 

The W2020 V1V2V3 J Ka Kc assignment is 061  9  7  2 
b 

The W2020 assignment is 061 10  7  3 
c 
The W2020 assignment is 301  6  5  2 

d 
The W2020 assignment is 221  9  8  2 

e 
The W2020 assignment is 221  9  8  1 
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g 
R = 

          

        
 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 [19]. 
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