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Abstract:

This paper is the second of two back-to-back works, whose goal was to generate a more accurate
linelist for the 5.8 um absorption band of HNOs. Here we report improved line positions and
intensities in the v2 cold band which is the main band in this region. For this, we recorded four
high resolution Fourier transform spectra for the v, band, centered at 1709.567 cm™, under
different experimental conditions. Using these spectra, a new extended line position analysis
was performed for the v, band, leading to more accurate line positions. In parallel, individual
line intensities were measured. It appears that, although the v, band is mainly of B-type, it also
possesses a (very) weak A-type component that cannot be ignored. Overall, the line intensities
in this new database are about 8% weaker than those quoted presently in the HITRAN
(https://hitran.org/) or GEISA (https://geisa.aeris-data.fr/) databases. Our final linelist for HNO3
at 5.8 um is provided as a supplement to this paper. It includes lines from the v, band together
with those of the va+ve-vg vo+ve-ve, and vo+vz-v7 associated hot bands that were generated

during the first part of this study, described in the companion paper.

I Introduction

This paper is the second of two back-to-back works, whose goal is to update the existing
line positions and intensities spectroscopic parameters for the 5.8 um band of nitric acid in the
HITRAN [1] or GEISA [2] spectroscopic databases. This study is devoted to the positions and
intensities for the v, band centered at 1709.567 cm!, while the first one [3] dealt with the first
generation of linelists for the v2+ve-vo, v2+v7-v7, and va+ve-ve hot bands at 5.8 pm.

Nitric acid has its strongest infrared signature in the 11 um, 7.6 pm and 5.8 pm regions
corresponding mainly to the {vs,2vo}, {v3,v4} and v> bands, respectively. As far as satellite
instruments are concerned, these three spectral ranges of absorption are covered by the late
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) limb emission radiances
MIPAS instrument [4], by the ACE-FTS [5] and by the IASI instruments [6]. This will continue
to be the case for the future IASI-NG (Infrared Atmospheric Sounder Interferometer - New
Generation) instrument that will be launched soon on the new generation of the METOP

satellite [7].


https://geisa.aeris-data.fr/
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The relative band intensities of these three absorption bands are known thanks to the

integrated absorption cross-sections measured by Chackerian et al. [8] :

(11 pm) : 1(7.6 um) : 1(5.8 um) =1.00:2.1: 2.4 Eq.(1)

In fact, (12 is, by far, the strongest vibrational band of HNO3 because, in the 7.6 um
region, the line intensities are shared by the strong vz and v4 bands and by several dark bands.
There exist lists of line-by-line parameters for nitric acid in the publically-accessible HITRAN
(https://hitran.org/) [1] or GEISA databases (https://geisa.aeris-data.fr/) [2] for these three
spectral regions. Among these, the 11 pum band, falling in a rather clear atmospheric window

but about half the strength of the others, was the subject of the first updates and validations [9,
10, 11] because of its practical interest. More recently, the 7.6 um bands were also the subject
of several studies [12, 13]. At 11 um and 7.6 pm, the linelists, which are now included in the
present versions of the HITRAN [1] and GEISA [2] databases, concern the main cold bands,
together with, when possible, some of their first associated hot bands.

The present work focusses on the 5.8 um absorption band of HNOs. In tropospheric
spectra, this HNOg signature, which is almost completely masked by interfering absorption of
water vapor, cannot be used for HNOg retrievals in the troposphere. However, in the
stratosphere, this HNOz signature is quite observable, for instance it stands out in the very high
resolution (0.002-cm™* full width at half maximum (FWHM)) solar occultation spectra recorded
at 32°N latitude at 37 km altitude with a balloon-borne interferometer of the University of
Denver [15]. Also, this spectral range is of potential use for the ACE-FTS instrument [5] and
for the MKIV balloon-borne instrument of the JPL laboratory [14]. In addition, in atmospheric
spectra, the 5.8 um band of HNOs is partially overlapping the H2CO signature in the v» band
region (1746 cm™). The strongest IR bands of Peroxy Acetyl Nitrate (PAN) and of acetone are
located at 1740 cm, strongly overlapping the v2 HNO3 band. Therefore, availability of good
line parameters for HNO3 in this spectral region is important for atmospheric retrieval of these
other gases. Let us mention that, contrary to what exists for the 11 um and 7.6 um regions, the
HNO:s linelist in HITRAN and GEISA at 5.8 um, hereafter labelled as “HITRAN-GEISA”,
currently includes only parameters of the v (cold) band of HNOs.

Recently, G. Toon [16] pointed out that the “HITRAN-GEISA” linelist at 5.8 pm cannot
reproduce correctly the HNOz infrared signature in stratospheric spectra. This observation was

performed using balloon-borne solar spectra recorded by the MKIV instrument [14] in the lower
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stratosphere, therefore for a low temperature (about 200K). This anomalous behavior cannot be
due to the contribution of hot bands, which up to now are still missing in the HITRAN and
GEISA databases, since the same mismatch is observed when trying to reproduce the Pacific
Northwest National Laboratory ( PNNL) cross sections recorded at 296K [8, 17].

Before going to the description of the present work it is necessary to describe the origin

of the existing line parameters in the public databases.

Literature data in line positions and intensities:

According to symmetry considerations for a planar Cs- type molecule, the v, band is a
hybrid band, with both B- and A-type transitions, with (AKas= odd, AK¢=0dd) and (AKa= even,
AKc=0dd) selection rules on the K, and K. rotational quantum numbers, respectively. However,
up to now, only B- type transitions were observed for the v2 band.

The first laboratory measurement of this band was performed by A. Maki [18] using
diode laser spectroscopy in the 1688 to 1737 cm™ spectral region. Later, a more complete
investigation of the v> band was performed by Tan et al. [19] using high resolution Fourier
transform spectra. In this way 4459 B-type transitions were identified, involving rotational
quantum numbers up to J<72 and Ka <45. Most of the v, transitions appear unperturbed and
could be reproduced satisfactorily using an A-type Watson-type Hamiltonian written in Ir
reduction [20]. However, both Maki [18] and Tan et al. [19] noticed that several local
resonances affect transitions in the 1675, 1684, 1730 and 1737 cm™* spectral regions. Therefore,
in these two studies, the band center and the set of rotational constants for the 2! vibrational
state were obtained during a least squares fit calculation performed on the observed transitions,
after removing the perturbed lines from that list. Also, the ground state set parameters were

maintained fixed at their values obtained in Ref. [21].

As far as the intensities are concerned, there exist several integrated band intensities
measurements (IBI1) for the 5.8 um absorption band of nitric acid. [22, 23, 8]. The IBI value
provided by Chackerian et al. [8] in the 5.8 um absorption band does not differ significantly
from the value provided by Giver et al. [23]. On the other hand, Goldman’s values [22],
measured at a lower resolution and for a rather shorter absorption cell than these latest ones, are
about 8% to 10% weaker. Hereafter, we will refer to the value provided by Chackerian et al.
[8], which is:
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Lowg8m (296K) = 5.71(19)x107 cmY/(molecule.cm?) at 296 K, [8] Eq.(2)

To our knowledge, the only existing line by line measurements, of several small
portions of the v2 R branch, were performed by Bair et al. [24] and May et al. [25] using diode

laser techniques.

One of the main problems to solve was to describe more precisely the line intensity
pattern of the v band. Obviously, this band differs from the much-too-simple description
adopted during the previous studies, i.e. a pure B- type band, with no centrifugal distortion
effects in the description of the v» transition moment operator. To improve this situation we
needed, as input data for our calculations, a large set of individual line intensities measurements

in the P, Q and R branches of the v, band.

Status of the HNOg linelist at 5.8 um in HITRAN and GEISA

At 5.8 um, the HITRAN and GEISA linelists include only parameters for the v- cold
band of H*N'°QOs. In these databases, the v line positions were generated in Ref. [15] using an
A-type Watson I"reduced rotational Hamiltonian, and the (0) lower and (2') upper state energy
levels were computed using the ground and upper state parameters collected in Refs. [21] and
[19], respectively. Most of the lines are not affected by vibration rotation resonances. However,
for the v2 perturbed lines the computed line positions in the HITRAN-GEISA database [1, 2]
can differ from those observed, because no specific treatment was adopted during the line
positions computation.

The line intensities (in cm™/(molecule.cm?) at 296K for the H4N®0O3 (main) isotopic

species in a natural sample of nitric acid, were computed using the usual expression:

NTY = a7 oxn (= EEY (1 = exp (P<2)) —— RV
ey (T) = aiso 4mey3hc exp ( kT) (1 exp ( kt )) Z(T) Ry Eq.(3)

In this expression L and U are respectively the lower and upper levels of the transition, v = (Eu-
Ev)/hc is the wavenumber of the transition in cm. Also, ais, = 0.989110 is the isotopic fraction
of the considered H**N®03 species assumed in our computation, as usual in HITRAN and

GEISA, for a natural sample of nitric acid. In addition, Z(T) is the total partition function:
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Ziot( T)=Zvin(T) X Zrox(T), Eq.(4)
which includes a vibrational Z.in(T) and rotational part Zrot(T).

During this work, we used the values:

Zyin(223K)=1.10965, Zt(223K)=17909.61 and then Zoi(223K)= 19874.19,

Z,in(250K)=1.11673, Zot(250K)= 21258.47 and then Zt(250K)= 24815.80,
Zin(296K)= 1.29952, Z/0:(296K)= 27390.91, and then Z(296K)= 35595.09.  EQ.(5)
at 223K, 250K and 296K, respectively.

Finally, R E is the square of the matrix element of the transformed dipole moment operator,

which, for the vz isolated band, takes the following form:

2

RY :Kv':z,J'K;K; , Eq. (6)

2%0,]0,0 KK )

In the HITRAN or GEISA linelist, this line intensity computation was performed considering

that band as a pure B-type band. As no distortion effect was considered in the description of the

v2 band transition moment operator, Zu'z was restricted to its first order term for a pure B-type

band:

20 _ 20 B
=" X, g, Eq. (7)

In this expression, ¢, _ is the direction cosine between the Z- laboratory fixed and the x=B

molecular fixed axes, and uf is the zero-order intensity parameter.
For the v2 line list currently in HITRAN and GEISA, the v line intensities were

generated using a uf value that was adjusted to bring the integrated band intensity at 5.8 pum

to the value provided by Chackerian et al. [8]. According to our computations and to the value

of the total partition that we used (see Eq. 5) this leads to the following value for 2°u%:
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2.0,5~0.283 Debye. * Eq. (8)

Indeed, by summing the individual v line intensities in the HITRAN-GEISA linelist it is

HIT—GEISS

possible to compute 2 (296K), which is the v2 band intensity.

HIT-GEISS | (296K)= 4.38x107 cm™/(molecule.cm?) at 296 K,  Eq.(9)

This vz band intensity is linked to the (IBI) "°*S>¥™ (296K) integrated band intensity at 5.8

pum (see Eq. 2) by the following expression [10]:

S2eM(296K) ~ HIT-CEISG ) (296K) X Zy,(296K) /ars, Eq.(10)

In Eq.(10), the Zyin(296) is the vibrational partition function (Zvin(296)=1.29952 at 296K). This
is because the (IBI) L°WS§F'§#'“ (296K) integrated band intensity at 5.8 um includes contributions

from the hot bands associated to the v2 band, and from those of other minor isotopic species.

Overview:

The purpose of the present study was to generate a list of better quality for the 5.8 um
absorption band. This new list, hereafter labelled as “GEISA-21", which will be included in
the 2021 release of the GEISA database, corresponds to an improved version of the v2
band of HNO3 which, we hope, will solve the observed problem in stratospheric spectra.
First, we improved line positions and intensities in the v2 cold band which is the main cold band
in this region. For this, we recorded four high resolution Fourier transform spectra for the v»
band at 1709.567 cm™ (5.8 pum region) in different experimental conditions. Using these
spectra, a new extended line position analysis was performed for the v2 band, leading to accurate
line position parameters. In parallel, individual line intensities were measured for the v2 band.

It appeared that for the mainly B-type v2 band, the existence of a (very) small A-type component

! 1 Debye =3.33564 x10%° C.m. In their papers Maki [18] and Tan et al. [19] use the values
20,8=0.2845 and 0.249 Debye, respectively. We presume that they use a different value of the
partition function.
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cannot be ignored. The final linelist at 5.8 um includes lines from the v, band together with
those of its first three associated hot bands (v2+ve-ve, vatvi-v7, vat+ve -ve) Which were generated

during the first part of this study in the companion paper [3] .

Il Experimental details.

The same experimental setup and samples were used here as in the companion paper
[3], but, in addition to the two spectra described in that paper, three supplementary high-
resolution spectra were acquired at 223(1)K, to minimize decomposition of HNO3 during
spectral recording, interference with hot bands and, incidentally, residual water lines. The data
were recorded with the same spectroscopic methods as FTS2 [3] with a resolution of 0.0017
cm* corresponding to a full width at half maximum of the apparatus sinc function of about
0.0012 cm, thus always narrower than the Doppler width (ca. 0.0023 cm™). Reducing the
temperature increased dramatically the sample stability to the extent that only one or two cell
fillings were needed. Nevertheless, the problem of adsorption/desorption on the walls was still
a difficulty. The cell was thus slowly filled while recording spectra over several hours, keeping
the HNO3z sample in a low temperature bath near -60°C, to reach a stable pressure reading and
overall spectrum stability. Next, the data collection involving typically, 256 interferograms,
recorded in 1h blocks of 34, was carried out. Each block was separately inspected and
compared, taking a region of the R branch with about one hundred lines to test the HNOs
stability in the cell. In total, data were collected in blocks of 34 scans (1h) over 8 to 12 h (total
duration). In this way, the small HNO3z pressure decrease could be assessed from the decrease
of HNOs line depths and an average pressure estimated. The HNO3 lines showed a 7% decrease
over 8h and the NO> lines grew in. If a longer measurement time was desired, the cell was
evacuated and slowly refilled by keeping the sample in the low temperature bath until the initial
pressure was reproduced. Using HITRAN parameters [1] the residual H.O and NO> could be
estimated and amounted to 2.10* hPa and 1 to 2.5 10 hPa, respectively. The estimated HNO3
pressures for all spectra were corrected accordingly. The spectrum was calibrated by matching
the measured positions of residual H2O to reference wavenumbers available in HITRAN [1]
with a root mean square (RMS) deviation of 1.8x10* cm™. Given the precision of the reference
lines, it is safe to claim a 3 x10™* cm™ frequency accuracy. Table 1 summarizes the experimental
data for the spectra used during this work. Also, Fig. 1 presents an overview of the four spectra

recorded at 5.8 pm.
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111 Line positions for the v2 band

The updated analysis of the v2 band was initiated by using predicted line lists (positions
and intensities). For the 2! excited vibrational state, we could use the (already) excellent
parameters achieved during the previous v2 investigation [19], while during all this work, we

used the parameters of Ref. [26] to compute the rotational energy levels in the ground state.

The assignment process was very easy. More than 4800 lines of the v, band were
identified which involve J and Ka values up to J < 74 and Ka < 59. This means that the present
analysis is slightly more extended than the one performed by Tan et al. [19] (J <72 and K, <
45),

The v2 band is clearly mostly a B-type band. However, in the band center of the v, band,
we could identify also several weak “pure A-type” Q-type transitions (AKa=0, AK=%1). This

will be discussed further in the text.

As was case during the previous investigations of this band [18, 19], we noticed that in
several series of transitions, the lines were not at the predicted positions. The first perturbed
series concern transitions with J >36, for K¢ = 28, or Kcx11. As during these previous studies,
we failed completely to account explicitly for these resonances. Let us mention that the number
of dark vibrational states, which can possibly be responsible for the resonances affecting the 2*
state, is quite large. For nitric acid, seven of its nine vibrational modes correspond to vibrational
energies weaker than v,, and the fact that the vo mode at 458.2 cm™ is a large amplitude
vibrational mode can increase the complexity of the resonance scheme. Furthermore, during the
computation of the energy levels of the 4% and 3! bright vibrational states at 1303.072 and
1326.186 cm™ [12] it was necessary to account for strong vibration-rotation resonances which

couple together these energy levels with those from four dark states: 62, 9%, 519!, and 7'8.

Therefore, we used the same theoretical model (A-type Watson’s type rotational
Hamiltonian, written in IR representation) as in Refs. [18, 19]. The 2! set of vibrational band
center and rotational constants were determined during a least squares minimization performed
on a large set of experimental 2! energy levels. As during previous investigations [18, 19], the
perturbed energy levels were not included in the calculation. The final set of rovibrational
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constants for the 2! state is gathered in Table 2, together with their associated errors. For
information, this Table also compares the values of the rotational constants achieved during this
work to those obtained by Tan et al. [19]. However, this comparison is not really meaningful.
First because we use a different set of rotational constants for the ground vibrational state in
this work [26] than during the investigations performed in Refs. [19], and Ref. [18]. The second
reason is that these 2* parameters depend on the set of the presumed “unperturbed” experimental
data (the vz line positions in Tan’s work, or the 2! energy levels in this work), that were
introduced in the least squares fit computation. Indeed, we do not have precise information on

the selection of the “unperturbed versus perturbed” v2 lines that was performed in Ref. [19].

IV Line intensities for the v2 (cold) band:

Introduction:

Before going into details of the line intensity measurements, it is important to describe our
strategy. Indeed, we presumed at the early stage of this study that the v, band had a (very small)
A-type component in addition to its (main) B-type character. The major difference between A-
and B-type bands is in the structure of their Q- branches (AJ=0) for which the stronger lines
involve high Ka values. Indeed, for a B-type band (like v2) the Q type structures of transitions,
with AJ=0 and AK,=%1 selections rules, are scattered in bundles on either side of the v, band
center. In contrast, for an A-type band, the transitions with AJ=0 and AK,=0 selection rules are
grouped together in a rather narrow Q branch. When looking at the overall structure of the v
band, it is clear that the central spectral region is clear of strong transitions. Indeed, in the 1708.9
—1709.7 cm* spectral range only very weak lines are observable on the actual spectrum. In
previous works [18, 19], the a-type transitions were stated too weak to be observable. During
the present work we identified some of these lines as belonging to the (weak) A-type component
of the Q branch of the vz band. This is evidenced in Fig. 2 which presents the band center in the
1709.5 cm! region with a clear identification (purple triangles) of the (A-type) °Q(Ka=J) branch

transitions of the v, band.

Line intensity measurements
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The intensities for the v» band have been determined in two ways: total integrated band
intensities were measured in three spectra corresponding to different pressures of HNOs. The
average band intensity at 223K is extracted from the slope of the variation of the integrated
intensity with pressure, yielding a value of 5.1(3)x10%" of cm!/(molecule.cm™). The
integration was carried out between 1655 and 1756 cm™, taking the baseline as the straight line
interpolated between the noise average on the 1562-1567 and the 1796-1801 cm™ intervals. The
uncertainty is estimated from the relative uncertainties of pressure, temperature and path length,
supposing also 3% uncertainty on the individual integrated intensities, twice the slight
variations obtained in varying the integration limits and methods for interpolating the baseline.
This value is to be compared to 5.71(19)x107" in reference [8], note that the difference between
the measurements is slightly larger than the sum of the combined error bars. The second method
involves fitting, after a factor-four post zero-filling, selected relatively isolated spectral lines
using either the WSpectra [27] or OPUS software, the first taking explicitly into account the
interferometer apparatus function in the intensity retrieval. Here, at the pressure used, lines are
found to have Gaussian profiles within the measurement noise and the differences found
between the fit results obtained with either software were found to be very small (about one
percent) compared to the uncertainty due to the other sources of error (precision of the fit itself,
measurement noise, pressure and temperature uncertainties). Each line was fitted separately for
each of the three pressures and the retrieved line intensities at 223K were averaged. The
temperature and pressures are measured with a relative uncertainty of 0.9% and 5.8 to 1.7%,
respectively. To this, we added a somewhat arbitrarily determined uncertainty linked to the
precision of the fit, varying from 5% for strong lines to 15% for the weakest. Note, however,
that these uncertainty values are not completely arbitrary, as they reflect the range of intensities
retrieved for the same line at the three different pressures. These uncertainty values presented
in the Table 3 below represent the sum of these relative uncertainties. An example of the fit for

lines of the three branches is given in Figure 3.

Line intensity calculations

The 158 experimental intensities measured during this work for a “pure” isotopic sample of
HN*0; were introduced in a least squares fit calculation to get the expansion of the v
transition moment operator. This expansion, which includes both B-type and A-type

components, was set up as:



28/07/2021 12
201, =208 xp, + 2%uf x ¢ ]2 + 20uf x 0, + 2% x 172 ({0, 5,} + {iv,.1,}) Eq.(11)

The resulting 2%uf °" B (i=1 to 4) values appearing in this expansion of %%y} are given,
together with their estimated uncertainties, in Table 4. The list of 158 measured intensities,

together with the results of the calculations, is provided in Table 3.

V Computation of synthetic spectra (line position and intensities)

Svynthetic spectra in the 5.8 pm spectral region

We next generated the “GEISA-21" list of line positions and intensities for the v2 band together
those of the v2 +vg-vo v2 +vs -ve and v2 +v7 -v7 associated hot bands. The v line positions were
computed using the band centers and rotational constants listed in Tables 2 and in Ref. [26] for
the upper 2! and the ground states, respectively. As far as the line positions are concerned, the
computation of the v2 +vg -vo v2 +vs -ve, and vz +v7 -v7 associated hot bands are described in the
companion paper [3]. As mentioned previously, several perturbations were observed during the
investigation of the v2 band, that could not be accounted for. For this reason we used, whenever
possible, the 2! (or the 2'6! or 2'9") experimental energy levels instead of the calculated ones,
during the computation of line positions, and the same strategy was adopted for the vz +vg -vg
and vz +ve -ve bands for the 2'6' or 2'9! energy levels. The v» expansion of the transition
moment operator (see Eq. 12 and Table 4] was used to compute the individual line intensities
of the v2 band at 296K. These intensity parameters were used to deduced those associated to
the three hot bands using Eq. 7 in Ref. [37?].

For both the vz cold band and for v2 +va-vg, v2 +ve -ve, and v2 +v7 -v7 associated hot bands.
the results of these computations at 5.8 um, in term of number of lines, frequency range, lower
and upper values of the individual line intensities, as well as total band intensities are given in
Table 5. In order to enable comparisons, Table 5 also provides a short description of the
HITRAN-GEISA list at 5.8 um.

Uncertainties
The accuracy of the line positions is usually ~0.001 cm™ and ~0.002 cm for the vz and

vo+v7-v7 bands, respectively. For the vo+vg-vg, and vo+ve-ve hot bands, the accuracy is between
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~0.003 to ~0.10 cm?, depending whether or not the considered line corresponds to an identified
level in the 219! or 217! upper state.

For the intensities, since a detailed investigation of the high resolution spectra was
performed, we are rather confident in the relative consistency of the intensities in the overall
spectral region of the 5.8 um region. Therefore, on a relative scale, the accuracy of the
individual line intensities is between 5% and 15 % for the strongest and weakest lines,
respectively.

Getting “absolute” intensities is always a difficult problem for HNO3s which is known
to be chemically unstable. The present experimental study was performed with a great care.
Nevertheless, we estimate at 6% the relative uncertainty associated to the absolute intensities
on average. This uncertainty number accounts for several sources of errors linked to:

- the knowledge of the HNOz partial pressure, accounting for the partial decomposition
of the sample during the recording of the spectra (=2%),

- the line intensity fitting and overall calculation processes (=3%),

- the control of the temperature (0.4%),

- the path length uncertainty (0.4%).

Line shape parameters

The present work does not bring anything new in terms of line shape parameters.
Therefore, for the preparation of our database at 5.8 um, we implemented the line shape
parameters which are presently quoted in the HITRAN database [1,10]. More explicitly the
values yair=0.098 cm™/atm, yseir=0.8070 cm*/atm, and n=0.75 were quoted for the air and self
pressure broadening parameters, and for the temperature dependent parameters of the air
pressure broadening parameters. Finally, the air pressure-induced line shifts are set everywhere

at zero.

Computation of the band intensities:

By summing on these v individual intensities, we computed the GEISA_HS\,Z (296K)

band intensity of the v, band, which is:

CEISA-21g | (296K)= 4.015 x10'7 (+ 6 %) cm™Y/ (molecule.cm?) at 296 K Eq.(12)
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According to Eg. (10), this corresponds to a “GEISA-21" computed integrated band
intensity (I1BI) at 5.8 um of:

CEIA-21g28M (996K)= 5.275 17 (+ 6 %) x10-7 cm'Y/ (molecule.cm) at 296 K
Eq.(13)

As discussed in Ref. [3], the GEISA-21 linelist includes contributions from the v+vo-
Vo, Va+v7-v7, and va2+ve-ve hot bands in addition to those of the v> band. Table 5 of the present
paper summarizes shortly the results of these calculations. When summing on the individual

line intensities present in GEISA-21 (cold and three hot bands for H'*N'°03), one gets the value:

CEIsA—21g (296K)=4.83 x107 cm™/ (molecule.cm?) at 296K Eq.(14)

v, +3hots

Of course, the contributions from the higher order hot bands for H'*N'®Os and from the other

isotopic species are still missing in the GEISA-21 linelist.

VI Validations

Comparison with the existing band intensities measurements:

GEISA ~21g5.8m

It is time to compare the value of the Tor (296K) Integrated Band Intensity

(IBI) at 5.8 um calculated during this work. This value is slightly weaker than the measured
value achieved during the low resolution measurements of Chackerian et al. [8] (see Eqg. (2)).

More precisely, the ratio, g2ia _1s.gm (296K ), between the low resolution measured [8] and

the GEISA-21’s integrated band intensities at 5.8 pum is:

ggV,VSA_erslgum (296K =" S38IM (296K)[EISA 215381M (296K) = 1.08 (+/- 10%)  Eq.(15)

Thus, for the v2 band, the line intensities quoted in our new GEISA-21 linelist are, in
general, about 8% weaker than those presented in the HITRAN-GEISA linelist. This is because

this latter linelist was calibrated in intensity relative to the PNNL cross sections [8].
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However, considering the uncertainties affecting the present measurements (about 6%)
and those affecting Chackerian’s band intensities at 5.8 um [8] (about 3%, according to ref [8])

we consider that these experimental data are in reasonable agreement.

We expect that future atmospheric HNOs retrievals, using stratospheric spectra recorded
simultaneously the 5.8 um spectral region and the 11 pum and/or the 7.6 pum regions will bring
a complementary information. One can mention, for example the ACE-FTS Fourier transform
spectrometer on board the SCISAT satellite [5] or the balloon-borne JPL MKIV interferometer
[14].

Comparison with the PNNL cross section data

The goal of this sub-section is to compare to the PNNL cross sections at 296K [8] to calculations
using the HITRAN-GEISA and GEISA-21 linelists. This inter-comparison is shown in panel
(a) of Fig. 4. However, each of these linelists accounts only for part of the infrared signature of
HNOs at 5.8 um, whereas the PNNL cross sections also include contributions from (all) hot

bands and from minor isotopic species.

For the HITRAN-GEISA database, the global contribution of these “missing data” can be

numerically computed by the factor H'TCElSFactormising(296K) defined here as the ratio

(integrated band intensity / band intensity in HITRAN-GEISA) as (see Eq. (11):
HIT-GEISEactormissing(296K)=  (M°"Seoi™(296K) )/(H1T-¢EISs, (296K)) =~ 1.30
Eq.(16)

On the other hand, our GEISA-21 is more extended than HITRAN-GEISA, but still not

complete. Using Egs. (12) and (13) a similar “missing” factor can be defined as : :

GEISA_ZlFaCtorMissing(296 K):

(GEISA—ZlS_SI_.?{m (296K)E1SA 215 8m (296K)) ~1.09 Eq.(17)

v, +3hots

In order to document the characteristics of the HITRAN-GEISA and GEISA-21
linelists, we multiplied the corresponding computed cross-sections by the correcting factors,
HIT-GEISEactormissing(296K)  and  CE'SA2LEactormissing(296K),  respectively. The (observed-
calculated) results are presented in panels (b) of Fig. 4. The agreement between the observed
and calculated signal is clearly better for GEISA-21 than for HITRAN-GEISA.
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For example, in the 1709 cm™ spectral region, the A- type Q structure of the v, band
leads to an error signature which is quite obvious for HITRAN-GEISA, but disappearing in
GEISA-21.

We notice that the GEISA-21 computed cross sections are globally weaker by ~8% than
those of PNNL. The only exception occurs in the far R- branch (1730-1740 cmt), where the
GEISA-21-based cross-sections are slightly larger than those of the PNNL. We checked our
line intensities measurements in that region of our high-resolution spectra, but could not detect

a possible source of error.

Comparison with the existing line by line intensities measurements:

To our knowledge, only two line-by-line intensity measurements have been previously
performed for the v, band of HNOs. Both papers [24; 25], which use tunable diode laser
techniques, explore portions of the v2 R branch and give a list of experimental line positions
and intensities. We restrict this inter-comparison to the experimental data corresponding to
unblended lines for which HITRAN-GEISA or GEISA-21 proposes unambiguous v:
assignments. One notices that, in these microwindows, the intensity ratio between HITRAN-
GEISA and GEISA-21 is almost constant (about 1.08).

The first paper [24] analyzes the 1718.97 cm™ to 1729.57 cm™ spectral region. Although the
line position calibration is not perfect, it is clear that Bair and Brokman’s measured intensities
[24] are significantly stronger than those in HITRAN-GEISA, with a (non constant) intensity
ratio ranging between 1.5 and 2.0.

The second paper [25] concerns the 1720.52 — 1724.79 cm* spectral region. We observed that
these experimental intensities are systematically weaker than those of HITRAN-GEISA with
an intensity ratio ranging between 0.55 to 0.67. This is surprising, considering that May et al.
claimed that their measured line intensities are consistent with the band intensity measurements
performed by Giver et al. [23]2.

We conclude that these diode laser measurements [24, 25] cannot be used faithfully to check

the validity of this work.

2 We mentioned previously that the band intensities of Giver et al. [22] and of Chackerian et al
[8] are in excellent agreement.
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VII Comparison between the observed and calculated spectra at high resolution

Laboratory spectra

Fig. 5 gives an overview of spectrum FTS2-3@223K, together with the differences (observed
— calculated spectra) that one can obtain using the HITRAN-GEISA and GEISA-21 linelists.
Also Figs. 2, 6, and 7 compare the observed and calculated spectra in several spectral regions
of the 5.8 um absorption bands. Other comparisons are given in Figs. 9 and 10 of the companion
paper [3] describing first part of this work. In all cases, GEISA-21 proves to be more accurate
and complete than HITRAN-GEISA.

Balloon-borne solar spectra recorded by the MKkIV instrument [14] in the lower stratosphere

It is important to estimate the impact of this new linelist for the atmospheric retrievals. Fig. 8
compares the spectral fit to a MKIV balloon spectrum using the HITRAN 2016 HNO3 linelist
(left panel) and the present work (right panel). It is clear that the agreement between observed

and calculated spectra is significantly better when using the new GEISA-21 linelist.

Conclusion

In this work, we perform an extended analysis of the v> band of HNO3z using a large set of
Fourier transform spectra recorded at high resolution. As mentioned by previous authors, this
band is weakly perturbed. A large set of individual line intensities were measured and, in this
way, it was possible to prove for the first time that the (mainly) B—-type v2 band also possesses
a weak A-type component. However, the overall intensities achieved in this way are, on
average, about 8% weaker than those quoted in HITRAN or in GEISA. This work complements
a companion investigation [3] that deals with the first three hot bands. In this way, a
comprehensive list of line positions and intensities was generated for the vz, vo+vg-vg, vot+vr-
vz, and v2+ve-ve bands in the 5.8 pm region. This line list is of potential use for the temperature
conditions encountered in the Earth atmosphere. For higher temperatures, ab initio calculations
have been attempted to provide extended linelists [28, 29], but it should be kept in mind that
nitric acid is unstable and decomposes well before reaching these temperatures [30].
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Supplementary data:
- The list of assignments
- The results of the final energy level computation
- The final “GEISA-21" linelist for HNOs3 at 5.8 um, which includes lines from the v

band together with those of the vo+vg-vg, vo+vs-vs, and vo+vz-v7 associated hot bands.
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Table 1

Experimental details of the spectra used in this study. The estimated uncertainties are given in
parenthesis in the units of the last significant digits.

Spectrum Spectral range (cm™) | Path length Press. Temp. (K) Number of
(m) (hPa) averaged
interferograms
FTS2-1@223K 1650-1760 2.72(1) 0.0085(5) 223 (1) 456
FTS2-2@223K 1650-1760 2.72(1) 0.0113(5) 223 (1) 408
FTS2-3@223K 1650-1760 2.72(1) 0.0288(5) 223 (1) 456
FTS2 1650-1750 2.72(1) 0.0269(10) 296 (1) 368
FTS26-27-29 2010-2440 16.32 (5) 1.1 (1) 250 (1) 480




Table 2.Band centers, rotational and quartic centrifugal constants (in cm™) for the v2 band.

2

28 July 2021

This work: Tan et al. [19]
Ground state [26] 21 2t

Ev 1709.56693(8) 1709.567256
A 043399982330 | 431795287(570) 0.431722 993(106)
B 040360999242 | 409831525(410) 0.402828787(71)
C 0.20883238263| ( 508135089(320) 0.208134195(57)
Ax x10° 0.2464975|  0.265161(680) 0.268361(104)
Ak x10° -0.15168080 |  -0.168872(530) -0.172021(167)
Ay x10° 0.29708186 |  0.3037138(960) 0.301076(36)
Sk x106 0.2494516|  0.2483774(340) 0.246281(74
s x108 0.12627092 |  0.1277192(900) 0.127785(15)
Hxk x10!" 0.411518 0.6615(480) #
Hks |x10" -0.368588 -0.8175(650) #
Hix |x10" 0.909863 3.318(260) 1.567(29)
Hy |[x107 -0.1935 13.072(320) -1.751(60)
hk |x10' 1.7362 2.204(240) #
Ik | x10" 17362 @ 1.664(55)
bk |,10"7 1.9117 @ -1.049(24)
hy |00 1151 ©

hac |, 101 6.8647 ©

Lk |x10'6 11.476 @

Lk | 410'6 11861 ©

ki [x10"7 2.118 @

Ik |x10"7 19117 @
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Part (2): Results of the energy levels calculation:

Total number of infrared
levels 1697 ®
0.x10°<8<1x 10 90.63%
1x103<8<2x 1073 3.30%
2x103<8<3x1073 1.71%
3x103< §<70x 1073 ® 4 36%

Caption :
#In Ref. [19] fixed to the ground state values [21]

@Values from ground state constants.
8=| Eobs-Ecalc| : absolute value of the (observed — calculated) energy value, in cm™.

®) The levels for which § > 3x 1073 were not considered in the energy levels computation.
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Table 3:

List of measured line intensities at 223K for the v, band of H}*N0s. ), Ka’,K’cand J”, Ka” ,K” c represent
upper and lower state rotational quantum numbers. The “d” flag indicates the degenerate K, or K.
values. Sigma: calculated line position (cm™). Int(Obs), Int(Calc): Observed and calculated line intensity
in cmt.atm™ at 223K, 0-C(%) difference in percentage, Alnt/Int : estimated relative uncertainty in
percentage (see text).

Jy Ka’ | K | )| Ka” |Kc” Sigma Int(Obs) | AInt/Int(%) | Int(Calc) 0-C (%)
23 23 d (23] 23 |d 1708.3635 6.740E-02 111 7.350E-02 9.0
24 23 d [24] 23 | d 1708.3690 6.710E-02 13.6 5.950E-02 11.3
25 23 d [25] 23 | d 1708.3762 4.670E-02 7.7 4.740E-02 -1.4
22 22 d [22] 22 | d 1708.4661 7.530E-02 8.1 7.970E-02 -5.9
23 22 d (23] 22| d 1708.4714 5.590E-02 9.0 6.450E-02 -15.5
21 21 d [21] 21 | d 1708.5642 8.120E-02 8.3 8.580E-02 5.7
22 21 d [22] 21| d 1708.5691 8.490E-02 6.8 6.940E-02 18.3
19 19 d [19] 19 | d 1708.7466 9.570E-02 8.1 9.700E-02 -1.3
10 10 0 (10] 10 | 1 1709.3459 5.790E-02 6.9 5.090E-02 12.0
0 1 1709.3925 4.870E-02 12.8 4.770E-02 2.1
0 1 1709.4377 4.600E-02 153 4.360E-02 5.2
39 39 d |40| 40 | d 1671.5608 7.890E-02 10.6 6.880E-02 12.8
39 37 d [40]| 38 | d 1672.2633 6.640E-02 12.0 6.400E-02 3.6
35 32 d [36]33 |d 1676.6754 1.120E-01 12.3 1.200E-01 -6.8
34 33 d [35] 34 | d 1677.0308 1.580E-01 11.2 1.600E-01 -1.2
34 30 d (35|31 |d 1678.0071 1.300E-01 5.3 1.260E-01 2.9
31 31 d [32]32|d 1679.7364 2.670E-01 9.3 2.660E-01 0.3
42 d 25 (43| d | 26 1682.1773 7.430E-02 14.7 7.590E-02 -2.2
43 d 28 44| d |29 1682.5826 8.880E-02 141 8.370E-02 5.7
41 d 24 (42| d |25 1682.6780 8.980E-02 7.8 8.530E-02 5.0
48 d 39 |49| d |40 1682.8818 7.890E-02 9.6 9.400E-02 -19.1
46 d 35 |47 d |36 1682.9354 1.120E-01 10.5 9.310E-02 16.9
40 d 23 (41| d |24 1683.1780 1.210E-01 6.9 9.550E-02 21.1
39 d 21 (40| d |22 1683.2301 1.060E-01 7.4 9.610E-02 9.3
45 d 34 |46| d |35 1683.4332 1.070E-01 10.8 1.050E-01 1.8
41 d 26 (42| d |27 1683.5813 1.000E-01 10.7 1.060E-01 -5.6
46 d 37 |47 d |38 1683.8755 1.120E-01 7.9 1.200E-01 7.1
41 d 27 |42| d |28 1684.0363 1.060E-01 11.0 1.180E-01 -11.0
40 d 25 |41 d |26 1684.0784 1.130E-01 11.6 1.180E-01 -4.3
37 d 19 38| d |20 1684.2251 1.090E-01 9.2 1.180E-01 -8.2
42 d 30 |43 d |31 1684.4563 1.240E-01 114 1.320E-01 -6.4
41 d 28 (42| d |29 1684.4913 1.290E-01 10.6 1.320E-01 -1.9
39 d 24 40| d |25 1684.5740 1.400E-01 7.4 1.310E-01 6.4
39 d 25 40| d |26 1685.0254 1.850E-01 8.2 1.460E-01 21.3
37 d 21 (38| d |22 1685.1139 1.530E-01 5.7 1.440E-01 5.6
36 d 19 37| d |20 1685.1627 1.420E-01 12.9 1.430E-01 -1.0
35 d 17 36| d |18 1685.2148 1.360E-01 10.7 1.420E-01 -4.3




36
41
40
36
41
40
39
32
40
39
34
33
32
31
37
36
35
30
38
37
36
35
32
31
30
36
33
35
34
33
29
28
33
32
31
30
21
34
33
31
30
29
28
20
33
32

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O o o O 9 o o

20
31
29
21
32
30
28
14
31
29
19
17
15
13
26
24
22
12
29
27
25
23
17
15
13
26
20
25
23
21
13
11
22
20
18
16

25
23
20
18
16
14

25
23

37
42
41
37
42
41
40
33
41
40
35
34
33
32
38
37
36
31
39
38
37
36
33
32
31
37
34
36
35
34
30
29
34
33
32
31
22
35
34
32
31
30
29
21
34
33

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O o o O a9 o o

21
32
30
22
33
31
29
15
32
30
20
18
16
14
27
25
23
13
30
28
26
24
18
16
14
27
21
26
24
22
14
12
23
21
19
17

26
24
21
19
17
15

26
24

5 28July 2021

1685.6087
1685.8728
1685.9026
1686.0524
1686.3367
1686.3625
1686.3900
1686.6862
1686.8248
1686.8514
1687.0315
1687.0768
1687.1248
1687.1732
1687.3669
1687.3998
1687.4361
1687.6571
1687.7974
1687.8228
1687.8526
1687.8856
1688.0043
1688.0493
1688.0953
1688.3073
1688.4065
1688.7902
1688.8199
1688.8533
1689.0152
1689.0571
1689.3018
1689.3349
1689.3716
1689.4110
1689.5682
1689.7252
1689.7520
1690.2609
1690.2943
1690.3307
1690.3698
1690.5275
1690.6580
1690.6813

1.440E-01
1.710E-01
2.270E-01
1.890E-01
1.920E-01
2.110E-01
2.220E-01
1.980E-01
2.380E-01
2.080E-01
1.860E-01
2.050E-01
2.110E-01
1.760E-01
2.790E-01
2.570E-01
2.510E-01
1.900E-01
2.980E-01
2.590E-01
2.710E-01
2.580E-01
2.410E-01
2.300E-01
2.210E-01
3.100E-01
2.850E-01
2.990E-01
3.000E-01
2.990E-01
2.610E-01
2.290E-01
3.650E-01
3.190E-01
3.140E-01
2.930E-01
8.090E-01
3.680E-01
4.010E-01
3.850E-01
3.720E-01
3.590E-01
3.450E-01
9.080E-01
4.050E-01
4.280E-01

8.3
13.1
8.5
4.5
12.3
9.3
121
9.1
10.0
12.2
9.4
7.1
8.9
13.0
7.3
10.8
12.6
10.2
9.9
9.6
9.8
11.2
10.8
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6.9
9.3
11.1
7.9
8.6
104
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6.4
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8.8
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8.8
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1.850E-01
1.830E-01
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2.020E-01
1.790E-01
2.310E-01
2.260E-01
2.090E-01
2.040E-01
1.990E-01
1.910E-01
2.440E-01
2.400E-01
2.350E-01
2.020E-01
2.790E-01
2.730E-01
2.670E-01
2.610E-01
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2.350E-01
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3.150E-01
3.060E-01
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3.400E-01
3.290E-01
3.190E-01
3.070E-01
7.970E-01
3.890E-01
3.770E-01
3.900E-01
3.750E-01
3.590E-01
3.420E-01
8.540E-01
4.670E-01
4.500E-01

-10.2
-8.3
19.4

7.1
-8.6
2.8
8.9
9.5
3.2
-8.8
-12.2
0.3
5.8
-8.5
12.5
6.7
6.2
-6.2
6.5
-5.2
1.6
-1.3
-0.9
-2.3
-1.9
4.1
3.0
-8.1
-4.9
-2.4
-1.1
-7.8
7.0
-3.2
-1.4
-4.7
15
-5.8
6.0
-1.4
-0.9
-0.1
1.0
6.0

-15.3

-5.0
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1690.7083
1690.9145
1691.0337
1691.1339
1691.4076
1691.6590
1691.6895
1691.8260
1692.1962
1692.4326
1692.5535
1692.6348
1693.3788
1693.4931
1693.5173
1694.2416
1694.8923
1695.2578
1695.3801
1696.1567
1698.6104
1699.6503
1699.9570
1700.9739
1700.6815
1701.3014
1701.8488
1706.8707
1712.7486
1713.5726
1715.7987
1717.6402
1717.9663
1718.0930
1718.8807
1719.3401
1719.4731
1721.4252
1722.1605
1723.2594
1724.0704
1724.4847
1724.7092
1724.7447
1724.7870
1724.9086

4.410E-01
1.370E-01
1.530E-01
4.510E-01
2.270E-01
5.720E-01
4.510E-01
3.620E-01
4.570E-01
9.670E-01
5.390E-01
4.900E-01
9.900E-01
6.120E-01
5.920E-01
1.790E-01
6.550E-01
9.640E-01
6.610E-01
8.950E-02
1.810E-01
1.530E-01
1.060E-01
2.130E-01
1.060E-01
3.130E-01
2.040E-01
1.860E-01
5.760E-01
5.850E-01
2.970E-01
1.800E-01
2.550E-01
1.650E-01
2.130E-01
1.850E-01
6.710E-01
6.480E-01
6.910E-01
6.480E-01
5.390E-01
4.840E-01
5.760E-01
5.620E-01
5.360E-01
4.540E-01

7.1
8.4
7.0
7.5
14.0
8.0
9.3
104
8.3
6.0
9.2
7.2
5.9
8.3
7.8
12.8
7.8
7.0
6.5
11.0
10.4
8.5
15.5
9.4
7.4
9.8
10.6
104
8.2
9.1
9.7
11.2
12.5
9.6
12.1
104
5.8
8.1
8.9
8.1
9.0
9.2
9.4
9.1
8.4
10.2

4.320E-01
1.320E-01
1.610E-01
5.000E-01
2.390E-01
4.870E-01
4.640E-01
3.410E-01
4.560E-01
9.580E-01
5.980E-01
5.060E-01
1.000E+00
6.590E-01
6.200E-01
1.580E-01
7.340E-01
1.060E+00
6.890E-01
8.820E-02
1.650E-01
1.450E-01
1.280E-01
2.070E-01
1.100E-01
2.790E-01
1.860E-01
1.920E-01
6.070E-01
5.310E-01
2.770E-01
2.090E-01
2.210E-01
1.510E-01
1.940E-01
1.760E-01
7.060E-01
6.280E-01
6.560E-01
6.460E-01
5.260E-01
4.720E-01
5.710E-01
5.390E-01
5.050E-01
4.190E-01

1.9
4.0
-5.5
-10.8
-5.2
14.9
-2.8
5.9
0.1
1.0
-11.0
-3.2
-1.1
-7.8
-4.8
11.6
-12.1
-10.4
-4.2
1.5
8.8
4.9
-20.7
2.6
-3.5
10.8
8.9
-3.1
-5.3
9.2
6.8
-16.4
13.3
8.6
8.8
4.8
-5.2
3.0
5.0
0.2
2.4
2.6
0.9
4.0
5.8
7.7
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1725.1031
1725.3963
1725.4604
1725.5002
1725.5473
1726.0838
1726.3056
1726.4912
1726.6945
1727.0038
1728.2691
1728.9558
1729.0735
1729.2694
1729.7109
1729.9496
1730.0139
1730.7631
1731.0201
1731.3530
1732.2601
1732.3784
1732.9657
1733.7576
1741.1269
1741.1514
1741.7967
1741.8257
1741.8516

5.260E-01
5.530E-01
4.600E-01
4.840E-01
5.030E-01
4.540E-01
4.180E-01
4.240E-01
9.210E-01
3.650E-01
2.890E-01
2.440E-01
2.330E-01
2.100E-01
2.000E-01
1.740E-01
1.730E-01
1.360E-01
1.320E-01
1.090E-01
9.140E-02
7.300E-02
5.920E-02
4.440E-02
7.100E-02
7.100E-02
6.050E-02
7.470E-02
5.560E-02

7.4
8.6
8.3
9.7
9.0
10.0
7.4
9.8
5.8
8.4
9.7
9.6
12.9
10.0
8.7
8.6
7.0
11.7
13.7
11.4
13.7
13.2
4.8
135
11.4
10.0
9.5
11.0
6.4

5.180E-01
5.410E-01
4.950E-01
4.700E-01
4.430E-01
4.950E-01
3.860E-01
4.320E-01
9.800E-01
3.520E-01
2.870E-01
2.400E-01
2.320E-01
2.210E-01
1.950E-01
1.800E-01
1.780E-01
1.440E-01
1.290E-01
1.150E-01
7.950E-02
8.030E-02
6.120E-02
4.910E-02
7.400E-02
7.180E-02
6.080E-02
5.920E-02
5.700E-02

1.5
2.1
-7.6
2.9
12.0
-9.1
7.6
-1.9
-6.4
3.6
0.6
1.5
0.6
-5.4
2.5
-3.7
-2.7
-5.8
2.5
-5.3
13.0
-10.1
-3.3
-10.5
-4.2
-1.1
-0.5
20.8
-2.6
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Table 4:

Expansion of the transition moment operator of the v, band (see Eq. 11).

Operator Values®
Z'O,uf Ox=p 0.2548(11) D
20,8 L 0.552(45)x10° D
2,0#14 Oyen 0.05739(66) D
20,4 1/2({@x. iy} + {ioy, J2}) -0.740(64)x10°D

(a) Values (in Debye, 1 D = 3.33564 x 10° C m) resulting from the least squares fit
calculation performed on the experimental intensities. The quoted errors (in

parentheses) are one standard deviation.
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Table 5

The GEISA-21 database in the 5.8 um region. Vib’ and Vib”’ are the upper and lower state vibrational
state. Nb is the number of lines. Sigma min and max are the lower and upper wavenumber range
(in cm®). Band int, Intmin, Intmax are the band intensity, the minimum and maximum value of the
line strength (in cm™/(molecule.cm™) at 296 K.

Vib’ Vib”’ Nb Band Sigma Sigma Int Int
intensity min Max min Max
GEISA-21  (This work)

2! Ground 33726 0.402E-16 | 1619.86 1790.14 0.1E-23 0.36E-19
219! 9! 28678 0.413E-17 | 1635.92 1771.52 0.1E-23 0.25E-20
2'6! 6 17173 0.170E-17 | 1630.38 1766.97 0.1E-23 0.16E-20
2171 7! 18705 0.237E-17 1638.17 1766.27 0.1E-23 0.22E-20

Total 98282 0.483E-16
HITRAN
Or GEISA
21 Ground 32336 0.438E-16 | 1650.01 1769.98 0.2E-23 0.42E-19
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List of Figures

Fig 1: Overview of the four spectra recorded during this work in the 5.8 um region. The experimental
details are given in Table 1.
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Fig 2: Central part of the A-type Q branch of the (mainly B-type) v, band of HNOs, and comparison of
the present linelist with our spectrum “FTS2-3@223K”. The assighments for the 2Q(K,=J) transitions
are also shown (triangles). A comparison with the model provided by the HITRAN-GEISA linelist is also

given.
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Figure 3 : Examples of spectral absorbance fits in the P-branch (left), the Q-branch (middle), and in
the R-branch (right) of the v, band. Black lines are the measured spectra (FTS2-2 and FTS2-3), red
squares correspond to the fits and red lines show the residuals (calculated-measured), as obtained
with the OPUS and WSpectra softwares. The retrieved integrated naperian absorbances are 7.1
and 2.8x 103 cm™ for the 1690.5272 cm™ line (left panel), 4.8 and 1.7x 10 cm™ for the 1713.5726
cm? line (middle panel) and 4.2 and 1.6 x 10 cm™ for the 1725.1031 cm line (right panel).
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Fig. 4: (a) Comparison of the PNNL cross sections (in cm?/molecule at 296K) [$8S] with their
corresponding values using the HITRAN-GEISA linelist and the GEISA-21 linelist.

(b) (Observed — (corrected) calculated values) using HITRAN-GEISA and GEISA-21, when accounting
for the missing hot bands: the HITRAN-GEISA and GEISA-21 computed cross sections are multiplied
by HT-CEISEactorvissing =1.30 and SE'SA2IFactorvissing =1.09 correcting factors, respectively.
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Fig. 5: Overview of the HNO; spectrum recorded at 223K in the 5.8 um region (FTS2-3@223K). The
(Observed — Calculated) signals are compared for the old (HITRAN-GEISA) and new (GEISA-21) line
lists. Lines belonging to water vapor are shown in the lower trace (offset for clarity). Both
computations account for the presence of water vapour in the absorption cell.
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Fig 6: Portion of the R-branch of the v, band of HNO3 near 1726.7 to 1727.52 cm™ (FTS2-3@223K).
The (Observed-Calculated) predictions provided by HITRAN-GEISA and the present work for the v,

band are compared. In the new list, the line positions were calculated using the observed 2! energy
levels instead of the computed ones, for perturbed lines. The (Obs-Calc) traces are offset for clarity.

2.5+
N © ~O <t [T} M T TN =) r~
N N o ™ o ~N N
T - TT «— T T N TT ° T
204 wm DWW — < N T 00w ~ ©
™M N MmN N (32 ™ « (e o] (3] o
o~ o™ 0 St T oM o ©
™ o N o N M g O ] N
T - 5T ™ © T N TT T -
8151 53 gR 8 8 a8 R 8 5
= Obs-Calc
£ 2 OIS N ‘ Y \( Y ___ This work
£ 1.0 1
2 Obs
@ FTS2-3-@223K
-
0.5 1
0.0 Obs-Calc
HITRAN-GEISA
-0.5
1726 80 p 1727 48 1727 52

Wavenumber in cm



16 28 July 2021

Fig 7. Portion of the R- branch of the v, band of HNOs near 1732.1 cm™ (FTS2-3@223K). The
(Observed-Calculated) predictions provided by the HITRAN-GEISA and the present work for the v,
band are compared. In the new list, the line positions were calculated using the observed 2! energy
levels instead of the computed ones, for pertubed lines. The (Obs-Calc) traces are offset for clarity.
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Figure 8. Example of a spectral fit to a MkIV balloon spectrum using the HITRAN 2016 HNO; linelist (left
panel) and the present work (right panel). Black diamonds represent the measured spectrum, the black
line the fitted calculation, and the red lines the contribution of HNOs. This particular spectrum was
measured at 20.3 km tangent altitude above Alaska in 1997, where the tangent temperature and
pressure were 230K and 50 mbar. The upper panels display the residuals (Obs-Calc.); note the scale
change between left and right residuals. The main absorbers in this region are HNOs, H,0, and O3, but
the spectroscopy of these other gases was unchanged, so the differences between the left- and right-
hand panels are entirely attributable to HNO; spectroscopy changes.
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