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Abstract
Using line positions and line intensities parameters existing in the literature for the Trans- and
Cis conformer forms of nitrous acid (HONO), we generated for the first time a linelist of
positions, intensities, and line shape parameters for the v4 bands of nitrous acid located at
790.117 cm™ and 851.943 cm™! for the Trans- and Cis- conformers, respectively. A validation
of this linelist was performed using spectra recorded by the IASI (Interféromeétre
Atmosphérique de Sondage Infrarouge) satellite instrument in February 2009 during the (rather)
exceptional conditions of the large Australian bush fires. This list, which is now included in the

2020 version of the GEISA database (https://geisa.aeris-data.fr/) is of potential interest for the

IASI-NG (Infrared Atmospheric Sounding Interferometer - New Generation) instrument which

will be launched on board the METOP-SG satellite in 2021.

I Introduction

Nitrous acid (HONO) plays an important role in the production of photochemical smog. This
species which accumulates at night [1] dissociates quickly by subsequent photolysis at sunrise.

The photolysis of HONO is a direct source of hydroxyl radical:

HONO + hv(Z < 400 nm) — OH + NO. Eq. (1)

The OH radical is a key species in the photochemical cycles responsible for tropospheric
ozone formation, leading to the so called ‘‘photochemical smog’’ in polluted area. Biomass
burning is a significant global source of trace gases and particles in the atmosphere. Among

others, nitrous acid (HONO) has been observed in biomass burning plumes [2, 3].

As far as optical methods are considered, atmospheric gas phase concentrations of
nitrous acid can be measured in situ by long path differential optical absorption spectroscopy
(DOAYS) in the near UV region [4], by Tunable Diode Laser Absorption Spectroscopy [5], by
FTIR spectroscopy [2]. However, contrary to what can potentially be achieved from a satellite,
these measurements cannot provide easily an overview at the scale of the Earth on the

concentration of this species.
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Recently Clarisse et al. [6] provided an overview of several trace gases than can be
observed by the Infrared Atmospheric Sounding Interferometer (IASI) instrument [7] during
the (rather) exceptional conditions of the large Australian bush fires of February 2009. On this
occasion HONO could be detected for the first time from a satellite instrument in the 11 pum
region. Considering that the fires were even more violent during the late 2019- to early 2020
period, HONO may be detectable in atmospheric spectra recorded over Australia.

The three IASI instruments are thermal infrared nadir! Fourier Transform Spectrometer
(operating in the 3.5 - 15.5 um spectral range) which are implemented on the series of METOP
satellites. Very soon, the IASI instruments will be followed by the Infrared Atmospheric
Sounding Interferometer New Generation (IASI-NG; https://iasi-ng.cnes.fr/fr). IASI-NG is a
key payload element of the second generation of European meteorological polar-orbit satellites
(METOP-SG) dedicated to operational atmospheric nadir soundings. For IASI-NG the
performance objective is mainly a spectral resolution and a radiometric error divided by two
compared with the IASI first generation ones. One can presume that the possible quantification
of trace species from space like HONO will be easier by IASI-NG than by IASI. It is important
to prepare and optimize such detection in order to take full advantage of the future capacities

of IASI-NG.

The 11 um region for HONO

Nitrous acid (HONO), exists in two conformer forms (Cis and Trans), and the 11 pum
region which corresponds to the v4 bands for both conformer forms, is particularly suitable for
the detection of this species by IASI or IASI-NG. This rather strong signature, with two narrow
Q-branches, located at 790.117 and 851.943 cm™ for the Trans- and Cis- conformers,
respectively, corresponds to a rather clear window of transparency in the Earth atmosphere.
However, up to now there exists no line by line spectroscopic parameters for this species in

common access databases [8, 9]. Accordingly, the HONO detection performed by Clarisse et

' Nadir is the downward-facing viewing geometry of an orbiting satellite during remote sensing
of the atmosphere.
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al. [6] was performed using the HONO infrared cross sections available at a nominal

temperature of 296K in the Pacific Northwest National Laboratory (PNNL) database [10].

These PNNL parameters [10] are a compilation of laboratory Fourier transform spectra
recorded at the optimum resolution of 0.06 cm™ for different mixture of HONO with other gases
[11]. The main disadvantage of using cross sections for the retrieval process is that these
laboratory data cannot reproduce the HONO infrared signature in all the different physical
conditions encountered by the optical signal along its path in the atmosphere during satellite
sounding (very long optical path length, temperature and pressure of the different gas

components).

The future detections of this species by IASI-NG may concern HONO in the troposphere
at night, (or/and) in the plume of bush fires. It is important to make the difference between the
two types of signatures. The goal of the present study was to generate the first line by line list
of spectroscopic parameters for HONO in the 11 um region, which is now implemented in the

2020 version of the GEISA database (https://geisa.aeris-data.fr/). Likely, the possible

temperature dependence of the HONO infrared signature in atmospheric conditions can be

evidenced when using these line by line parameters.

II Existing line parameters for the v4 bands of Trans- and Cis- HONO (nitrous acid).

For the present task, we relied on the existing line position, line intensity and line shape
parameters collected in the literature.

A. Line positions

To our knowledge the most extensive spectroscopic line position investigation of the v
fundamental bands of Trans-HONO and Cis-HONO was performed by Kleiner et al. [12] using
high resolution Fourier transform spectra. The lines assigned for the v4 bands of both conformer
forms were fitted using A- type and S-type Watson’s type Hamiltonians, giving rise to a set
vibrational and rotational parameters for the ground states and 4! excited states of these
conformer species. Later on, the ground state of HONO rotational parameters were refined

during the investigation of the far infrared spectrum of HONO performed in Ref. [13].

B Line intensities
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To compute line intensity parameters for the v4 fundamental bands of Trans-HONO and

Cis-HONQO, it is necessary to have at our disposal their associated transition moment operator,

Trans .4 Cis, 4 .
st and T Uy, respectively.

To our knowledge, there exists no individual line intensity measurements in the

literature, for the v4 bands of Trans-HONO or Cis-HONO. Therefore the parameters involved
in the expansion of "™ -* 1, and Cis,4 L, can only be obtained by scaling performed on the

existing band intensities of the v4 bands of Trans-HONO and Cis-HONO. Getting “absolute
experimental intensities” for HONO requests to know the “absolute” concentration (or partial
pressure) of Trans-HONO and Cis-HONO present in the cell during the recording of the
laboratory spectra. This information is not easily available since one has to face difficulties
linked to (1) the non-chemical purity in HONO and (ii) the existence of two conformers (Trans-

and Cis- for HONO)

a. Chemical purity in nitrous acid (HONO)

In usual laboratory conditions, nitrous acid exists only in the form of an equilibrium
mixture with other species like NO, NO; and H>O, together with smaller quantities of N2Os,
N2Os, and HNOs [11]. The first spectroscopic works on HONO were performed, relying on the
equilibrium constants of complex reactions system of NO, NO», and water to determine the
partial pressure of nitrous acid in the gas sample present in the cell during the spectra recording
[11, 14, 15, 16, 17]. Accordingly, all these reported line strengths are directly dependent on the
accuracy of these equilibrium constants.

In 1995 Becker at al. [18] measured line intensities for the v; H-O-N bending mode of trans-
HONO near 1255 cm’!, and in this case high purity HONO (> 98%) was produced by a reaction
of gaseous HCI with solid NaNO.. Such method was also used by Barney et al. [19] and during
the infrared absorption cross sections measurements of HONO, the spectra were recorded by
combining simultaneously UV/visible and FTIR spectroscopy. However, this chemical
technique is not so straightforward to use, as the molecules are produced in a nitrogen buffer
gas flow in a moist atmosphere and implies a delicate control of the reactions equilibrium
constants to avoid excessive NO, NO; and HNOs production and the knowledge of the nitrogen
and water pressure broadening coefficients. It was not used during the investigations of the 11
um region [11], and the cross sections delivered by the Pacific Northwest National Laboratory

(PNNL) [10] are calibrated in absolute relative to the intensity data achieved in Ref. [11].
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b. Trans- and Cis- conformer forms for HONO

The temperature dependence of the Cis- to Trans- population ratio,

s (T) = (NC%\TT )(T) is directly related to the difference energy AEcis-trans between the

ground vibrational states of the Cis and Trans-conformer forms:

£C(T) = (N C%\I - j(T) _ exp( —AE CisTran%TJ Eq.(2)

As a consequence, the partial pressure of HONO (Puono) present in the cell involves a
contribution from the Trans- and Cis- conformers (PaHono= Ptrans + Pcis). According to Eq. (1)

these entities are related by the following equation:

P

D=0, (o)
P (T) = Priono [rg (T%+ i (T)))j Eas.(3)

The same equations link the Ntrans(T) and Ncis(T) Trans- and Cis- concentrations to the total
(Trans and Cis) Nuono concentrations.

Therefore, for a given band of Trans-HONO [16] (resp. of Cis- HONO [15]), the “absolute”
band intensity can be quoted in the literature, either relative to the partial concentration Nrans(T)
(resp. Ncis(T)) of the considered conformer, or to the total Nuono(T) HONO concentration.
Both types of definitions were used for the band intensity values which are given for the vi, v,
v3, v4 and 2v2 bands of Trans-HONO and vi, v2, v4 and 2v> bands of Cis-HONO in Ref. [11].
In this work, we decided to generate a HONO line list which is scaled to the total HONO

pressure (Praono(T)) or concentration (Prono(T)) .
ProNo(T)=Prans(T)+Pcis(T), or Nuono(T)=Ntrans(T)+Ncis(T) Eq.(4)

This is justified because the “total” HONO (both Trans- and Cis-) concentration is the entity
which is requested for atmospheric applications. Furthermore, in actual atmospheric conditions,
the Cis- to Trans- population ratio, is expected to depend on the temperature at the considered

altitude.
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We have to adopt a reliable value for AEcis Trans since this entity, which was determined during
several experimental [20, 21, 22, 23, 24] and ab initio [25, 26, 27, 28, 29] investigations, is not
firmly established. At the present time we are unable to decide which value of Ecis-Trans is the
correct one.

Among these, various experimental values range from 107 to 225 cm™'. The most recent

study by Sironneau et al. [24] which has led to:

SEcis-Trans =107426cm™  Ref. [24] Eq.(5)
was obtained during the investigation of the far infrared spectra of HONO and DONO, and this
value of Ecis-Trans leads to 5 (T = 296K) ~0.594 for the population ratio.

Let us mention that Kagann and Maki [11] or Barney et al. [19] adopted different “a priori”

values for the rC(T)population ratio of the Cis and Trans conformer forms, and these

correspond to the following assumed values for Ecis-Trans:

KMpC(T = 296K) ~0.5 & KME (i Trans =143 cm’! Ref. [11] Eq. (6)

c. _Existing band intensity measurement for the vy bands of Trans- and Cis- for HONO

To our knowledge, there exist no individual line intensity measurements for HONO in
the v4 spectral range. Several ab initio band intensities exist for the v4 bands of the Trans- and
Cis- conformer forms in the literature (see Ref. [30] and references therein), which compare
reasonably well with the existing experimental values. As far as the experimental data are
concerned, [11, 19, 10], it appears that the band intensity measured at 11 um by Barney et al.
[19] are in rather reasonable agreement with those achieved in Ref. [11]. The PNNL (Pacific
Northwest National Laboratory) cross sections [ 10] which are calibrated in absolute relative to
Kagann and Maki band intensities values [11], present the advantage to provide a medium

resolution (R~0.11 cm-1) description of the HONO band structure at 11 pm.
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Therefore, the present linelist was generated by calibrating the intensities relative the
PNNL cross sections in the 11 pm region. To enable an easier comparison with these earlier
studies, the Cis-Trans difference energy value “MEcis.trans ©143 cm™ (Eq. (5)), adopted in Ref.
[11], was used during this work as “a priori” value. This choice which is justified (only) by

technical reasons, does not prevail over the scientific value that have to be used for “MEcis Trans.

Another difficulty is to establish a separation between the spectral coverage of the v4
bands of the Trans- and Cis- HONO conformers. Indeed, in the experimental conditions of
recording of the PNNL spectra (HONO sample diluted in 1.013 hPa of nitrogen gas, spectra
recorded with a Bruker-66V FTIR spectrometer with an instrumental resolution of ~0.112 cm’
1) the v4 bands of the Trans- and Cis- HONO conformers are not fully separated (see Fig 1).
Therefore, in the 720- 1000 cm™! range, we had to define an approximate cutoff separation, Gcut-
ot~ 820 cm’!, between the Trans-v4 band (centered at 790 cm™) and the Cis-v4 (centered at 852

cm’™). This cutoff value was already used in Ref. [19] for the validation of their results relative

to those of Ref. [10].

Using the PNNL cross sections, the following values:

o<8203(296K)=1.436 x 10"
and ©$20S(296K)=1.400 x 107 (in cm~1/(molecule.cm-2) Eq.(8)

were achieved for the integrated band intensities for the 720-820 cm™' and 820-920 cm™! regions,
respectively. These spectral ranges correspond, more or less, to the v4 bands of the Trans- and

Cis conformers, respectively, together with their associated hot bands.

C Line shape parameters

Except for tentative air- broadening half width measurements performed in Ref. [18], the line
shape parameters are, to our knowledge, absent in the literature for HONO.. The permanent
dipole moments of Trans- and Cis-HONO have values, ™1p=1.930 D and “®uo=1.428 D,
respectively [31], and these values are similar to the water permanent dipole value
(T*089=1.855 D [32]). For this reason, it was decided to use for the HONO line shape

parameters “a priori” values similar to those of water. More explicitly, the values
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Yair=0.1 cm™/Atm, ysei=0.4 cm™'/Atm, and nai=0.7 Egs. (9)

were implemented for the air-broadened half width, self-broadened half halfwidth and for the

n-temperature dependent coefficient, respectively.

ITI Generation of line positions and line intensities list for Trans- and Cis- HONO

A. Line positions:

As usual, the line positions of the v4 bands are the differences between the upper and

lower state energy levels. The lJ ,Ka,KcJ and [J ' ,K;,K;]energy levels in the ground and 4!

vibrational states of HONO, respectively were computed using an A-type and I' Watson’s type
Hamiltonian and using the vibrational energies and the rotational constants quoted in Tables 1
and 2, for the Trans- and Cis- conformers respectively. As far as the ground state is concerned,
these constants are those determined recently by Dehayem et al. [13], which are presumed to
be more accurate than those quoted in Ref. [12]. For the upper 4! state, the rotational constants
were marginally readjusted from those achieved by Kleiner et al. [12] using the following

expression
NewX 4= (KleinerX 4- KleinerX O) + Dehayem Xo E q. (10)

In this expression, ¥°""X4 and KI¥"°rX, are the rotational or centrifugal constants for the
ground and 4' excited stated quoted in Ref. [12], while P"@*mX is the corresponding ground

state value in Ref. [13].

For usual molecules, the line by line list in spectroscopic databases [8,9] possess one
column which gives, for each of a given [J ' Ka , Kc ]- lJ K, KCJ transition, the value Erower(J,
Ka, K¢) of the lower-state energy.

For this line list, the lower state energy levels for both HONO conformers are defined

relative to the position of the J=0 level of the Trans- conformer. This means that the values
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T ELower(J, Ka, Ke)= "™ Erot(J, Ka, Ke) Eq.(11,2)
and CiSELower(J, Ka, Kc)z KMECis-Trans + CiSERot(J, Ka, Kc) . Eq(l 1ab)

are quoted for the Trans- and Cis- conformers, respectively. This is because the J=0 lower
rotational energy level in the ground vibrational state of the Cis-Conformer form is located at

KME (is-Trans 143 cm™ above its Trans- counterpart.

B. Line intensities:

As pointed out later in the text, the line intensities computation is subject to numerous
uncertainties and possible large systematic errors. Therefore, during this study we will neglect
the difference between intensities provided for a “natural sample” to those given for a “pure
sample” of H!®O"N'0. Indeed, this major isotopic species, H!®O'N!®0, is present with a

rather high concentration (I, = 0.9914) in a “natural sample” of HONO.

B-1 Definitions
For the Trans- HONO conformer form, the intensity of a given line is given (in cm”

1/(molecule.cm-2) by [8,9]:

8T’V thj hcE
Transq, N A B
ks (T) = el | 1—exp| —— exp | — R
™ 4me,3he TZ(T) Snuc [ P ( kT Y A

Eq.(12)

while for the Cis- conformer form, we used a slightly different expression:

: hcAE . 8’V ( hCVj J hcE

Cisq, N Cis—Trans A B

ks (T) =exp| — mel| 1—€xp|— exp | — R
™ p( kT J 4me,3he "' Z(T) Snuc [ P kT P A
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hcAE Cis—Trans

Indeed, for the Cis- conformer, Eq.(13) includes the “ exp(— T

j” term to account

for the definition of the J=0 level of the Cis- conformer relative to the Trans- one.

It is necessary to detail the different terms which appear in the right hand side of Egs. (12) and
(13).

o The subscripts A and B are for the lower and upper levels of the transition, respectively,

and , \=(ER-E A )/hc is the wavenumber of the transition, and the TEa(J, Ka, K¢) and T Eg(J,

Ka, Ke) (resp. the “SEx(J, Ko, Kc) and ““Eg(J, Ka, K.)) lower and upper state energy levels are
computed using the parameters quoted in Table 1 for Trans- HONO (resp. in Table 2 for Cis-
HONO), and respectively.

J gnucl 18 the nuclear spin factor which is set to a constant value (gaucl =1) for all rotational
levels of the Cis- and Trans- HONO and will be omitted in the rest of the discussion.

o Tol7(T) is the “total” partition function of HONO at the temperature T, which includes

a contribution from the Trans- and Cis- conformers, ™ Z1o(T) and ““Zr(T), respectively.
TotZ(T)zTransZ(T)+CisZ(T) Eq (14)

For each conformer, these contributions are computed as usual [33] in the Harmonic Oscillator
Approximation (HOA as the product of its vibrational and rotational contributions. These
individual vibrational contributions were computed using the usual expressions, with for

example for the Trans- form:

57 (T)= [ ] (1—explhee, /KT))™ Eq. (15)

i=1-6
where, the i- product is performed on the six (non-degenerate) vibrational fundamental modes
of Trans-HONO [16, 34] or Cis- conformer form [15, 34, 20].

For the Trans form, T™%Z(T) is written as:

Transz(T): TranSZVib(T)X TranSZRot(T) Eq (1 6)

with, as usual :

Tans 7 (@)= (2T +1)exp(-he™™E, (1K, K, )/KT) Eq. (17)

all rotational levels

In Eq. (17), the summation in the right hand part of this equation involves the (2J+1) usual

factor, where J which is the total rotational quantum number,
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For the Cis- conformer, the same equation is written as:

CZ(T)=“Zyin(T)x “SZc1-rot(T), Eq. (18)

Indeed, for the Cis- conformer, the ““Zc.r-rot(T) rotational contribution takes a different form

because of the convention adopted for its J=0 level:

Cis KMgp |
Ze_r_ror (T)=exp —hc( CIST"m%F] Eq. (19)

X Z(2J+1) CXp(_hC CiSEA(J’Ka’Kc)/kT)

(all rotational levels )

The results of the Zto(T) calculations in the T=70K -340K temperature range are provided as
Supplementary data of the present article.

o In Eq. (12) (resp. Eq. (13)), the Trans- (resp. Cis-) R/}i factors, are the square of the

matrix element of the transformed transition moment operator “’Z for the Trans- conformer

(resp. Cis- conformer). For the Cis- conformer form for example one can write:

. 2
Cis, 4

u, Eq.(20)

SRY :‘<41,J'K = K,

0,]' K, K>

Cis, 4

where [4!> and |0> are the upper and lower state of the transition, and K, is the Z-

component of the v4 transformed transition moment operator for the Cis- conformer form [35].
A similar expression can be written for Trans-HONO.

Both the Trans-HONO and Cis-HONO are planar Cs- type molecules, and for symmetry
considerations, both A- and B-type transitions are to be observed for the v4 bands with (AK, =
0, AK. =+1) and (AK. = %1, AK. = £1) selection rules, respectively, on the K, and K rotational
quantum numbers.

In fact, the v4 band of Cis-HONO is a hybrid band, and during the investigation of Kleiner et
al. [12] weaker B — type transitions were identified together with stronger A-type transitions.
On the other hand, for the Trans- conformer form, only A-type transitions were observed.

Therefore, up to the first order, one has:
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Cis,4u'z _ Cis,4u{3 % (Px_i_cisAuf% X, Eq.(21)
Trans,4l’lZ _ Trans,4uf% X, Eq.(22)

for the Cis- conformer form and Trans- conformer form, respectively. In Egs. (21) and (22),

Py _pand Q,_, are the direction cosine between the Z- laboratory fixed and the x=B and

z=A molecular fixed axes, respectively.

B-2 Numerical values for the line intensity parameters

Cis ,4

To compute the line intensities, one need to estimate the values for the u? ,

Cis,4 B Trans,4 = A
STuy ,and Ty parameters.

Two types of informations can be used.

First the integrated band intensity T"S(296K) and ©S(296K) in the 720-820 cm™! and
820-920 cm! (see Eq. 8) were deduced from the PNNL cross sections data. However these
integrated band intensity includes contributions from hot bands together with those from the v4
cold bands. Therefore each v4 cold band contribution, can be estimated from %S(296K)and

Cis§(296K) using this expression:

Translnt(v4’T) ZTranss(l 1 um,T)/ TransZVib(T)
CSInt(va, T) = “SS(11 pm,T)/ 5 Zyin(T) Eqgs.(23)

In Egs. (23) ™™nt(v4,T) and “*S(296K) are the v4 band intensity for the Trans and Cis
conformers, which in this work are computed by summing on the v4 individual line intensities.
At 296K the vibrational partition functions of the Trans and Cis- conformer form differ only

marginally. We used for the present work the mean value (Zvin(296K)= Zvin(296K)~1.16738.

Second, it was stated in Ref. [12] that at room temperature the observed lines for these
v4 bands are in the intensity ratio of about 1 /0.12/ 1 respectively for A-type lines in the Cis

conformer/ B-type lines in the Cis conformer/ A-type lines in the Trans conformer.
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Using these informations, and the partitions functions quoted in supplementary data of

this paper, we achieved the following values for the Cis 4 M{A , CisAMB , and TransAHiA
parameters:
G4t 20332 Debye, “*u 0.115 Debye, and "™ *ut 0.256 Debye
Egs. (24)

In this way, we could perform the computation of the line intensities for the v4 bands for Trans-

and Cis- conformer form of H'®O'"N'®Q.

B-3 Final line intensity computations.

Table 3 gives the results of the final calculations, together with the comparison with the PNNL
experimental data in the 720- 820 cm™ and 820- 980 cm™! spectral range.

Figure 1 gives an overall comparison between the observed PNNL cross sections and
the computed cross sections, generated using our linelist. This computation was performed for
the experimental conditions defined in the PNNL document [10] (1 ppm-meter of HONO at
296K diluted in one atmospheric pressure of nitrogen, with considerable contamination: NO,
NO, N>O, NOCI, CO; and H>0). This document mentioned that the PNNL intensities are scaled
to those of Kagann and Maki [11].

IV Discussion
Several points need to be discussed. First, the uncertainties on the line positions and line
intensities. Second, it is necessary to quantify the impact of the temperature on the Trans- and

Cis- line intensities.

A. Uncertainties

During the line position analysis performed in Ref. [12], the analysis was performed up
to rather high rotational quantum numbers and the v4 bands appeared as being unperturbed. One
may assume an accuracy of ~0.001 cm™ for the positions of the lines involving rotational

quantum numbers with J < 50 and K, < 16, and of ~0.002 cm! for extrapolated computed lines.
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On the relative scale we expect the intensities of the Trans- and Cis conformer forms at
296K to be rather consistent, with an uncertainty of 5% on the average, and of 10% for the
weaker lines. However we cannot really state on the ratio of the B-type to A-type character for
the v4 band of Cis-HONO, or on the centrifugal dependence of the transition moment operators
for both species. Getting these informations requests that a large set of individual line intensities

for the v4 bands of the Trans- and Cis species to be measured precisely in the future.

The situation is less satisfactory when dealing with the “absolute” intensities. The
intercomparisons performed in experimental papers are clearly uneasy [19, 36]. Owing to the
difficulties which were pointed our previously, one may be estimate an overall uncertainty on

the absolute intensities between 20% to 30%.

B. Temperature dependence of the line intensities

When looking to Fig. 1, it is clear that the overall signature of the Trans- and Cis-
conformer forms look quite similar in strength at 296K (see Eq. (7)). Assuming the “MEcis Trans
value quoted in Eq. (5), the population of the HONO in the Cis- conformer is about twice
smaller than in the Trans- conformer. Consequently, according to our computations, for the v4
bands, the square of the transition moment operator associated to the Cis- form is about twice

as strong as its Trans counterpart:

. V12
Cis,4 Trans,4uz‘ ~1.88 Eq. (25)

2
Hz‘/

For the cold v4 bands of HONO at 11 um, this has two consequences at low temperature,
and, to illustrate this point here, we compare the results at 210K and 296K on Fig. 2:
o At low temperature, the Cis- signature (at 852 cm™') decreases in strength relative to its

Trans- counterpart (at 790 cm™).

CisTnt(va,2 10K)/ T Int(v4,2 10K)= 0.772
CisTnt(v4,296K )/ T Int(v4,296K)= 1.025 Eqs.(26)

The integrated band intensity of HONO at 11 pm S(11 pm,T) is the sum of the line intensities
of the cold v4 bands for Trans-HONO and Cis-HONO, together with their associated hot
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bands (see Eq.(23)). According to our computations, S(11 um,T) decreases weakly with the
temperature, and this is unexpected since this entity is constant for rigid molecules which do
not exist in different conformers.

To give an example, we give here the 11 um band intensities (in 10"!” cm™/(molecule.cm™)

units) at T=210 K and 296 K.

Transg(296K)=1.396;  C§(296K)= 1.431 and then S(11 pm,296K)= 2.828

Trans(210K)=1.527; ©S(210K)=1.178E-17 and then S(11 um,210K)= 2.705
Eqgs.(27)

To illustrate these points, Figure 2 compares the 11 um signatures of HONO at 210 K and 296
K. These two calculations, performed for the same HONO concentration show that, at low
temperature (210K), the Q branch structure of the Cis- conformer forms decreases significantly
as compared to its Trans counterpart. Such temperature dependence of the Cis versus Trans
HONO signature clearly cannot be addressed correctly when the interpretation of the

atmospheric spectra [6] is performed using the PNNL cross sections [10].

These unusual temperature effects increase in magnitude with the value of the Cis- to Trans
energy difference AEcis-Trans. AS a consequence it is clear that future spectroscopic studies must
propose a more precise value for this parameter. Indeed, it is presumed that future atmospheric
measurements of HONO in the 11 pm region from satellite will use simultaneously the 790 cm™
! (Trans) and 852 cm™ (Cis) Q- type signatures for the HONO retrievals. Therefore the Trans-

and Cis- line intensities must be consistent with each other, regardless of the temperature.

C. Future possible improvements

As discussed previously it is clear that the main effort should focus on the line intensities.

First it is necessary to have at our disposal really accurate absolute intensities based
on the knowledge of the absolute concentration of HONO present in the cell during the

recording of the spectra. Several techniques exist in the literature. To give an example, for the
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v3 band of Trans-HONO, at 1255 cm™', the Trans-HONO concentrations were determined either
by ion chromatography or by a NOx chemiluminescence analyzer [18]. Another solution is to
use the line intensity inter-comparison technique between the far- infrared and the 11 pm

region. This technique was successfully used for getting absolute intensities for the v band of

HOCI [37].

Second, it is necessary to have reliable value of the energy difference between the Trans-
and Cis-conformer form of nitrous acid (Ecis-trans). This was done in the literature (Ref. [24]
and references therein) by performing line intensity measurements for Trans-HONO and Cis-
HONO rotational transitions at high resolution in the far infrared or Thz region, and by

comparing the observed absorptions to the theoretical computed intensities.

V Validation by IASI
Since the new generation of satellite infrared instruments like AIRS (Atmospheric Infrared

Sounder, https://airs.jpl.nasa.gov/) [38], IASI [7], the Cross-track Infrared Sounder (CrIS)

https://www.jpss.noaa.gov/cris.html_ [39], the detection (sometimes the inversion) of trace
gases has been made available from space. For the first time, HONO has been detected by the
IASI instrument during the exceptional conditions of the large Australian bush fires of February
2009 [6].

One objective of instruments like IASI-NG is, with an important improvement of the spectral
resolution, as well as the signal to noise ratio, to be able to not only detect these kind of
conformer forms, but also to be able at least to determine the total content. It is why
determination of line list, as it has been done here, is important.

To verify its constituency, a first preliminary inversion of the HONO total content has been
done. The case retained is the same as the event mention in the paper of Clarisse et al (Australian

fires in February 2009).
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For doing that, the operational release of the Automatized Atmospheric Absorption Atlas (4A)
radiative transfer model (4A/OP) [40] has been adapted. The reference HONO concentration
profile has been set to:

- 1.5 ppbv in the Boundary Layer. According to the paper of Michoud et al, [41] this
extreme measurement has been recorded during the MEGAPOLI summer campaign
(https://cds-espri.ipsl.upmc.fr/megapoli/index.jsp). This is the value we have set
between the surface and the first kilometer.

- 10 pptv above the Boundary layer. According to the paper of Zhang et al. [42], this
typical value has been observed above the first kilometer.

This profile corresponds to a total content (Xnono in the following) of 20.6 pptv.

For this modelisation we used the “Thermodynamic Initial Guess Retrieval” (LMD/TIGR,
(https://ara.lmd.polytechnique.fr/index.php?page=tigr) data set, in its latest version. The
LMD/TIGR [43] is a climatological library of 2311 representative atmospheric situations
selected by statistical methods from 80,000 radiosonde reports ([44, 45, 46]. Each situation is
described, from the surface to the top of the atmosphere, by the values of the temperature, water
vapour and ozone concentrations on a given pressure grid. The atmospheres are divided into
five airmasses from tropical to cold polar. We used in this study the tropical air mass (so called

“mean tropical atmosphere”) which corresponds to the largest contamination by water.

The figure 3 (top) shows the result of a simulation of the brightness temperature in the 750- 900
cm’! spectral range with the 4A/OP radiative transfer model , with (in red) and without (in grey)
HONO for the Cis/Trans bands. For that simulation, an offset of the initial profile of 50 times
is necessary to have a signal above the noise of the IASI instrument (approximately 0.25 K). It
corresponds to a total content of HONO (Xuono ref) of 1.03 ppbv. In the bottom part of the
figure 3 is represented in red the difference between both simulations (with minus without
HONO). On blue is represented the sensitivity to a variation of 1% of the water vapor profile.
The aim is to find IASI channels sensitive or not sensivite to HONO, and with approximately

the same sensitivity to H>O.

According to the results shown on the figure 3, a simple inversion of the IASI spectra (using

pairs of channels) has been made to determine the HONO total content.
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The total content of HONO has been evaluated using the equation Eq. (28):
X - X " ZTOp aTb % (T obs_ HONO Tobs _ baseline)
HONO ™ ““HONO _Ref surface ap b b
hono Eq. (28)

With:
®  Xhono_rer=1.03 ppbv
° a;::no the jacobian with respect to the concentration of HONO (pnono) and calculated
with 4A/OP

o TbO bs ~HONO corresponds to 2 IASI channels sensitive to HONO (790.25 and 790.5 cm’
1).

TP ~Baeine - corresponds to 12 channels between 786 and 789 cm™ not sensitive to

HONO and with the same sensitivity to H20O, aiming to determine the baseline of each

spectra with a good precision

To take into account the viewing angle of each IASI observation, the jacobian of
HONO has been calculated for different sets of angles from 0 (nadir) to 75 degrees.
This method has been applied to the IASI observations over Australia (7 February, 9:30 PM)
used in the paper of Clarisse et al and the result is shown on the Figure 4. Due to possible
contamination of the surface properties, this evaluation of Xnono has been done only over sea.
The values have been plotted in the range 0 to 4 ppbv. The inverted points have been over
plotted on a Moderate-resolution Imaging Spectroradiometers (MODIS) image (https://modis-
images.gsfc.nasa.gov/products.html) of the same day but at 3 PM.

We can see the good agreement and coherence in the localization of both signals, and, even if
the absolute value is not representative due to the hypothesis retained for this inversion and due
to the fact that MODIS and IASI not measure in the same spectral range (visible for MODIS

and infrared for IASI), a good coherence in the value of the Xnono retrieved. The differences
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in the plume shape could be due to the time difference between 3:00 pm and 9:30 pm for the
MODIS and IASI observations.

Finally, it is important to mention that this atmospheric study has the only pretention to inform

of the coherence of the line list of spectroscopic parameters of HONO described previously.

Supplementary data
The partition function for HONO is provided as supplementary data of the article.

CONCLUSION
During this work, we have generated the first line by line list of spectroscopic
parameters for HONO in the 11 pm region which is now in free access on the 2019 version of

the GEISA database (https://geisa.aeris-data.f/). For this task, we used the existing line position

and intensity parameters. For the intensities the parameters are based on the existing
experimental values for the band intensity of the Trans- and Cis- v4 bands at 11 um. An
evaluation of the uncertainties associated to the line positions and intensities was performed. It
shows that future laboratory studies should focus on improving the quality of the line intensities
parameters. On the relative scale, we expect the line intensities of the v4 bands of the Trans-
and Cis conformers to be rather consistent. This is not the case for the intensities on an
“absolute” scale, which are estimated to be accurate only at 20% to 30%, on the average. This
is because our computations are based on laboratory measurements which are complicated by
the fact that it is impossible to handle a pure sample of HONO in laboratory conditions. Another
remaining uncertainty concerns the height of the barrier between the Cis- and Trans- HONO
conformers. The impact of these uncertainties are discussed in the text.

Finally, to have a first atmospheric evaluation of this HONO spectroscopic line list at
11 um, we have developed a simple inversion method to determine the integrated content of
HONO. The result obtained shows a good agreement, especially in the shape of the plume, with

what the visible MODIS instrument has independently measured few hours before.
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Ax 9.99541x10°° 1.049526x10*
A 1.72610x10°° 1.0462100x10°¢
A; 5.10440x1077 5.0192x1077
Ok 3.1076x10°° 3.51545x10°°
O; 6.8795x10°® 6.58484x10°®
Hxk 0.10200x1077 0.10655x1077
Hxs -0.755x107° -0.755x107°
Hix -0.629x10710 -1.6013x1071°
H; -0.941x107"2 -1.198x107"2
hx -0.109x107® -7.9734x107°
hks -0.89x107!! -0.89x107!
Lk -0.1144x107" -0.1144x107"

Note. The results are in cm™".

? Rotational constants of 7rans-HONO from Dehayem-Kamadjeu et al. [13].
For the 4! upper state, the constants were slightly readjusted using the upper and lower states
constants from Ref. [12] and the updated ground state parameters from Ref. [13] (see text).
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Table 2

Cis-HONO

Ground state @

41
Ex 851.943054
A 2.80533545 2.8250760
B 0.439273052 0.436494267
C 0.379067714 0.375629112
Ax 6.53248x107° 6.97493x107
A -0.28796x10°¢ -0.93376x10°¢
Ay 5.68799x1077 5.57616x1077
Ok 2.82768x107° 3.38809x10°°
3 9.36594x107 9.52723x10°®
Hk 0.5397x1078 0.5795%x10°®
Hxi -0.678x107"° -0.7359%x107"'°
H; -0.1078x107"! -0.9780x10"2
hk 0.1262x107 0.1094x10°
hi -0.841x10™" -0.841x10™"
Lk -0.428x107"2 -0.428x107"2

Note. The results are in cm™! .

# Rotational constants of Cis-HONO from Dehayem-Kamadjeu et al. [13]
For the 4! upper state, the constants were slightly readjusted using the upper and lower states
constants from Ref. [12] and the updated ground state parameters from Ref. [13] (see text).



Table 3 : results of the present line intensity and position computation at 296K

1 July 2021

Conformer Nb Sig_min Sig max | Int Max" Total Int#
Trans- HONO 7621 | 72439 838.57 | 0.166 TransTnt(vs, T)=1.218
Cis-HONO 18420 | 722.53 996.28 | 0.148 CiTnt(va, T)= 1249
Total 26041 Int(v4,T)=2.467
All lines
(Trans- and | Sigma < 820 cm Sigma > 820 cm’! 11 pym
Cis-)
Sum of the
individual
. N o8201nt(v4,296K) # | “82%Int(v4,296K) ) * Int (v4,296K) *
intensities*
Calculation
‘ 1.26 1.21 2.47
(This work)
Integrated
band o<8205(296K) # o>8205(296K) # S(11um,296K)*
intensities*
Computed
. 1.46 1.40 2.87
(this work)* *
PNNL*
1.44 1.40 2.84
[10]

Caption:

31
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Nb: number of lines

Sig_Min, Sig_Max; minimum and maximum sigma values (in cm™).

#All intensities are given in 10"7cm™/(molecule.cm™) at 296K.

Total Int: " Int(v4,T), “*Int(v4,T) and Int(va, T)=""Int(vs, T)+ “SInt(va,T) : sum of the
individual intensities for the Trans- and Cis- insomers and for both isomers, respectively.

Int Max : Maximum intensity. The intensity threshold limit is Int Min= 0.5x10-24 cm’
!/(molecule.cm™).

Total int: sum of the individual intensities for the Trans and Cis forms, "™*Int(v4, T=296K) and
CisInt(vs, T=296K), respectively.

Sigma < 820 cm’!, Sigma > 820 cm!, and 11 um: sum of the individual line intensities
(Int(v4,296K)) or integrated band intensities (S(11um,296K)) in the 720-820 cm™', 820-1000
cm! and in the full 11 pm region (720-1000 cm™), respectively. The 820 cm™ cutoff is defined
in Eq.(8).

¥The computed integrated band intensities are deduced from °~*%Int(v4,296K), °%°Int(va,

296K), and Int(v4,296K) by a multiplication by Zvin(296K)=1.1615 (see Eq. 23).
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Figure 1: Comparison between the PNNL cross sections and the results of the present
computation at T=296K. This calculation is performed for HONO diluted in an atmosphere of
nitrogen and for yai=0.1 cm™!/Atm. For an easier comparison, the calculated cross sections (this
work) are multiplied by the mean (Trans and Cis HONO) vibrational partition function
Zvin(296k)=1.1615 to account for the hot bands contributions. This calculation is performed for
HONO diluted in an atmosphere of nitrogen and for yAy=0.1 cm’'/Atm. More detailed
informations on the experimental conditions for HONO are defined in the PNNL document [10]

and in the text.
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Figure 2: Computed cross sections calculated using the present linelist for the v4 bands of Trans-
and Cis-HONO at T=296K and at T=210K. These calculations were performed for the same
HONO concentration than in Fig. 1. It is clear that the relative contribution of the Cis- form to
the HONO signature at 11 um relative to the Trans- one is significantly weaker at low

temperatures.
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Figure 3: Simulation in brightness temperature (K) of a HONO signature on a IASI spectra.
This computation was performed for a total content of HONO of 1.03 ppbv and for a mean
tropical atmosphere and using the 4A/OP radiative transfer code. On the top is represented the
spectra with (in red) or without HONO (in grey). Below is represented respectively, in red the
Brightness Temperature difference (Brightness Temp. differences) in K between the two
simulations and in blue the sensitivity to a variation of 1% of water vapor, the main pollutant

in the spectral region of HONO.
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Figure 4 : True color imagery from the US MODIS Aqua satellite passes around 04 UTC (7 February, 3 PM EDT)
on Saturday 7 February 2009 showing the smoke plumes from fires, including the dense cloud column ascending

to high altitudes from the Kilmore fire (Image courtesy of MODIS Rapid Response Project at NASA/GSFC). The
Xnono inversions points (colored squares) performed for the IASI instrument (9:30 PM) on the same day, are

over plotted in the range 0 to 4 ppbv and for a zone in latitude and longitude over the south of Australia and the

Tasmania island.



