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2Dipartimento di Chimica Fisica e Inorganica, Università di Bologna, Viale del Risorgimento, 4, 40136 Bologna, Italia

Received: 16 January 2006 – Published in Atmos. Chem. Phys. Discuss.: 29 May 2006
Revised: 21 September 2006 – Accepted: 30 October 2006 – Published: 3 November 2006

Abstract. Using new and accurate experimental results con-
cerning the spectroscopic properties of the HNO3 molecule
as well as improved theoretical methods it has been pos-
sible to generate an improved set of line parameters for
this molecule in the spectral range covered by the MIPAS
(Michelson Interferometer for Passive Atmospheric Sound-
ing) experiment. These line parameters, which have been
validated using broadband atmospheric spectra recorded by
MIPAS, have been included in the last version of the MIPAS
spectroscopic database to be used for future processing of the
MIPAS spectra.

1 Introduction

The goal of this study, which concerns the line positions, the
line intensities and the broadening coefficients of the HNO3
molecule, is to provide the best and the most consistent pos-
sible set of line parameters for the nitric acid molecule in the
spectral range covered by the Michelson Interferometer for
Passive Atmospheric Sounding (MIPAS) (Endemann, 1999).
In a previous effort which has led to the MIPASPF3.1 ver-
sion of the database (Flaud et al., 2003a) the spectral parame-
ters of the hot bandν5+ν9−ν9 were improved using both lab-
oratory spectra and atmospheric spectra recorded by the At-
mospheric Trace MOlecule Spectroscopy (ATMOS) experi-
ment (Flaud et al., 2003b). Also to account for new results
concerning the intensities in the 11.2µm region (Toth et al.,
2003) the line intensities of theν5, 2ν9, ν3 andν4 bands were
multiplied by the factor 0.879 (Flaud et al., 2003a). Since
that time new results (Chackerian et al., 2003) have been
obtained and a careful survey of the literature together with
new calculations have shown that new improvements can be
made concerning the nitric acid line parameters. Also us-
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ing broadband emission spectra of the atmosphere recorded
by MIPAS it has been possible to validate the consistency
of the HNO3 line parameters in the various spectral ranges
covered by the MIPAS experiment. In order to facilitate
reading the manuscript we give in Table 1 the usual spec-
troscopic notation together with the notation used in the MI-
PAS database as well as in the HITRAN database, up to the
2000 release (Rothman et al., 2003), and the band centers of
the cold bands and of some hot bands or combination bands
which will be included in the new version PF3.2 of the MI-
PAS database.

2 Line positions

The line positions have been improved in two spectral re-
gions:

– around 11.2µm for theν5 and the 2ν9 cold bands for
which a new extended study has been performed allow-
ing to improve noticeably the P- and R-branch modeling
for the high values of the rotational quantum numbers
(Perrin et al., 2004);

– around 8.3µm for the ν8+ν9 and ν6+ν7 bands for
which it appears that the HITRAN database is not using
the best Hamiltonian constants and energy levels avail-
able in the literature (Perrin et al., 1999).

In the 11.2µm region a new analysis was performed by mix-
ing the existing microwave data and a re-analysis of a series
of infrared spectra recorded with different HNO3 amounts
and at various temperatures. Then, using an Hamiltonian
model and an intensity model taking fully into account the
various vibro-rotational resonances as well as the torsional
effects and the axis switching effect, a new line list of po-
sitions and intensities (as far as the absolute intensities are
concerned see next section) has been generated allowing one
to better model the HNO3 spectrum (Perrin et al., 2004).
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Table 1. Notations and band centers.

Spectroscopic notation MIPASPF3/HITRAN2K Band center
notation (cm−1)

Pure rotation 14–14 0.0
ν9 19–14 458.229
ν7 31–14 580.304
ν6 26–14 646.826
ν8 32–14 763.154

3ν9−ν9 23–19a 830.675
ν5+ν9−ν9 24–19 885.425

ν5 18–14 879.108
2ν9 21–14 896.447

ν8+ν9 33–14 1205.707
ν6+ν7 25–14b 1222.679

ν4 17–14 1303.518
ν3 27–14 1325.735
ν2 16–14 1709.568
ν1 15–14 3550.0

a Not included in HITRAN2K
b Not included in HITRAN2K and MIPASPF3.1 but included in
MIPAS PF3.2

In particular, as it can be seen in Figs. 1 and 2 of Perrin et
al. (2004), the new line parameters lead to a significant im-
provement in the wings of the 11µm window from which
one should now be able to retrieve more accurately the CFC-
11 (CCl3F) and CFC-12 (CCl2F2) atmospheric species at
∼850 and∼920 cm−1, respectively.

In the 8.3µm spectral region the line positions and the
line intensities included in HITRAN come from a private
communication (A. Goldman:ν8+ν9 band, 1990; originally
generated by A. G. Maki, based on Maki, 1989) and only
the strongest band absorbing in this region, theν8+ν9, was
accounted for, whereas this band is in interaction with an-
other combination bandν6+ν7. This interaction was treated
properly by Perrin et al. (1999) who has provided more pre-
cise and meaningful Hamiltonian constants. Using these con-
stants allows one to generate a better set of energy levels and
hence of line positions.

3 Line intensities

The determination of accurate line intensities for nitric acid
is an overarching problem and is still controversial since sev-
eral previous and ongoing efforts in various laboratories give
results which do not agree. The first studies concerned mea-
surements of the integrated band intensities (see Appendix A
for the relationship between the integrated band intensity
and the cold band intensity) at 11µm using low resolution
spectra (Goldman et al., 1971; Giver et al., 1984; Massie
et al., 1985; Hjorth et al., 1987). They led to integrated
strengths at 296 K varying from 490 to 638 cm−2 atm−1 (see

Table 2. Comparison of measured HNO3 integrated band intensi-
ties in the 11.2µm spectral region at 296 K.

References Integrated band intensity
cm−2 atm−1 cm−1/(molecule cm−2)

Goldman et al. (1971) 592 2.39(37)×10−17 a

Giver et al. (1984) 638 2.57(13)×10−17

Massie et al. (1985) 490 1.98(30)×10−17

Hjorth et al. (1987) 548 2.21(33)×10−17

The band intensities are given in the two most commonly used units.
a Numbers in brackets are RMS errors.

Table 2). The situation was not better for individual line in-
tensity measurements since the results obtained using a diode
laser technique (Brockman et al., 1978) are on the average
20% lower than those using Fourier transform spectra (Perrin
et al., 1993). Also there exists a discrepancy between the low
and high resolution measurements. For example the band
strength derived at 11µm from Perrin et al. (1993) is about
30% weaker than the value measured by Giver et al. (1984).
All these discrepancies show the difficulty of the problem.
Finally it is worth stressing that the recommendation adopted
for the preparation of the HITRAN2K database (Rothman et
al., 2003) was to normalize theν5 and 2ν9 linelist generated
in Perrin et al. (1993) to the Giver 11µm band intensity after
a proper hot band correction1.

Very recently two new studies were devoted to the mea-
surement of HNO3 line intensities at 11µm:

– an extensive set of HNO3 individual line intensities (733
and 402 for theν5 and 2ν9 bands, respectively) were
measured using Fourier transform spectra (Toth et al.,
2003). The goal was once again to measure accurate ab-
solute line intensities in the 11µm region while adopt-
ing special experimental precautions to minimize and/or
estimate correctly the HNO3 decomposition. This new
list of line intensities is rather complete providing one
with a much more extended set of measured intensities
and a larger range of rotational quantum numbers than
previously (Perrin et al., 1993). On the average these
new line intensities are weaker than those in the HI-
TRAN2K linelist: INTHIT2K /INTNEW∼1.136±0.060.
We used this set of data to normalize the HNO3 intensi-
ties at 11µm for MIPAS PF3.1. However it should be
noted that the HNO3 linelist used for MIPASPF3.1 was
the linelist generated by Perrin et al. (1993) whereas in
MIPAS PF3.2 we used the improved linelist generated
by Perrin et al. (2004).

1As explained in Appendix A, the integrated band intensity Stot
can be related to the intensity of the cold band through the “approx-
imate” relationship: Stot(T)=Scold band(T)*Zvib(T). For HNO3 we
use Zvib(296)=1.29952.
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– Fourier transform absorbances were measured at Pa-
cific Northwest National Laboratory (Chackerian et al.,
2003) for different samples of nitrogen-nitric acid mix-
tures at a spectral resolution of 0.112 cm−1 and used to
determine integrated cross sections in various spectral
domains. For the 11µm region, the integrated intensity
is about 6% lower than the value reported by Giver et
al. (1984) and about 7% higher than the intensities de-
rived from the measurements of Toth et al. (2003).

Now, given all these various results one has to decide which
sets of experimental intensity data should be used in the
MIPAS database. If one performs the arithmetic mean of
the experimental results quoted in Table 2 one gets for
the integrated total band intensity at 11.2µm (these exper-
imental results are the more numerous) the following value:
2.29(25)×10−17 cm−1/(molecule cm−2). This value, if it has
a significant physical meaning, corresponds to the value mea-
sured by Toth et al. (2003). Also it is worth stressing that
in the validation of the MIPAS nitric acid measurements us-
ing far infrared data from the IBEX (Infrared Balloon EX-
periment) experiment it is shown that this value gives the
best agreement between the two sets of atmospheric mea-
surements (Mencaraglia et al., 2006). As a consequence we
retained the Toth et al.’s individual line intensities at 11.2µm
which were fitted (Perrin et al., 2004). Then the correspond-
ing transition moment constants were used to generate the
line intensities included in MIPASPF3.2.

For the other spectral domains, except the domain 1160–
1240 cm−1, there is a reasonable agreement between the
Chackerian data and the Giver data; we then scaled the
Chackerian et al. (2003) data using the band intensity at
11.2µm derived from the fit of the Toth et al.’s (2003) data
and used the line parameters derived in this way to start the
validation process using the MIPAS spectra. The band inten-
sity values quoted in Table 3 for MIPASPF3.2 are the values
finally retained.

We do not understand the origin of the rather strong dis-
crepancy in the 1160–1240 cm−1 spectral domain. One ar-
gument could be that some impurity (such as N2O5) was ex-
isting in the Giver’s sample leading to a measured integrated
band intensity larger than it would be for a pure nitric acid
sample. For this reason we suggest to use in this spectral
domain the integrated band intensity value of Chackerian et
al. (2003) corrected as explained above. Table 3 gives the
band intensities derived from the line parameters included in
MIPAS PF3.1 (Flaud et al., 2003a) and MIPASPF3.2. Also
it is worth noticing that the HNO3 line intensities included
in the last issue of HITRAN have also been modified. We
give then the band intensities of HITRAN2K (Rothman et al.,
1998, 2003) as well of HITRAN04 (Rothman et al., 2005).

4 Broadening coefficients

4.1 Self-broadening coefficients

Although the HNO3 self-broadening coefficients are rather
large, their precise knowledge is not really important given
the nitric acid atmospheric concentrations. It is suggested to
use an average value of 0.807(70) cm−1/atm at 296 K based
on the 4 microwave measurements of Zu et al. (2002).

4.2 Air-broadening coefficients

The only existing line broadening calculation was performed
some years ago (Tejwani and Yeung, 1978). Since this histor-
ical work, which was performed using the Anderson-Tsao-
Curnutte theory, to our knowledge no other line broadening
calculation has been performed. It is however interesting to
notice that, even if the calculations cannot be considered as
being accurate, they show a strong dependence of the broad-
ening parameters with respect to the rotational quantum num-
bers.

As far as experiments are concerned there exist rather few
broadening measurements for HNO3 in the literature. The
most accurate were performed in the microwave or submil-
limeter spectral regions since it is then possible to observe
well isolated lines (Goyette et al., 1988, 1991, 1998; Zu et al.,
2002; Perrin et al., 2005). Table 7 of Perrin et al. (2005) gives
a list of air-broadening coefficients (these coefficients were
either measured directly or derived from the N2- and O2-
broadening coefficients through the classical relationship:
γair(T)=0.79γN2(T)+0.21γO2(T)) for various pure rotational
transitions in the microwave or millimeter region.

From Table 7 of Perrin et al. (2005), it is evident that there
exists a rather clear rotational dependence of the broadening
coefficients which need to be modeled. In the absence of
accurate theoretical calculations it was decided (Perrin et al.,
2005) to rely on an empirical model which reproduces as well
as possible the observed line broadening parameters. It was
then proposed to model the rotational dependence ofγair as
follows (see Perrin et al., 2005, for more details):

– ForJ = (J ′ + J ′′)/2 values< J Max
= 34.5

γair(J ) = aair+ bair · J

with aair=0.1280 cm−1 atm−1 and bair=−0.0008635 cm−1

atm−1.

– ForJ values>J Max

γair(J ) = γair(J
Max) = 0.982 cm−1/atm (constant value)

Figure 1 of Perrin et al. (2005) shows that the observed
air-broadening coefficients are rather well modeled with
the empirical formulae given above. Consequently the air-
broadening parameters included in MIPASPF3.2 were gen-
erated using the above formulae.
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Table 3. HNO3 integrated band intensities.

Range Assignmenta Integrated band intensity
(cm−1) (cm−1/(molecule cm−2))

Chackerian et Giver et HITRAN MIPAS HITRAN MIPAS
al. (2003) al. (1984) 2K PF3.1 04 PF3.2

820–950 18–14, 2.424(65)×10−17 b 2.54(13)×10−17 2.564×10−17 2.266×10−17 2.267×10−17 2.308×10−17

21–14,
23–19,
24–19

1160–1240 33–14, 1.263(81)×10−18 1.64(15)×10−18 1.592×10−18 1.587×10−18 1.589×10−18 1.235×10−18

25–14

1240–1400 17–14, 5.09(18)×10−17 5.15(26)×10−17 4.780×10−17 4.201×10−17 5.095×10−17 4.960×10−17

27–14

1480–1570 ν5+ν6, 9.01(81)×10−19 0. 0. 0.
2ν8

1640–1770 16–14 5.71(19)×10−17 5.70(37)×10−17 5.693×10−17 5.693×10−17 5.693×10−17 5.693×10−17

2460–2710 ν2+ν5, 1.42(20)×10−18 0. 0. 0. 0.
2ν3, 2ν4

a The assignments are given in HITRAN2K notation when the bands are included in the existing databases, in spectroscopic notation
otherwise.
b Numbers in brackets are RMS errors.

4.3 Temperature dependence of the line widths

There exist even rather few measurements concerning the
temperature dependence of the broadening coefficients (the
only n-temperature dependence obtained is nN2=0.64 to 0.74
and nO2=0.67 to 0.84 for N2 and O2, respectively; Goyette et
al., 1991, 1998). From these measurements no clear depen-
dence with respect to the rotational quantum numbers could
be derived for the nair coefficient (Perrin et al., 2005). An
average value of 0.725(90) can be derived not far from the
theoretical value of 0.75. For this reason we suggest to use
this last value for the MIPASPF3.2 database.

5 Validation of the new database

The new HNO3 line parameters were validated by compar-
ing MIPAS observed limb-emission radiances with radiances
simulated using alternatively the new (PF3.2) and the old
(PF3.1) line parameters. The MIPAS observed radiances
considered in this validation work (ESA reprocessed data
version 4.62) were selected among the observations acquired
during the “well-characterized” ENVISAT orbits 2081 and
2082 (from 24 July 2002), with nominal tangent altitudes of
12 and 24 km.

Since our forward model is not able to simulate the effect
produced by clouds located within the instrument field-of-
view, the observed spectra were preliminarily filtered to ex-
clude the measurements affected by clouds (Remedios et al.,
2003). In order to avoid disturbances due to upward error

propagation that may take place when retrieving HNO3 Vol-
ume Mixing Ratio (VMR) profiles from limb-scans affected
by clouds at low altitudes, whenever a spectrum with tan-
gent altitude equal to or lower than 12 km was detected, the
full limb-scan was excluded from our analysis. This filtering
process led to the selection of 55 spectra with nominal tan-
gent altitude of 12 km and 55 spectra with nominal tangent
altitude of 24 km.

For each of the selected measurements, the corresponding
simulation was calculated in the following three spectral in-
tervals affected by the new spectroscopic HNO3 line data:

a) 840–930 cm−1 (sub-interval of MIPAS band A)

b) 1270–1360 cm−1 (sub-interval of MIPAS band B)

c) 1670–1740 cm−1 (sub-interval of MIPAS band C)

The synthetic spectra were simulated using a modified ver-
sion of the 2-D forward model implemented in the Geofit
code (Carlotti et al., 2001). Beyond the capabilities of the
Geofit forward model, the used model includes some addi-
tional functionalities, namely:

– modeling of heavy species with tabulated cross-
sections,

– modeling of line-mixing, pressure-shift and self-
broadening,

– modeling of atmospheric continua due to H2O, O2 and
N2,
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– capability to simulate spectral intervals as broad as the
MIPAS bands.

In all the forward model calculations presented in this paper,
the atmospheric composition and the observation geometry
were assumed as follows:

– line-of-sight pointing angles, pressure, temperature, and
VMR of H2O, O3, CH4, N2O and NO2 had the values
retrieved by the MIPAS off-line processor (Ridolfi et al.,
2000), operated with the MIPASPF3.1 spectroscopic
database.

– The VMRs of all the other chemical species, but HNO3,
were set equal to their climatological value specific for
the month of July and the latitude band to which the
observations refer.

Three sets of simulations were calculated, differing for the
used HNO3 spectroscopic database and the HNO3 VMR pro-
file distributions. Namely, the simulated sets (Sx) of spectra
are characterized as follows:

S1: spectroscopic database version PF3.1, HNO3 VMR pro-
files retrieved by the MIPAS off-line processor operated
with the PF3.1 spectroscopic database;

S2: spectroscopic database version PF3.2, HNO3 VMR pro-
files retrieved by the MIPAS off-line processor operated
with the PF3.1 spectroscopic database;

S3: spectroscopic database version PF3.2, HNO3 VMR pro-
files retrieved by the MIPAS off-line processor operated
with the PF3.2 spectroscopic database.

In all cases, the off-line processor used the spectral inter-
vals: 876.375–879.375 cm−1 and 885.100–888.100 cm−1.
Finally, in order to damp the sidelobes of the instrument re-
sponse function, both observed and simulated spectra were
apodized using the Norton-Beer strong apodization function
(Norton and Beer, 1976).

For each of the three simulated sets of spectra, the differ-
ences between observations and the corresponding simula-
tions (residuals) were averaged in order to reduce the impact
of the measurement noise. Nevertheless, the average resid-
uals widely exceed the noise error expected for the average,
especially in MIPAS band A. As we will show in Sect. 5.2,
this inconsistency has several causes, among them the erro-
neous assumption in our simulations of the VMR of some
CFCs and the use of an approximate instrument model. All
these effects produce an error in the simulated limb-radiances
of the same order of magnitude of the measurement noise
(about 50 nW/(cm−1 sr cm2)). This error can be hardly ap-
preciated when individual measurements are compared with
the related simulations, however the error becomes evident
when the noise is reduced by the averaging process. The
macroscopic shape of the average residual interferes with the
assessment of spectroscopic data, therefore it is desirable to

remove from these residuals at least the components that can
be attributed to known causes. For this reason, the average
residuals were corrected using the Residual and Error Corre-
lation analysis technique summarized hereafter.

5.1 The residual and error correlation analysis

The Residual and Error Correlation (REC) analysis used in
this study (A. Dudhia, private communication, 2002) is a
technique that permits to characterize objectively a residual
spectrum in terms of its consistency with the known error
sources that may affect either the observed or the simulated
spectra.

In case of perfect agreement between observations and
simulations, the residual spectrum consists of only measure-
ment noise. In practical cases however, the inaccuracies of
both the atmospheric and the instrument models contribute
to build-up a shaped residual spectrum. The features of
the residual spectrum depend on the actual errors affecting
the measured spectrum (as e.g. the intensity- or frequency-
calibration errors) and the simulated spectrum (as e.g. the
errors due to model parameter errors). The spectral signa-
tures due to a given error source can be characterized with
the so called error-spectrum. The error-spectrum of a par-
ticular model- or instrument-parameter is defined as the dif-
ference between the synthetic spectrum calculated applying
a 1σ perturbation to the considered parameter, and the cor-
responding spectrum calculated in unperturbed conditions.
The observed residual spectrum, represented here by then-
dimensional vectorr0, is the result of independent contri-
butions from the various error sources. Assuming that the
effects of the various error components combine linearly, the
residual spectrum can be simulated by a linear combination
of error spectra. If we arrange them error spectra of the
known error sources as columns of a (n×m) matrix E, the
simulated residual spectrumr can be calculated as:

r = Ec , (1)

wherec is them-dimensional vector of the coefficients of the
linear combination. The coefficientsc generating the sim-
ulated residual spectrum that best fits (in the least squares
sense) the observed one are obtained as:

c=
(
ET S−1E

)−1
ET S−1r0 (2)

whereS is the covariance matrix characterizing the measure-
ment noise of the observed spectrum.

5.2 Correction of the residuals with the REC-analysis

In Fig. 1 we report an example of the average residuals ob-
tained in the selected spectral sub-interval of MIPAS band A,
for nominal tangent height of 12 km. In particular, panel (a)
of this figure shows the average measured spectrum, panel (b)
shows the residual obtained with the average simulation of

www.atmos-chem-phys.net/6/5037/2006/ Atmos. Chem. Phys., 6, 5037–5048, 2006



5042 J.-M. Flaud et al.: Validation of HNO3 line parameters

Fig. 1. Example of average residual for a sub-interval of MIPAS band A, at nominal tangent height of 12 km. Panel(a) shows the average
measured spectrum, panel(b) shows the residual obtained with the average simulation of type S2 (green line) and the residual spectrum
simulated by the REC-analysis (blue line). Panel(c) shows the difference between the two residuals reported in panel (b) (green minus blue).
The dashed lines indicate MIPAS measurement noise level for the average: 7 nW/(cm2 sr cm−1) in this spectral interval.

type S2 (green line) and the residual spectrum simulated by
the REC-analysis (blue line). Panel (c) of Fig. 1 shows the
difference between the two residuals reported in panel (b)
(green minus blue). In Fig. 1 we can see that the REC-
analysis is able to capture most of the broadband- as well
as some fine-structures of the residuals observed with the S2
simulations. In particular we find that, in this spectral re-
gion the residual simulated by the REC-analysis is the linear
combination of error spectra relating to:

– VMR of CFC-11, CFC-12 and CFC-22,

– atmospheric continuum model,

– assumed pressure and temperature distributions,

– instrumental offset.

While the linear approximation of the REC-analysis does
not permit to estimate accurate corrections for the values of
forward- and instrument-model parameters that are respon-
sible for the shaped residual, it is possible to correct the av-
erage simulated spectrum by adding to it the REC-analysis
simulated residual, hence obtaining a less shaped residual as

the one shown in panel (c) of Fig. 1. The corrected residu-
als permit to highlight with a better contrast their remaining
unexplained features.

For the sake of our validation we carried-out the REC-
analysis individually, on each of the average residuals ob-
tained from the simulations of type S2, i.e. for each of
the three considered spectral intervals and the two tangent
heights of 12 and 24 km. The simulated residuals resulting
from this REC-analysis were then added to the corresponding
average simulated spectra of all types S1, S2 and S3, hence
producing corrected residuals. It is worth noting that, since
the same correction is applied to all of the three simulation
types, possible differences among S1-, S2- and S3-corrected
residuals cannot be attributed to the REC-analysis procedure.

Uncorrected average residuals relating to the selected
spectral regions in MIPAS bands B and C are much less dis-
torted than the residuals in band A (Fig. 1), therefore we are
not showing plots for these spectral intervals. It is worth to
mention that the REC-analysis in bands B and C highlighted
that:

– in the spectral interval 1270–1360 cm−1 only the instru-
mental offset is relevant;

Atmos. Chem. Phys., 6, 5037–5048, 2006 www.atmos-chem-phys.net/6/5037/2006/
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Fig. 2. Panel(a): average of 55 MIPAS spectra acquired during orbits 2081 and 2082 for a sub-interval of band A, at tangent altitude of
24 km. Panels(b), (c) and(d) show the residuals relating to the REC-corrected average residuals from simulations of type S1, S2 and S3,
respectively. The noise level for the average in this spectral interval is about 7 nW/(cm2 sr cm−1).

– in the spectral interval 1670–1740 cm−1 the important
error sources are: VMR of ClONO2 and instrument
model errors such as instrument line-shape distortion,
radiometric gain, offset and frequency calibrations.

5.3 Analysis of the corrected residuals

The REC-analysis corrected average residuals were charac-
terized individually, for each considered spectral interval and
tangent height, in terms of both their average and root mean
square (RMS) deviation.

Table 4 presents the results of this analysis. First, it is easy
to recognize (see rows of Table 4 with bold entries) that for
the two selected spectral intervals in MIPAS bands A and
B, at both tangent heights, the new database provides results
better than the old one in terms of both average value and
RMS of the residuals. The line database changes, however,
have only a marginal impact on the residual in band C. Fur-
thermore, we can also see that, while using for the simula-
tion the new HNO3 line data, the residual changes only very
marginally if we use the HNO3 VMR distribution retrieved
either with the old or the new line data (compare Table 4 rows
with label “3.2” and “3.2c” on the first column). This is due

to the fact that in the microwindows used for the retrievals
the old and the new HNO3 line data are not very different.

A “visual” confirmation of these findings can be found in
the plots presented in Figs. 2 and 3 referring to the selected
spectral intervals in bands A and B respectively, and to the
tangent height of 24 km, where the HNO3 concentration is
near its maximum. In these figures panels (a) show the aver-
age observed spectrum, while panels (b), (c) and (d) show the
average REC-corrected residuals obtained from simulations
of types S1, S2 and S3, respectively. Note that, since the
achieved improvements are less visible at 12 km (less HNO3
amount), we are not showing plots of the residuals for this
altitude.

The marginal changes of the residual obtained when mov-
ing from simulations S2 to simulations S3 hint at the fact
that in practice, when moving from the old to the new HNO3
line data, the retrieved HNO3 VMR distribution is not chang-
ing dramatically. In Fig. 4 we show the average HNO3 pro-
files (panel a) retrieved from the MIPAS measurements con-
sidered in this work, using the old (solid line) and the new
(dashed line) HNO3 line data. Panel (b) of Fig. 4 shows
the percentage differences between these two average pro-
files: these amount to about 1–1.2 % (i.e. using the old HNO3
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Fig. 3. Panel a): average of 55 MIPAS spectra acquired during orbits 2081 and 2082 for a sub-interval of band B, at tangent altitude of
24 km. The format is the same as in Fig. 2. The NESR of the average in this spectral interval is about 3 nW/(cm2 sr cm−1).

Fig. 4. Average HNO3 VMR profiles retrieved using MIPASPF3.1
and PF3.2 spectroscopic databases (panela) and percentage differ-
ences (panelb).

database the retrieved VMR profiles turn-out to be system-
atically underestimated by this amount) and are almost in-

dependent from the altitude. As expected from the analy-
sis of the residuals, these differences are small if compared
with the random error (≈6%) with which the HNO3 VMR is
usually retrieved from the individual limb-scans of MIPAS.
However the obtained differences are purely systematic and
therefore become extremely important when large sets (more
than about 25) of HNO3 VMR profiles are averaged.

Beyond the improvements of the residuals achieved with
the new line database, some considerations are wise re-
garding the overall quality of the residuals. In particu-
lar we discuss the consistency of the improved residuals
with the related Noise Equivalent Spectral Radiance (NESR).
As indicated in Table 4, the NESR relating to the aver-
age residuals in bands A, B and C is respectively 7, 3 and
0.9 nW/(cm2 sr cm−1), independent of altitude. Therefore,
comparing the RMS of our “best” obtained residuals (from
simulations of type S3) with the related NESR it turns-out
that:

– Band A: we have to distinguish between the two con-
sidered altitudes. At 24 km the RMS of the residual
(≈9 nW/(cm2 sr cm−1)) is mostly consistent with the
related NESR, while at 12 km the RMS of the resid-
ual (≈14 nW/(cm2 sr cm−1)) exceeds the related NESR
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Table 4. Results of the comparison of MIPAS observed and simulated spectra for tangent heights of 12 and 24 km.

Tangent Height: 12 km Tangent Height: 24 km
MIPAS Scaling MIPAS Spectral Average RMS Average RMS
database factor banda interval differenceb (r.u.) difference (r.u.)
version (cm−1) (r.u.) (r.u.)

3.1 1.0 A 840–930 5.94 17.29 2.91 11.02
3.2 1.0 A 840–930 0.00 13.95 0.00 9.09
3.2c 1.0 A 840–930 −0.14 13.95 −0.02 9.09

3.2 0.96 B 1270–1360 1.06 9.85 1.49 9.98
3.2 0.98 B 1270–1360 0.53 9.63 0.74 9.93
3.1 1.0 B 1270–1360 4.45 11.79 6.12 10.32
3.2 1.0 B 1270–1360 0.00 9.00 0.00 8.65
3.2c 1.0 B 1270–1360 -1.39 8.58 0.08 8.64
3.2 1.02 B 1270–1360 −0.52 8.85 −0.74 8.70
3.2 1.04 B 1270–1360 −1.04 8.75 −1.47 8.82

3.2 0.96 C 1670–1740 0.24 1.35 0.31 1.27
3.2 0.98 C 1670–1740 0.12 1.30 0.15 1.25
3.1 1.0 C 1670–1740 0.10 1.22 0.07 1.14
3.2 1.0 C 1670–1740 0.00 1.21 0.00 1.15
3.2c 1.0 C 1670–1740 -0.19 1.17 0.01 1.15
3.2 1.02 C 1670–1740 −0.12 1.18 −0.15 1.16
3.2 1.04 C 1670–1740 −0.23 1.16 −0.31 1.19

a NESR levels of the average MIPAS spectra in bands A, B and C are respectively 7, 3 and 0.9 nW/(cm2 sr cm−1).
b r.u.: Radiance Units, nW/(cm2 sr cm−1).
c Best fit simulation generated with HNO3 VMR profiles retrieved using MIPASPF3.2.

by about a factor of two. We suspect that, despite the
use of a cloud detection scheme, at this altitude the ef-
fect of unmodeled clouds may still play an important
role in building-up large residuals in band A, where
the spectrum is the most sensitive to the presence of
clouds in the instrument field-of-view. This conclusion
is also supported by the recent findings of the MIPAS
data products validation activities that presently are still
on-going (see individual validation papers in this spe-
cial issue).

The visual inspection (see Fig. 2 for 24 km altitude)
reveals that the large RMS is also due to localized
“shaped” residuals. According to the REC-analysis, the
uncorrected features in this band can only be attributed
to remaining deficiencies in the HNO3 spectroscopic
data. For the peak at 885.4 cm−1 we think that the large
residual is because no line-mixing effects were intro-
duced in the calculation leading to an approximate mod-
eling of the Q-branch ofν5+ν9−ν9 which is extremely
narrow. We believe also that the peak at 875 cm−1 is
due to a missing hot band likelyν5+ν6−ν6 or possibly
ν5+ν7−ν7 (McGraw et al., 1965).

– Band B: in the considered spectral interval the RMS of
the residuals (≈8.62 nW/(cm2 sr cm−1)) is still greater

than the NESR by a factor of about three. Also in this
case we attribute the remaining features of the residual
to further uncorrected deficiences in the HNO3 spectro-
scopic data (see also Fig. 3 for 24 km tangent altitude).
This is due to the fact that the spectroscopic modeling
of theν3 andν4 bands is far from perfect due to a lot of
resonances to be accounted for (Perrin et al., 1993, and
references therein).

– Band C: at both the considered altitudes, 12 and 24 km,
the RMS of the residuals (≈1.16 nW/(cm2 sr cm−1)) is
mostly consistent with the related NESR. The visual in-
spection of the residual (not shown here) does not reveal
any “localized” problem.

This analysis leads to argue that, while this work implied a
significant improvement of the HNO3 line parameters, the
modeling of MIPAS limb-emission spectra would certainly
benefit of further spectroscopic line data improvements.

5.4 Inter-band calibration

To go one step further we have tried to see if using the MI-
PAS spectra it could be possible to improve the consistency
of the HNO3 intensities in the different spectral ranges. For
that we have assumed that the line intensities in band A were
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Table 5. HNO3 line parameters in MIPASPF3.2.

BANDa XMIN b XMAX b SMINc SMAXc STOTd NBe

31 14 600.0003 613.6181 0.2425D-22 0.1652D-21 0.6853D-19 1200
26 14 615.0260 677.9806 0.2830D-22 0.8540D-21 0.1262D-17 8379
32 14 722.5331 809.9647 0.1211D-22 0.1090D-20 0.1242D-17 7101
23 19 769.6870 884.4384 0.3838D-24 0.6717D-21 0.5290D-18 17720
18 14 806.2073 963.9949 0.9830D-24 0.6600D-20 0.1027D-16 57108
21 14 806.7087 963.4347 0.9830D-24 0.3880D-20 0.7503D-17 55310
24 19 832.1165 942.9013 0.9870D-24 0.7000D-21 0.1067D-17 14521
27 14 1098.3760 1387.8490 0.1037D-22 0.3133D-19 0.2537D-16 21308
3314 1133.5516 1258.8061 0.3706D-24 0.4448D-21 0.9284D-18 40 119
2514 1147.5084 1250.1141 0.3713D-24 0.3535D-22 0.1570D-20 559
1714 1229.8670 1387.5610 0.1037D-22 0.1867D-19 0.1277D-16 19 584
1614 1650.0136 1769.9822 0.2119D-23 0.2119D-19 0.4381D-16 32340

a Band notation in the HITRAN2K format (see Table 1)
b Lower and higher line position for the band
c Lower and higher line intensity for the band
d Total band intensity
e Number of transitions for the band

correct and we have repeated the simulations of type S2 by
multiplying the HNO3 intensities in bands B and C by factors
ranging from 0.96 to 1.04. The resulting average residuals
were then corrected with the same REC-simulated residual
used in the previous analysis, the average value and the RMS
of these residuals are reported in column 2 of Table 4. We
find that, when multiplying the HNO3 intensities by factors
of the order 1.02 or 1.04, in both bands the average residu-
als decrease, corresponding to a general improvement of the
residuals because the offset correction provided by the REC-
analysis is always greater than +3 nW/(cm2 sr cm−1). On the
other hand, depending on the considered altitude, the corre-
sponding RMS are either decreasing (12 km) or increasing
(24 km). In fact we think that, since the residuals include
contributions from other atmospheric species which are not
perfectly modeled, the decrease of the average differences
is due to the increased HNO3 contributions that compensate
some deficiencies in the modeling of the other species. As
a consequence it is not possible to improve the consistency
of the HNO3 line parameters in the various MIPAS bands.
However one can say that the HNO3 line intensities are con-
sistent to within 4–5%.

An alternative method that could be used for inter-band
calibration would consist in comparing the average HNO3
VMR profiles retrieved from spectral features in the individ-
ual bands. As reported in Fig. 3 of Rothman et al. (2005),
this method was successfully applied by Boone and Bernath
in 2004 to the occultation measurements of the Atmospheric
Chemistry Experiment. In the case of MIPAS, however, the
error budget of the HNO3 VMR (Dudhia, 2005) contains
large band-dependent systematic components that would
make the ratio between profiles retrieved from the different

bands affected by a systematic error greater than the inter-
band calibration factor we would like to identify.

Table 5 gives detailed information on the new HNO3
line parameters included in the last version of the MIPAS
database (MIPASPF3.2).

6 Conclusion and update of the MIPAS database

Using the most recent and precise experimental results con-
cerning HNO3 spectroscopic parameters as well as improved
theoretical methods it has been possible to generate an im-
proved set of line parameters for this molecule in the spec-
tral range covered by the MIPAS experiment. These line pa-
rameters have been validated using broadband atmospheric
spectra recorded by MIPAS and have been included in the
last version of the MIPAS database MIPASPF3.2. The
new HNO3 line data will also be provided to the HITRAN
database community.

The analysis of the improved residuals, obtained after the
update of the HNO3 line data, shows that further improve-
ments of the line parameters of this molecule would still be
desirable.

Appendix A

The line intensity (in cm−1/(molecule cm−2)) for a given
vibration-rotation transition is given by the following expres-
sion:

k = (
8π3ν

3hc4πε0
) exp(−

EL

kT
) (A1)
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×[1− exp(−
hcν

kT
)]

1

Z(T )
| < 9 ′′|µ|9 ′ > |2

where<9 ′′|µ|9 ′> is the matrix element of the transition
dipole moment operator corresponding to the band,Z(T ) is
the rotation-vibration partition function calculated at the tem-
peratureT . EU andEL are the upper and lower energy levels
of the transition andν is the line position.

If the assumption that rotation and vibration can be sepa-
rated is valid it is possible to sum all the rotational transitions
belonging to a single band to get the vibrational band inten-
sity given by:

Svib = (
8π3νv

3hc4πε0
) exp(−

Ev
L

kT
)[1− exp(−

hcνv

kT
)] (A2)

×
1

Zvib(T )
| < 9 ′′v |µ|9

′
v > |2

whereνv is the band center,Zvib(T ) is the vibrational parti-
tion function and|<9 ′′v |µ|9

′
v>|

2 is the vibrational transition
moment squared. For a given vibrational mode one has:

Zvib(T ) = 5[1/(1− exp(−Ev/kT ))]

In the harmonic approximation|<9 ′′v |µ|9
′
v>|

2 is equal to
(vi+1) (∂µ/∂qi)

2 where∂µ/∂qi is the change in dipole mo-
ment with respect to the normal coordinateqi . Also in the
harmonic approximationEv=viωi andνv=ν0 the band cen-
ter of the cold band.

Accordingly, the intensity of a given band can be written
as:

Sv←v+1 = (
8π3ν0

3hc4πε0
) exp(−

vω

kT
)[1− exp(−

ω

kT
)] (A3)

×
(v + 1)

Zvib(T )
(
∂µ

∂qi

)2

or

Sv←v+1 = (
8π3ν0

3hc4πε0
) (A4)

× [exp(−
vω

kT
)− exp(−(

(v + 1)ω

kT
)]

(v + 1)

Zvib(T )
(
∂µ

∂qi

)2

The integrated band intensityStot=
∑

Sv←v+1 is then given
by:

Stot = (
8π3ν0

3hc4πε0
)(

∂µ

∂qi

)2 1

Zvib(T )

∑
exp(−

vω

kT
) = (A5)

= (
8π3ν0

3hc4πε0
)(

∂µ

∂qi

)2

On the other hand the intensity of the cold bandScold bandis
equal to:

Scold band= (
8π3νv

3hc4πε0
)(

∂µ

∂qi

)2 (A6)

×[1− exp(−
ω

kT
)]

1

Zvib(T )

Combining Eq. (A5) and Eq. (A6) leads to:

Stot = Scold band× (A7)
Zvib(T )

[1− exp(−Ev=1
U /kT )]

∼ Scold band× Zvib(T )

As a consequence it is possible to use Eq. (A7) to link
the intensity of the cold band with the integrated band
intensity knowing the vibrational partition function (for
HNO3 Zvib(296)=1.29952 according to the band centers
given in Table 1).
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