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Abstract

In this article we report the most recent advances of our knowledge of non-LTE atmospheric emissions gained from the
MIPAS spectra on the Envisat satellite. These include improvements in our knowledge: of the collisional processes between
the CO (1001), (0221), and (091) vibrational levels; of the nascent distribution and collisional relaxation of theitra-
tional states; and of the vibrational—vibrational energy transfer rates betwg2{®2D) and Q. In addition we report: the first
evidence of mesospheric GH4 7.6-um emission; much lower non-LTE populations of theJ{Q = 1-4) in the daytime
stratosphere than previously thought; the first experimental confirmation of the non-LTE excitation of NO(1) in the daytime
stratosphere; and the first detection of the CO first hot band non-LTE emission near 4I@ gite.this article: M. Lopez-

Puertaset al., C. R. Physique 6 (2005).
0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
Résumé

Observations par le Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) d’'émissions atmosphé-
riques par des espéces hors Equilibre Thermodynamique Local. Dans cet article nous présentons les avancées les plus
récentes apportées par les spectres fournis par MIPAS sur le satelitte Envisat pour ce qui concerne les émissions de rayonn
ment par des molécules atmosphériques hors ETL. Il s’agit du progrés de nos connaissances des processus collisionnels ent
les niveaux vibrationnels (£a), (0221), et (021) de CGQ comme de la distribution initiale et de la relaxation des états vibra-
tionnels de @ et des transferts vibration-vibration d’énergie entpgXD20) et Q. De plus, nous présentons : la premiére mise
en évidence de I'émission mésosphérique dans la bande CH, vers 7.6-um ; des populations non-ETL de N@; = 1-4)
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observées dans la stratosphere pendant le jour beaucoup plus faibles que ce que I'on attendait; la premiére confirmation expé-
rimentale de I'excitation non-ETL du NO(1) stratosphérique pendant le jour; et la premiére détection de I'émission non-ETL
dans la premiéere bande chaude de CO vers 4.7Ppor.citer cet article: M. Lopez-Puertas et al., C. R. Physique 6 (2005).

0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Assuming we can define a local kinetic temperature defined by the Maxwellian statistics of molecular motion at any at-
mospheric altitude, we say that an emitting vibrational level is in LTE (local thermodynamic equilibrium) when its population
is given by Boltzmann’s law at the local kinetic temperature. Its emission is then given by the Planck function at the same
temperature. If, on the contrary, its population cannot be described by Boltzmann’s law at the local kinetic temperature, we
then say that it is in non-LTE, and emits a nhon-LTE emission. LTE normally occurs when collisions are so frequent that the
energy level populations are thermalized at the local kinetic temperature, i.e., at the higher pressures of the lower atmospheric
altitudes. However, at higher levels, non-LTE becomes important, particularly when we have important excitation sources as the
absorption of solar radiation or chemical reactions. The concept of non-local thermodynamic equilibrium (non-LTE) is usually
associated to the infrared emissions emitted by planetary atmospheres. More details about the fundamentals of non-LTE can be
found in [1-5].

Non-LTE emissions in the Earth’s atmosphere are important for several reasons. Apart from its contribution per se to a better
knowledge of the atmosphere, they are essential for calculating the thermal cooling and solar heating rates of the middle and
upper atmosphere. Furthermore, the rapid growth of infrared detector technology in recent decades allows us today to sound the
middle and upper atmosphere using the limb emission measured by infrared sensors on satellites [7,9]. The inversion of these
data in terms of temperature and composition profiles depends on non-LTE radiative transfer theory.

Non-LTE processes in the atmosphere were reviewed a few years ago by Lopez-Puertas and Taylor [2]. However, in the last
few years, a wealth of infrared atmospheric emissions measurements have been acquired by the MIPAS (Michelson Interferom-
eter for Passive Atmospheric Sounding) instrument [6-8].

MIPAS is a high resolution limb sounder on board the ENVISAT satellite, successfully launched on 1 March 2002 [7,6]. It
has several advantages which makes it a very good instrument for studying the atmospheric non-LTE emissions:

(i) its wide spectral coverage (4.15-14.6 um or 680—2275%mallowing for measuring emissions from a given compound
in different spectral regions;
(ii) high spectral resolution (0.035 c‘rﬂ), enabling the discrimination of emissions from different species, and between dif-
ferent bands of the same species; and
(ii) its high sensitivity allowing measurement of emissions in the upper atmosphere where non-LTE emissions are most im-
portant (see Table 1).

In addition, MIPAS has a global pole-to-pole spatial coverage and a day and night temporal coverage. MIPAS scans the
limb operationally from 6 km up to 68 km and up to 170 km in the upper atmosphere modes of observation. In this article we
present a review of the most important advances in atmospheric non-LTE processes that we have learned so far from MIPAS
measurements.

Table 1
MIPAS spectral bands
Band Spectral range NESR Major atmospheric emitters/absorbers

(cm™1 [nW/(cm? sr e 1)]
A 685-970 50 CQ, O3, CFC11, CFC12, CFC22, HNOCIONOy,

HNOy4, CoH», CoHg, CCly, OCS, Sk, aerosols

AB 1020-1170 24 @, N2O, CFC12, aerosols
B 1215-1500 12 MO, HpO, CHg, HNO3, N2Os, CIONG,, CRy, COR, HCN
C 1570-1750 4 HO, NO,, O3, HNO3, NO
D 1820-2410 4 C@, CO, NO, @3, N0, OH, NOt, H,0, OCS, COb
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2. CO2 4.3-pym emission

Carbon dioxide has many of vibrational transitions in the 4.3 pum spectral region, including its strongest atmospheric bands.
Itis known (see, e.g., [2]) that these bands start departing from LTE around the stratopause, the departure being particularly im-
portant during daytime, when they are pumped by absorption of solar radiation mainly at 4.3 and 2.7 um. The study of non-LTE
processes in these bands is very important because they are usually used for retrieving #iei@ance in the mesosphere
and lower thermosphere [10-14]; and also because they affect the populations &gl emitting in the 15-um first and
second hot bands, which are used for retrieving the kinetic temperature. Several studies have been conducted for understandin
the non-LTE population of the levels emitting at 4.3 um using measurements taken by wide-band radiometers and spectrometer:
with moderate spectral resolution (see, e.g., using SAMS and ISAMS data [10-12], SPIRE data [4], and CRISTA data [13]). It
is also known that there are many bands contributing to the Earth limb radiance at 4.3 um but the lack of measurements with
good spectral resolution has prevented one from knowing accurately their individual contributions to the Earth limb emission.

The advantage of having a high resolution instrument, like MIPAS, is that emission from all 4.3 um bands can be measured,
so itis the ideal experiment to study the individual populations of these levels. Although still preliminary, with MIPAS we have
been able to test the non-LTE models for many,Gftates giving rise to the emission at 4.3 and 10 pm; and to improve our
knowledge of the vibrational—-vibrational processes involvingpG@®andvz quanta.

We have conducted a study for analyzing the MIPAS spectra in the 4.3-um region. Non-LTE limb emission spectra at
MIPAS resolution were computed and compared with the measurements. The limb radiance calculations were carried out with
the KOPRA code [15] and including the appropriate non-LTE populations of the emitting levels computed with the GRANADA
non-LTE generic model [16].

Fig. 1 shows a typical daytime spectrum in the 4.3-um region taken at a tangent hetghi® &m on 2nd July 2002 at
geolocation 47.9N, 48.7PE and solar zenith angle (SZA) of 32.8The emission in the region from2250 to~2290 cnlis
mainly due to the fundamental 4.3-um band of the 636 (second most importapis@@pe. The larger radiance in the center

MIPAS limb radiance spectra at 70 km tangent height
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Fig. 1. MIPAS daytime spectra in the 4.3-um spectral region, dominated byl@@ds, at a tangent height of 70 km. Upper panel shows
measured (dark grey/black), simulated with @ldand k, collisional rates (mid-grey/red), and simulated with new collisional rates (light
grey/blue) radiance (see text for details). Lower panel: Residual (simulated—measured) radiances. (For interpretation of the references to color
the reader is referred to the web version of this article.)
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of the figure is mainly due to the contribution of the major 626 isotope second hot bands: $r1>0200; SH2: 021 —
0220; and SH3: 181 — 1070, to the first hot band: FH: 31 — 0110, and to the P-branch of the fundamental band of the major
isotope (FB). The minor isotopic fundamental bands (628 and 627) also contribute but to a smaller amount. At wavenumbers
larger than~2350 cnt1, the R-branch of the major isotope fundamental band is the dominant contributor.

In Fig. 1 we also show simulated limb spectra with non-LTE populations computed with the so far accepted collisional
relaxation rates for the C{Qevels responsible for these emissions. In particular, the collisional rates between the upper states
of the levels emitting the 4.3-pm second hot band8002220, and 181:

ki COp(0201,10°1) + M < CO»(02°1) + M 1)
kp:  COx(021) + M < COp(10°1) + M )

given by 15 x 10~13 and 3x 10711 em3s1, respectively. All other non-LTE parameters were taken from the 8@-LTE

model as described in [2]. These spectra were calculated using the pressure and kinetic temperature previously retrieved from
MIPAS measurements in the 15-um region as described in [17] and fitting also simultaneously,thel@@e mixing ratio

(vmr). The concentration of éD), which is known to significantly enhance the population ofzﬂmol), was calculated by

using a photochemical model and thg &bundance retrieved from MIPAS spectra in the 10-um region [18]. Fig. 1 shows that

the emission in the region of the SH1 and SH3 second hot bands is, overall, significantly overestimated, although the emission
lines in the SH2 second hot band are underestimated. Calculations performed by varying the collisional paraiaeddts

have shown that a much better fit of the measured spectrum is obtained if using valugs d0613 and 8x 10713 cm3s—1

for these rates, respectively. These values are very different from previous rates, they differ by factors of 3.5 and 0.025, and
represents a significant improvement of the values used before.

When using the new rates, it is remarkable how good the non-LTE model is able to reproduce the Earth daytime 4.3-um
limb spectrum for all bands (see Fig. 2). In this small spectral window, all of the eight lines, arising from seven different bands,
the upper states of which are all in non-LTE with different populations, are very well fitted. This clearly shows the enormous
usefulness of MIPAS spectra for improving our understanding of non-LTE processes in the atmosphere.

MIPAS limb radiance spectra at 70 km tangent height
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Fig. 2. A zoom of the MIPAS daytime spectra in Fig. 1. The eight emission features in the spectra are due, from left to right, to lines in the
following 4.3-um bands: SH3, SH2, 628, FH, SH1, FB, SH2, and 636, respectively. See text for the meaning of these labels.
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3. O3 5-um emission

Ozone emission in the 10-pum region is commonly used for measuring its atmospheric abundance (see, e.g., [9,18,19]). Its
emission in this spectral region arises mainly from the fundamental band but there are also many hot bands which, due to the
non-LTE enhancements of highg@ibrational levels after the ozone reaction formation,©0 + M — O3(v1, v2, v3) + M,
also contribute with a significant amount of radiation. The detailed populations of these levels are not well known, where the
nascent distribution and their subsequent collisional relaxation are the two major unknown parameters (see, e.g., [19,2]). The
high spectral resolution of MIPAS enables one to discriminate the-9@DO emission from the hot bands contribution in the
10-pum region, and is used to derive thg @bundance from the stratosphere to the mesosphere [18]. Although MIPAS does
not cover the region from 970 to 1170 ch where many @ v3 hot bands emit, it does cover the 5-um region (see Table 1),
where emission originates from high vibrationally excitegl I8vels. This radiance, together with simultaneous pressure and
temperature retrievals and the @undance derived from the 10-um 081000 emission, provides an exceptional information
to improve our knowledge of ©non-LTE processes. Fig. 3 shows averaged spectra in the 2020—2032region for day
and nighttime conditions taken by MIPAS on 2 July 2003 at a tangent heighb6fkm. Many highly excited @ hot bands
contribute to this region as: 062 000, 112— 011, 102— 001 and 202 101. Despite @ concentration is larger at nighttime
than at daytime at these altitudes, we see a considerable daytime enhancement, which is attributed to the enhanced non-LT
population of the @ high energy vibrational levels.

Analogously, Fig. 4 shows similar day and nighttime spectra but in a different spectral region 2120—2126Adth the
exception of the largest radiance of the CO line near 2123:7¢the daytime enhancement observed at other wavenumbers
arises mainly from ro-vibrational transitions of the @01 — 000 band. Hence, these spectra give us information about the
populations of the 102 and 101 levels, i.e., from levels cloagte 3 and 2, respectively.

A preliminary analysis of @ non-LTE processes based mainly in the region of 2080—21301((Iﬁg. 4) has been recently
carried out by Kaufmann et al. [20]. It has been found that using a typigald@-LTE model, whereby the O+ O recombina-
tion reaction produces4atvz = 5 and using the most recent collisional relaxation rates #foQ vy, v3) [21,22], the MIPAS
daytime radiance in this spectral region is underestimated by a factor of 2—3 in the 60-70 km region. Two possibilities have
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Fig. 4. As Fig. 3 but for the 4.7-um spectral region dominated ByL@L— 000 transitions. The largest peak is a CO transition.

been proposed for increasing the modeled radiances: (i) Brex€itation produced after recombination occurs at lower energy
levels, e.g.p3 = 3 instead ofvg = 5; or (i) the stretchingy, v3) to bending {2) collisional rates for high vibrational levels

have to be reduced by a factor of 3—4. This analysis is still in progress and is being extended to the lower wavenumber region
where higher @ vibrational levels emit (see Fig. 3). In addition to the relevance of this 5-um study for improving the accuracy

of the O retrieval, it also gives an excellent opportunity to complement laboratory experiments abou éxeitation and
relaxation mechanisms since these are very difficult to carry out and interpret.

4. H20 6.3-um emissions

The emission of water vapor in the 6.3-um region is commonly used for retrieving its atmospheric abundance (see, e.g.,
[7,9]). Water vapor emits in this spectral region mainly from the fundamental{©0®0) and from the first hot (026~ 010)
bands. These emissions have been studied in the past using ISAMS, CIRRIS and CRISTA measurements [23-25], and are
known to be in non-LTE at altitudes above around 50—60 km during daytime. However, the large spectral resolution and high
sensitivity of MIPAS permits an improvement of our knowledge of non-LTE processes in48®e6:8-um emissions to be
achieved. Fig. 5 shows a mean of 90 spectra for day and nighttime at an approximate altitude of 66 km in the 1600=1630 cm
spectral region (upper panel). One can easily distinguish the contributions of the different lines in the fundamental and first
hot transitions. Although it has been shown in previous measurements and studies that both transitions contribute to the Earth’s
radiance, it has never before been shown so neatly. The day-night difference spectrum (lower panel) is dominated by the first hot
lines. Their emission at nighttime is negligibly small while at daytime they emit a significant radiance because of the absorption
of solar radiation at 2.7 um that excites®(001), and then relaxes via collisional processes40(920).

The day-night difference in the integrated radiance, after summing over all first hot band lines in the MIPAS spectral range,
is shown in Fig. 6 as a function of latitude. It can be noted that the daytime enhancement occurs at altitudei&baae
reaching values close to 250% of the mean day/night radiance in the upper mesosphere. The lower rathiénrim the lower
stratosphere at northern mid-latitudes during daytime are due to a colder daytime kinetic temperature in this region (see also,
Fig. 9). A detailed analysis of these measurements has been recently carried out by Koukouli et al. [26] in order to improve our
knowledge of the non-LTE excitation of the (020) level. This state is mainly affected by the rate of the vibrational-vibrational
collisional process:

k)): Hp0(020) + Op <> Ho0(010) + Ox(1) ©)
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The optimal quality (high spectral resolution and large signal/noise ratio) of the MIPAS upper atmosphere measurements have
permitted the determination of this rate with a value @6lx 10 cn®s~1 and an uncertainty of only 10% [26]. Values deter-
mined from previous experiments range between 1 ard@ 12 cmis 1,

The lines of the fundamental band also show a significant daytime enhancement albeit a smaller one (Fig. 5). This is more
clearly seen when integrating the radiance over all of the transitions in the band recorded within the MIPAS spectral range
(Fig. 7). This figure demonstrates clearly that the fundamental band daytime enhancement is significant5abloveand
increases up te-40-50% in the upper atmosphere. Understanding this enhancement is very important in order to retrieve
accurate daytime mesospheric water vapour abundances from its 6.3-um emission. There are several processes contributing tc
this enhancement. The population of {010) is enhanced by absorption of solar radiation at 6.3 um, and at 2.7 um following
the collisional relaxation of process (3). It is also enhanced after the photo-dissociatigmofi@ubsequent transfer of energy
from the photolysis products tofQl) and from this to HO(010) by:

kyp:  H20(010) + O2 <> HoO + 02(2) (4)
In turn Ox(1), radiatively inactive, is controlled by thermal collisions, mainly with atomic oxygen:
kyi:  O02(1) +0«< 0240 ®)

An analysis of this non-LTE enhancement in theGHfundamental band has also been carried out by Koukouli et al. [26].
This work has demonstrated that the observed non-LTE enhancements can be explained using the rate recently measured by
Pejakovt et al. [27] for process (5), a mean value of 5(0) molecules produced after each Photodissociated molecule
(note that the internal energy available in the photo-dissociation products can excite up4(l)1@nGlecules), and the rate of
the vibrational-vibrational energy transfer (process ()),= k,,,,/2, with k], derived from MIPAS measurements of the first
hot HoO emissions [26].

5. CH4 7.6-um emission

CHg has been measured in the stratosphere using its infrared emissions fropiotred but very scarcely in the mesosphere
[28,29]. In consequence, non-LTE processes in this band have been studied very little. Recent theoretical models have predicted
that this band departs from LTE in the lower mesosphere and above [30,31]. These predictions had not been confirmed, however,
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until MIPAS measurements became available. Fig. 8 shows day and nighttime spectra with emission arising frognthe CH
level. It clearly shows that the daytime radiance is larger than that at nighttime. Integrating the radiance over all lines of the
CHg4 v4 fundamental band for the different altitudes and latitudes measured by MIPAS on 2 July 2002, shows that this daytime
enhancement occurs at most latitudes and at altitudes abe@d&m (Fig. 9).

A detailed analysis of this diurnal enhancement has been carried out by Lopez-Puertas et al. [32] and has shown that it car
be attributed to a non-LTE enhancement in the population obgHevel. The population of this level is largely controlled by
collisions with G(1),

CHy + O5(1) <> CHa(vsg) + Oo (6)

Hence, the processes discussed above affectiig)@nd HO(010), also control the population of GH4). MIPAS measure-
ments have hence confirmed for the first time theyGlinon-LTE mesospheric emission.

6. NO» 6.2-um and NO 5.3-um stratospheric emissions

The emission from N@in the v3 bands around 6.2 pum are commonly used for retrieving the &t@ospheric abundance.
Until MIPAS measurements, it had not been clear to which degree th€N{evels, responsible for the emission near 6.2 pm
(i.e., 1400-1650 cml), are enhanced by non-LTE processes in the daytime stratosphere. Kerridge and Remsberg [33] found
evidence for non-LTE emissions at 6.2 um from measurements taken by the Limb Infrared Monitor of the Stratosphere (LIMS)
instrument on board the Nimbus 7 satellite. The chemiluminescence reaction

NO+ O3 — NO2(?Bp/?A1,v) + 02 @)
and the absorption of solar radiation at 400-800 nm
NOy, + hv (400-800 nm— NO2(2B, /%A1, v) )

followed by radiative and collisional relaxation of NG B,/2A1, v):
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Fig. 9. Zonal mean day—night radiance differences as a function of latitude and tangent altitude in thef@dlamental band centred around
7.6 pm in % of nighttime values. The measurements are from 2 July 2002.

NO2(%Ba/?A1, v) = NO(v3 < 7) + hv (A > 400 nm) ©)
NO2(?Bp/?A1,v) + M — NOz(v3 < 7) + M (10)

are thought to be the major sources of non-LTE excitation of the®™= 1-7) levels.

Evans and Shepherd [34] reported the existence of a stratospheric airglow layer in the visible (500—1000 nm) and proposed
that it originates from electronically excited N@reated from the reaction of NO and @processes (7) and (9)). This finding
proves, at least, the existence of an excitation source of(RIE»/2A1, v). However, whether it is strong enough to excite
NO»(v3 = 1-7), or if it is quenched before its energy is transferred to the (¥) levels, was not clear.

The analysis of the 6.2-um emission measured by the Improved Stratospheric and Mesospheric Sounder (ISAMS) showed
that the non-LTE excitation of N&v3 = 1-7) should be much smaller than those found from the analysis of LIMS measure-
ments [23]. In the same sense, Remsberg et al. [35] have recently re-analysed LIMS radiances (V6) and found that the day/night
difference in NQ (non-LTE enhancement) is no longer present (E. E. Remsberg, pers. comm., 2004).

The high spectral resolution of MIPAS and its wide spectral coverage have allowed the examination in detail of these non-
LTE effects. Funke et al. [36] have recently carried out a very detailed analysis of MIPAS spectra in this region. Including the
non-LTE processes discussed above, they have retrieved, simultaneouslyythbi@ance from they fundamental band, and
the photo-chemical excitation rate of N@3 = 1-7) (processes 7 to 10) from the emission in the first hot band {80201).

They then compared the retrieved photo-chemical rate for daytime with that expected from non-LTE models, including the
abundances of the required species retrieved from MIPAS, NG, &@ G;, and using the Tropospheric Ultraviolet-Visible

(TUV) radiation model [37]. The values for the collisional quenching rates opM§) in the retrieval and in the model
simulation were the same. They found (see Fig. 10) a good correlation between the retrieved and expected rates, hence proving
that the proposed mechanisms described above are operating in the excitation(o§N@ further evidence of this is that

the value retrieved at nighttime is negligible within the measurement errors. However, the value they retrieved for the photo-
chemical rate at daytime, 4R x 100 e s‘l, is about 50 times smaller than that predicted by the model. Thus, MIPAS has
revealed that stratospheric daytime excitation of the89<7) levels is much smaller than previously thought (e.g., [2,38]).

Apart from the photo-chemical excitation, radiative processes may also generate non-LTE populations o{@d Nével
in the upper stratosphere and mesosphere in the polar winter region [2]. This non-LTE deviation significantly depends on the
collisional rates of NQ(001) with N, and G. These rates are still rather uncertairb0%) [38], (B. Toselli, priv. comm., 2005)
which still poses an uncertainty 6f10% in the population of N{001) in the polar winter upper stratosphere.

The non-thermal excitation of NO(1) in the daytime stratosphere was proposed by Kaye and Kumer [39]. They suggested
that daytime NOY) is excited by the following excitation mechanisms:
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Fig. 10. Measured N&(v3) photo-chemical excitation rates versus modeled. Vertical error bars refer to retrieval errors of the measurement
mean values, horizontal error bars represent uncertainties of the model mean values due to retrieval errgrOgf&N@d NO. A regression
fit with a slope of 0.02 is shown by a dotted line.

NO, + O — NO(v) + Oy (11)
NO, + hv — NO(v) 4+ O (12)

These excitation mechanisms have been incorporated into non-LTE models, e.g., [40], but had not been confirmed experimen:
tally until the recent MIPAS measurements. Funke et al. [36] have shown that if these excitation mechanisms are not included
in the retrieval of the NO abundance from the 5.3-um emission, the retrieved stratospheric NO abundance would be signifi-
cantly overestimated, in contradiction with the expected model results from the photochemical equilibrium between NO and
NO> during daytime (see Fig. 11). Thus, once more, MIPAS spectra have contributed to improve our knowledge of non-LTE
atmospheric processes.

7. Thermospheric NO 5.3-um emission

The emission from NO at 5.3 um constitutes the major infrared cooling of the thermosphere and hence its knowledge is very
important for computing the energy balance of this atmospheric region. In addition, the abundance of NO ana }lexdH@{
tion temperatures in this region are so large that they largely contribute to the stratospheric limb paths and hence have to be take
into account when retrieving the stratospheric NO abundances. It is well known that the thermosphejieNiSgion is in
non-LTE but still exist large uncertainties in some parameters, as, for example, the spin and rotational distributions (e.qg., [2,40]).
MIPAS has provided spectra of the thermosphere in the 5.3-um region with the best spectral resolution so far measured.
Fig. 12 shows a co-added spectra at a tangent heightl6fl km, covering part of the NO@> 0) band, where it can be
appreciated the quality of the measurements. The rotational, as well as the orbit-spin lines are clearly resolved by MIPAS.
Furthermore, MIPAS is sensitive enough to measured also the stronger lines of the-NQ(frst hot band (Fig. 13). From
these measurements we expect to derive the rotational and spin distribution of the fundamental band, and the vibrational pop-
ulation of the NO(2) level. A preliminary analysis has shown that the spin temperatures are in good agreement with previous
measurements and model predictions as in [40]. A detailed analysis of this spectral region, however, has not been performed yet

8. CO 4.7-ym emissions

MIPAS has also measured the CO emission in the 4.7-um region. The high spectral resolution allows one to isolate the CO
lines from other atmospheric emitters in this region a3 and NO. Fig. 14 shows co-added spectra for day and nighttime
conditions at a tangent height of71 km. We clearly distinguish the strong CO lines in the fundamental@ band, which are
greatly pumped in the daytime due to absorption of solar radiation by CO at 4.7 um. Non-LTE in this band is reasonably well
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known [2] and it is being used for retrieving the CO abundance [41,42]. In addition to this, the weak emission lines arising near
2085.2, 2089.3, 2093.4, 2097.3 and 2101.3 &rim the spectra are also noticeable, which coincide with the line positions of the

CO 2— 1first hot band. This is the first time that these emissions have been detected in the atmosphere. A preliminary analysis
has shown that they are reasonably simulated by the absorption of solar radiation by CO + thé&nd near 2.3 pum. Note

that its emission at nighttime is completely negligible. A detailed analysis of this emission is in progress.

9. Summary and conclusions

In this article we report the most recent advances in our knowledge of non-LTE atmospheric emissions gained from the
spectra measured by MIPAS on the Envisat satellite. MIPAS has several advantages which makes it an excellent instrument for
studying the atmospheric non-LTE emissions. In particular:

(i) its wide spectral coverage (4.15-14.6 pm or 680—2275%allows for measuring emissions from a given compound in
different spectral regions;
(ii) its high spectral resolution (0.035 cm) enables to discriminate emissions from different species and from different bands
of the same species; and
(iii) its high sensitivity allows us to measure the faint emission from the upper atmosphere where non-LTE emissions are most
important.

We report here improvements in non-LTE parameters related to the specie©g®1,0, CHg, NO>, NO and CO.

New collisional rates between the 60200, 0220, and 181 states, emitting the 4.3-um second hot bands, have been derived
and differ largely, by factors of 3.5 and 0.025, from previously consensus values.

Concerning non-LTE in @, a preliminary analysis of MIPAS spectra in the 2080-2130 tmegion has shown that a typical
non-LTE model, underestimates the MIPAS daytime radiance by a factor of 2-3 in the 60—70 km region. Possible reasons for
explaining this discrepancy are thag @ formed at lower vibrational levels, and/or the collisional relaxation of the stretching
(v1, v3) is weaker [20].

MIPAS has taken the most unequivocal spectra so far obtained demonstrating clearly the distinct non-LTE daytime emissions
from the fundamental and hot bands of® 6.3-um bands for each altitude and latitude separately with an excellent signal-
to-noise ratio. The most accurate collisional rate for the relaxation,@(B20) by & has been obtained, with a value of
1.36 x 10712 cmds~1 with a 10% uncertainty [26] and the rate of quenching efI) by atomic oxygen G(P) measured by
Pejakovt et al. [27] has been further confirmed [26].

MIPAS spectra have for the first time revealed the non-LTE mesospheric emission of the daytinng €Hhission [32].

MIPAS has also made possible to throw light on the puzzle about whether or not th@N@vels are non-LTE excited
in the daytime stratosphere. A recently analysis has shown [36] that the photochemical excitationof NQ-4) levels is a
factor of 50 smaller than previously thought, leading to small non-LTE deviations for these levels.

In addition, MIPAS has given the first experimental confirmation of the non-LTE processes exciting NO(1) (5.3-um emis-
sion) in the daytime stratosphere [36] as proposed by [39]. MIPAS have also resolved the NO rotational and spin transitions in
the 5.3-um emission in the thermosphere. A preliminary analysis have confirmed previous spin temperatures.

Finally, it has also shown the first measurement in the atmosphere of the CO first hot band emission near 4.7 um in the
daytime atmosphere.

Although the amount of knowledge on non-LTE atmospheric processes already gained is enormous, the full exploitation
of MIPAS spectra still remains to be done. Most of the studies described here are still rather preliminary and incomplete, and
emissions from other species will also be studied.
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