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Abstract. Global distributions of the COvmr (volume mixing ratio) in the mesosphere and lower thesphere (from 70 km

up to ~142km) have been derived from high resolution mid-IR sg@ectihis is the first time that the GOrmr has been
retrieved in the 120-140km range. The £@nrs have been retrieved using MIPAS daytime limb emissjpecsa from
the 4.3um region in its upper atmosphere (UA) mode (data version @82 622). The dataset spans from January 2005
until March 2012. The retrieval of CChas been performed jointly with the line of sight (LOS) byngsa non-local thermo-
dynamic equilibrium (non-LTE) retrieval scheme. The ndrELmodel incorporates the accurate vibrational-vibratl@nd
vibrational-translational collisional rates recentlyrided from the MIPAS spectra. It also takes advantage of kanaous
MIPAS measurements of other atmospheric parameters, &bt temperature (up te100 km) from the C@ 15 um re-
gion, the thermospheric temperature from the NO/&mBemission, and the £Omeasurements (up to100km). The latter is
very important for the calculations of the non-LTE popudas because it strongly constrains the D) concentration below
~100km. The estimated precision of the retrieved,@@r profiles varies with altitude ranging froml% below 90 km, to 5%
around 120 km and larger than 10% above 130 km. There are stituglinal and seasonal variations of the precision, which
are mainly driven by the solar illumination conditions. Tie¢rieved CQ profiles have a vertical resolution of about 5—7 km
below 120 km and between 10 and 20 km at 120-142km. We havensthatthe inclusion of the LOS as joint fit parameter
improves the retrieval of CQ allowing a clear discrimination between the informatidriC®, concentration and the LOS
and also leading to significantly smaller systematic erfohe retrieved CQ has a much better accuracy than previous limb
emission measurements, because of the highly accurateaettécients recently derived from MIPAS, and the simultzune
MIPAS measurements of other key atmospheric parametededder the non-LTE modeling like the kinetic temperaturd an
the O; concentration. The major systematic error source is thema@iaty of the pressure/temperature profiles, inducingysr

of up to 15% above 100 km, and 66% around 80 km at mid-latitude conditions. The errors duenertainties in the O0)

and O{P) profiles are within 3—4% in the 100-120km region, and thase td uncertainties in the gain calibration and in
the near-IR solar flux are within2% at all altitudes. The retrieved GB@hows the major features expected and predicted by
general circulation models. In particular, its abrupt dexhbove 80—-90 km and the seasonal change of the latitudistebu-
tion, with higher CQ abundances in polar summer from 70 km up+@5 km and lower C@ vmr in the polar winter. Above



10

15

20

25

30

Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-63, 2016 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Published: 15 March 2016 Techniques
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

~95km, CQ is more abundantin the polar winter than at mid-latitudes@siar summer regions, caused by the reversal of the
mean circulation in that altitude region. Also, the solstseasonal distribution, with a significant pole-to-pole,@fadient,
lasts about 2.5 months in each hemisphere, while the sdasamsition occurs quickly.

1 Introduction

Carbon dioxide, CQ, plays a major role in the radiative energy budget of the aphere. Its 1am is the major infrared
cooling below around 120km, and it also causes a significaatitg of the upper mesosphere by the absorption of solar
radiation in its near-IR bands (see, e.g. Lopez-Puerta§ayldr, 2001). Hence, COhas a critical effect on the atmospheric
temperature structure and therefore it is very importaknimw accurately its global (altitude and latitude) diaftibn (see,

e.g. Garcia et al., 2014).

CO, was first measured in the upper atmosphererbsitu measurements carried out by rocket-borne mass spectrome-
ters (Offermann and Grossmann, 1973; Trinks et al., 1978k3rand Fricke, 1978). The Spectral Infrared Rocket Expenit
(SPIRE) measured its 1om non-LTE (non-Local Thermodynamic Equilibrium) emissi@tair et al., 1985). The improved
Stratospheric and Mesospheric Sounder (ISAMS) aboard tismeosphere Research Satellite (UARS) carried out 46
global measurements performing simultaneous measureroetemperature and pressure up to 80 km (Lépez-Puertas et al
1998; Zaragoza et al., 2000). G@umber densities were retrieved from daytime limb radianeasured by the Cryogenic In-
frared Spectrometers and Telescopes for the AtmosphenS{T@aiRmeasurements in the 60-130 km region (Kaufmann et al.,
2002). For a complete review of early measurements untiD2@@ Lépez-Puertas et al. (2000). More recently, two #atell
CO, datasets have been made available. The Fourier Transfagotr8meter on the Canadian Atmospheric Chemistry Experi-
ment (ACE-FTS) has measured the £@nr in mesosphere and lower thermosphere (70 to 120 km) g tise solar occulta-
tion technique. This approach has the advantage of beiadrfsen non-LTE effects (and the errors associated to the letye
of the non-LTE population of the emitting states) but, ondtieer hand, provides a limited latitudinal coverage (Begpgt al.,
2010). Almost simultaneously with ACE, the Sounding of thenAsphere using Broadband Emission Radiometry (SABER),
on board the NASA Thermosphere lonosphere Energetics andrbigs (TIMED), has been measuring the atmospheric limb
radiance in the 1pm and 4.3.m channels. Rezac et al. (2015) have applied a simultaneoyetature—CQvmr retrieval to
these measurements and produced an long (13 years) datdltz3¢in the middle and upper atmosphere.

In this paper we describe the inversion of £@nr from MIPAS high resolution limb emission spectra in thd 4m region.
MIPAS is able to discriminate the contributions of the marn®.Mands that gives rise to the 4.8n atmospheric emission;
and thus has allowed us to obtain a very accurate knowledtiee QG non-LTE processes that control the population of the
emitting levels near 4.3m (Jurado-Navarro et al., 2015). This has a direct impact enélrieved CQ presented here which
has a much better accuracy than previous limb emission merasmts.

In Section 2 we describe the MIPAS instrument, and the measemts and in Sec. 3 the retrieval method. The advantages
of using the CQ-LOS (line of sight) joint retrieval are discussed in SedndSec. 5 we discuss the major characteristics of the
retrieved CQ vmr and the error analysis. Finally, in Sec. 6 we provide asduss a monthly climatology based on the data
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retrieved in 2010 and 2011. A validation and comparison oPAB CQ, data with ACE and SABER measurements, as well
as with Whole Atmosphere Community Climate Model (WACCMphalations is foreseen to be presented in a future paper.

2 MIPAS observations

The MIPAS instrument is a mid-infrared limb emission specteter designed and operated for measurement of atmospheri
trace species from space (Fischer et al., 2008). It was panegayload of Envisat launched on 1 March 2002 with a sun-
synchronous polar orbit of 98.8H inclination and an altitude of 800 km. MIPAS had a global @age from pole to pole
passing the equator from north to south at 10:00 a.m. lowed fi4.3 times a day and taking daytime and nighttime profles o
spectra. The instrument’s field-of-view is 30 km in horiza@nd approximately 3 km in vertical direction. From Jayui05
until the end of Envisat’s operations on 8 April 2012, MIPA8asured at a optimized spectral resolution of 0.0625'cm

The MIPAS instrument sounded the middle and upper atmospliethree measurements modes: MA, UA and NLC. The
UA mode, scanning the limb from 42 to 172 km, was specificallyised for measuring the thermospheric temperature and
CO; and NO abundances. In the MA and NLC modes, MIPAS took spegtta 102 km only. However, since many lines of
the CG, bands are still optically thick at this tangent height anda) they reduce the sensitivity to the retrieved.G@low
102 km. Thus, having measurements above that altitude ayemportant to retrieve the CQOin the optically thin regime and
hence better constrain the @@mr below. In consequence, the retrieval setup and theelb@O, presented here, data version
v5r_CO2_622, correspond to the UA observation mode. Onltiti@ data were used since the nighttime observations aye ve
noisy and non-LTE is not known so accurately. Note that theaMIPAS modes have very similar temporal and latitudinal
coverages. Hence the retrieval of €@om the MA and NLC modes would not extent significantly thee@ge of the CQ
UA database. The limb vertical sampling of the UA mode is 5 komf 172 km down to 102 km, and 3 km below, recording a
rear viewing sequence of 35 spectra every 63s. Its alomgitrg horizontal sampling of about 515 km (De Laurentis, 200
Oelhaf, 2008). Version V5 (5.02/5.06) of the L1b calibraéed geo-located spectra processed by the European SpaceyAge
(ESA) were used here (Perron et al., 2010; Raspollini e2a@lP).

3 The retrieval method

Carbon dioxide vmr profiles together with the line of sigh©@) altitude information are retrieved using the MIPAS |exe
processor developed and operated by the Institute of Metegy and Climate Research (IMK) together with the Institde
Astrofisica de Andalucia (IAA). The processor is based oorsstrained non-linear least squares algorithm with Leeegb
Marquardt damping (von Clarmann et al., 2003). Its extemdoretrievals with consideration of non-LTE (i.e. CO, N@gda
NO,) is described in Funke et al. (2001). Non-LTE vibrationapplations of CQ are modeled with the Generic RAdiative
traNsfer AnD non-LTE population Algorithm (GRANADA) (Fuelet al., 2012) (see more details below) within each itenatio
of the retrieval. Calculated spectra are fitted to the meakaones in an iterative way by updating the actual vector ef th
retrieved quantities. In order to stabilize the retrieagbriori assumptions are used. Taeriori profile of CQ, is taken from
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the Whole Atmosphere Community Climate Model with specifigdamics (SD-WACCM) simulations (Garcia et al., 2014).
SD-WACCM is constrained with output from NASA's Modern-HRatrospective Analysis (MERRA) (Rienecker et al., 2011)
below approximately 1 hPa. Garcia et al. (2014) showed SBE@M simulations for Prandtl number#y() of 4 (standard)
and 2, corresponding to lower and higher eddy diffusion ficiehts, respectively. Here we used the simulationsHo2,
which gives an overall better agreement with ACE CO and, @@d MIPAS CO (Garcia et al., 2014). The ¢@rofile is
regularized by means of a Tikhonov-type (Tikhonov, 1963psthing constraint. A strong diagonal constrain is adddadvbe
60 km in order to force the retrieved G@ be close to the well-known mixing ratio in the lower meduee. Above 60 km, the
constrain is optimized to obtain stable calculations wighiecision high enough to allow for meaningful physical iptetation

of the retrieved C@abundance.

The retrievals are performed using selected spectral medimicro-windows) in the 4.8m region in MIPAS channel D
(1820-2410 cm'), which vary with tangent altitude, in order to optimize qmutation time and minimize systematic errors
(von Clarmann and Echle, 1998). In particular, error pr@piag due to horizontal inhomogeneities have been minichize
excluding opaque spectral lines which are insensitiverigeat point conditions.

The selection of the spectral regions sensitive to thg &ldundance is performed by calculating the 4n3 Jacobians and
selecting those regions with a good local response. In this and thanks to the excellent MIPAS spectral resolutianave
able to select the spectral points sensitive to the @@r, yet with a good signal-to-noise ratio, while excludimgs with non-
local responses due to spectral saturation. We have sel&8tprincipal spectral regions within the 2300-2380¢mange,
containing height-dependent microwindows at 23 tangeighit®from 60 km up to 142 km. An illustration of the selection
a particular spectral region is shown in Fig. 1. At 60 km, thedamental band line (black) shows a local response ancthenc
it is selected in the micro-windows mask. On the contrary,d4bcond hot lines (red and orange) do not give a local respons
(the Jacobians are much extended in altitude or their magicoar at altitudes well above the tangent height) and heree a
not selected. They are, however, included in the microwindsk for higher tangent heights, i.e. from 85 km up to 102 km,
where they have quite enough local sensitivity. In this gxgnthe fundamental band line is not selected from 72 to 90 km,
although it gives again valuable information at 102 km. By, the 102 km altitude marks the transition height wheee
information from second hot band ends and that of the fundémhband starts.

In addition to the exclusion of spectral points with nondbi@sponse, we restricted the microwindows to the strdrdiges
(mainly fundamental and second hot bands lines that haviatter signal/noise ratio) at each altitude for reasonoaipmu-
tational efficiency. Additionally, spectral regions withterferences from the 636, 628, 627, 638 and 637 G0topologues
have been suppressed in order to avoid systematic errcgsatay the less accurate non-LTE modeling of these minoiepec

The resulting selection of microwindows (occupation matis shown in Fig.2. The selected spectral points belongipai
to the lines of the fundamental band in the 60—-72 km and 102kiivregions, and of the second hot bands in the 75-102 km
region. More detailed information on the microwindows usethe retrieval is given in the Supplement.

Thea priori for the line of sight (LOS) was taken from that retrieved fréme 15.m region (Garcia-Comas et al., 2014).
A Tikhonov smoothing constraint is used for the LOS retrigaflowing for vertically coarse variations 6§10—20 km of the
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tangent height spacing with respect to thpriori. The LOS of the lowermost tangent height is strongly coimsdcto the a
priori by means of a diagonal regularization. Typicallye tibtained degrees of freedom for the LOS retrievals aretébhou

Besides the COvmr profile and LOS, a height- and wavenumber-independelidmae offset is also fitted jointly in the
retrieval. Before starting the retrieval, the L1b specteaercorrected for the spectral shift. The temperature ustkiretrieval
was taken from that retrieved from the same MIPAS spectraenl6um region (Garcia-Comas et al., 2014) below around
100 km, and that retrieved from the NO %3 emission Bermejo-Pantaleon et al. (2011) from 100 km up 6ki7.

Pressure was implicitly determined by means of hydrosedigilibrium (total density was obtained from pressure and
temperature and using the ideal gas law). The, @On-LTE model used in the non-LTE inversion is describedetad in
Funke et al. (2012). However, the collisional coefficientsrany vibrational-vibrational and vibrational-transtatal pro-
cesses were significantly updated with the values retriéneed MIPAS spectra as described in Jurado-Navarro et allgp0
In addition, some of the collisional rates of that work wepalated here because of the improvements in the calculdteon t
O(*D) concentration (see below) and further refinements leadirsgraller residual spectra. The updates include, first, the
collisional rates of CQ(vg,vs) + M = COy(v/,v3 — 1) + M with Avg=2—4 and M=N, O, (processes 8a and 8b in Table 1
of Jurado-Navarro et al., 2015) where the fagtdras been changed from 0.82 to 0.7. Secondly, the ratg @N O — N5 +
O (process 10 in that table) has been updated with a rate@eaffof 4.5<10~ 1% (T/300)"® cm?s~! and f = 1. This rate has
been adapted from Whitson and McNeal (1977) taking the uppér(within the error bars) at 300 K and re-adjusting thente
perature dependence taking into account the measuremérighar temperatures. The values of this new rate at terhpesa
near 300 K are, however, similar to those used in Jurado+aetal. (2015).

The non-LTE model also requires other input quantities afffect the non-LTE populations of the emitting states. Irtipa
ular it requires the concentrations of @ P) and O¢ D). For ozone we used that retrieved from the MIPAS spectraén th
10um spectral region (Gil-Lopez et al., 2005) below around 190 k

The atomic oxygen and ®D) profiles below 100 km were generated from the @trieved from MIPAS and the photo-
chemical model described in (Funke et al., 2012). Above T00We took the atomic oxygen and, @oncentrations from the
NRLMSIS-00 model (Picone et al., 2002). The'®) profile above 100 km has been updated from the photochemimgdéin
of Funke et al. (2012) by using the,@hoto-absorption cross sections of Ogawa and Ogawa (19d5).&aet al. (2010), and
a new efficiency of O(D) production from @ photo-absorption that consider that at wavelengths shthrée~100 nm the
O ionization is the dominant channel. Also, we included arrlbbgad column above the top layer of the model proportional to
the scale height of © This O( D) photo-production has been compared with that calculatesifalar conditions by an inde-
pendent 1D model UV radiative transfer model (Gonzalezr@alet al., 2005; Garcia et al., 2014) finding differencealéen
than 2% at all altitudes. A variable solar spectral irrad&a(SSl) (Lean et al., 2005) was included in all the photodbaim
calculations in order to account for solar UV variationswdhe MIPAS observation period.
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4 Proof of concept of the CG-LOS joint retrieval

In order to test the performance of the retrieval setup we lagplied it to synthetic spectra calculated with the KahsrOp-
timized and Precise Radiative Transfer Algorithm (KOPRSijl(er et al., 2002) and non-LTE populations for the mititiede
April 45°N daytime (SZA=44.5) and for the polar summer January"8(SZA=58.7) reference atmospheres (Funke et al.,
2012; Jurado-Navarro et al., 2015). Typical MIPAS speataise was artificially added to the simulated measuremgvs.
investigate the sensitivity of the retrieval of @@mr to the CQ and LOSa priori profiles separately. In particular we want
to know if the retrieval yields reasonable results even wiinenCQ, and LOSa priori are very different from the actual
atmospheric and observational conditions.

The CQ a priori profile was perturbed by exchanging the corresponding SOE@M profiles of the two atmospheric
conditions, i.e. the mid-latitude SD-WACCM profile was irapiented in the polar summer input and vice versa. Under mid-
latitude conditions, the retrieved G@rofile differs from the true value by less than 2—3% in the lgfadtitude region (Fig. 3a).
Compared to the difference with tleepriori profile (up to 35%), the agreement of the retrieved profile tred“true” is
excellent. Regarding polar summer conditions, the diffees between the retrieved and the true profiles are genenadlller
than 2% except at 95 to 110 km where it ranges at 2—4% (FigVébhave also tested the effect of gapriori when retrieving
only the CQ vmr and keeping fixed the LOS, i.e., with G@s a single-parameter retrieval. The result is shown by teerg
line in Figs. 3a and 3b. We see that, for both atmosphericitond, the differences between the retrieved,G@th and
without the joint fit of LOS are only marginal. Also, the ingpien of the retrieved LOS in the joint fit case (Fig. 4) shohatt
the mapping of the CQa priori uncertainties on the LOS is very small (less than 20 m).

We also tested the impact of a perturbation of the laQBiori information on the retrieved COWe applied a sine function
perturbation to the LOS with a value of 0 m at 60 km and 142 kmantaximum of 200 m at 90 km. Above 90 km, the use
of the perturbeé priori LOS profile in the CQ-LOS joint retrieval introduces deviations of the retrigweO, from the true
profile smaller than 1-2%, while differences are negligiidow (see red line in Figs. 5a and 5b). On the other hand, the
application of the perturbed LOS in the single-parametes @frieval introduces a significant systematic error of up-+d%
for mid-latitudes and even larger (up to 5%) for polar sumatsve 70 km (see green line in Figs. 5a and 5b).

In Section 5.2 we also discuss the effects of using the jo@g-COS or the CQ-only retrievals on the total systematic error,
resulting in a notably larger uncertainty for the &0nly retrieval.

Therefore, these results give us confidence in the retrslame and we conclude that the impactgiriori profile
uncertainties on the retrieved G@& very small,<1-2%. Furthermore, fitting the LOS jointly was found not t@dele the
retrieved CQ mixing ratios while it avoids important systematic errovedo LOS uncertainties.

Figures 6a and 6b show the columns of the averaging kern@leo€0, vmr from the joint CQ-LOS retrieval at several
altitudes for the cases studied above for mid-latitudespariar summer conditions. There are two clear regions wignéi
sensitivity, one ranging from around 75 to 95 km, and andtioen ~105 to 135 km. In the lower region most of the information
comes from the second hot bands (as discussed above), dnedupper region from the first and mainly from the fundamental
4.3um bands. There is a clear region in between where the sehsif\dmaller. It is also noticeable that even after the cdref
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selection of the microwindows is difficult to obtain infortien about the C@ vmr in the lowermost latitudes, below around
70-75km. The averaging kernel row corresponding to the dowst altitude shown in Figs. 6a and 6b, 72 km, maximizes a
few kilometers above this altitude. It also has a long negdtil above 120 km, caused by the strong regularizatiotiexpp

to the CQ profile at its lower edge in conjunction with optically thickdiative transfer. The retrieval algorithm responds to a
positive perturbation of the CQn the strongly regularized profile range (below 70 km) witteduction of the thermospheric
CGO; column (i.e., reduction of absorption). Similar featuressshown for the averaging kernel rows corresponding ttudkis
below 72km. It is also evident the decrease of the verticadltgion above~120 km, with the averaging kernels becoming
wider, partially due to the coarser measurement sampling.

5 Characterization of the retrieved CO; vmr
5.1 Precision and vertical resolution

The vertical resolution and the precision are two importéagnostic parameters for characterizing the quality gfratrieval.

Fig. 7 shows the zonal means of these parameters calculatedéh season using 3 months: December-January-February,
March-April-May, June-July-August and September-Octabevember from the retrieved data from MIPAS measurements
in the UA mode for 2010 and 2011. The zonal mean,@@tribution is also shown (left panels) for reference.

In general, the precision varies with altitude ranging fret below 90 km, 5% around 120 km and larger than 10% above
130 km. The larger values at higher altitudes are due to thierlsignal-to-noise ratio. There are some latitudinal aatenal
variations, which are driven by the solar illumination ciwhs.

The vertical resolution is typically around 5-7 km below k2@ Above that altitude, it is coarser, with values largerth
10km, mainly caused by the coarser vertical sampling (5 lstead of 3 km).

Around~105km, a slight degradation of the vertical resolution iserlved. This altitude corresponds to the tangent height
region where the microwindows include lines from the sedwsichands only while the fundamental band lines are usedeabov
The latter, as discussed above in Sec. 3, are still ratharadigtthick at these tangent heights and hence have beectee

5.2 Systematic errors

The systematic errors were estimated from the retrievgbamse to perturbations of the following parameters: pres-
sure/temperature, ®D) and Of P) abundances, MIPAS gain calibration and solar flux. The ritages of these perturbations
are the same as those used in the retrieval of the collisiated in Jurado-Navarro et al. (2015), except for tempezdhat
was assumed with an error of 5 K up to 100 km, 10 K between 100La0d¢m, and 15 K between 110 and 142 km, and for
the LOS which was retrieved here. The other perturbatiohgware discussed in detail in that reference are: 1.25%h&or
gain calibration; 1% for the solar flux; a 50% uncertainty tie toncentration of G{); and an uncertainty of 10% in the
concentration of G(D) below 80 km and 30% above.
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In addition, systematic CEretrieval errors due to uncertainties in the collision#&saised in the non-LTE modeling need to
be taken into account. However, since the;@Ollisional parameters used here in theQG@version have been retrieved from
MIPAS measurement in the same spectral region (see Juradari et al., 2015), the GQetrieval errors due to systematic
errors of the retrieved rates are expected to be correlatadhve errors caused by model parameter uncertaintiegeldre,
adding the systematic errors due to collisional rate uagdrés quadratically to the other errors would not be adégju-or
instance, it might occur that an overestimation of the stilerintroduces a low bias of a certain collisional rate, he tse
of the underestimated rate in the C€trieval compensates the “direct” G@rror caused by assuming a too low solar flux.
Therefore we calculate th®CO,(y;) error due to a given model parametgr,i.e., pressure/temperature,'@), O P), gain
calibration and solar flux, by means of

((5002

ACOs(y;) = 5

)VJ:'*('tP Ay +Z (%)A%(%)’ with  Aw;(y;) = (?;)Ayu (1)
j=cte - :

where the second term in the righthand side accounts forrdpagation of the error of model parametersthrough the errors

in the retrieved collisional parameterSz;(y;). The sum extends over the retrieved collisional parameterse, 2, kyus,
kyva, kr1, kpe, and fo,:, whose errors due to the model parametgrs\z;(y;), are listed in Table 3 of Jurado-Navarro et al.
(2015). The first term in the righthand side, whekg; is the error of model parametgy, has been discussed above. The
total systematic error in CQis then calculated by a quadratic sum over the errors of atler‘nparametersgxco;FOtal =
V22 [ACO2(yi)]?.

The resulting corrected retrieval responses to the modahpeter perturbations are shown in Figs. 8a and 8b and ted lis
in Table 1 for some altitudes.

The calculations indicate that the largest error contrdmutbove 100 km comes from the pressure/temperature aintéss
for both considered atmospheric conditions, reachingeslip to~12% in mid-latitude (Fig. 8a) angd16% in polar summer
conditions (Fig. 8b). Below, the pressure/temperaturerarmraximizes again around 80 km, with maximum values at mid-
latitude conditions of up te-4%. The MIPAS gain calibration and solar flux uncertaintigsdduce errors of 2—3% from
85 up to 110 km in both conditions. The total error below 90 knpolar summer conditions is indeed dominated by these
uncertainties. The OQ) and Of P) uncertainties have a non-negligible contribution abov&ra5with largest values up to
4% at 105 km in polar summer conditions.

Itis important to highlight that, in polar summer conditipthe MIPAS temperature retrieved from the NO /&3 emission
is smaller than MSIS temperatures in up to 10K in the lowerrtttesphere (Bermejo-Pantaleén et al., 2011). Thus, the use
of thermospheric MIPAS temperature, instead of MSIS, iases the retrieved GQrmr by up to 15% under these particular
conditions.

Regarding the effects of the joint GELOS retrieval on the total systematic error, Fig. 9 shoves ifis notably larger for the
CO,-only retrieval than for the joint COLOS retrieval. This indicates that a large fraction of thectral residuals due to the
systematic errors of the different parameters is compeddat the LOS in the joint retrieval while in the G@nly retrieval
all errors map onto the COvmr profile. In this sense, the joint GELOS retrieval is also useful to dampen systematic errors
of the retrieved C@vmr.
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Deviations of the retrieved profile from the “true” profile @ perturbing the priori profile are often called smoothing
errors. However, while it is important to assess the seityitdf the retrieval to thea priori profile shape as we do above,
we do not include smoothing errors in the overall error budgest, because the concept of “smoothing errors” itself i
questionable (von Clarmann, 2014), and secondly, bechese tleviations can be implicitly accounted for in compenssto
model simulations or independent observations by applyiadMIPAS averaging kernels to the latter.

One important result that should be mentioned is that thiesatic errors obtained here in the retrieved,@r are much
smaller than those obtained before in previous measuresmé@O, using limb emission measurements of them3atmo-
spheric radiance (e.g. Lopez-Puertas et al., 1998; Kaufratal., 2002; Rezac et al., 2015). The main reasons are:tfiest
much more accurate non-LTE collisional rates that the heglolution MIPAS spectra have allowed us to retrieve presiou
the CQ; retrieval (see Jurado-Navarro et al., 2015); and, secotidlythe wide spectral range together with the high splectra
resolution of MIPAS have allowed to retrieve, before the,G@r, the temperature and;@p to about 100 km, and the tem-
perature in the lower thermosphere (uptbh70 km). The use of these concentrations have reduced smymilfj the systematic
error of CG.

6 MIPAS CO- climatology for 2010-2011

Figures 10a and 10b show the monthly zonal mean @@r retrieved from MIPAS daytime spectra taken in its uppgera
sphere (UA) mode. The figure shows the major features exgpémtehe CQ distribution and predicted by models. Namely,
the abrupt decline of the GOrmr above around 80-90 km. The other major feature is theosahshange of the latitudinal
distribution, leading to higher COvmr from 70 up to~95km in the polar summer, induced by the ascending brandmeof t
mean circulation, and lower CGQGabundances, with respect to the tropics and polar summitie dame altitudes in the polar
winter region. It is noticeable that the distribution reses above-95 km, CQ being more abundant in the polar winter region
than at mid-latitudes and polar summer; also as a consequribe reversal of the mean circulation (see, e.g. Smith,et a
2011). The solstice seasonal distribution, with a signifiqzole-to-pole CQ gradient lasts about 2.5 months in each hemi-
sphere (November through February, and May through Augwi)e the seasonal transition occurs quickly, mainly irrikp
and October.

Another observed feature is the rapid increase of @@r from mid-high latitudes towards the polar regions in lineer
thermosphere during equinoxes (more evident in April antbBar). We cannot find any physical reason for it and we do not
discard that this could be a retrieval artifact caused byirtkiersion of CQ in conditions of very high $80°) solar zenith
angles.

A comparison of the MIPAS COvmr with ACE measurements for four days (two in solstice amd in equinox) have
been presented in Jurado-Navarro et al. (2015), showingd general agreement. A more detailed comparison with ACE
data covering a more extended period as well as with SABERrgasons and with WACCM simulations is foreseen to be
presented in future work.
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7 Conclusions

We have retrieved global distributions of the £@mr (volume mixing ration) in the mesosphere and thermosplfeom
70km up to~142km) for MIPAS high resolution spectra. This is the firshei that the relative COconcentration (vmr)
has been retrieved in the middle thermosphere (120-140Kne) retrieved C@ has an unprecedented accuracy because of
the highly accurate rate coefficients recently derived fMHRAS (Jurado-Navarro et al., 2015), and the simultaneolPAS
measurements of other key atmospheric parameters needibeé fioon-LTE modeling like the temperature in the mesospher
and in the thermosphere, as well as theddncentration.

The CQG vmrs have been retrieved using MIPAS daytime limb emisspatsa from the 4.3m region in its upper atmo-
sphere (UA) mode (data version v5r_CO2_622). Nighttimespeavere not used because they are very noisy and the non-LTE
processes operating at night are not known very accurdteg/retrieved CQ covers from 70 km up to about 142 km and all
latitudes except in the dark regions of the polar winter. iflversion of CQ has been performed jointly with the line of sight
(LOS) by using a non-LTE retrieval scheme developed at IMKI It takes the advantage of other (simultaneous) MIPAS
measurements of atmospheric parameters, as the kinetetatare (up te~100 km) from the CQ@ 15 um region, the ther-
mospheric temperature from the NO 5.8, the Q measurements (up 0100 km), which allows a strong constrain of the
O('D) concentration below 100 km, and an accurate calculation of @) above~100 km. The non-LTE model incorporates
the accurate vibrational-vibrational and vibrationarslational collisional rates derived from the MIPAS spect

The precision of the retrieved GQmr profiles varies with altitude ranging from1% below 90 km, to 5% around 120 km
and larger than 10% above 130 km. The larger values at hidtiteidas are due to the lower signal-to-noise ratio. Theee a
very little latitudinal and seasonal variations of the jg&n, which are mainly driven by the solar illumination clitions. The
retrieved CQ profiles have a vertical resolution of about 5—7 km below 120d between 10 and 20 km at 120-142 km.

Retrieval simulations performed with synthetic spectnegtdemonstrated that the developed,@@S joint retrieval allows
to retrieve the C@profile in the 70-140 km range with very high accuracy. Theais¢rongly perturbed priori CO, and LOS
information, results in very small different between theu&” and the retrieved profiles, generally smaller than 2-#3%id-
latitudes, and smaller than 2% (except near 95-110km wheaages at 2—4%) for polar summer conditions. The retrieval
scheme clearly discriminates the information of £€ncentration from the LOS. The mapping of typical L& priori
uncertainties on the LOS being very small (less than 20 nt) aagleviation in the priori LOS profile of 200 m introduces a
change in the retrieved CQrofile smaller than 1-2%. We have also found that the systemaors are significantly reduced
when using the C@LOS joint retrieval instead of the G@only scheme.

The major systematic error source is the uncertainty of thegure/temperature profiles, retrieved also from MIPAS SR,
near 15um below 100 km (Garcia-Comas et al., 2014) and frommu3above 100 km Bermejo-Pantaledn et al. (2011). They
can induce a systematic error of up to 15-16% above 100 kmparéb% around 80 km at mid-latitude conditions. The
systematic errors due to uncertainties of théi@(and O¢ P) profiles are within 3—4% in the 100-120km region. The errors
due to uncertainties in the gain calibration and in the dtlarat 4.3 and 2.74:m are within~2% at all altitudes.

The most important features observed on the retrieveg €@ be summarized as follows:
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— The retrieved C@ shows the major general features expected and predictecbdglm the abrupt decline of the GO
vmr above 80-90 km, caused by the predominance of the malediffiusion, and the seasonal change of the latitudinal
distribution. The latter is reflected by higher €@bundances in polar summer from 70 km up-@6 km, and lower C@
vmr in the polar winter, both induced by the ascending andeleding branches of the mean circulation, respectively.

5 Above~95km, CG is more abundant in the polar winter than at mid-latitudes@wiar summer regions, caused by the
reversal of the mean circulation in that altitude region.

— The solstice seasonal distribution, with a significant golgole CQ gradient lasts about 2.5 months in each hemisphere
(November through February, and May through August), wihiieseasonal transition occurs quickly, mainly in April
and October.

10 Acknowledgements. The IAA team was supported by the Spanish MCINN under grafZ834-54362-P and EC FEDER funds. M. Garcia-
Comas was financially supported by the Ministry of Economgt @ompetitiveness (MINECO) through its ‘Ramén y Cajal’ stdgyam.
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Table 1.Errors of the CQ vmr retrieved in this work for mid-latitudes and for polamsner (in parenthesis) conditions.

Height (km) Errors (%)

Random Pressure/Temp.  '@¥) OCGP) Gain (1.25%)  Solar flux (1%) Total
70 <1(<1) 033(0.05) 0.14(0.17) 0.10(0.09) 0.08(0.18) 0.03 (D.12 0.38 (0.3)
75 1(0) 3.3(0.36) 1.2(16)  08(0.7) 0.7 (L.7) 024 (12) @7)
80 1(1) 5.1 (0.38) 1.4(1.8) 044(04) 08 (2.0 0.02(1.1) 4(8.0)
85 1(0) 3.2 (0.9) 1.2(1.3) 0.12(0.17) 0.67 (L.1) 0.19 (0.18) 3.5 (2.0)
90 2(2) 1.5 (0.6) 1.4(14) 044(0.16) 0.8 (L.1) 0.16 (0.12) .3(2.8)
95 3(3) 1.0 (6) 1.0(0.6) 0.03(0.9)  0.45(0.08) 0.6 (1.2) B) (
100 3(3) 4.4 (13) 1.1(4) 1.4 (3.4) 0.34 (2.0) 1.4 (2.8) 5 (15)
105 4 (4) 9 (14) 2.5 (4) 1.6 (3.5) 0.6 (1.8) 1.4 (2.2) 10 (16)
110 5 (4) 11 (13) 31(3.2) 25(3.4) 0.9 (1.3) 1.4 (1.7) 12 (14)
115 5 (5) 10 (13) 11(1.6) 22(27)  0.01(0.34) 0.7 (0.9) ) (1
120 6 (5) 11 (14) 06(0.6) 08(20) 08 (0.02) 0.02 (0.6) w1
125 7(7) 12 (15) 1.2(0.3) 0.13(1.0) 0.9 (0.31) 0.25(0.32) (1B
130 9(9) 13 (16) 15(1.1) 09(0.06) 1.1 (0.6) 0.4 (0.07) Yel
135 11 (12) 13 (16) 21(17)  2.1(0.9) 1.5 (0.9) 0.7 (0.13) 18 (
140 13 (14) 14 (16) 2.8(2.2)  3.4(L5) 1.2 (1.1) 1.1 (0.28) 18 (
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Figure 1. Jacobians and radiance for several lines in the 2316-2318 cegion for five different tangent altitudes (from bottom op1 60,

72, 81, 90 and 102 km). Two panels are shown for each tanggtidal Upper panel: normalized Jacobians at the correpgriangent
height; dashed black line stands for the tangent altitudethick red line for the microwindow mask. Lower panel: nolized radiance
contributions for different lines of CObands; a line of the fundamental band in black, of the secand®1—10°0 band in red, of the
0221—02%0 band in green, and of 82—02°0 in orange.
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Figure 2. Occupation matrix used in the GQetrieval in the 4.3um spectral region. Shaded regions represent the spediahseselected
and red dots the microwindow mask at each tangent heightspéefic microwindows used in the retrieval are listed in$ugplement.

140+
120t
€
=,
3
2 100r True
g Retrieved
A priori
80r
60 1 1 1 1 1 1
0 100 200 300 400 6 -4 -2 0 2 4 6
Mixing ratio [ppmv] Relative difference [%)]

Figure 3a. Sensitivity of the retrieved COprofile to thea priori CO, profile for mid-latitudes conditions. The relative diffaces (right
panel) are referred to the GQ.OS joint retrieval (red solid line) and to the single-paeter CQ retrieval (green line).
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Figure 3b. As Fig. 3a but for polar summer conditions.
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Figure 4. Sensitivity of the retrieved LOS (from the GOLOS joint retrieval) to the C®a priori uncertainties for mid-latitude (red) and
polar summer (black) conditions. The lines show the retdeyrue LOS differences.
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Figure 5a. Sensitivity of the retrieved COto LOSa priori uncertainties for mid-latitude conditions. The relativiéedtences (retrieved—true)

(right panel) are referred to the joint GA.OS retrieval (red solid line) and to the single-param&e€x, retrieval (green line).
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Figure 5b. As Fig. 5a but for polar summer conditions.
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Figure 6a. Columns of the averaging kernel of the €@mr from the joint CQ-LOS retrieval for mid-latitudes conditions.
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Figure 6b. As Fig. 6a but for polar summer conditions.
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Figure 7. Latitude-altitude cross sections of G@mr (left column), precision (centre column) and verticadalution (right column). The
rows, from top to bottom, correspond to the boreal winterDJecember-January-February), the vernal equinox (MAMr®A-April-
May), the austral winter (JJA: June-July-August) and themmnal equinox (SON: September-October-November). THeA8Idata include
the measurements taken in 2010 and 2011 in the UA mode.
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Figure 8a. Systematic errors of the GQrmr introduced by different error sources for mid-latituztenditions. CQ retrieval responses to
individual model parameter perturbations (reflectingrthstimated uncertainties) are shown by the colored lines.shaded area represents
the total systematic error.
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Figure 8b. As Fig. 8a but for polar summer conditions.

22



Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-63, 2016 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Published: 15 March 2016 Techniques
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

140F ' ]
120 , ]

100} : ]

Altitude [km]

T
7
|

80}

60 ) !

0 5 10 15 20
Total Systematic Error [%]

Figure 9. Total systematic errors of the main atmospheric paramétens the joint CQ-LOS (black solid line) and C@only (red line)
retrievals for mid-latitude conditions. The dash blaclelshows the total systematic error of the joint£I3DS retrieval for polar summer.
The total errors are calculated from the quadratic sum ofgtréeval responses to individual model parameter peatishs shown in Figs. 8a
and 8b.
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Figure 10a. Monthly zonal mean C®vmr measured by MIPAS during the 2010-2011 period for the U#denfor months of January
through June.

24



Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-63, 2016
Manuscript under review for journal Atmos. Meas. Tech.
Published: 15 March 2016

(© Author(s) 2016. CC-BY 3.0 License.

Figure 10b. As Fig.
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