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ABSTRACT 

 

We present PFS-MEX limb observations of the CO2 non-local thermodynamic 

equilibrium (non-LTE) emission at 4.3 μm in the atmosphere of Mars collected in 

more than six Martian years. With unprecedented spatial and temporal coverage, and 

relatively high spectral resolution, this unique dataset promises to improve our 

understanding of the upper atmosphere of Mars. The former allows analyses of the 

emission as a function of tangent altitude, solar zenith angle, season, latitude, local 

time, and thermal condition of the atmosphere. The latter allows unambiguous 

identification of several emission bands of different isotopologues. We selected 

observations in the altitude range 50-200 km.  

No emission was detected for altitudes higher than 170 km. The spectral shape of the 

non-LTE emission changes dramatically with the altitude of the tangent point, 

reflecting the different contribution of the major and minor CO2 bands and 

isotopologues to the total emission at different heights. For altitudes higher than 130 

km the observed spectrum is dominated by the second hot (SH) bands of the main 

isotopologue 
12

C
16

O2 (also referred to as 626 SH). At lower altitudes, the contribution 

of the isotopic 
13

C
16

O2 second hot bands (636 SH) to the observed spectrum gradually 

increases, and is maximum around 70-80 km. Similar consideration apply to the 

fourth hot bands of the 
12

C
16

O2 (626 FRH), and particularly those from the (2001x) 

levels, whose contribution is maximum around 80-90 km. The 626 SH bands can be 

observed up to an altitude 160-170 km, and their emission is peaked around 120-130 

km. The 626 FRH and 636 SH bands are not observed above 130-140 km. Both the 

first hot (FH) and the fundamental band (FB) of the main isotopologue show a 

peculiar behavior. Indeed, these emissions can be observed at all altitudes, from 50 

km up to 170 km. The intensity of the FH band increases linearly with decreasing 

height, while the intensity of the FB band is essentially constant at all altitudes, and 

rapidly decreases above 150 km.  

For a fixed altitude, the solar zenith angle (SZA) is the main parameter affecting the 

intensity and the spectral shape of the non-LTE emission. For SZA between 0 and 40 



 

degrees the intensity of the emission does not show significant variations. For SZAs 

larger than 40° the observed emission decreases rapidly with increasing SZA, 

following a cosine-like relation. The different illumination also affects the spectral 

shape of the non-LTE emission spectrum. High incidence angles tend to increase the 

relative contribution of weaker bands compared to stronger/optically thicker bands. 

For a fixed SZA, we found variation of the intensity of the emission with local time, 

in response to variations of the thermal structure of the atmosphere.  

Latitudinal variation of the intensity of the CO2 non-LTE are also investigated. The 

maximum intensity is observed around the sub-solar latitudes, where the solar flux is 

maximum. The intensity of the emission and the altitude at which the maximum 

emission is observed also changes with the season. The altitude where the maximum 

intensity of the 626 SH bands is observed decreases from 120-130 km at the 

perihelion (Ls=251°), down to ~85 km at the southern winter solstice (Ls = 90°). This 

is explained by the variability of the thermal structure (scale heights) of the Martian 

atmosphere with the season, as a response to the changing solar flux. The altitude of a 

given pressure level depends on the thermal structure of the atmosphere which, in 

turn, depends on the season. On the contrary, the pressure level of the peak emission 

does not depend on the scale heights, as it is mainly controlled by the CO2 column 

density above the peak.  

These results, while on one hand confirm and provide more insights and 

constraints to some aspects of the non-LTE processes on Mars, on the other hand 

further stimulate and challenge current theoretical models, possibly bringing closer 

the moment in which the measurements could be inverted to derive important 

information about the upper mesosphere and lower thermosphere of Mars. 

 

1 - Introduction 

Non Local Thermodynamic Equilibrium (non-LTE) processes play a key role in the 

cooling and heating rate of the mesosphere and lower thermosphere of Mars. The 

knowledge of this mechanism is extremely important for the study of the upper 



 

atmospheric layers, and it may also affect the lower part of the atmosphere. Indeed, 

the meteorological processes on Mars, unlike the Earth, appear to have a considerably 

larger vertical extension, probably involving the top of the neutral atmosphere up to 

120 km (Bertaux et al. 2006). 

At these altitudes the radiative budget of the atmosphere is determined by the 

direct absorption of sunlight in the near-IR region between 1 and 5 micron and the 

cooling via non-LTE emission of the 15-μm CO2 bands (López-Puertas and López-

Valverde, 1995). Particularly important is the absorption of the solar radiation in the 

range 1.2 - 2.7 μm because a major part of this energy is reemitted in cascade at 4.3 

μm and 10 μm (Lopez-Puertas and Taylor, 2001). Vibrational- vibrational (V-V) 

collisions – where vibrational quanta are exchanged between the colliding molecules 

– redistribute the absorbed solar energy in a variety of vibrational states (Lopez-

Puertas and Taylor, 2001). Collisions occur preferentially between excited and 

ground state CO2 molecules rather than between two molecules in an excited state 

because the population of the carbon dioxide ground state is larger. V-V collisions 

involve both the major and minor CO2 isotopes (Lopez-Puertas and Taylor 2001), 

therefore the contribution of higher order, weak isotopic transitions becomes 

important. These processes need to be understood in details in order to perform 

meaningful simulations of the radiative balance of the middle and upper atmosphere 

of Mars and to extend the present parameterizations of the infrared radiative 

cooling/heating currently in use in Martian Global Circulation Models (GCMs). 

An accurate analysis of the non-LTE emissions requires the combined solution 

of the problem of ro-vibrational relaxation for a large number of excited vibrational 

states of CO2 and CO isotopic molecules, and the radiative transfer equation for a 

very large number of ro-vibrational lines. To test the available theoretical tools, a 

complete dataset of observations of the upper Martian atmosphere is extremely 

important. However, only a few studies of the non-LTE behavior of CO2 in the 

mesosphere and thermosphere of Mars exist so far. CO2 fluorescence emission at 4.3 

μm has been observed with the Infrared Space Observatory (ISO) (Lellouch et al. 



 

2000) and it had been suggested to be originated by excited vibrational transitions 

involving the CO2 second hot (SH) band. A more detailed study of the CO2 non-LTE 

emission at 10 μm has been performed by Maguire et al. (2002) with the Thermal 

Emission Spectrometer (TES) onboard Mars Global Surveyor (MGS). Limb spectral 

measurements of the upper atmosphere provided a global map of the 10 μm non-LTE 

emission up to an altitude of 120 km for the different seasonal periods. Theoretical 

calculations of the CO2 atmospheric emissions at 10 μm in the upper atmospheres of 

Mars and Venus have been performed by Lopez-Valverde et al. (2011a).  

Observations of non-LTE radiation at 4.3 μm were carried out with the 

Planetary Fourier Spectrometer (PFS, Formisano et al. 2005a) and the Observatoire 

pour la Minéralogie, l’Eau, les Glaces et l’Activité (OMEGA, Bibring et al., 2004) 

onboard the Mars Express (MEx) mission. Early PFS nadir and limb measurements 

were used for a first validation test of the non-LTE model (Formisano et al., 2005b; 

Lopez-Valverde et al., 2005, Gilli et al., 2011), confirming that the main contribution 

to the spectrum was originated by the emission of the second hot bands of the main 

CO2 isotope. PFS limb observations of two case orbits have been discussed by 

Formisano et al. (2006). The authors detected several emitting bands in the PFS 

spectra, including the second hot band for the 626 and 636 molecule, and other 

unidentified minor bands or lines observed for the first time on Mars. PFS 

observations also indicated that both the intensity and the height of peak emission 

varies with latitude (Formisano et al. 2006). Similar results have been recently 

reported by OMEGA observations (Piccialli et al., 2016) and strong non-LTE CO and 

CO2 daytime limb emissions were also observed on Venus by the Visible and 

Infrared Thermal Imaging Spectrometer (VIRTIS) on board the European Venus 

Express mission (Gilli et al., 2009, 2015). 

The advantage of limb measurements is twofold. First, they allow to locate the 

height above the surface where the non-LTE emission occurs. Second, it is possible 

to detect the emission from weaker transitions compared to the nadir data, which are 

useful to put more stringent constraints on the model. Indeed, Formisano et al. (2006) 



 

reported the detection of isotopic bands in addition to the CO2 SH bands, and a 

variability of the emission spectra as a function of the altitude of the tangent point. 

The SH bands dominate the spectra at high altitudes. However, to date, several 

features observed in the spectra still remain unidentified, especially in the 2280-2310 

cm
–1

 spectral region. The identification of all the weak and isotopic bands still 

requires more observations and detailed theoretical work. High signal to noise ratio 

(SNR) and spectral resolution observations are essential to validate our theoretical 

understanding of the non-LTE processes in the upper atmosphere, and to improve the 

available models, which still fail to quantitatively reproduce the observed emission 

spectra of terrestrial planets (Lopez-Valverde et al., 2011b). We here extend the 

analysis of the main characteristics of the 4.3 μm non-LTE emission to a large dataset 

of PFS limb observations. The final goal, beyond the scope of this paper, is to 

eventually build a retrieval algorithm to invert the radiances and determine important 

quantities like CO2 abundance and non-LTE model collisional parameters, and to 

derive density and temperature variability of the upper mesosphere and lower 

thermosphere of Mars. So far, density variations at these altitudes are known with 

large uncertainties on Mars, the main information coming from model predictions 

rather than measurements. Some information has been obtained from aerobraking 

observations at a fixed local time (Theriot et al., 2006) and by the MEx ultraviolet 

spectrometer SPICAM (Forget et al., 2009; see Bertaux et al., 2006, for description of 

the SPICAM instrument). However, most data acquired by SPICAM were obtained at 

night-time, and the diurnal cycle could not be analyzed in detail.  

In this paper we present the dataset and inspect the variability of the emerging 

radiance with respect to the parameters that mostly affect the spectral profile, i.e., 

altitude, solar zenith angle, season, latitude, local time, and thermal condition of the 

atmosphere. In a companion paper (Giuranna et al. 2017; part II of the present 

manuscript), we compare careful selections of PFS measurements to simulated 

spectra in order to improve non-LTE calculations, provide a more detailed 



 

description of the transitions and the non-LTE mechanisms responsible of the 

observed emissions, and constrain the development of accurate forward models.  

This paper will proceed as follows: in Section 2 we present the full dataset of 

PFS limb observations used in the present work. In Section 3 we describe and 

identify the main features observed in the PFS spectra at 4.3 μm. The variability of 

the emission with the tangent altitude is analyzed in Section 4, and the dependence of 

the non-LTE spectrum on the solar illumination is investigated in Section 5. In 

section 6 we discuss the variability of the intensity and the height of the peak 

emission with the season, and how this is associated to the different atmospheric 

structure and thermal conditions during the year. Finally, we summarize and discuss 

our results, and present our conclusions (Section 7). 

 

2 - Data set 

The Planetary Fourier Spectrometer (PFS) is a two-channels, double pendulum 

interferometer on board the ESA Mars Express (MEx) spacecraft (Wilson and 

Chigarro, 2004). It covers the wavenumber range between 200–2000 cm−1 (Long 

Wavelength Channel, LWC) and 2000–8000 cm
−1

 (Short Wavelength Channel, 

SWC). Both channels have a sampling step of 1 cm
−1

 and a spectral resolution of 1.3 

cm
−1

 (unapodized). Only SWC spectra will be used in this analysis. The 

instantaneous field of view (IFOV) is 1.52° FWHM (Formisano et al. 2005a; 

Giuranna et al., 2005a, 2005b). PFS SWC regularly performs limb observations of 

the strong daytime CO2 non-LTE emission at 4.3 μm in the atmosphere of Mars. Two 

main types of limb scanning exist: in one kind, the pointing moves from deep space 

to the planetary surface (or vice versa), scanning the atmosphere from the top layers 

to the surface. In the second type, the limb is skimmed tangentially and the pointing 

moves from deep space to a minimum altitude above the Martian surface, without 

ever crossing it, and then again to deep space (grazing limb mode). 

The PFS limb observations considered in the present analysis were collected 

over a period that corresponds to more than six Martian years, from January 2004 



 

until December 2016. About 270,000 near-infrared limb spectra were acquired in this 

period, more than 55,000 of which in the altitude range 0-200 km. A reduced dataset 

was created for the current analysis. The selection is based on three main criteria: a) 

only observations with the SZA smaller than 100 degrees are considered, since non-

LTE emission is observed up to ~95° SZA (See Figure 11a and Section 5 below); b) 

given the large IFOV of PFS, we selected observations with limited distance between 

the tangent point and the spacecraft, in order to keep the vertical resolution as high as 

possible. In particular, we selected observations with IFOV < 45km. The typical 

IFOV of selected measurements is around 30 km, i.e., ± 15 km with respect to the 

center of IFOV; c) tangent altitude must be less than 200 km (no emission is observed 

at higher altitudes on Mars; e.g., Piccialli et al., 2016) and larger than half of the 

IFOV size plus 5 km (to exclude the planet’s surface within the field-of-view). We 

ended up with about 19,600 observations, covering different seasonal periods and 

latitudes with different illumination conditions. We note a non-zero radiance level in 

the PFS spectra acquired above 200 km. This is very likely a residual in the 

radiometric calibration of the PFS spectra. To correct for this, we collected and 

averaged more than 3,000 spectra acquired in the altitude range 250-1000 km and 

subtracted this average spectrum to each single spectrum used in this analysis. As a 

result, we get a very good zero radiance at 170-200 km (See Figure 6a). 

In the following we shall discuss the behavior of the non-LTE emission as a 

function of several parameters. It is therefore important to show what coverage the 

data set is providing us with. Figure 1 shows histograms of distribution of PFS limb 

measurements used in the present analysis for several parameters: a) tangent altitude; 

b) solar zenith angle; c) latitude; and d) season. Altitude values refer to the center of 

the IFOV. Although there is a limited number of observations for small values of 

SZA (< 30°), there are certainly enough measurements to study the behavior of the 

non-LTE emission for larger values. Indeed, the most interesting range is 30° < SZA 

< 90°, where most of the variability is expected (López-Valverde and López-Puertas, 

1994; Lopez-Valverde et al., 2011b). Altitude coverage is complete, from the 



 

troposphere to the upper thermosphere. The latitudinal coverage is also complete, 

except for the most extreme latitudes (> 70°), and is especially good in the southern 

hemisphere. The seasonal coverage is relatively uniform and is best during the fall 

season (180° < Ls < 270°). 

 

Figure 1. Histograms of distribution of data. (a) Tangent Altitude, data bins of 10 km; (b) 

Solar Zenith Angle, data bins of 5 degrees; (c) Latitude, data bins of 5°; (d) Solar Longitude, 

data bins of 15°. All values refer to the tangent point. Altitude values refer to the center of 

the IFOV. 

 

We analyzed the entire dataset described above. In this paper we will only 

demonstrate PFS measurements acquired during the fall season and in the southern 

hemisphere (best seasonal and spatial coverage), and in the altitude range 50-200 km. 

However, similar results and considerations to those that will follow can be extended 

and applied to the emission spectra observed in the northern hemisphere and during 

the other seasons. 

 

2.1 – The Zero-Padding technique 

The zero-padding (or zero-filling) technique is an interpolation algorithm that 

increases the number of data points in the spectrum to improve the qualitative 

spectral features. This algorithm is commonly used in Fourier spectroscopy and a 

detailed description can be found in Bell (1972). It is known that Discrete Fourier 

Transform (DFT) only approximates the continuous FT, although it is a very good 

approximation if used with care. Blind use of DFT, however, can lead to well-known 



 

spectral artifacts, such as the picket-fence effect. The picket-fence effect becomes 

evident when the spectrum contains frequencies which do not coincide with the 

frequency sample points (Wartewig, S., 2003). If, in the worst case, a frequency 

component lies exactly halfway between two sample points, an erroneous signal 

reduction can occur: one seems to be viewing the true spectrum through a picket-

fence, thereby clipping those spectral contributions lying between the sampling 

positions. In practice, the problem does not affect substantially the measured 

spectrum as far as the spectral components are broad enough to be spread over 

several sampling positions. The picket-fence effect can be overcome by adding zeros 

to the end of the interferogram before DFT is performed, thereby increasing the 

number of points per wavenumber in the spectrum (Bell, 1972; Wartewig, S., 2003). 

Thus, zero-filling the interferogram has the effect of interpolating the spectrum, 

reducing the error. As a rule of thumb, one should always at least double the original 

interferogram size for practical measurements by zero filling it, i.e. one should 

choose a zero filling factor (ZFF) greater or equal two (Herres and Gronholz, 1984). 

In those cases, however, where the expected line width is similar to the spectral 

sample spacing (as, e.g., in the case of non-LTE spectra analyzed here), a ZFF value 

of up to 8 may be appropriate. An example of the influence of zero filling on the 

appearance of PFS non-LTE features is demonstrated in Figure 2, where we show 

the original and the zero-filled PFS spectrum around 2336.6 cm
–1

, the region where 

the Q-Branch of the first hot (FH) band of the main CO2 isotope is located (solid 

green curve in Figure 4; see also Figure 6 in Lopez-Valverde et al., 2005). We used 

the Centimeter–Gram–Second (CGS) system of units for all the radiances shown in 

this work [erg/(s cm
2
 sr cm

-1
)]. While the lines of the original spectrum look badly 

clipped, the lines are smooth in the zero filled spectrum. It should be noted that zero 

filling does not introduce any errors because the instrumental line shape is not 

changed. It is therefore superior to polynomial interpolation procedures working in 

the spectral domain. For this analysis, we apply zero-padding with a ZFF of 8 to 

every single PFS spectrum. 



 

 

Figure 2. PFS measured spectrum before (thick line) and after (thin line) zero-padding. The 

ZFF is 8. The Q-Branch of the CO2 FH band is centered around 2336.6 cm
–1

. 

 

3 -The 4.3 μm non-LTE emission spectrum 

The PFS SWC limb emission spectra between 1.2 and 5 μm are dominated by the CO 

and CO2 emission at 4.7 and 4.3 μm, respectively, while CO2 emission at 2.0 and 2.7 

μm, expected to be at least 20 times smaller (Lopez-Valverde et al. 2007), is below 

the PFS detection level. An example is shown in Figure 3. The spectrum displayed 

corresponds to an average of about 3000 spectra, selected in the 180-270° Ls range  

in the southern hemisphere (local spring), and for tangent altitudes between 50 and 

200 km. The zero-padding technique here applied and the high SNR resulting from 

the co-addition of may spectra allow the detection of several, weak non-LTE features. 

None of the features observed in the spectrum of Figure 3 is due to instrumental 

noise, but they rather result from one or more transitions between different states and 

isotopes. Actually, the position and the intensity of the small rotational features (i.e., 

most of the high-frequency, small-amplitude features in the spectrum of Figure 4) 

strongly depends on the atmospheric pressures and temperatures, so that the 

averaging of many spectra, for different altitudes and atmospheric conditions, has the 

effect to reduce their spectral contrast. The small panel in Figure 3 shows the spectral 



 

region where non-LTE emission of carbon monoxide is observed by PFS. However, 

this emission will not be discussed in the present work. Hereafter, our attention will 

be focused to the spectral region 2200-2400 cm
–1

, that is where the CO2 non-LTE 

emission occurs. 

 

 

Figure 3. An average of about 3000 PFS limb spectra, selected during the southern spring 

(180° < Ls < 270°), in the southern hemisphere (latitude < 0°), and for tangent altitudes 

between 50 and 200 km. Several emission bands can be easily identified in the spectrum. 

FB, FH, SH, TH, and FRH mean fundamental, first hot, third hot, and fourth hot bands, 

respectively. The small top-left panel shows the CO emission spectrum at 4.7 μm for the 

same average. The gray curve is the Planck radiation at 180 K. 

 

A complete identification of all features in the spectrum requires accurate non-

LTE theoretical models. Table 1 provides a list of the strongest emission bands of the 

most abundant CO2 isotopes in the spectral region of interest. The table has been 

compiled merging the values extracted from the Appendix of Lopez-Puertas and 

Taylor (2001) and from the Hitran-2008 database. From an experimental point of 

view, we can take advantage of the relatively high spectral resolution of PFS to 

identify the emission bands from their central minima (in the absence of Q-branches) 

or maxima (when Q-branches are present), which should coincide with column “ν3” 

in Table 1. In addition, we use the ALI-ARMS non-LTE code package (Kutepov et 

al, 1998; Gusev and Kutepov, 2003; Feofilov and Kutepov, 2012; Kutepov et al., 



 

2017) to isolate the transitions contributing to the measured spectrum in the different 

spectral ranges. In Figure 4 we show the main ro-vibrational bands for different 

isotopologues calculated by the model. Several features related to the main 

vibrational transitions can be easily identified in the PFS spectrum shown in Figure 

3. The simulated spectra in Figure 4 are not intended to be quantitatively compared 

with PFS observations. Their purpose is to help to understand the contributions of the 

different bands to the observed spectrum by splitting the simulated spectrum in 

accordance with the corresponding ro-vibrational bands. The total non-LTE spectrum 

is given by the sum of all contributing transitions. Solid lines in Figure 4 are used for 

the main 626 isotopologue; dashed lines are used for the 636 isotopologue; dotted 

lines are used for the 628 isotopologue; and the black thin line is for the 627 

isotopologue. Moreover, black color in Figure 4 is used for the fundamental bands 

(FB, 00011) of the various isotopologues; green color is for the first hot (FH, 01111) 

bands; and the blue and yellow colors are used for the two strongest second hot bands 

(SH, 10011 and 10012). 

 



 

Figure 4. Contribution of different bands and isotopes calculated by the ALI-ARMS non-

LTE model, and the corresponding ro-vibrational bands. The transitions are marked by their 

upper levels using a standard 5 digits notation, and ν3 transitions in question correspond to 

changing the 4-th digit by 1 (see also Table 1). Tangent height is 110 km, SZA is 60°. 

Model calculations were convoluted with the instrument function of PFS SWC (Giuranna et 

al., 2005b). 

 

The narrow absorption-like feature around 2349.1 cm
–1

 in the measured spectrum 

corresponds to the band center of the transition (00011) → (00001) (black solid curve 

in Fig. 4), and is the “fingerprint” of the fundamental band (FB) of the main CO2 

isotope (Table 1). The first hot (FH) band is clearly identifiable as a peak in the 

measured spectrum around 2336.6 cm
–1

. This peak is associated to the emission of 

the Q-branch transition from the state (01111) → (01101) (Tab. 1) and is also clearly 

visible in the contribution of the FH band as predicted by the model in Figure 4 

(solid green curve). By comparing the measured spectrum in Figure 3 to the model 

predictions in Figure 4, we can see that the main contributors in the 2240–2280 cm
–1

 

spectral region are the second hot (SH) transitions of the 636 isotope (blue and 

yellow dashed curves in Fig. 4). The two, quasi-symmetrical lobes associated to the 

P- and R- branch of these transitions, as well as the minimum around 2262 cm
–1

 are 

clearly visible in the PFS average spectrum. Similarly, the main contributors in 2310–

2350 cm
–1

 are the SH transitions of the main isotope (blue and yellow solid curves in 

Fig. 4). For both isotopes, particularly strong are the SH bands labelled as SHa and 

SHb in Table 1, involving transitions from the states (10011) → (10001) and (10012) 

→ (10002), respectively. A contribution of a third band (SHc) corresponding to the 

transitions between the levels (02211) → (02201) is also likely present for both 

isotopes. However, it is one or two order of magnitude less intense (Lopez-Valverde 

et al., 2005) and cannot be easily recognized in the measured spectra. Finally, the 

emission in the 2280–2310 cm
–1

 spectral region is dominated by the fourth hot (FRH) 

transitions of the main isotope, and particularly those from the (2001x) levels (purple, 

orange, and cyan solid lines in Fig. 4). This is the first clear identification of such 

bands in the CO2 non-LTE emission on Mars. A series of relative minima are also 

clearly visible in the measured spectrum within this spectral range. One can attempt 



 

to associate these minima to some of the “ν3” frequencies reported in Table 1. For 

instance, the minimum at 2301 cm
–1

 observed in the PFS spectrum could be 

associated to the (12211) → (12201) FRH band of the main isotope. However, as 

demonstrated by Kutepov et al. (2017), these absorption features are the result of a 

very fine combination of lines of emitting and absorbing bands of different isotopes, 

and depend on the conditions of emission generation and propagation through the 

atmosphere along the line of sight. Detailed evaluation of “line overlap” is needed to 

model these features, making the problem relatively complex and computational-time 

consuming (Kutepov et al., 2017). 

A last, puzzling feature is present in the measured spectrum. Namely, the peak 

centered at 2345.5 cm
–1

. This feature is clearly seen in experimental spectra at almost 

all heights, and particularly in the 80–150 km altitude range (see Section 4 below). 

As one can see from Figure 4, the simulated spectra show no separate peaks located 

in this region. Both HITRAN and HITEMP databases do not reveal any possible 

transition that might be associated to the features observed by PFS in the 2344–2350 

cm
–1

 spectral interval. Our calculations show that even selective variation of the 

vibrational-vibrational and vibrational-translational rate coefficients involved in non-

LTE task cannot increase the pumping of upper levels of transitions, which contribute 

in this spectral region, to produce a sharp peak there. Kutepov et al. (2017) used 

complete vibrational-rotational non-LTE analysis to demonstrate that this feature, 

together with other features present in the spectra, represents the first observational 

evidence of rotational non-LTE occurring on the atmosphere of Mars. 

 

4- Non-LTE emission as a function of altitude 

As anticipated in the previous Section, in this paper we will demonstrate PFS 

measurements acquired during the fall season (180° < Ls < 270°) and in the southern 

hemisphere (latitude < 0° N), where have the largest number of measurements (Fig. 

2), and thus the best coverage. Note that, in the southern hemisphere, the seasonal 

range 180–270° Ls actually corresponds to the local spring. In Figure 5 we show 



 

histograms of distribution of data for this season. The vertical resolution of PFS limb 

observations depends on the distance between the spacecraft and the tangent point. 

The typical altitude step (i.e., the altitude difference between two consecutive 

measurements) of most of the PFS limb observations is smaller than 5 km and is 

peaked around 2 km (Fig. 5c). Although the typical IFOV (FWHM) of selected 

measurements is slightly smaller than 30 km (Fig. 5d), the much narrower altitude 

steps in the considered dataset allow improving the effective spatial (vertical) 

resolution of PFS limb scans. This technique is known as oversampling and 

commonly applied in the image and spectra processing (e.g., Nandy et al., 2004). The 

altitude coverage is complete for the altitude range of our interest (40-200 km) (Fig. 

5a), and there is no observation for SZA smaller than ~10° (Fig. 5b). Again, this is 

not an issue, as most of the variability is expected for 30° < SZA < 90° (López-

Valverde and López-Puertas, 1994; Lopez-Valverde et al., 2011b). In particular, we 

focus in the range between 60° and 80°, where most of PFS data are available. 

 

 

Figure 5. Histograms of distribution of selected data. (a) Tangent Altitude, data bins of 10 

km; (b) Solar Zenith Angle, data bins of 5 degrees; (c) Altitude step, data bins of 0.5 km. 

Steps are negative for downward and positive for upward scanning; (d) PFS IFOV 

(FWHM), data bins of 1 km. Altitude values refer to the center of IFOV. 

 



 

Figure 6 shows the variation of the CO2 non-LTE emission spectrum measured 

by PFS for different altitudes of the tangent point. The same dataset as described 

above was used here. The PFS spectra were grouped and averaged for bins of 10 km 

of altitude, from 40 to 200 km (center of IFOV). The selected bin width is 

approximately the scale height of the Martian atmosphere and is 2-5 times larger than 

the typical oversampled vertical grid of PFS scans (Fig. 5c). This guarantees a 

sufficient number of measurements for statistical analysis in each altitude bin. In 

addition, from the PFS Point Spread Function, we can infer that the central 10 

kilometers of the PFS IFOV is approximately the altitude range where most of the 

signal falling into PFS IFOV comes from (see Appendix A). 

Only solar zenith angles between 60° and 80° were considered. Since the 

values of the SZA in the various spectra of Figure 6 are equally distributed around 

the average value of 65-70° (see Fig. 5b), the tangent altitude can be considered as 

the key parameter for the various non-LTE emission spectra collected in Figure 6, 

and any change in their shape and intensity can be mainly attributed to the different 

heights of the observations. The sensitivity of PFS measurements to the oversampled 

bins of 10 km is also demonstrated by Figure 6, where the variations among the 

averaged spectra are much larger than the instrument noise, even for single 

measurements (Giuranna et al., 2005).  

 



 

 

 



 

 

Figure 6. Variation of the CO2 non-LTE emission spectrum as observed by PFS for 

different altitudes of the tangent point. The PFS spectra were grouped and averaged for bins 

of 10 km of altitude, from 40 to 200 km (center of IFOV). See text for more details. 

 

From Figure 6 we note that no emission is observed for altitudes higher than 

170 km. At the highest altitudes (> 150 km, green and cyan curves in Fig. 6a), one of 

the main contribution to the emission spectrum comes from the fundamental band 

(FB) of the main isotope, whose R-branch can be clearly distinguished in the 

measured spectrum between 2350-2380 cm
–1

 (Fig. 6a). The minimum separating the 

P- and the R- branches of the FB is also clearly visible around 2349.1 cm
–1

 (see also 

Figure 3, and Table 1 and the black curve with filled circles in Figure 4 for a 

comparison with the models). At these altitudes, the main contribution to the 

emission spectra comes from the 626 SH bands. It rapidly increases with decreasing 

altitudes and dominates the emission spectrum, especially in the altitude range 130-

170 km (Fig. 6a), with its two lobes centered around 2326.9 cm
–1

. If we compare 

these two lobes (namely, the P- and R- branches of the 626 SH bands) with the 

corresponding models in Figure 4, we see that they appear much smoother in the data 

than in the model. As also noted by Lopez-Valverde et al. (2005), this is because the 

spectral locations of the rotational lines of the 626 SHa and SHc bands (blue and 



 

yellow solid curves in Fig. 4; see also Tab. 1 for definitions) are slightly shifted in 

such a manner that their joint envelope is smoother than for each band separately. 

Similar considerations apply to the 636 SH and the 626 FRH bands. We note also 

that, in the considered altitude range (130-170 km), the resulting lobes of the 626 SH 

bands have slightly different intensities, the R- branch, peaked around 2338 cm
–1

, 

being apparently more intense than the corresponding P-branch, peaked around 2318 

cm
–1

 (Fig. 6a). This apparent asymmetry is due to the contribution of the FB and the 

first hot (FH, Figure 3) band to the total emission. The FH band is clearly identifiable 

in the spectra as a peak in the measured spectrum around 2336.6 cm
–1

, whose 

intensity increases with decreasing altitudes. However, starting from 130 km (violet 

curve in Fig. 6a), we have an opposite situation where the P-branch of the 626 SH 

bands is apparently more intense than the corresponding R-branch. This asymmetry 

becomes further evident as the altitude decreases. Moreover, new features appear in 

the spectra in the 2280–2320 cm
–1

 spectral range. The explanation lies in the (2001x) 

→ (2000x) fourth hot transitions (FRH, Figure 3) of the main isotope, which become 

important for altitudes lower than 130 km (Figs. 6a, 6b, and 6c) and affect the 

emission spectrum mainly in the 2280–2320 cm
–1

 spectral range (purple, orange, and 

cyan solid curves in Figure 4). Figure 6b shows that, for altitudes lower than 100 

km, the contribution of the 626 SH bands becomes less important, and the emission 

spectrum is dominated by the FRH bands, and by the isotopic 636 SH bands in the 

2230-2280 cm
–1

 spectral range (Figure 3). The latter are clearly visible in the 

measured spectra from 40 km up to an altitude of 130 km (violet curve in Fig. 6a). 

The FRH bands and the isotopic 636 SH bands dominate the emission spectra below 

80 km (Fig. 6c).  

The peak emission (i.e., the maximum intensity of the measured spectrum) is 

observed around 90-100 km (Fig. 6b), where several bands sum-up and contribute to 

the total emission. This is good agreement with previous results by PFS observations 

(Lopez-Valverde et al. (2011b) and recent results by OMEGA (Piccialli et al., 2016). 

Lopez-Valverde et al. (2011b) studied the variation of the emission spectrum with 



 

altitude through model simulations. They attributed the peak emission observed on 

Mars around 100 km and at 2317 cm
–1

 as due to the P and R branches of the CO2-626 

second hot bands. While, on one hand, PFS spectra shown in Figure 6 confirm that 

the peak emission is observed around 100 km, on the other hand they suggest that, at 

those wavenumbers and altitudes, the contribution of the FRH bands is also important 

and cannot be neglected.  

PFS observations of the 4.3-μm CO2 non-LTE emission collected in the present 

analysis allow a detailed study of the contribution of the different bands and 

isotopologues to the emitted spectrum at different altitudes. The results are presented 

in Figure 7. By exploiting the relatively high spectral resolution of PFS we can 

separately identify the different emission bands from their central minima (in the 

absence of Q-branches) or maxima (when Q-branches are present). For instance, the 

contribution of the isotopic 636 SH bands as a function of altitude can be investigated 

by collecting spectra at different altitudes and measuring the difference of the 

observed radiance at 2252.5 cm
–1

, where the P-branch emission is maximum, and at 

2261.9 cm
–1

 where the central minimum is located (squares symbols in Fig. 7b). In 

this way we also eliminate a possible, although small, contribution of the FRH bands. 

Similarly, the variation of the intensity of the FH emission bands as a function of 

altitude can be characterized by measuring the difference between the radiance of the 

Q-branch peak emission at 2336.6 cm
–1

 (“×2” in Fig. 7b) and the adjacent continuum 

which, in turn, is defined by linear interpolation between the two spectral points 

marked with “×1” and “×3” in Figure 7b. Similar considerations can be applied to 

derive the emission profiles of the other bands as a function of altitude, such as the 

SH bands of the main isotopologue (central minimum at 2326.9 cm
–1

, triangles in 

Fig. 7b), and the FB (central minimum at 2349.1 cm
–1

, “+” signs in Fig. 7b). The 

FRH bands can be identified by the strong features (sharp local minima) observed at 

2300.9 cm
–1

 and 2136.4 cm
–1

 (diamonds and asterisks, respectively, in Fig. 7b).  

 



 

 

 

Figure 7. (a) Intensity of emission of different bands as a function of altitudes. (b) The 

intensity profiles shown in (a) are calculated as follows: 636_SH = 636_SH1 − 636_SH2; 

FRH = 0.5∙(FRH1 + FRH3) – FRH2; 626_SH = 0.5∙(626_SH1 + 626_SH3) − 626_SH2; FH = 

FH2 − 0.5∙(626_SH1 + 626_SH3); FB = 0.5∙(FB1 + FB3) − FB2. Data collected in the 

southern hemisphere (latitude < 0) and for 180° < Ls < 270° (southern spring). See text for 

more details. 

 

Figure 7a illustrates the intensities of the various emission bands as a function 

of altitude. Each band shows its own specific trend and peak altitude. Although the 



 

results obtained in each altitude bin may contain information also on nearby altitudes, 

affecting the absolute value of the average spectra, this will not affect the conclusions 

in terms of the relative variations with the tangent height obtained in Figure 7. 

Providing the instrument is sensitive enough to measure the variation of the signal 

between two adjacent bins (i.e., the variation of the signal is larger than the 

instrument noise, as demonstrated in Figure 6), the uncertainty on the altitude is half 

of the bin size (±5 km in our case). No emission is observed for altitudes higher than 

170 km. Note that, although the peak intensity of the emission spectra is observed 

around 90-100 km (Fig. 6b), none of the emission bands here analyzed peaks at that 

altitude, providing further evidence that different bands are contributing to the total 

emission, as discussed above. The SH bands of the main isotope show a sharp peak of 

emission around 120-130 km, and rapidly decrease for higher and lower altitudes. 

This emission is observed up to a maximum altitude of  ~170 km and is the only 

emission that does not have a significant contribution below 70 km. The isotopic 636 

SH bands and the FRH bands exhibit a similar trend. The former is peaked around 

70-80 km and the latter show maximum emission between 70-90 km. Among the five 

bands here analyzed, these two bands have the lowest peak-altitude observed. The 

main difference between the two is the maximum altitude at which the emission can 

be observed, namely 130-140 km for the FRH bands, and 150-160 km for the isotopic 

636 SH bands. Above the peak altitude, all these bands (namely, the 626 SH, the 636 

SH, and the FRH) become optically thin and decrease strongly with tangent altitude, 

following the exponential decrease in density (Fig. 7a). The intensity profile of the 

FB and the FH bands shows a peculiar trend. Contrary to the previous bands, both are 

observed at all altitudes between 50 km and 170 km, and show no peak emission. The 

former is essentially constant at almost all altitudes (50-150 km), and then linearly 

decreases for higher altitudes. The latter exhibits a linear decrease with increasing 

altitude for the whole range of altitudes considered.  
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5- Seasonal and latitudinal variability 

In the previous Section we made use of PFS measurements acquired in the 

southern hemisphere (latitude < 0° N) and during the southern spring season (180° < 

Ls < 270°) to investigate the CO2 non-LTE emission of different isotopologues, from 

different transitions, and as a function of altitude, SZA and local time. Similar results 

and considerations to those discussed above can be extended and applied to the 

emission spectra observed in the northern hemisphere and during the other seasons. 

In this Section we investigate the variation of the non-LTE emission as a function of 

season (or areocentric longitude, LS) and latitude. We found that the different 

illumination conditions due to different seasons and latitudes not only affect the 

intensity of the non-LTE emission, but also change the altitude at which the 

maximum emission is observed. The seasonal variation of the altitude and intensity of 

the peak emission is shown in Figure 8. For this analysis we selected observations 

for all values of tangent altitude and Ls, while the SZA is kept fixed around the value 

of 60°. The intensity of the emission at 2340 cm
–1

 (directly related to the 626 SH 

bands) shows a clear cosine-like pattern (Figure 8b), which is well correlated with 

the seasons and the solar flux. The data are best-fitted by the relation y = a*cos(Ls + 

φ) + b (dashed curves in Fig. 8), where y is the measured peak-radiance at 2340 cm
−1

 

and a, φ and b are scalar parameters which represents, respectively, the amplitude of 

the variation, the phase, and the mean value of the peak intensity. The minimum 

intensity is observed between the aphelion (Ls = 71°) and the southern winter solstice 

(Ls = 90°), when the solar flux on Mars is at minimum. It then increases in the 

southern winter and spring seasons, reaches a maximum between the perihelion (Ls = 

251°) and the southern summer solstice (Ls = 270°), and decreases again during the 

southern summer and fall seasons. This behavior is observed in both hemispheres, as 

a consequence of the fact that the mean solar flux at Mars is about 40% higher around 

Ls = 240° – 270° compared to Ls = 90°.  In Figure 8a we show the altitude 

corresponding to the maximum emission as a function of season. The pattern is 

similar to that of the intensity. The maximum altitude is observed at the perihelion, at 



 

the end of the southern spring (Ls = 270°), where the emission peaks around 120-130 

km. This value is well consistent with the results in Figure 7a, where the emission of 

the 626 SH bands during the fall season is well peaked around 120-130 km.  

 

 

Figure 8. (a) Altitude of peak emission at 2340 cm
-1

 as a function of season. Error-bars 

show the actual PFS IFOV during the measurements (b) Intensity of peak emission at 2340 

cm
-1

 as a function of season. Data bins of 20° Ls. Error-bars show the standard deviation of 

the peak intensities for each bin. In both panels, PFS data (squares) are best-fitted by the 

relation y = a*cos(Ls + φ) + b (dashed curves). 

 



 

The peak altitude decreases during the southern summer and fall seasons, and reaches 

a minimum of ~85 km around the southern winter solstice. During the whole 

southern winter (Ls = 90 – 180°) the altitude of the peak emission stays constant 

around 80-90 km. It then increases again throughout the southern spring (Ls = 180–

270°).  

The seasonal variation of the peak altitude observed by PFS is explained by the 

variability of the thermal structure (scale heights) of the Martian atmosphere with the 

season, as a response to the changing solar flux. Dayside thermospheric temperature 

and scale height trends have been recently examined using measurements from the 

Neutral Gas Ion Mass Spectrometer (NGIMS) and the Imaging Ultraviolet 

Spectrograph (IUVS) on the Mars Atmosphere Volatile EvolutioN (MAVEN) 

spacecraft (Bougher et al., 2017). Both instruments confirmed the scale heights 

decrease after perihelion and reach the lowest value near aphelion, strongly 

responding to the changing solar flux (Bougher et al., 2017). Forget et al. (2009) used 

stellar occultations by SPICAM to derive nighttime density and temperature of the 

upper Martian atmosphere. They found that the periods of minimum and maximum 

density are, respectively, Ls = 90–120° and Ls = 240–270°, which well correspond to 

the period of minimum and maximum peak altitude observed by PFS. The mean 

temperature profiles during the periods of minimum and maximum density appear as 

they are shifted by 20 km or more (Forget et al. 2009). For Ls = 240–270°, the 

homopause is observed at an altitude of 120-130 km, while for Ls = 90–120° it is 

found around 105 km. However, the homopause is observed at essentially the same 

pressure level in both periods. This is due to the fact that the lower atmosphere is 

warmer and more expanded during the first period, so that the same altitude does not 

correspond to the same pressure (Forget et al. 2009). In other words, the altitude of a 

given pressure level depends on the thermal structure of the atmosphere which, in 

turn, depends on the season. On the contrary, the pressure level of the peak emission 

does not depend on the scale heights, as it is mainly controlled by the CO2 column 

density above the peak. The seasonal variation of the peak altitude observed by PFS 



 

is thus explained by the variability of the thermal structure (scale heights) with the 

season. The variation in the peak altitude for different seasons or latitudes was 

already detected by PFS (Formisano et al., 2006). Our results are in agreement with 

model predictions (Piccialli et al., 2016), according to which the tangent altitude of 

the peak emission varies with the thermal structure, but the pressure level where the 

peak of the emission is observed remains constant. Piccialli et al. (2016) also found 

that seasonal variations of the altitude of constant pressure levels retrieved by 

SPICAM correlate well with the variations of the OMEGA peak emission altitudes. 

In Figure 9 we show the latitudinal variation of the intensity of the CO2 non-

LTE emission observed by PFS at 2340 cm
–1

 during the southern spring (Ls = 180–

270°) and fall (Ls = 0–90°) seasons. The maximum intensity is observed around the 

sub-solar latitudes, where the solar flux is maximum. For instance, we know from 

Figure 8 that the maximum intensity of the peak emission is observed around Ls = 

270°. At this aerocentric longitude the sub-solar latitude is around 25° S. 

Accordingly, the maximum intensity of the peak emission during the southern spring 

is observed around 25° S latitude (Figure 9a). 

 

 

Figure 9. Latitudinal variation of the intensity of the CO2 non-LTE emission observed by 

PFS at 2340 cm
–1

 during (a) southern spring and (b) southern fall seasons. Data bins of 20°. 

Error-bars show the standard deviation of the peak intensities for each bin. 

 

 

6- Variations with the Solar Zenith Angle and Local Time 



 

The solar pumping is the main mechanism which triggers the excitation of the CO2 

vibrational levels during daytime in the upper atmosphere. Therefore, one would 

expect to observe a dependence of the observed radiance with the solar zenith angle.  

To analyze the effects of the SZA on the intensity of the non-LTE emission, we used 

the southern spring dataset described in Section 4 and Figure 5. We selected 

observations for fixed tangent altitudes and varying illumination conditions. Tangent 

altitude (center of IFOV) is kept fixed around 120-130 km. We further divided the 

data in morning (LT < 12h) and afternoon (LT > 12h) observations, and then grouped 

and averaged the selected spectra in bins of 1 degree of solar zenith angle. The results 

are displayed in Figure 10, where we plot the radiance measured at 2340 cm
−1

 

(representative of the 626 SH bands emission) as a function of SZA.  

 

Figure 10. Intensity of the CO2 non-LTE emission observed by PFS at 2340 cm
–1

 as a 

function of SZA. Data bins of 1° SZA. Black squares are for afternoon (LT > 12h) and gray 

squares are for morning (LT < 12h) observations. The small top-right panel shows values of 

local time as a function of SZA for the selected observations. Data are best-fitted by the 

relation y = a*cos(SZA) + b (dashed curves). 



 

 

 

Non-LTE emission is observed up to SZA ~95°, at the terminator (see also 

Figure 11a). There is a clear dependence of the emitted radiance on the solar 

incidence angle, which appears to be the dominant parameter affecting the intensity 

of the non-LTE emission. Between 0 and 40 degrees of SZA the radiance is almost 

constant, so that the solar incidence angle does not affect substantially the emission. 

For SZAs larger than 40° the observed emission decreases rapidly with the SZA. 

Here, the data are best-fitted by the relation y = a*cos(SZA) + b (dashed curves in 

Fig. 10), where y is the measured radiance at 2340 cm
−1

 and a and b are scalar 

parameters. All this follows from emissions dictated by solar pumping. Indeed, we 

expect the variation due to SZA to be large when large changes in the solar flux 

occur. However, geometrical path lengths do not vary significantly within the 0-40° 

range of SZA. This is also in good agreement with previous non-LTE model 

calculations, which predict small variations of the radiance up to 40°, and acute 

effects for larger SZAs, especially above 80° (Lopez-Valverde et al., 2007 and 2011). 

The effects also change with altitude, as a consequence of different competing 

collisions and solar pumping. Pure cosine variations would only occur higher in the 

atmosphere, at more tenuous layers.  

In the example shown in Figure 10, morning observations occur only for SZAs larger 

than 55°. However, they clearly show an apparent decrease in the intensity of the 

emission with respect to the observations acquired after the noon. This can be 

explained by the higher atmospheric temperatures that occur, on average, in the 

afternoon, and the consequent expansion of the atmosphere. When air heats up, air 

molecules move faster, pushing each other away and causing air to expand. The 

opposite occurs when air cools down. This daily process is known as “thermal tides”. 

The atmosphere expands into a pronounced bulge on the day side of the planet that is 

up to 30 percent larger than the atmosphere on the night side. This bulge travels 

around the planet like a tide, hence the name (Zurek et al., 1992; Seiff and Kirk, 

1977). In the afternoon, when the atmosphere is warm and expands, the atmospheric 



 

layers also expand and move toward higher altitudes. In the morning, the atmosphere 

is cold and compressed. Thus, sounding different local times at fixed altitudes is 

somehow similar to sounding different altitudes at fixed local times. In our case, the 

intensity of the emission at 120-130 km in the morning is less intense than that 

occurring in the afternoon at the same altitudes, because the atmosphere is 

compressed, and the same atmospheric layer would be “seen” in the afternoon at 

higher altitudes, where the intensity of the emission at 2340 cm
−1

 is lower (see Fig. 

6a). Similarly to the seasonal variation discussed above, the variation of the non-LTE 

emission with the local time result from variability of the thermal structure of the 

Martian atmosphere during the day: at different local times, the same altitude does 

not correspond to the same pressure. 

Lowering of the radiance is not the only effect produced by SZA variations. 

The effect of the SZA on the emission spectrum is shown in Figure 11, where we 

compare different average spectra acquired at 100-110 km at different incidence 

angles. The spectral shape of the emission spectrum also varies considerably with the 

SZA. The decrease of the radiance becomes important when one compares the 

spectra at SZA= 15° and 60° (Fig. 11a). Particularly, the drop in the radiance is much 

larger at 2318 cm
−1

 and 2340 cm
−1

 than at 2295 cm
−1

 or 2255 cm
−1

. In other words, 

the radiance decreases much faster in the region of the 626 SH bands than in 

correspondence of the FRH bands and the 636 SH bands. Actually, the double-peak 

feature due to the P and R branches of the second hot bands of the main isotope 

gradually disappears as the SZA increases, as if the contribution of the 626 SH bands 

is suppressed at such large incidence angles. For SZA larger than 70
o
 the FRH bands 

dominate the emission spectrum, the 626 SH bands are barely visible, and the 

intensity of the 636 SH is also decreased by a factor of ~2 compared to SZA = 15°. 

As anticipated, although very weak, the emission is observed up to SZA ~ 95° (Fig. 

11a). The average spectrum for SZA = 35° (not shown here) does not appear to be 

noticeably different from the spectrum for SZA = 15°, again confirming that 



 

variations in the incidence angle within 0 and 40 degrees do not affect much the 

spectral shape and intensity.  

 

 

Figure 11. CO2 non-LTE emission spectra at different SZAs. (a) PFS average limb spectra 

at 100-110 km and for SZA = 15°, 60°, 70°, and 85°. Two average spectra for ranges of 90-

95° and 95-100° SZA are also shown. (b) Same as above, but normalized to unity at 2318 

cm
−1

. (c) Model simulations at 105 km for SZA = 0°, 60°, 70°, and 85° normalized to unity 

at 2318 cm
−1

. 

 

 

The effect of the SZA on the different transitions, bands and isotopes is best 

seen if Figure 11b, where the same spectra as in Figure 11a are normalized to unity 

at 2318 cm
−1

. It is evident that the relative intensity of the 626 SH bands decreases 

with respect to the rest of the bands as the SZA increases. On the contrary, the 

relative contribution of weaker bands and isotopologues, such as the FRH and the 

636 SH bands, becomes more important for higher SZAs. A similar behaviour can be 

recognized in Figure 11c, where we plot model predictions of the non-LTE emission 



 

at different SZAs. The synthetic spectra shown in Figure 11c have been kindly 

provided for this study by A. Kutepov. The calculations were performed using the 

ALI-ARMS research code package described in Kutepov et al (1998), Gusev and 

Kutepov (2003), Feofilov and Kutepov (2012), and adapted to PFS observations 

(Kutepov et al., 2017). The input atmosphere is set on 0–200 km altitude grid with 1 

km vertical step. Vertical profiles of pressure, temperature, volume mixing ratios of 

atomic oxygen and CO2, are extracted for the conditions of the PFS observations 

from the Mars Climate Database v5.2 (Forget et al., 1999; Gonzalez-Galindo et al., 

2009; Millour et al., 2015). Synthetic spectra in Figure 11c were also normalized to 

unity at 2318 cm
−1

 to be compared with PFS spectra. The qualitative agreement 

between models and observation is very good. The simulation is able to describe the 

observed variability of the spectrum with the SZA. Although the 626 SH bands are 

still recognizable in modelled spectra at SZA = 85°, their relative intensity is 

considerably reduced compared to the rest of the bands. Consistently to PFS 

observations, the model also indicates that the high SZAs make the weaker bands, 

such as the FRH and the 636 SH bands, relatively more important than the 

stronger/optically thicker bands. 

 

7- Discussion and conclusion 

The new PFS dataset of limb observations, acquired between January 2004 and 

December 2016, allowed a detailed analysis of 4.3 μm CO2 non-LTE emission on 

Mars as a function of several key parameters such as altitude, season, SZA, latitude, 

and local time. Non-LTE emission is observed up to an altitude of 170 km, and for 

solar zenith angles as large as 95°. One limit of this dataset is the vertical resolution, 

the typical radius of the PFS circular field of view being ~15 km. However, this issue 

was partially overcome, and analyses of emission for different altitudes were 

performed exploiting the relatively high sensitivity of PFS and by selecting 

observations with small variations of the tangent heights relative to the center of the 

IFOV.  



 

Exploiting the relatively high spectral resolution of PFS and the advantage of limb 

measurements, we identified the main transitions contributing to the observed 

emission. Previous analyses of observations and theoretical models suggested that it 

may be necessary to include additional minor hot and isotopic bands in the models, 

originating from the excitation of higher vibrational levels after the absorption of 

solar photons between 1 and 2.7 μm, to explain some features observed in the spectra 

of Mars and Venus, like the asymmetry between the P and R branch of the 626 SH 

band at 2317 and 2340 cm−1, respectively (Lopez-Valverde et al. 2006; Lopez-

Valverde et al. 2007). We found that such asymmetry is due to the contribution of the 

fourth hot bands of the main isotope, and particularly those from the (2001x) levels. 

This is the first unambiguous, spectrally resolved identification of such bands, and 

PFS observations showed that their contribution gradually increases below 140 km, 

and becomes spectrally dominant for altitudes lower than 100 km.  

The different bands and isotopologues identified in the spectra peak at different 

altitudes, and are observed at different heights. The SH bands of the main isotope 

show a sharp peak of emission around 120-130 km, and rapidly decrease for higher 

and lower altitudes. This emission is observed up to a maximum altitude of ~170 km 

and does not have a significant contribution below 70 km. The isotopic 636 SH bands 

and the FRH bands are peaked around 70-80 km and 70-90 km, respectively. These 

are the lowest peak-altitudes emissions observed by PFS. The FRH and the 636 SH 

bands are observed up to an altitude of 130-140 km and 150-160 km, respectively. 

Above the peak altitude, all these bands decrease strongly with tangent altitude, 

following the exponential decrease in density. The FB and the FH are observed at all 

altitudes between 50 km and 170 km, and show no peak emission. The former is 

essentially constant up to150 km, and then linearly decreases for higher altitudes. The 

latter exhibits a linear decrease with increasing altitude for the whole range of 

altitudes considered in the present analysis (50-200 km). 

The vertical profiles shown in Figure 7 suggest different optical depth and 

population of the excited vibrational levels between the 
12

C
16

O2 and the 
13

C16O2 



 

isotopologues at the various altitudes. According to Lopez-Valverde and Lopez-

Puertas (1994), all the CO2 isotopes present similar vibrational populations of the 

(0,0,v3) states up to about 80 km altitude due to their strong collisional (vibration-

vibration) coupling. In the lower mesosphere their simulation suggests that the minor 

isotopes' excitation is slightly larger than the main isotope, while in the lower 

thermosphere it is significantly smaller. This is due to the competition between 

collisions and direct solar pumping, or optical depth. In other words, theoretical 

models predict that at mesospheric altitudes (below 120 km on Mars), regardless of 

the slightly different excited level population of the minor isotopes, similar bands of 

weaker isotopes would emit more (Lopez-Valverde and Lopez-Puertas 1994). For 

instance, the 636 SH band would give a larger contribution to the spectrum. This is in 

agreement with the observed trends of 636 SH and 626 SH bands shown in Figure 7. 

Our results may also suggest that the heavier isotopologue tends to concentrate at 

lower altitudes. 

Our results are in good agreement with model simulations and OMEGA 

observations recently presented in Piccialli et al. (2016). Although the relatively low 

spectral resolution of OMEGA does not allow identification of most of the emission 

bands here analyzed, the main 626 and the isotopic 636 SH bands can be certainly 

discriminated by the OMEGA spectra. Both OMEGA observations and model 

simulations show negligible contribution of the 626 SH bands below 70 km, in 

agreement with our results. However, the bump around 120-130 km observed by PFS 

is only predicted by the model simulations and it is not observed by OMEGA 

(Piccialli et al., 2016). Similar to our results, the peak emission of the isotopic 636 

SH bands is observed around 80-90 km both in OMEGA data and model predictions. 

Above the peak, the 636 SH bands  are optically thin and decrease strongly with 

tangent altitude (Piccialli et al., 2016). 

For a fixed altitude, the solar zenith angle (SZA) is the main parameter affecting 

the intensity and the spectral shape of the non-LTE emission. For SZA between 0 and 

40 degrees the intensity of the emission does not show significant variations. For 



 

SZAs larger than 40° the observed emission decreases rapidly with increasing SZA, 

following a cosine-like relation. However, lowering of the radiance is not the only 

effect produced by increasing SZAs. The different illumination also affects the 

spectral shape of the emission or, in other words, the relative contributions from 

different CO2 bands. In particular, high incidence angles tend to increase the relative 

contribution of weaker bands compared to stronger/optically thicker bands. This is 

partially explained by the different dependence of the solar pumping on the SZA for 

different levels, whose 4.3 um bands contribute to limb signal. For instance, 2.7 μm 

bands, pumping levels 10011 and 10012 of 626 SH bands, are the strongest ones and 

are getting quicker exhausted with increasing SZA/decreasing altitude compared to 

the analogous, much weaker bands and levels of the 636 isotopologue. However, 

additional simulations with theoretical models are necessary for a complete 

explanation. Indeed, also contributors at 4.3 μm may be relevant. SZA/altitude 

dependence of pumping sources reflects of how the opacity in these short wavelength 

bands is varying. To explain the observed variations in the spectra, the variation of 

contributions of various 4.3 μm transitions must also be considered, since these 

contributions depend both on pumping and individual weighting functions along the 

passes. For a fixed SZA, we found apparent variation in the intensity of the emission 

for different local times. This is in response to the daily variations of the atmospheric 

thermal structure (thermal tides). In the afternoon, when the atmosphere is warm and 

expands, the atmospheric layers also expand and move toward higher altitudes. In the 

morning, the atmosphere is cold and compressed. Thus, sounding different local 

times at a given altitudes is similar to sounding different altitudes at a given local 

time. 

The intensity and the altitude of the maximum emission also change with the 

season, and are largely correlated to changes of the solar flux. For the 626 SH bands, 

the maximum altitude is observed at the perihelion, at the end of the southern spring, 

where the emission peaks around 120-130 km. The peak altitude then decreases 

during the southern summer and fall seasons, and reaches a minimum of ~85 km 



 

around the southern winter solstice. This is explained by the variability of the thermal 

structure of the Martian atmosphere with the season, as a response to the changing 

solar flux. The altitude of a given pressure level depends on the thermal structure of 

the atmosphere which, in turn, depends on the season. On the contrary, the pressure 

level of the peak emission does not depend on the scale heights, as it is mainly 

controlled by the CO2 column density above the peak. Latitudinal variation of the 

intensity of the CO2 non-LTE are also investigated. The maximum intensity is 

observed around the sub-solar latitudes, where the solar flux is maximum. 

With their unprecedented spatial and temporal coverage, and relatively high 

spectral resolution, PFS dayside limb observations provide an extremely valuable 

dataset for the analysis of the 4.3-μm CO2 non-LTE emission in the atmosphere of 

Mars. Exploiting the large amount of information contained in it, this dataset could 

eventually allow retrieval of temperatures and densities in the mid and upper 

atmosphere of Mars. However, not before a complete forward model will be 

developed and successfully used to fit the observed emission spectra. The vertical 

resolution of PFS limb observations can be significantly improved for a substantial 

part of the scans, relying on the small step of vertical scanning and the overlapping of 

many measurement. Indeed, the majority of the limb scans allow application of 

standard de-convolution routines (e.g., Rajan et al., 2003; Nandy et al., 2004; Roscoe 

and Hill, 2001) to refine the altitude resolution of measurements, keeping it 

acceptable (not more than a few km, according to current estimates) for effectively 

retrieving pressure and temperature profiles in the mid and upper atmosphere. 

The present results, while on one hand confirm certain aspects of the non-LTE 

emission modelling, on the other hand provide new challenges for the models. 
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Appendix A 

 

Figure A1. The PFS Point Spread Function measured in the laboratory. Note the 

steepness of the function and the plateau on the top. 
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