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A B S T R A C T

Nadir remote sensing of the night side of Mars is challenging, mainly due to the low signal-to-noise ratio of such
observations. We show in a companion paper that the abundance of carbon monoxide (CO) during night can be
retrieved from the observations of the Planetary Fourier Spectrometer (PFS). This requires, however, an accurate
knowledge of the temperature profile, and especially of the night-time thermal inversions, to properly model the
atmospheric emission. While the temperature profile is usually retrieved from the ν2 band of CO2 (centered at 667
cm�1), this work shows that, for averaged night-time PFS observations built from a large ensemble of spectra, the
temperature profile can be retrieved from the more saturated ν3 band of CO2 (centered at 2349 cm�1). We show
especially that, due to IFOV (instantaneous field-of-view) size differences and boresight offset between the
longwave and shortwave channels of PFS, the temperature profile retrieved from the ν3 band is more consistent
with the emission observed in the 1-0 band of CO (centered at 2143 cm�1), which is used in the second part paper.
We provide a complete characterization of the retrieved temperature profiles in terms of error and vertical
sensitivity. Using this, we show that using the ν3 CO2 band allows to properly constrain and characterize the
thermal inversions encountered near the surface for most night-time observations. The resulting set of temper-
ature profiles is essential for the retrieval of the night-time CO abundance that is presented in the companion
paper. Beyond their usefulness for the night-time CO retrieval, we suggest with a last example that temperature
profiles retrieved from the ν3 band of CO2 could be use more generally to study surface thermal inversions
encountered at night.
1. Introduction

The Martian day and night sides have not been the object of the same
attention since the beginning of satellite missions aroundMars. While the
Martian day side has been extensively studied by remote sounders, less
attention has been given to the night part. This is explained by the fact
that Mars night-time remote observations are challenging to analyze,
especially in nadir mode, because notably of their poor signal-to-noise
ratio (SNR) associated with weak or no (at short wavelength) radiation
sources. A series of works, targeting different atmospheric parameters
and regions, have nevertheless successfully exploited remote observa-
tions of the night side of Mars. For instance, stellar occultations and limb
soundings have been used to study different phenomena occurring in the
).
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Martian upper atmosphere, such as the nitric oxide (NO) ultraviolet night
glow (e.g. Bertaux et al., 2005; Cox et al., 2008; Gagn�e et al., 2013;
Stiepen et al., 2015, 2017) or auroras (Schneider et al., 2015). They have
also been used to retrieve vertical profiles of gas density (CO2, ozone),
temperature, dust/aerosols and clouds for the night side (e.g. Qu�emerais
et al., 2006; Lebonnois et al., 2006; Montmessin et al., 2006; Forget et al.,
2009; Montmessin and Lef�evre, 2013, and references therein). Active
sounding by the Mars Orbiter Laser Altimeter (MOLA) has been exploited
for the detection and characterization of CO2 clouds, particularly during
the polar night (Pettengill and Ford, 2000; Ivanov and Muhleman, 2001;
Colaprete and Toon, 2002; Neumann et al., 2003). The analysis of nadir
night-time measurements has allowed retrieving surface temperatures
and temperature profiles for the Martian night side (e.g. Smith, 2004;
ruary 2021
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Giuranna et al., 2019b), but also the water vapour content in the low
atmosphere (Pankine and Tamppari, 2015). Very recently, exploiting
nadir PFS observations, Giuranna et al. (2019b) have reported the first
complete daily cycle (including night) of dust and water ice optical
depths, and have been also able to retrieve these parameters for the polar
nights. However, the retrieval of carbon monoxide (CO) abundances
from night-time nadir observations has never been reported.

The general goal of our work is to demonstrate the possibility of
measuring the abundance of CO during night using the observations of
the Planetary Fourier Spectrometer (PFS). The fundamental 1-0 band of
CO is especially targeted. Because this band is located at the edge of the
thermal infrared (TIR), a good knowledge of the temperature profile is
required to properly model the atmospheric emission. In fact, during
night, because the daytime convection vanishes, large thermal inversions
develop close to the surface and are responsible for the occurrence of
features (e.g. CO lines) in emission in PFS observations. It is crucial to
properly constrain these thermal inversions to correctly model night-time
PFS spectra. In most studies, temperature profiles are accurately
retrieved from the ν2 CO2 band centered at 667 cm�1 (e.g. Smith, 2004;
Giuranna et al., 2019b; Guerlet et al., 2018). For PFS, this relates to the
longwave infrared channel (LWC). This standard way of doing has,
however, turned out to be unsatisfactory for the specific goal of our work,
i.e. the retrieval of the night-time CO abundance (Bauduin et al., 2020,
this issue) from averaged night-time PFS observations in the shortwave
channel (SWC). We show that the temperature profile can fortunately be
retrieved accurately from the more saturated ν3 band of CO2 centered at
2349 cm�1 in the SWC. While these accurate temperature profiles are
useful for the night-time CO retrieval performed in the companion paper,
this work also shows that the ν3 CO2 band could be used to properly
constrain and characterize the thermal inversions encountered near the
surface for most night-time observations. Section 2 presents the PFS
observations used in this work. Section 3 explains why an alternative for
the temperature retrieval has been necessary and shows that the ν3 CO2
band can be exploited. Section 4 provides a characterization for the
retrieved temperature profiles in terms of error and vertical sensitivity.
Section 5 applies the retrieval method to a night-time spectra built from a
smaller average to explore the possibility of using the ν3 CO2 band not
only in the specific case of the night-time CO retrieval but more generally
for retrieving thermal inversions. Finally, section 6 gives the conclusions.

2. Observations

In this work, we have used the observations of the Planetary Fourier
Spectrometer (PFS) instrument onboard Mars Express (MEX). Details
about the instrument and its calibration can be found in (Formisano et al.,
2005; Giuranna et al., 2005a,b). Since January 2004, PFS has been
observing the atmosphere of Mars and has collected 8 full Martian Year
(27 MY to 34 MY) of Mars spectra. Among this large dataset, only
night-time nadir spectra have been considered here. They have been
defined as the observations for which the solar incidence angle is larger
than 90�. Only PFS spectra associated to dust and ice optical depths
smaller than 0.2 have been selected to simplify the radiative transfer
calculations by neglecting the scattering. The dust and ice optical depths
were provided as part of the PFS level 2 processed data (hereafter L2) by
the National Institute of Astrophysics INAF-IAPS (Wolkenberg et al.,
2018; Giuranna et al., 2019b). Since the ν3 band of CO2 is centered at
2349 cm�1, only the observations recorded by the PFS SWC are used in
this work.

Because the night-time PFS measurements have very low SNR, aver-
aged spectra have been built from the selected set of individual obser-
vations. More specifically, the averages have been made for boxes of 10�

of solar longitude (Ls) and 5� of latitude over the 8 MYs, leading to11631
1 Some boxes do not include averaged spectra, due to some of the selection
criteria.
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averaged spectra in total. The choice for these averages was driven by the
detection of the 1-0 CO band (centered at 2143 cm�1) as explained in
Bauduin et al. (2020). Among the set of averaged spectra, we use
throughout this document as an example the averaged spectrum located
in box 40◦S-35◦S/280◦- 290� (Lat/Ls). The error and vertical sensitivity
characterization are performed on a subset of 170 averaged night-time
observations, which is shown in Fig. 1. These averaged spectra corre-
spond to those for which CO has been detected and successfully retrieved
(Bauduin et al., 2020).

3. Choice of the CO2 band for the temperature retrieval

As introduced, the temperature profile retrievals usually rely on the
information contained in the ν2 band of CO2 centered at 667 cm�1. This
section demonstrates that for the particular case of averaged night-time
PFS SWC observations, the use of the CO2 ν3 band provides better re-
sults and in particular that its use is crucial to properly model the thermal
inversions generally encountered at night.

3.1. Background

As already mentioned, a good knowledge of the temperature profile
of the Martian atmosphere is essential to properly model TIR spectra and
thus to retrieve relevant CO abundances. For the analysis of each night-
time average spectrum, we have initially built an associated temperature
profile by calculating the mean of all temperature profiles associated to
the single spectra used for the spectral average (Fig. 2c). These single
observations temperature profiles, provided as part of the PFS L2 by the
National Institute of Astrophysics INAF-IAPS (Wolkenberg et al., 2018;
Giuranna et al., 2019b), are retrieved from the CO2 ν2 band. Fig. 2 shows
in blue examples of calculated spectra using this average temperature
profile in the region of the ν2 (Fig. 2a) and ν3 (Fig. 2b) CO2 bands (details
about the simulation settings are given in section 3.2.2). The surface
temperature of 218 K corresponds to the average of the surface temper-
ature from the L2. The ν2 band is well modelled, which means that, ac-
cording to this band, the averages calculated from the L2 are good
estimations of the surface temperature and temperature profile. How-
ever, it is clear that the ν3 band is not well reproduced. A surface tem-
perature of 218 K is definitely too low to properly model the baseline of
the spectrum. It is more reasonably around 224 K as observed in Fig. 2 b
with the red curve (note that this leads to an overestimation of the
baseline for the ν2 band, Fig. 2a). Even using 224 K for the surface
Fig. 1. Selected averaged night-time PFS spectra for this work. This selection is
based on the detection of CO and on the success of the CO retrieval (Bauduin
et al., 2020). The color scale indicates the number of PFS night-time observa-
tions averaged together.



Fig. 2. Observed and calculated PFS spectra in the range of the ν2 (a) and of the ν3 (b) CO2 bands. The calculated spectra have been computed using the average
temperature profile built from the L2 temperature profiles and shown in panel (c). Two different surface temperatures have been considered: 218 K (blue) and 224 K
(red). The simulations have been done with the settings given in section 3.2.2. The emissivity has been fixed to 0.97 for the range of the ν2 band (Bandfield, 2002) and
to 0.9 for the ν3 band.
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temperature, there is still a clear lack of emission in the wings of the ν3
CO2 band. Since the surface temperature is pretty well constrained, this
lack of emission can only be compensated by adjusting the temperature
profile, and especially the thermal inversion, which should be shifted
towards higher temperatures.

The above discussion suggests that the two CO2 bands are not
consistent with each other. This is not surprising considering the two
following observational characteristics of PFS:

1. The offset between the boresights of the two channels. It is around 1�,
which means that on the Martian ground, the distance between the
boresights depends on the PFS altitude. The higher the MEX space-
craft altitude, the larger the spatial separation of the two PFS foot-
prints. Fig. 3 shows the distribution of the distance between the SWC
and LWC boresights among the single spectra used to built the
average shown in Fig. 2. For this particular example, 63% of the
Fig. 3. Histogram of the distance between the SWC and LWC boresights among
the spectra used in the spectral average of the example shown in Fig. 2.
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spectra present a distance between the SWC and LWC boresights
smaller than 20 km; these spectra are taken close to the pericentre
altitude (around 240 km). The rest of the spectra present larger dif-
ferences, up to 180 km. In these cases, the spectra taken by the LWC
and the SWC probe different regions and air masses. The inclusion of
such spectra in the average can therefore lead to some inconsistencies
between the two channels.

2. The size difference between the instantaneous field-of-view (IFOV) of
the SWC and the LWC channels of PFS, which are respectively of 1.52�

(full width at half maximum, FWHM) and of 2.69�. At the pericentre
altitude, and close to nadir, the size difference between the two
channels is relatively small (the spatial resolution is indeed respec-
tively of 6.5 km and 11.5 km for the SWC and LWC), but at higher
altitude, this difference is much larger. As an example, when PFS is at
8000 km, the spatial resolution is around 220 km and 390 km
respectively for the SWC and the LWC. As a result, the LWC observes a
much larger area than the SWC. The effect increases with increasing
zenith angle. In building the average spectra for the CO retrieval, no
selection has beenmade on either the PFS altitude or the zenith angle.
In the spectral averages, PFS spectra taken at high altitude/high
zenith angle are thus included. For instance, around 37% of the
spectra included in the average of the example shown in Fig. 2 are
taken at altitudes higher than 3000 km. Due to the different IFOV size
between the SWC and LWC channels, the final averaged spectra for
both channels are not completely equivalent.

It is worth noting that this inconsistency between the two CO2 bands
has not been observed in the analysis of daytime single spectra (Bouche
et al., 2019) recorded at emission angle close to nadir and when PFS is
close to the pericentre altitude. In these conditions, the IFOV differences
between the LWC and the SWC mentioned above are minimized. This is
also the case when averaged daytime spectra are built from several single
observations recorded at small emission angles and close to the peri-
centre altitude (Giuranna et al., 2019b). In these cases, the temperature
profile retrieved from the LWC observations can satisfactorily be used for
retrievals exploiting both the SWC and LWC. For the purpose of this
work, temperature profiles retrieved from the less frequently used ν3
band proves to be a better choice. Indeed, as the 1-0 band of CO, the CO2
ν3 band is located in the spectral range covered by the SWC of PFS. The
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surface temperature and temperature profile retrieved from this band are
therefore more consistent with the SWC observation, and thus with the
1-0 band of CO. Even if the ν3 is partly saturated, it contains information
about atmospheric temperatures, especially in its wings. This is well
observed in Fig. 4, showing the temperature Jacobians2 for the ν3 band
spectral range and for altitudes from 0 to 60 km. It can be seen that the
sensitivity to temperature from this band goes from 0 to around 30 km,
with maximal sensitivity originating from the wings (around 2250 cm�1)
and for the altitude range 0–10 km, where the thermal inversion is
located (Fig. 2). In the following sections, we compare the temperature
retrievals using both CO2 bands and then we show that only the one
retrieved from the ν3 band provides a satisfactory input for the CO
retrieval.
Fig. 4. Temperature Jacobians (W/(cm2 sr cm�1 K), color scale) calculated for
the ν3 spectral range and for altitudes from 0 to 60 km.
3.2. Test of temperature retrieval using two different CO2 bands

3.2.1. Retrieval methodology
In this work, the Optimal Estimation (OE) (Rodgers, 2000) is used to

retrieve the temperature profile. The idea of the method is to find the
temperature profile that is the most consistent with both the averaged
night-time spectrum and the prior knowledge of the Martian atmosphere.
This is done by minimizing a cost function J, written as:

J ¼ ðy� Fðx;bÞÞT S�1
ε ðy� Fðx; bÞÞ þ ðx� xaÞT S�1

a ðx� xaÞ; (1)

where x is the atmospheric state vector, including the parameters to
retrieve, b includes the parameters affecting the TOA radiance but that
are kept fixed, y is the vector of measured radiances, xa is the a priori state
vector, including the knowledge of the retrieved parameters before the
measurement is made, Sa is the associated a priori covariance matrix, Sε is
the measurement error covariance matrix associated to y and F is the
radiative transfer forward model. The minimization of J is performed by
a Gauss-Newton iterative scheme (Rodgers, 2000), with a new state
vector evaluated at each iteration i as follow:

xiþ1 ¼ xa þ
�
KT

i S
�1
ε Ki þ S�1

a

��1
KT

i S
�1
ε ½y� Fðxi;bÞ þKiðxi � xaÞ�; (2)

with K the Jacobians matrix, whose rows are the derivatives of the TOA
radiance with respect to the retrieved parameters. For more details about
the method, see (Rodgers, 2000).

3.2.2. Temperature retrieval from ν2 and ν3 CO2 bands
The temperature retrieval has been tested on the example case of

Fig. 2. It has been performed on the 500–800 cm�1 and on the
2140–2387 cm�1 spectral ranges respectively for the ν2 and ν3 CO2
bands. The a priori profile has been taken in both cases as the average
temperature profile calculated from the L2. The a priori variability
(square root of the diagonal elements of Sa) has been set to 2 K. This value
allows sufficient variability for the retrieval while providing sufficient
constraint to avoid retrieved temperature profiles that present unrealistic
large vertical oscillations. To take into account the correlation between
the atmospheric levels, the off-diagonal elements have been calculated
using an exponential decay from the diagonal (Rodgers, 2000) and
considering a correlation length of one scale height. Assuming an average
temperature of 210 K and a molar mass of 43 g/mol, the scale height of
Mars’ atmosphere is 11 km. The temperature has been retrieved on the
altitude range from 0 km to 60 km by steps of 1 km between 0 and 10 km,
and by steps of 2 km from 10 to 60 km. As temperature and CO2 abun-
dance are correlated in the radiative transfer, the CO2 profile cannot be
retrieved simultaneously to the temperature and must be kept fixed.
However, its choice, and thus that of the pressure profile, is critical.
While there is clearly no perfect option for averaged spectra, the way we
2 Derivatives of the top of the atmosphere (hereafter TOA) radiance with
respect to the temperature at different altitude levels.
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have proceeded is the following. We have calculated the average surface
pressure from the Mars Climate Database version 5.3 for each average
PFS spectrum. Using this average surface pressure and the hydrostatic
equation, the rest of the pressure profile has been calculated for the a
priori temperature profile. The CO2 VMR profile was set to a global
average calculated from the Mars Climate Database (MCD, version 5.3)
(Forget et al., 1999; Millour et al., 2018) (see Bouche et al. (2019) for
details). Such assumptions lead to uncertainties on the retrieved tem-
perature profile, which we will discuss in section 4. The surface tem-
perature has been retrieved simultaneously with the temperature profile
to properly model the spectrum baseline. The a priori value has been set
to 218 K (the average surface temperature calculated from the L2) and an
a priori variability of 2 K has been considered. For the ν2 spectral range,
the emissivity has been fixed to 0.97 according to Bandfield (2002). For
the ν3 spectral range, it has been fixed to 0.9; it corresponds to the
emissivity average value calculated by co-localizing single spectra with
the emissivity at 2000 cm�1 global maps provided by the Planetary
SUrface Portal (Poulet et al., 2018; Quantin-Nataf et al., 2018). Finally,
the spectroscopic parameters have been taken from HITRAN 2016
(Gordon et al., 2017), including the pressure broadening by CO2, and the
instrumental line shape recommended by the PI team of PFS has been
considered (Giuranna et al., 2019a).

Fig. 5 shows the results of the temperature retrieval performed on the
two CO2 bands. The two retrievals are successful and the fits are of very
good quality. The root mean squares of the residuals is similar to the
noise level considered (RMS ¼ 2.90 � 10�8 W/(cm2 sr cm�1) for a noise
¼ 2.25� 10�8 W/(cm2 sr cm�1) for the ν2 band; RMS¼ 1.47� 10�10 W/
(cm2 sr cm�1) for a noise ¼ 1.87 � 10�10 W/(cm2 sr cm�1) for the ν3
band). As expected, however, the two retrieved temperature profiles
shown on panel (c) are significantly different. The temperature profile
retrieved from the ν2 band is logically very close from the a priori
(average temperature profile) and the retrieved surface temperature is
219 K. For the ν3 band, the retrieved temperature profile is hotter than
the a priori, to reproduce the emission in the wing of the ν3 band. The
retrieved surface temperature is 224 K. The retrieval errors are similar for
the two bands (see also section 4).

3.2.3. Test of the retrieved temperature profiles for the CO retrieval
Using the two temperature profiles retrieved in previous section, we

have retrieved the CO profile. The procedure follows the one described
by Bouche et al. (2019) and is fully presented in the companion paper
(Bauduin et al., 2020); note at this point that in addition to CO, the
surface temperature is again retrieved. Fig. 6 shows the results for both



Fig. 5. Temperature retrieval for one example of average PFS observation using the ν2 (a) and ν3 (b) bands of CO2. Panel (c) shows the retrieved temperature profiles
(blue for ν2 and red for ν3) with the associated retrieval errors. The latter correspond to the square root of the diagonal elements of the error covariance matrix.

Fig. 6. Retrieval of the CO vertical profile using the temperature profiles retrieved from the ν2 CO2 band (a) and from the ν3 CO2 band (b). Panel (c) shows the
retrieved CO profiles.
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retrievals. The first thing to note is that the choice of the temperature
profile significantly influences the retrieved CO abundance (as seen in
Fig. 6c). The difference can be up to 200 ppm. Then, we clearly see that
the best fit is obtained when using the temperature profile retrieved from
the ν3 band. Indeed, there is a clear misfit in the R-branch of the 1-0 CO
band when using the temperature profile retrieved from the ν2 band
(Fig. 6a). Moreover above 2200 cm�1, where the ν3 CO2 band starts, the
shape of the emission in the band wing is not well modelled. Finally,
when compared to Fig. 6 b, there is a lack of emission in the CO2
Q-branches located at 2078.4 cm�1 and 2094.2 cm�1. These misfits are
due to the temperature inconsistencies between the two bands. When the
temperatures retrieved from the ν2 band are used as input for the CO
retrieval, the retrieved surface temperature reaches 225 K to model the
baseline in the 1-0 band. As a consequence, because the temperature
profile is kept fixed during the CO retrieval, the amount of emission in the
near-surface atmosphere is reduced and leads to some of the mentioned
effects in Fig. 6 a.

According to the above discussion, we conclude that, for the retrieval
of CO from averaged SWC night-time spectra, the ν3 band of CO2 must
preferably be used. It provides a representation of the thermal inversion
the most consistent with the SWC spectral range, which in turn is crucial
to correctly model the emission in the 1-0 band of CO.
5

3.3. Effect of the emissivity

As seen in previous sections, one of the inconsistencies observed be-
tween the ν2 and ν3 CO2 bands is the surface temperature. Indeed, one
value cannot properly model the baseline for both bands. One other
parameter affecting the baseline that we have not mentioned yet is the
emissivity. It has been considered fixed for the two spectral ranges and
equal to 0.97 and 0.9 respectively for the ν2 and ν3 bands. Any uncer-
tainty on these values would lead to the estimation of different surface
temperatures and could therefore be responsible for part of the observed
inconsistency. Fig. 7 shows the effect of emissivity in both spectral
ranges. In the region of the ν2, the simulations are performed for two
emissivity values and considering the surface temperature retrieved from
the ν3 band (224 K). Conversely for the latter, the same two emissivity
values are tested along with the surface temperature retrieved from the ν2
band (218 K). From Fig. 7 a, we can see that for the ν2 band spectral
range, if the emissivity is taken equal to 0.9 instead of 0.97, a surface
temperature of 224 K becomes more consistent with this spectral range.
However, increasing the emissivity from 0.9 to 0.97 for the ν3 band
spectral range has less impact; even with a higher emissivity, a surface
temperature of 218 K remains too low to properly model the baseline for
this spectral range (Fig. 7b).



Fig. 7. Observed and calculated spectra in the range of the ν2 (a) and ν3 (b) CO2 bands. The spectra are calculated for both bands using two different values for the
emissivity: 0.97 and 0.9. The surface temperature is taken equal to 224 K and 218 K respectively for the ν2 and the ν3 bands.
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Still, assuming that an error on the emissivity could be responsible for
the temperature inconsistencies described previously, we have investi-
gated if considering an emissivity of 0.9 for the ν2 CO2 band would allow
retrieving a temperature profile similar to the one from the ν3 spectral
range. The goal is also to verify if such error could change the choice of
Fig. 8. (a,b) Retrieval of the temperature profile from the ν2 CO2 band using an emi
retrieved from the same spectral range but using an emissivity of 0.97 (see Fig. 5a) an
ν3 band (see Fig. 5b). These two profiles are taken as our references. (c,d) Retrieval

6

the CO2 band for the temperature retrieval. For this, we have followed
the method described in section 3.2: we have first retrieved the tem-
perature profile from the ν2 band considering an emissivity of 0.9, and we
have then retrieved the CO profile. The retrieval settings are those
described in section 3.2.2. The results are shown in Fig. 8. The first thing
ssivity of 0.9. The dashed line in panel b corresponds to the temperature profile
d the dashed-dotted line correspond to the temperature profile retrieved from the
of the CO profile using the temperature profile retrieved in panel b (blue).
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to notice is that the fit of the ν2 band is reasonable (RMS equal to 5.10 �
10�8 W/(cm2 sr cm�1)), except for the edges of the spectral range
considered. It is, however, not as good as that obtained using an emis-
sivity of 0.97 (Fig. 5 a; RMS of 2.90 � 10�8 W/(cm2 sr cm�1)). Fig. 8 b
shows the retrieved temperature profile (blue) along with the profiles
retrieved previously (section 3.2.2) from the ν2 band using an emissivity
of 0.97 (dashed line) and from the ν3 band with an emissivity of 0.9
(dashed-dotted line). The last two are taken as our references. We can see
that the retrieved profile is colder than the two reference temperature
profiles close to the surface (below 5 km) and then stays close to the
reference profile retrieved from the ν2 CO2 band. The retrieved surface
temperature is 223.5 K. This means that, considering these temperatures,
the intensity of the emission close to the surface is smaller than for the
two reference cases. This is well observed in Fig. 8 c, which shows the fit
for the CO retrieval performed with the new temperatures. The fit of the
1-0 band of CO is very poor in three different ways. Firstly, the intensity
of the CO lines is not properly modelled. This is partly related to the
shape of the baseline that is badly reproduced, more particularly in the R-
branch of the 1-0 band of CO. Secondly, the temperature profile
considered does not allow to properly model the emission in the wing of
the ν3 CO2 band (above 2200 cm�1). Finally, there is a clear lack of
emission in the CO2 Q-branches located at 2078.4 cm�1 and 2094.2 cm�1

(note that the Q-branch at 2078.4 cm�1 is even partly in absorption). In
conclusion, while using a smaller emissivity for the 500–800 cm�1 range
reconciles the surface temperatures retrieved in the LWC and SWC, it
increases the difference between the retrieved temperature profiles. As a
result, the fit quality of the CO 1-0 band is even worse than in the case
shown in Fig. 6 a.

4. Characterization of the retrieved temperature profiles

We characterize in this section the temperature profiles retrieved
from the CO2 ν3 band in terms of error and vertical sensitivity. This is
performed on the selected set of averaged spectra described in section 2.

4.1. Error budget

To estimate the uncertainty on the retrieved temperature profiles, we
have first considered the total error covariance matrix Stot that can be
written as:

Stot ¼ Ss þ Sm þ Sf ; (3)
Fig. 9. (a) Histogram of the number of retrievals as a function of the total retrieval
dard deviation.
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where Ss is the covariance matrix of the smoothing error, resulting from
the limited vertical resolution of PFS, Sm is the covariance matrix of the
measurement error, and Sf is the covariance matrix of the fitted param-
eters error, taking into account the interferences between the retrieved
temperature profile and the rest of the state vector (surface temperature).
The square root of its diagonal elements provide therefore the total error
for the retrieved temperature at each level and includes the contribution
of the smoothing error, the measurement error and of the fitted param-
eters. Note that the contribution of the latter is negligible compared to
the two other sources. It is also important to keep in mind that these
retrieval errors are partly impacted by the choice of the a priori vari-
ability, which by definition fixes the maximal value for the retrieval er-
rors. The distribution of the total error for the analysed set is shown in
Fig. 9 a for several retrieved altitudes. We can see that below the altitude
of 10 km, it is smaller than 1.0 K for the majority of the retrievals. The
total retrieval error then increases with height to reach around 2 K above
50 km. Using the error profiles of each temperature retrieval, we have
calculated the mean error vertical profile. It is shown in Fig. 9 b. The
smallest average error is found at 2 km and is 0.7 K. The mean error
profile of Fig. 9 b will be used to estimate the propagation of the tem-
perature retrieval error on the CO abundance retrieval in the companion
paper (Bauduin et al., 2020).

The error coming from the uncertainty on the CO2 density, and thus,
on the pressure profile, is not considered in the budget of Fig. 9. As
mentioned in section 3.2.2, the CO2 abundance cannot be retrieved
simultaneously with the temperature profile as these two parameters are
correlated. Any uncertainty on the CO2 abundance (and so on the pres-
sure profile) obviously propagates to the temperature profile. The choice
of the pressure profile to use for the retrieval is in our case particularly
complicated, as a large number of PFS spectra, which are taken at
different locations and so at different surface pressures, are averaged
together. As explained in section 3.2.2, the procedure we have chosen is
to calculate the mean surface pressure (from the MCD version 5.3) for
each averaged spectrum and, using the equation of hydrostatic equilib-
rium, to estimate the pressure profile. For each averaged spectrum, we
have also calculated the standard deviation of the surface pressure; its
mean value, 0.9 hPa, has been considered as the uncertainty on the
surface pressure. To evaluate how this uncertainty propagates on the
temperature retrieval, we have retrieved new temperature profiles for all
the analysed set but applying�0.9 hPa on the surface pressure (note that
the pressure profile is also modified through the hydrostatic equation).
error for different altitudes. (b) Mean error profile (K) and its associated stan-
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The mean differences between the new and the reference temperature
profiles are taken as the uncertainty on the temperature profile due to the
uncertainty on the pressure (the temperature-pressure error). They are
shown in Fig. 10. They are very similar and (almost) symmetric. The
largest uncertainty is found around 10 km and reaches �3.5 K and 4.5 K
respectively for a surface pressure shift of þ0.9 hPa and �0.9 hPa. These
uncertainties on the temperature profile will in turn be propagated on the
retrieval of CO (Bauduin et al., 2020). Note finally that even if only
spectra associated with a dust optical depth lower than 0.2 have been
selected, because we have neglected the scattering some additional errors
might contribute to the total error on the temperature profile. However,
these errors should be low given the fact that scattering by dust does not
contribute significantly to the spectral range considered (Billebaud et al.,
2009).
4.2. Vertical sensitivity

The vertical sensitivity of the temperature retrieval is evaluated here
with the averaging kernel functions (AVK), defined as the rows in the
averaging kernel matrix A:

A ¼ ðKTS�1
ε Kþ S�1

a Þ�1
KTS�1

ε K: (4)

One AVK is associated to the temperature retrieved at each level. It
peaks at the altitude from where most of the information about the
temperature at that level is coming. The AVK functions provide therefore
an estimation of the height of maximum sensitivity to temperature of the
retrieval. The trace of A corresponds to the degrees of freedom for signal
(DOFS), which is the number of components/patterns in the retrieved
profile that are measured independently of the a priori profile.

Fig. 11 a shows the AVK functions for the example retrieval (Fig. 5b).
For display purposes and because the sensitivity of PFS is limited in the
high atmosphere, they are shown for the first 50 km. We can see that the
retrieval is sensitive to temperature over a broad altitude range, with
several AVK functions peaking in the region 0–30 km. Above 30 km, the
AVK drop close to 0 showing that the retrieval becomes insensitive to
temperature. One important result is that the maximum sensitivity is
found at 1 km, where the 1 km AVK peaks at a maximal value of 0.4. This
Fig. 10. Uncertainty on the temperature profile due to uncertainty on the sur-
face pressure and profile. One curve gives the uncertainty for a shift of �0.9 hPa
for the surface pressure (dashed line) and the other gives the uncertainty for a
shift equal to þ0.9 hPa (dashed-dotted line).
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is in fact the height where the thermal gradient passes from positive to
negative (Fig. 5c). The thermal inversion is therefore well constrained by
the retrieval from the ν3 CO2 band. This is also observed for the rest of the
analysed set. Fig. 11 b shows the distribution of the altitude associated to
the maximal value of the AVKs. It can be seen that 96% of the retrievals
present a maximal AVK value between 0 and 4 km. This altitude range
corresponds also to the thermal inversion, and more specifically where
the temperature gradient change, for 96% of the analysed set (Fig. 11c).
Regarding the range of sensitivity to temperature, it varies from 0-20 km
to 0–45 km in the best cases. Finally, the DOFS varies between 3 and 5 for
a large majority (90%) of the retrievals (Fig. 11d), showing that 3 to 5
patterns in the retrieved profiles are retrieved independently of the a
priori profile.

5. Beyond the night-time CO retrieval

In the previous sections, we have shown that for the analysis of SWC
averaged spectra, built from a large ensemble of single observations, the
temperature profile should be retrieved from the ν3 band of CO2 to avoid
inconsistencies between the SWC and LWC due to their IFOV sizes dif-
ferences and offsets. A full characterization has been performed and
shows that the ν3 band of CO2 allows to properly retrieve the thermal
inversions occurring near the surface. However, the temperature re-
trievals have been performed until now in the specific context of the
night-time CO retrieval, and so have been performed on average spectra,
built from a large set of single observations spanning different Martian
Years, local times, etc. The retrieved temperatures correspond in these
cases more to effective temperatures and are difficult to interpret
geophysically. This section explores the possibility to exploit the ν3 band
of CO2 on average spectra, built from a smaller and more consistent
ensemble of PFS spectra, to retrieve night-time temperature profiles, and
more specifically the near-surface thermal inversions, that are more
geophysically interpretable.

For this, we have built a new average spectrum from a smaller
ensemble of PFS SWC observations. More particularly, only 7 single SWC
spectra have been used, allowing sufficient SNR in the wings of the ν3
band of CO2. All were recorded in MY 29 at around 23:06 local time and
at Ls¼ 243.52� in a small area spanning�60.95� to�60.72� in longitude
and �43.52� to �35.93� in latitude. It is shown in Fig. 12 a. It has been
analysed using the same retrieval methodology described in sections
3.2.1 and 3.2.2. The resulting fit is shown in Fig. 12a and is of good
quality (RMS ¼ 4.65 � 10�10 W/(cm2 sr cm�1) for a noise of 9.45 �
10�10 W/(cm2 sr cm�1)). The retrieved temperature profile and the
associated errors (only the temperature retrieval error) are shown in
Fig. 12 b. The retrieved profile differs from the a priori profile by several K
and, as already explained previously, is shifted towards higher temper-
ature to properly reproduce the emission in the wings of the CO2 ν3 band.
The retrieval temperature errors are within 1 K and 2 K for the entire
profile as also observed for the retrieval performed on broad averages.
Note that there is still an uncertainty due to the choice of the surface
pressure and profile. However, since the averaged spectrum is built from
a smaller ensemble of spectra, closely recorded in time and space, this
uncertainty is lower than what has been estimated in section 4.1. In the
specific case discussed here, the standard deviation on the surface pres-
sure is 0.2 hPa leading to a temperature pressure error within 0.1 K and
0.5 K (in absolute value). Fig. 12c and 12 d show respectively the aver-
aging kernel functions and the Jacobians of temperature. As observed
with both panels, the sensitivity of the retrieval to temperature extends
from 0 km to 40 km. The maximum sensitivity to temperature is found in
the wings of the ν3 band of CO2 and is located close to the surface, be-
tween 1 and 2 km of height, where the AVK functions associated to the
first levels peak. This is also the height where the thermal gradient passes
from positive to negative (Fig. 12b).

The results discussed in this section suggest that the methodology
developed for the temperature retrieval in the specific context of
measuring night-time CO abundances can be applied more generally for



Fig. 11. (a) AVK functions from 0 to 50 km for the example retrieval of Fig. 5 b. The dots indicate to which level the AVK correspond. (b) Histogram of the number of
retrievals as a function of the altitude where the largest AVK value is found. (c) Histogram of the number of retrievals as a function of the altitude where temperature
gradient becomes negative. (d) Histogram of the number of retrievals as a function of the DOFS. For the three histograms, the centres of the intervals are indicated.
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the retrieval of night-time temperature profiles and especially for the
characterization of night-time thermal inversions. The temperature pro-
files retrieved from the ν3 band of CO2 could therefore complement the
temperature profiles usually retrieved from the ν2 band at 667 cm�1.

6. Conclusion

This work has demonstrated the possibility of retrieving the tem-
perature profile from the ν3 band of CO2 (centered at 2349 cm�1) in the
SWC of PFS. This has been particularly shown for averaged night-time
PFS observations, in the more general context of measuring the night-
time CO abundance. In this specific context, it has been necessary to
average large ensembles of PFS night-time spectra to increase their SNR
and to allow the detection of CO. Because of this, we have shown that
exploiting the ν2 band of CO2 in the LWC, as traditionally done for the
temperature retrieval, turned out to provide unsatisfactory fits for CO.
This is likely related to differences between the SWC and LWC IFOV sizes
and the offset between the boresights of the two channels, which make
the surface temperatures and temperature profiles retrieved from the ν2
spectral range (LWC) inconsistent with the SWC averaged spectra. In
particular, the use of the temperature profile retrieved from the CO2 ν2
band (LWC) did not allow to properly model the atmospheric emission
observed in the SWC spectral range. We have shown that the information
contained in the wings of the more saturated ν3 CO2 band could be
successfully used for the temperature retrieval of averaged night-time
spectra in the SWC, in particular if associated to a large temperature
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inversion in the low atmosphere. It is worth mentioning that this alter-
native is not necessarily needed for the analysis of daytime single PFS
spectra recorded at small emission angles (close to nadir) and close to the
pericentre altitude of PFS (240 km). In these cases, the spatial effects due
to the IFOV differences between the LWC and SWC are minimized and
the temperature profile retrieved from the LWC observations can satis-
factorily be used for retrievals exploiting either SWC or LWC observa-
tions. This is also the case when analysing averaged daytime spectra built
from several single observations recorded at small emission angles and
close to the pericentre altitude.

The temperature retrieval has been performed with the Optimal
Estimation method. We have also used the framework of this method to
perform a complete characterization of the temperature profiles retrieved
from 170 averaged night-time PFS spectra. We have shown that the
thermal inversion is well constrained for most of the retrievals; the
maximal sensitivity to temperature is indeed found between 0 and 4 km
where the thermal gradient changes sign. More generally, the retrieval is
sensitive to temperature in the altitude range 0–20 km in the worst cases
and to 0–45 km in the best cases. A complete error budget has been
realized on the temperature profiles. Two types of temperature error
have been distinguished and evaluated separately. The temperature
retrieval errors, including the smoothing and measurement errors, have
been estimated to be within 0.7 K and 2 K depending on the altitude. In
addition to this error, the uncertainty on the pressure (CO2) profile has
been propagated to the temperature profile retrieval. This temperature-
pressure error is found to be the largest at 10 km and about �3.5 K



Fig. 12. Example of a temperature retrieval using
the ν3 band of CO2 on an averaged spectrum built
from only 7 single SWC PFS observations. (a)
Resulting fit of the observed spectrum. (b) Retrieved
and a priori temperature profiles with respectively
the associated temperature retrieval error and a
priori uncertainty. (c) Averaging kernel functions
(K/K) from 0 to 50 km for the retrieval. The dots
indicate to which level the AVK correspond. (d)
Jacobians of temperature (color scale, W/(cm2 sr
cm�1) per K) from 0 to 50 km.
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and 4.5 K respectively for a surface pressure shift of þ0.9 hPa and �0.9
hPa.

In conclusion, this work has shown that the retrieval performed on
the ν3 band of CO2 provides a good knowledge of the temperature profile.
The retrieved set of profiles obtained in this work is used for the retrieval
of night-time CO abundance in a companion paper. In addition to be
useful for the night-time CO retrieval, this work suggests that the CO2 ν3
band could be used along with the ν2 band in future works to properly
constrain and characterize the thermal inversions encountered near the
surface for most night-time observations.
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