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Abstract

The knowledge of the carbon monoxide (CO) abundance on Mars is es-
sential in order to assess the processes driving the carbon cycle on the planet.
Solar occultation measurements provide vertically-resolved measurements of
CO from a few kilometers to higher altitudes and can be complemented by
nadir measurements to enhance the spatial coverage of observations and the
monitoring of the near-surface layer. Up to now, CO retrievals from nadir
observations have, however, mostly been performed on mean spectra in the
shortwave and only total column abundances have been obtained. In this
work we explore the possibility of exploiting nadir measurements from the
Planetary Fourier Spectrometer (PFS) in the 1–0 band of CO to retrieve
vertical profiles of that species on individual pixels (single measurement).
The retrievals are performed for a set of 16 representative PFS spectra with
reasonable signal-to-noise ratios by applying the optimal estimation method
with appropriate constrains, built from model simulations of the Martian
atmosphere. The retrieved profiles are characterized in terms of vertical sen-
sitivity and errors. We demonstrate in particular that the PFS nadir mea-
surements carry information mostly on the CO column below 15 km, with a
maximum sensitivity to the surface atmosphere. These measurements allow
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to substantially reduce the prior uncertainty on the CO abundance in this al-
titude range, with an estimated total retrieval error on the column-averaged
volume mixing ratio around 10%. We show that the set of retrieved VMRs
agree reasonably with measurements from other instruments considering the
different time periods investigated. The retrieved VMRs also capture well
the known spatial and seasonal CO variability, which is promising in the per-
spective of exploiting more largely the exceptional set of PFS observations
on Mars.

Keywords:
PFS, Mars Express, carbon monoxide, vertical sensitivity, seasonal
variability

1. Introduction

The first detection of carbon monoxide (CO) in the atmosphere of Mars
has been made 50 years ago by [1] using ground-based observations. Since
then, it has been discovered that CO plays a major role in the carbon pho-
tochemical cycle. CO is indeed formed by the photolysis of carbon dioxide
(CO2) and its recombination with oxygen (O) atoms is at the center of the
so-called stability problem of CO2 in the Martian atmosphere. This reaction
is spin-forbidden and extremely slow compared to the recombination of O
atoms into O2. As a consequence, without an efficient recycling process, the
total amount of CO2 would have been converted into its photolysis products,
and the abundance of CO and O2 in the Martian atmosphere would have
significantly exceeded the present amount. In reality, as proposed in the
1970’s by [2] and [3], the recombination of CO into CO2 is catalysed by odd
hydrogen (H, OH and HO2 and generally written HOx) formed by the photo-
dissociation of water vapour (H2O). These earlier models were, however, not
completely satisfactory; they used either an eddy diffusion coefficient unac-
ceptably large for the middle atmosphere of Mars [2] or an amount of H2O
significantly exceeding the known values [3]. Although more recent models
have solved some of these shortcomings [4, 5, 6, 7, 8], the global carbon cycle
on Mars is nowadays still not completely understood. The contribution of
heterogeneous chemistry [9, 10] in the different processes at play is part of
the remaining uncertainties. The recently reported but debated detection of
atmospheric methane, combined with its large apparent seasonal variability,
has challenged further the understanding of the carbon cycle. To improve on
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this understanding, more and more accurate observations of the spatial, ver-
tical and temporal variability of the different species involved in the carbon
cycle on Mars are obviously needed.

This has already been partly the case for CO, for which the knowledge
of spatial and seasonal variations in the Martian atmosphere has improved
thanks to different remote observations, made from ground or from satellites
in the last 15 years. Contrary to what has been considered for a long time,
it was shown that CO was not uniformly mixed but has strong latitudinal
and seasonal variations, intimately related to the condensation-sublimation
cycle of CO2 at the poles. The first evidence of the variability comes from
ground-based observations by [11], who reported a north-to-south increase of
the CO volume mixing ratio (VMR) during the Northern summer due to the
condensation of CO2 at the south polar cap. Since then, a more complete
picture of the latitudinal-seasonal changes of CO has been brought thanks to
different instruments, such as OMEGA (Observatoire pour la Minéralogie,
l’Eau, les Glaces et l’Activité) [12] and PFS (Planetary Fourier Spectrom-
eter) [13, 14, 15] on-board Mars Express (MEX), and CRISM (Compact
Reconnaissance Imaging Spectrometer for Mars) [16, 17] on-board the Mars
Reconnaissance Orbiter (MRO). However, there has been no systematic re-
trieval of the CO vertical profile, especially from nadir observations. The
only study of this kind has attempted to exploit different spectral ranges or
instruments to retrieve information on the CO vertical distribution [18], but
these synergetic approaches are difficult to implement. This is in stark con-
trast to Earth, where the retrieval of vertical profile is becoming standard.
For CO in particular, it has been shown for thermal infrared (TIR) sounders
that, in case of high temperature contrasts between the ground and the air
above it (hereafter called thermal contrast), two partial columns of CO can
be decorrelated for the lower part of the atmosphere (surface layer and rest
of the troposphere) [19]. If possible on Mars, the retrieval of CO profiles,
even if weakly resolved, would provide useful constraints for the models re-
garding the carbon chemistry in the atmosphere close to the surface, a region
generally not accessible to limb/solar occultation measurements. This work
examines therefore the possibility of retrieving information on the CO verti-
cal distribution from Martian nadir TIR observations. This is performed on a
small set of single PFS nadir spectra, chosen to represent different conditions
of CO on Mars, in the region of the CO fundamental vibrational band (∼
2150 cm−1). The optimal estimation method [20] is used, which allows for a
detailed characterization of the retrieved CO profiles in terms of error budget
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and vertical sensitivity. Section 2 presents the PFS instrument and section 3
is dedicated to a short description of the radiative transfer. Section 4 intro-
duces the optimal estimation method. The selection of PFS observations and
the retrieval settings are described in section 5 and the results are discussed
in section 6, with a detailed interpretation of the error budget of the CO
retrieved. The conclusions of the study are summarized in section 7.

2. PFS instrument

PFS [21] is a double pendulum Fourier transform interferometer on-board
the Mars Express spacecraft. It circles Mars on a quasi-polar orbit with an
inclination of 87◦ and a pericentre altitude of around 250 km. It covers a large
spectral range in the infrared (250-8200 cm−1) thanks to two different chan-
nels: the Long Wavelength Channel (LWC, 250–1700 cm−1) and the Short
Wavelength Channel (SWC, 1700–8200 cm−1). PFS records Martian atmo-
spheric spectra at a spectral resolution of 1.3 cm−1 before apodization for
both channels and has a spectral sampling of (around) 1 cm−1. The instru-
ment has a field-of-view (IFOV) of about 1.6◦ (full width at half maximum,
FWHM) for the SWC and of 2.8◦ (FWHM) for the LWC, which corresponds
to a spatial resolution on ground of 7 and 12 km respectively, when PFS
is at 250 km from Mars. A full description of the PFS design, specification
and operation can be found in [21]. Additional details about the spectral and
radiometric calibration procedure for both channels may be found in [22, 23].

Since the beginning of its science operation, PFS has been collecting
Martian atmospheric spectra, currently covering more than 7 Martian years
(MY 26 to MY 34). In this work, we have selected only several PFS nadir
spectra representative of different Martian conditions, especially in terms of
seasonal and latitudinal variations of CO (see section 5.1 for details). Among
the two channels, only the SWC spectral range covers the vibrational bands
of CO (the 1-0 at 2143 cm−1 and the 2-0 at 4235 cm−1). This work has only
used apodized SWC spectra in the region of the much stronger 1-0 band of
CO.

3. Radiative transfer

The monochromatic infrared radiance at wavenumber ν̃ measured by PFS
at the top of the Martian atmosphere (TOA), I↑(ν̃, θ,TOA), can be described
by the sum of two terms: 1) the transmission of the radiance emitted and
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reflected by the Martian surface, and 2) the contribution of scattering and
emission by the atmosphere. This is expressed by the equation of the radia-
tive transfer:

I↑(ν̃, θ,TOA) = I↑(ν̃, θ, 0) t(ν̃, θ, 0,TOA)

+

∫ TOA

0

J(ν̃,Ω, z)
∂t(ν̃, θ, z,TOA)

∂z
dz , (1)

where θ is the ground zenith angle, t(ν̃, θ, 0, z) is the transmittance of the
Martian atmosphere, t(ν̃, θ, z,TOA) is the transmittance between altitude
z and TOA, J(ν̃,Ω, z) is the atmospheric source term which depends on
thermal emission and scattering and where Ω represents the geometric an-
gles. Note that in this work, only clear or almost clear atmospheres (see
section 5.1) have been analysed. In this case, scattering can be neglected
and the atmospheric source function can be approximated by a Plank func-
tion B(ν̃, T ). The radiance at the surface, I↑(ν̃, θ, 0), takes into account the
emission of the ground and the reflection of the solar incoming radiation as
follow:

I↑(ν̃, θ, 0)) = ε(ν̃)B(Ts) + (1 − ε(ν̃))I↓†0 (ν̃) + r(ν̃, θ, φ, θ?, φ?)F ↓?0 (ν̃), (2)

where B(Ts) is the Planck function at surface temperature Ts, ε(ν̃) is the
wavenumber dependent emissivity of the Martian surface, I↓†0 is the mean
radiance associated to the downward flux of the atmosphere and F ↓?0 (ν̃) is the
solar flux reaching Mars’ surface. r(ν̃, θ, φ, θ?, φ?) is the effective reflectivity
of the surface. θ? and φ? are respectively the zenithal and azimuthal angles
of the Sun, and φ is the azimuthal angle of the satellite.

In order to calculate the TOA radiance, equation 1 is discretized into a set
of layers, in which, the averaged temperature, pressure, and partial columns
of molecular species are calculated. The upwelling radiance at the top of
layer i is estimated as

I↑i = B(T i) + (I↑i−1 −B(T i))t̃i, (3)

where B(T i) is the emission of layer i approximated as a blackbody at the av-
eraged temperature T i. The effective transmittance t̃i of layer i is calculated
using

t̃i = exp

[
−
∑
j

PCi,j

∑
j,k

σj,k(ν̃, P i, T i)

]
, (4)
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where j is associated to the molecular species and k to the relevant absorption
lines at the chosen ν̃. PCi,j is the partial column of species j in layer i and
σj,k(ν̃, P i, T i) is the absorption cross section of that species (cm2/molecules)
calculated for the mean parameters of layer i.

In this work, the Atmosphit software has been used for radiative transfer
calculations. It is a versatile line-by-line radiative transfer code initially
developed for Earth atmosphere, but which can easily be adpated for Mars.
Details about the Atmosphit software can be found in [24], [25] and [26]. For
this work, the emissivity and the effective reflectivity introduced in equation
2 are considered constant with wavenumber, and for the latter, a combined
contribution of lambertian and specular reflections of the Sun radiation is
assumed.

4. Retrieval method: Optimal estimation

4.1. Background

The method used in this work to retrieve the vertical profiles of CO is the
optimal estimation [20]. The idea of this method is to find the CO profile
that is the most consistent with both PFS observations and a certain prior
knowledge of its distribution in the Martian atmosphere. This is done by
minimizing the following cost function φ

φ = (y − F(x,b))TSε
−1(y − F(x,b)) + (x − xa)TSa

−1(x − xa), (5)

where y is the measurement vector, consisting of the PFS spectral radiances,
x is the atmospheric state vector, containing the variables to be retrieved,
i.e. the CO profile but also the other parameters (see section 5.3), b includes
all the other fixed atmospheric variables that influence PFS measurements,
xa is the a priori CO profile and F is the forward radiative transfer model.
The covariance matrices, Sε and Sa, are respectively the measurement and
the a priori covariance matrices.

The minimization of φ is iteratively performed by the Atmosphit software
using the numerical Gauss-Newton method for moderately non-linear cases
[20]. At each iteration, a new state vector is evaluated using

xi+1 = xa+(KT
i Sε

−1Ki+Sa
−1)−1KT

i Sε
−1 [y − F(xi,b) + Ki(xi − xa)] , (6)

where K is the Jacobian matrix, whose rows correspond to the derivatives of
the TOA radiance with respect to the retrieved variables. The convergence
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is reached when the absolute difference between the forward models of the
two last iterations is lower than 20%. Note that Atmosphit does not retrieve
the partial column in each layer directly but instead a scaling factor for each
layer, which is applied to the a priori profile at the end of each iteration.

4.2. Characterization of the retrievals

4.2.1. Vertical sensitivity

The OEM offers a very adequate framework to characterize the retrieved
CO profiles in terms of vertical sensitivity. This is done in this work mostly
in terms of the averaging kernel matrix A. It is defined as the sensitivity of
the retrieved state (hereafter symbolized by x̂) to the true state (x) and can
be calculated as

A =
∂x̂

∂x
= (KTSε

−1K + Sa
−1)−1KTSε

−1K. (7)

The rows of A define an averaging kernel function (AVK) for each element of
x̂, which peaks at the altitude from where most of the information is coming.
In other words, the AVK provide an estimation of the vertical sensitivity of
the retrieval and peak at the altitude of maximum sensitivity. The trace of
the A matrix gives the degrees of freedom for signal (DOFS), defined as the
number of independent pieces of information in the retrieved profile.

4.2.2. Error analysis

As for the vertical sensitivity, a complete error budget analyses can be
performed with the OEM, by separating different sources of errors from the
total [20]. The following sources of errors have been evaluated:

1. The smoothing error: due to the limited vertical resolution of nadir
observations, the retrieved state is a smoothed estimate of the true
state. The resulting ”error” can be characterized by the covariance
matrix Ss, calculated from the A and Sa matrices as follow

Ss = (A − I)Sa(A − I)T. (8)

2. The measurement error, which directly propagates from the instrumen-
tal noise. Its associated covariance matrix can be written as:

Sm = GSεG
T, (9)
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where G is the gain matrix, whose rows are the derivatives of the
retrieved state with respect to the measurement. Note that in this work,
forward modelling errors are included in the Sε matrix (see section 5.3).
The covariance matrix Sm therefore describes the total error from the
measurement noise and the forward model.

3. The error from the fitted parameters: this type of error comes from the
correlations existing between the retrieved CO profile and the other
retrieved parameters, such as the surface temperature (see section 5.3).
Its covariance matrix is estimated using the non-diagonal elements And

of the AVK matrix:
Sf = AndSaAnd

T. (10)

The sum of the covariance matrices associated to these different uncer-
tainties provide an estimation of the total retrieval error covariance matrix:

ST = Ss + Sm + Sf . (11)

The square root of the diagonal elements of ST can be seen as the error
on the retrieved CO at each altitude.

5. Spectra selection and retrieval set-up

5.1. Selection of spectra

CO vertical profiles have been retrieved from a small set of single nadir
PFS observations. These observations have been chosen among all PFS mea-
surements recorded between 10 January 2004 (MY 26) and 18 June 2017 (MY
34), following a 2 step procedure. The first step consists in finding spectra
with almost clear sky conditions and sufficient signal-to-noise ratio (SNR) to
detect CO lines in the 1–0 band. For this, only PFS observations associated
to dust and ice column-integrated optical depths (τd et τi) lower than 0.15
have been considered (these two parameters were provided as part of the PFS
L2 product by the National Institute of Astrophysics INAF-IAPS [15, 27]).
Then, to guarantee sufficient SNR, only spectra meeting the following three
criteria were kept:

� The radiance value at 2165.7 cm−1 has to be larger than 3 times the
value of the noise, which was estimated to be 0.025 erg s−1 sr−1 cm−2 cm
based on the standard deviation at 2165 cm−1 of several PFS spectra.
This first criterion proves useful to discard PFS spectra with low radi-
ance, but does not inform on the strength of CO absorption.
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� The strength of the CO line at 2165.7 cm−1, calculated in the bright-
ness temperature (BT) space, has to be larger than 2.2 K (the noise
equivalent temperature difference is estimated to be 1.1 K at 280 K).
This strength is calculated as the difference (∆BT) between the BT at
2165.7 cm−1 and the average brightness temperature of two channels
chosen for the baseline (2163.6 cm−1 and 2167.8 cm−1).

� The surface temperature (from the PFS L2 product) has to be larger
than 240 K to remove spectra with very low surface contribution.

In total, 168793 spectra have passed this prefiltering procedure. Interest-
ingly, all correspond to daytime observations.

After this first step, the selected PFS observations have been sorted in
5 latitude bands for the 4 seasons, as: the North Pole (60◦ to 90◦), the
mid-latitudes of the Northern hemisphere (30◦ to 60◦), the Equator (−30◦

to 30◦), the mid-latitudes of the Southern hemisphere (−60◦ to −30◦) and
the South Pole (−90◦ to −60◦). The seasons are defined according to the
solar longitude (LS): Northern spring/Southern Autumn (0◦−90◦), Northern
summer/Southern winter (90◦ − 180◦), Northern autumn/Southern spring
(180◦ − 270◦) and Northern winter/Southern summer (270◦ − 360◦). For
each latitude band and each season, only one spectrum has been selected
whenever possible. This has not been the case for the autumn and winter
at both poles, characterized by very low source signals, especially during the
polar night. The 16 selected spectra for this prospective study are listed in
Table 1 and shown in Figure 1. Most of the them present a similar radiance
of around 0.6–1.0 erg s−1 sr−1 cm−2 cm in the CO band; the three with the
larger radiances (yellow curves except for the mid-latitudes of the Northern
hemisphere) are associated to scenes with high surface temperature. All 16
spectra show very clear CO lines as expected and have corresponding dust
and ice integrated opacities significantly smaller than 0.15.
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Table 1: Selected PFS spectra. I2165 stands for the value at the radiance at 2165.7 cm−1.
∆BT is the brightness temperature difference between a CO sensitive channel at
2165.7 cm−1 and two baseline channels (see text for details); τd et τi are the dust and
ice integrated opacities; LS is the solar longitude and Ts is the surface temperature.

Latitude Longitude LS Ts ∆BT I2165 τd τi
(◦) (◦) (◦) (K) (K) (erg s−1 sr−1 cm−2 cm)
-1.92 58.51 132.65 258.975 3.286 0.7896 0.043 0.021

-40.05 -119.41 2.12 256.248 3.475 0.7487 0.023 0.056

42.09 31.16 135.72 257.439 3.290 0.6055 0.003 0.063

-5.69 132.43 209.13 270.785 3.348 1.4084 0.066 0.014

-47.88 151.47 212.85 263.508 2.538 0.9339 0.125 0.006

-35.69 -155.81 155.82 248.405 2.316 0.5300 0.026 0.064

31.62 8.12 181.22 252.257 4.427 0.7496 0.067 0.024

-62.63 -134.47 262.90 274.909 2.360 1.4033 0.129 0.009

2.61 92.32 324.27 252.931 3.499 0.7845 0.044 0.011

30.09 -86.76 330.24 245.006 3.163 0.5609 0.033 0.054

-45.38 118.75 334.42 252.829 3.599 0.7657 0.081 0.049

52.81 -40.13 59.66 254.308 3.693 0.6115 0.067 0.013

-6.72 -5.32 65.89 256.132 3.612 0.6425 0.055 0.096

63.56 53.35 68.07 250.989 3.003 0.5484 0.091 0.052

72.81 53.45 104.70 244.707 3.223 0.5028 0.055 0.026

-76.37 26.78 305.11 252.301 3.771 0.8316 0.034 0.019
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(a) (b)

(c) (d)

Figure 1: Selected spectra for each band of latitude; see also Table 1. Panel (b) shows the
spectra selected for both North and South poles.

5.2. Input to radiative transfer

The radiative transfer equation has been solved for an atmosphere extend-
ing from 0 km to 60 km. For each single PFS spectrum, the temperature
profile is fixed to the one retrieved independently by INAF-IAPS (see [27]
for details). In the spectral range of the 1-0 band of CO, weak lines for the
vibrational band ν2 of water vapour (H2O) and ν1 + ν3 of ozone (O3) are
possibly interfering and have been taken into account when simulating PFS
observations. An averaged vertical profile has been considered for these two
species and it has been kept fixed during the retrieval. The most adequate
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value of surface emissivity has also to be considered, as errors on this parame-
ter will propagate on the retrieved values of surface temperature and effective
reflectivity, and hence ultimately on the retrieved CO vertical profile. The
Planetary SUrface Portal [28, 29] provides global maps of the emissivity of
the surface at 5 µm (2000 cm−1) on spatial grids of 0.025◦×0.025◦ resolution;
they were built from OMEGA/MEX observations taken over 3 Martian years
(MY 27-30) [30]. The emissivity values for the grid box corresponding to the
selected PFS spectra have been considered in the retrieval. The spectroscopic
parameters have been taken from HITRAN 2016 [31], including the pressure
broadening due to CO2.

The PFS spectra analysed in this work are apodized by an Hamming func-
tion. Several instrumental effects (due to e.g. misalignments) are, however,
such that the instrumental line shape (ILS) has a FWHM of around 1.8 cm−1

and differs slightly from the theoretical Hamming function. We have tested
two different formulations of the ILS, which ultimately were shown to give
very similar quality of fits. An example of the residuals (observed–calculated)
obtained after fitting is shown in Figure 2. The first corresponds to the ILS
formulation provided by INAF-IAPS and which is the recommended one for
the community; it leads to the best fit for half of the 16 spectra. The second
one (hereafter called ”HG”) stems from the theoretical Hamming function,
but slightly modified with an off-axis angle (misalignment in the interferom-
eter), to introduce a small asymmetry in the function [32], and with second-
order auto-apodization effects. This second one leads to the best fits for the
other half of the 16 spectra analysed in this work. For consistency with pre-
vious works, all results presented in the following are those obtained using
the ILS provided by INAF-IASP. The comparison between the two sets of
fits is used later on section 6.2.3 to discuss the error possibly introduced by
an imperfect ILS.
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Figure 2: Example of residuals between the observed and fitted spectra calculated for the
case using the HG function (blue) and the ILS provided by the INAF-IAPS (red). The
RMS are shown for each case.

5.3. Retrievals settings

The retrieval of CO vertical profiles has been performed in two steps. In
the first step, a large spectral range from 2040 to 2600 cm−1 was adjusted
with the objective to obtain an accurate value for the effective surface reflec-
tivity, which can then be used in the second step. The a priori value of the
reflectivity has been set to 0.023 and its associated variability to 20%. The
retrieved reflectivity is fed into the second and main step, which consists in
the retrieval of the vertical profile of CO. It is performed on a shorter spectral
range, going from 2040 to 2230 cm−1. Specifically, the CO vertical profiles
are retrieved for 2 km thick layers from 0 to 24 km. The a priori profile xa

and covariance matrix Sa used to constrain the CO retrieval have been built
from a global ensemble of modelled profiles from the Mars Climate Database
(MCD, version 5.3) [7, 33] for one Martian year (climatology solar average
scenario). These profiles were simulated on a spatial grid of 3.75◦ × 5.625◦

(latitude × longitude) for one day per Martian month (defined as a period
of 30◦ LS). This day corresponds to the centered LS of the month and CO
profiles were calculated every 2 Martian hours (1 Martian hour is defined as
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1/24th of a sol). In total, 451584 CO profiles have been considered. The re-
sulting xa profile and the Sa matrix are shown in Figure 3 for the 2 km thick
layers that have been retrieved over the altitude range from 0 to 24 km. The
a priori profile shows an almost uniform vertical distribution of CO at a vol-
ume mixing ratio (VMR) of about 700 ppm between 5 and 15 km. Close to
the surface, the VMR increases to about 750 ppm and from 15 km of height,
it starts to increase slightly due to the photodissociation of CO2 at higher
altitudes. The largest a priori variability is at the surface, where it reaches
57%. It then decreases with altitude and drops to a minimum of 20% in the
12–14 km layer. From this minimum, the a priori variability starts to in-
crease again. Also noteworthy and of high relevance for this work is that the
Sa presents non-negligible correlation between the different layers, meaning
that the value of the profile retrieved at one given altitude will be influenced
significantly from layers above and below. On a minor point, note that the
Sa originally built from the model had unphysical correlation between the
surface layer and the very high atmosphere, which were removed.

In the main step of the retrieval, in addition to the CO profile, the sur-
face temperature and the profile of CO2 have been retrieved simultaneously,
which allows recalculating more accurately the CO VMR at the last itera-
tion. The a priori uncertainty of the surface temperature has been set to
20%. The a priori vertical profile of CO2 and its associated variability have
been determined using the model output, in the same way as for CO (see
above). The CO2 a priori profile is almost uniform, with a mole fraction of
around 0.963, and the prior uncertainty is very small, largest close to the
surface (2.2%) and then around 0.5% at higher altitudes. Despite the low
variability allowed on the CO2 profile, fitting the latter slightly improved the
quality of the fits in most cases. Finally, the Sε has been considered diago-
nal with a value for σε of 0.028 erg s−1 sr−1 cm−2 cm, larger than the one
discussed in section 5.1 to take into account forward modelling errors.
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(a) (b)

Figure 3: A priori profile (left) and covariance matrix (right) built using a representative
ensemble of CO profiles from the MCD database (climatology solar average scenario). The
matrix is expressed in multiplicative factor. The error bars on the profile correspond to
the square root of the diagonal elements of the matrix, applied on the VMR.

6. Results

6.1. Spectral fittings and retrieved profiles

With this choice of retrieval parameters, the 16 spectra are fitted well,
with the RMS of the residual varying between 1.9 × 10−2 erg s−1 sr−1 cm−2

cm and 4.6 × 10−2 erg s−1 sr−1 cm−2 cm. Among all spectra, 9 have a RMS
lower than the level of σε considered (2.8 × 10−2 erg s−1 sr−1 cm−2 cm).
Figure 4 illustrates the quality of the fits for the two extreme cases, with
respectively the lowest (Figure 4.a) and largest RMS (Figure 4.b) obtained.
For the lowest RMS case, the residual of the fit lays well within the level of
± σε we have considered. For the highest RMS case, some spectral features
remain above the noise level. This is the case in the R branch of the CO
band, where the fitted spectrum is too high in radiance, mainly due to the
difficulty of reproducing accurately the baseline of the spectrum, which is
affected by the surface emissivity, reflectivity and temperature but also the
CO2 continuum. It is worth noting that the surface radiance is significantly
higher in this case (around 2 erg s−1 sr−1 cm−2 cm at 2050 cm−1, almost
twice larger) than for the lowest RMS case. The increase of the RMS with
the radiance level seems to be a general behaviour among the 16 spectra
analysed. Overall, we find that the average RMS is very similar to the ± σε
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value considered in Sε, suggesting that the choice is appropriate and in some
cases quite conservative.

(a) (b)

Figure 4: Example fits among the 16 PFS spectra analysed. For the case (a) with the
lowest RMS of the residual (1.9 × 10−2 erg s−1 sr−1 cm−2 cm) and, (b) the largest RMS
(4.6 × 10−2 erg s−1 sr−1 cm−2 cm).

Figure 5 shows the retrieved CO profiles for three representative cases.
Above 5 km of height, all retrieved profiles present a similar shape as the
a priori profile, although not exactly at the same VMR. In the last layer,
the maximal difference between the retrieved CO VMRs is equal to 457 ppm,
with a minimum and a maximum CO VMRs respectively of 514 and 971 ppm.
Closer to the Martian surface, the variability in the retrieved CO VMRs
around the a priori is larger, with a minimum and a maximum of respectively
313 ppm (spectrum recorded in the South Pole during Southern spring) and
1687 ppm (spectrum recorded in mid-latitudes of the Northern hemisphere
during Northern autumn), leading to a maximal difference of 1374 ppm.
This departure from the a priori tends to show that the sensitivity of PFS
observations is significant close to the surface, and this will be discussed in
more details in the next section. The column averaged CO VMR varies from
464 ppm to 1115 ppm, and is in good agreement with previous measurements
of CO in the Mars atmosphere (see section 6.3). These values are associated
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with total columns of CO falling within 8.83×1019 molecules/cm2 and 2.76×
1020 molecules/cm2.

Figure 5: Examples of retrieved CO profiles. The VMRs correspond to the averaged VMRs
of each retrieved layer (every 2 km). The a priori profile is shown in blue along with the
associated a priori variability (square root of the diagonal element of the Sa).

6.2. Characterization of the retrieved profiles

6.2.1. Vertical sensitivity

The vertical sensitivity of the retrieval can be firstly described with the
Jacobians, which provide an estimation of the sensitivity of the TOA radiance
to a change of the CO concentration in a certain layer. The Jacobians for one
out of the 16 spectra is shown as an example in Figure 6 (note that they are
similar for all spectra). As seen from Figure 6, for the entire spectral range,
the Jacobians reach their largest value close to the surface, showing that this
is where the nadir PFS observations have the maximal sensitivity to CO.
The values of the Jacobians then decrease with altitude to finally 0 above
15 km, where the sensitivity of PFS measurements to CO is vanishing. An
important results that follows is that the sensitivity is altitude dependent
and that this a posteriori justifies the idea of fitting a profile rather than
a column. It is also worth pointing that the PFS sensitivity to CO is not
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constant over the whole spectral range used for the retrieval: the instrument
is more sensitive to CO in the strongest R2 to R8 lines (2154–2176 cm−1) for
the R-branch and in the P3 to P8 lines (2111–2131 cm−1) for the P-branch.

Figure 6: Example of Jacobians (W m−2 sr−1 m per scaling factor, color scale) calculated
the PFS observation at -5.69 latitude and 132.43 longitude; 209.13 LS. The corresponding
spectrum is shown in black.

The maximal sensitivity that PFS has to CO close to the surface is con-
firmed by the AVK functions, which are shown in Figure 7 for the lowest
(a) and highest (b) DOFS cases. For all retrieved layers, the AVK functions
peak at the surface, with values ranging between 0.36 and 0.44. The width
of the AVK is large, with each function spanning the range from 0 to about
12 km. This shows that all retrieved layers are correlated with each other
and especially that the information in the upper altitudes is mostly driven
by the retrieval at the near-surface. While nadir TIR sounders on Earth
have generally low sensitivity to the surface (e.g. IASI, [19]) this is obviously
not the case here. There are two reasons for this: 1) the thermal contrast
associated to the 16 selected observations varies between 15 K and 64 K,
which is high, compared to the usual values encountered on Earth, and even
more importantly 2) the contribution of the reflected solar radiation to the
upwelling surface radiance is more significant in the case of Mars than for
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Earth, which makes the dependency to thermal contrast less relevant. Note
finally that above 15 km, all the AVK functions drop close to 0; the CO
retrieval is no longer sensitive to the CO abundance in these layers.

The averaging kernels show that the retrieved profile is not resolved ver-
tically. In fact among the 16 PFS observations, the DOFS varies between
0.74 and 0.97. This shows that the only quantity retrieved independently
is the total column of CO. The variation of the DOFS is mostly related to
that of the signal-to-noise ratio of PFS observations, and hence mainly to
surface temperature and reflectivity. The dependence on thermal contrast
is second-order and does not affect the values of the DOFS much. There
is, however, a positive correlation between the first diagonal element of the
AVK matrix (sensitivity of the retrieved CO column in the first layer to the
true column in that layer) and the thermal contrast. On the contrary from
the small set of spectra analysed, we did not observe a dependence of the
vertical sensitivity on the abundance of CO.

(a) (b)

Figure 7: AVK functions associated to the retrieval of CO profile for the case with the
lowest DOFS (a), and for the case with the highest DOFS (b). The DOFS is indicated on
top along with latitude and solar longitude.

6.2.2. Error budget

The different sources of error on the retrieved CO profile have been eval-
uated from equations 8, 9, 10 and 11 along with the total error. Figure 8
shows the vertical distribution of these errors for two cases: the one with
the lowest uncertainty (Figure 8.a) and the one with the highest uncertainty
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(Figure 8.b). For all 16 spectra, the largest error is found at the surface
(where the prior uncertainty is the largest), and varies between 26% and
32%. The retrieval error then decreases with height. Above 5 km, it stays
almost constant and varies between 10% and 13%. Overall, at all altitudes,
the prior uncertainty is reduced by around 50%, showing the improvement in
the knowledge of the CO vertical distribution brought by PFS measurements.
The total retrieval error on the total column of CO is between 5 and 15%,
which is promising in the perspective to study the CO spatial and temporal
variability on Mars.

(a) (b)

Figure 8: Vertical distribution of the total error on the retrieved CO profile and of the
different sources of uncertainty. Two cases are shown: the one with the lowest total error
(a) and the one with the highest error (b). The a priori variability is shown as the black
line.

As seen from Figure 8, the two main sources of uncertainty are the
smoothing and the measurement errors, which have very similar contribu-
tions to the total retrieval error. Above 6 km, the smoothing error is gener-
ally the largest and varies between 6% and 11%. The measurement error is
lower in this altitude range and varies between 5 and 9%. At the surface, the
measurement error varies between 12% and 24% depending on the strength
of the radiance, and the smoothing error is around 23%. In Figure 8, we can
see that the contributions of the uncertainties on the CO2 profile and surface
temperature are below 1%; this small impact is related to the fact that these
two parameters are retrieved along with the CO profile.
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6.2.3. Other factors affecting the retrievals

Here we discuss the impact on the profile retrievals and their character-
ization of two factors: the choice of the Sa matrix to constrain the profile,
and that of the ILS formulation (see also discussion in section 5.2). In order
to test the a priori covariance matrix, we have repeated the CO retrievals
for four observations out of the 16, with an ad hoc matrix, showing 50%
variability at all levels (i.e. the diagonal elements are all equal to 0.25) and a
correlation length of 11 km (exponential decay from the diagonal elements).
The results, presented in Figure 9 (a), clearly show spurious oscillations of
the retrieved VMR as compared to the retrievals with the model-derived Sa,
Figure 9 (b). This is a simple but solid illustration of the need to consider
realistic constrains in retrieving vertical profiles from nadir observations.

(a) (b)

Figure 9: The retrieved CO profiles on the equator for different season by testing two a
priori covariance matrices.

As mentioned in section 5.2, two different ILS have been found to give
similar fits quality of PFS observations. The baseline chosen for this work is
the one recommended by the PI team of PFS (hereafter called ”PILS”) and
in this section, we evaluate the impact of this choice on the retrieved CO
profile by also evaluating the results obtained with the modified Hamming
function (HG). This is done by calculating, for each observation, the relative
difference (RD) between the retrieved CO profiles using the two ILS modes as

RD = (COPILS−COHG)×100
COPILS

. The average relative difference for all the retrieved
layers is shown in Figure 10. It is clear from this figure that the choice of
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the ILS function has a small but non negligible effect on the retrieved CO
profile. The CO VMR is systematically higher when using the PILS, with
a maximum relative difference at the surface, where it reaches 9%. It then
decreases to around 3% at higher altitudes. On the total column of CO,
this translates to relative differences around 5% on average. It is useful to
have these differences in mind for future work, as these can be taken as a
systematic uncertainty on the retrieved CO profile and columns.

Figure 10: Average relative difference between the CO profiles retrieved with the ILS
recommended by the PI team of PFS and the HG ILS adjusted in this work.

6.3. Comparison with previous measurements

Previous measurements have reported that the globally averaged CO
VMR is around 800 ppm [17]. It has also been shown that CO presents
strong latitudinal and seasonal variations, especially in the polar regions,
where it is mainly due to variations of the CO2 surface pressure related to its
alterning condensation and sublimation. In autumn/winter, CO2 condenses
indeed on the polar ice cap, leading to a decrease of the CO2 pressure and,
as a result, to an increase of the CO VMR. The reverse happens during
spring/summer, when the CO2 ice sublimates. The retrieved CO profiles in
this work are consistent with these processes. This is shown with Figure 11,
where the retrieved column-average CO VMRs are shown as a function of
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latitude and LS. The drop of the VMRs is well observed at both poles in sum-
mer, with averaged values around 650 ppm for the North Pole and 500 ppm
for the South Pole. It is worth stressing again that we did not find PFS ob-
servations with detectable CO lines for the poles during the winter, so that
the expected increase of the VMRs during this period cannot be confirmed.
The averaged CO VMR retrieved in this work from the PFS observations lo-
cated equatorward is around 830 ppm and in good agreement with the global
average calculated in other studies [17].

Figure 11: Column-averaged CO VMRs (color scale, ppm) calculated from the retrieved
profiles as a function of latitude and LS. Note that the PFS observations correspond to
different Martian years.

The column-averaged VMR calculated from the retrieved CO profiles are
also in reasonable agreement with that reported in other studies. Table 2
compares the CO column-averaged VMRs from this work to 1) that retrieved
from CRISM observations by [17] and 2) from PFS observations by [14]. The
agreement is better with [17], with no obvious bias but differences that can
reach around 200 ppm; these are most likely due to 1) longitudinal variations
and 2) inter-annual variability. The mitigated comparison with [14], which at
first sight is unexpected considering that they relate to the same instrument,
is likely due to the fact that the two studies use different spectral bands to

23



retrieve CO: the 1–0 fundamental band for this work and the weaker 2–0
overtone around 4300 cm−1 in [14]. While the source radiance is obviously
higher in the shortwave, the weakness of the CO absorption could result in
larger retrieval errors. The limitation of using the fundamental band, as done
here, is that it requires sufficient reflectivity and/or surface temperature. For
this first study, only spectra with good signal-to-noise have been considered
and this gives us strong confidence in the retrieved VMRs; this is reinforced
by the good agreement with [17]. A better understanding of the source of
the differences between our work and [14] would require more analyses on a
larger set of spectra in a future work.

Table 2: Comparison of the CO column-averaged VMRs using the retrieved profiles of this
work with values reported by [17] and [14]. More particularly, the comparison is made
with the CO VMRs shown in Figure 3 of [17] and which span 5 Martian years (MY28–
MY33). Regarding the work of [14], the comparison is made with CO VMRs reported in
their Figure 10, which shows the latitudinal and seasonal variations of CO for 2.5 Martian
years. The values/ranges indicated for [17] and [14] are therefore indicative and should
not be taken as the exact values.

Latitude (◦) Longitude (◦) LS (◦) CO VMRs (total column, ppm)

This work [17] [14]
-1.92 58.51 132.65 856 850–900 500–520
-40.05 -119.41 2.12 632 750–800 2400
42.09 31.16 135.72 679 700 250–300
-5.69 132.43 209.13 788 1000 /
-47.88 151.47 212.85 822 650–700 /
-35.69 -155.81 155.82 738 1000–1050 200
31.62 8.12 181.22 1115 900 1100
-62.63 -134.47 262.90 464 400–450 /
2.61 92.32 324.27 1085 800–850 1100
30.09 -86.76 330.24 981 800–850 250–300
-45.38 118.75 334.42 584 800–850 2200
52.81 -40.13 59.66 580 600–650 700–800
-6.72 -5.32 65.89 885 800 1000–1100
63.56 53.35 68.07 719 500–550 300–400
72.81 53.45 104.70 647 600–650 200–250
-76.37 26.78 305.11 491 400 800–900
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7. Conclusions

The retrieval of CO vertical profiles from nadir observations on Mars has
been performed for the first time. This has been achieved on high-spectral
resolution measurements made by the PFS instrument on Mars Express, in
the region of the 1–0 fundamental band of CO. Despite the fact that only
a very small set of spectra with sufficient signal-to-noise ratios has been
considered in this exploratory study, our results have clearly demonstrated
the potential of using this spectral range for monitoring CO spatially and
temporally on single PFS observations, except in the polar winters. The CO
profiles have been retrieved using the optimal estimation method, with a pri-
ori information (a priori profile and variance-covariance matrix) built from
a large ensemble of global model profiles, which we have shown to provide
appropriate constrains. The CO profiles retrieved are very weakly resolved
vertically, with the PFS spectra carrying no more than one piece of infor-
mation. The vertical sensitivity is, however, altitude-dependent (sensitivity
from 0 to about 20 km, maximal at the surface) and this alone justifies the
retrieval of the profile. The errors on each level of the profile vary between
25% close to the surface to less than 10% above 3 km, due to the combined
contribution of the measurement noise and the smoothing error. This trans-
lates to an error on the retrieved column or the column-averaged VMR of 5 to
15% depending on the scene. Other sources of errors have been identified and
we have characterized in particular the one introduced by the uncertainty on
the PFS ILS. In all cases we found that the PFS measurements substantially
reduce the prior uncertainty on the CO profile and the column, and, as a
result, that the retrieved CO abundances allow capturing the spatial and
seasonal variability of CO on Mars. We found general agreement, consider-
ing the different periods and places, with CO abundances retrieved from the
CRISM spectrometer. The agreement with independent studies from PFS
is worse and likely related to the use of different spectral bands in the re-
trievals (the first overtone in earlier work and the fundamental band in this
study). Generally, the possibility of retrieving CO with good accuracy from
PFS single observations in the 1–0 band is very promising and stimulates
larger-scale retrievals, which would provide strong constrains on the cycle of
carbon species in the lowest (below 15 km) Martian atmosphere.
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