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A B S T R A C T

Because of its important role in the Martian carbon cycle, carbon monoxide (CO) has been the subject of many
measurements from ground and from space. Daytime measurements have been mostly exploited to measure the
CO abundance because of their good signal-to-noise ratio, but night-time observations have not been documented
yet. We demonstrate here the possibility of using PFS (Planetary Fourier Spectrometer) night-time observations to
measure the Martian CO abundance. More particularly in this paper, we show that measuring CO during night
with PFS can be achieved by averaging a large number of spectra to reach sufficient signal-to-noise. Furthermore,
we show that the number of averaged spectra is not the only driving parameter for the detection of CO. High
surface temperatures and high thermal contrast (negative in our case) are the two other conditions required for
the measurement of the night-time CO abundance. Because of this, the retrievals are especially successful in the
Southern Hemisphere during spring and summer when and where these two conditions are met. For night-time
spectra with a positive detection, CO vertical profiles are successfully retrieved using the Optimal Estimation
method and are characterized in terms of vertical sensitivity. Successful retrievals imply the use of accurate
temperature profiles, and in particular an appropriate representation of the thermal inversion in the lower at-
mosphere. The temperature was obtained by using the relevant information from the CO2 ν3 band (Bauduin et al.,
2020, this issue). A complete error budget of the retrieved CO profiles is also performed and includes different
sources of uncertainty. Although the retrieved profiles are not resolved vertically, we show in particular that
night-time PFS observations carry information mostly on the CO abundance for the 0–10 km altitude region, and
thus provide a stronger constraint on the near-surface CO abundance compared to daytime observations.
1. Introduction

Carbon monoxide (CO) plays a major role in the carbon cycle of the
Mars’ atmosphere, notably due to its involvement in the so-called sta-
bility problem of carbon dioxide (CO2) (McElroy and Donahue, 1972;
Parkinson and Hunten, 1972; Atreya and Gu, 1994, 1995). Since its first
detection in 1969 (Kaplan et al., 1969), CO has been extensively
measured from ground (e.g. Clancy et al., 1983; Krasnopolsky, 2003,
2015) and from different space-borne instruments, such as OMEGA
(Observatoire pour la Min�eralogie, l’Eau, les Glaces et l’Activit�e)
(Encrenaz et al., 2006), CRISM (Compact Reconnaissance Imaging
Spectrometer for Mars) (e.g. Smith et al., 2018) and PFS (Planetary
).

December 2020; Accepted 9 Feb
Fourier Spectrometer) (e.g. Billebaud et al., 2009; Sindoni et al., 2011;
Bouche et al., 2019). These ground and space observations have revealed
a more complete picture of the CO climatology. Indeed, CO is not uni-
formly distributed in the Martian atmosphere, but shows strong lat-
itudinal and seasonal gradients related to the condensation and
sublimation of CO2 at the poles. Although these spatial and time varia-
tions are today relatively well measured and understood, the vertical
dimension is still lacking in this climatology. Different global circulation
models are able to simulate the vertical distribution of CO and its sea-
sonal/spatial variations (e.g. Forget et al., 1999; 2008; Daerden et al.,
2019; Holmes et al., 2019), but measurements of the CO vertical profiles
from remote sounders remain rare. Retrievals of highly resolved CO
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1 Some boxes do not include averaged spectra, due to some of the selection
criteria.
2 To calculate the noise for the averaged spectrum, we have divided the

radiance noise of single PFS spectra by the square root of the number of spectra
averaged.
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profiles from solar occultation observations of NOMAD (Nadir and
Occultation for Mars Discovery) (Vandaele et al., 2018) and ACS (At-
mospheric Chemistry Suite) (Korablev et al., 2018) instruments on board
the ExoMars Trace Gas Orbiter (TGO) have started (Erwin et al., 2019;
Olsen et al., 2019) and should provide in a near-future a better under-
standing of the vertical variability of CO in Mars’ atmosphere. Never-
theless, solar occultation measurements are generally limited to the
sounding of the atmosphere above 10–20 km and thus cannot provide CO
measurements for the near-surface atmosphere. Recently, Bouche et al.
(2019) have investigated the possibility of retrieving CO profiles from
single PFS nadir spectra in the 1-0 band. They have shown that, even if
the retrieved profiles are not vertically resolved, PFS spectra are mostly
sensitive to CO in the near-surface atmosphere and, more especially,
carry information on the CO abundance below 20 km. These PFS nadir
observations could therefore complement NOMAD and ACS solar
occultation measurements.

The work of Bouche et al. (2019) is limited to daytime PFS observa-
tions. Night-time PFS measurements have indeed been discarded from
the analysis due to the strong selection criteria applied to keep only single
spectra with sufficient signal-to-noise ratio (SNR). Night-time PFS spectra
might however be very useful for the sounding of CO in the near-surface
atmosphere. They are generally associated to large thermal inversions
that have been shown to increase the sensitivity of thermal infrared (TIR)
measurements to the very near-surface atmosphere but also to slightly
increase the vertical resolution of such measurements (Bauduin et al.,
2017). A good knowledge of these thermal inversions is therefore
essential for the CO retrieval. We have demonstrated in a companion
paper (Bauduin et al., 2020) that this could be achieved by retrieving the
atmospheric temperature profile using the information from the ν3 CO2
band (centered at 2349 cm�1). The present paper has two main objec-
tives. It aims first at demonstrating that the CO abundance can be
retrieved from night-time nadir PFS spectra and at specifying under
which conditions (specific regions and/or periods) this is best done. The
second objective of this work is to investigate the potential gain in ver-
tical sensitivity/resolution these observations can provide compared to
daytime observations. For this, the paper has been divided in two main
sections. Section 2 is related to the detection of CO and describes the
spectral averages that have been necessary to reach sufficient SNR to
detect CO. A detection method is also presented. Section 3 focuses on the
retrieval of CO profiles from the averaged spectra. It presents the
retrieval method and settings, the characterization of the retrieved CO
profiles in terms of error, vertical sensitivity and information content,
and the CO distribution built from successful night-time retrievals. Sec-
tion 4 gives the conclusions.

2. Detection of CO from night-time observations

As already mentioned, the challenge of measuring CO using night-
time PFS observations is the very low SNR of this kind of observations
in the 5 μm region. However, by making proper averages, it is possible to
increase the SNR such that the detection of CO lines becomes possible
(see also Giuranna et al., 2019a, Figure S4 of their supplementary ma-
terial). In this section, we describe how the averages are performed and
present the method set up to assess if CO is detected in the averaged
spectra.

2.1. Observations and averages

The observations used in this work are those recorded by the PFS
instrument (for details about the instrument and the calibration, see
(Formisano et al., 2005; Giuranna et al., 2005a,b)). Since the beginning
of its science operation, PFS has collected a large ensemble of Martian
nadir spectra, with a dataset covering today 8 full Martian Years (27 MY
to 34 MY) and including about four million of observations in total
(including deep space and limb measurements). Among these, we have
considered only nadir night-time observations, which have been defined
2

as the observations for which the solar incidence angle is higher than 90�.
As the analysis focuses on the fundamental 1-0 band of CO (centered at
2143 cm�1), only spectra recorded by the shortwave channel (SWC) of
PFS have been considered. To simplify the radiative transfer analysis by
neglecting the scattering by dust and ice particles, PFS observations
associated with dust and ice optical depths larger than 0.2 have been
discarded. These 2 parameters were provided as part of the PFS level 2
(L2) by the National Institute of Astrophysics INAF-IAPS (Wolkenberg
et al., 2018; Giuranna et al., 2019b). In total, 161,295 night-time spectra
have been selected.

Using this set of night-time observations, averaged spectra have been
built. The difficulty has been to keep the averaged spectra the most
representative of the Martian atmosphere at the place and time they are
associated with, while averaging a sufficiently large number of obser-
vations to reach a high enough SNR. Since CO exhibits stronger seasonal
and latitudinal variations than longitudinal, we have limited the averages
to small solar longitude (Ls) periods and to small latitudinal ranges, but
we have put no criterion on the longitude. Specifically, the averages have
therefore been made for boxes of 10� of Ls and 5� of latitude over the 8
MYs, leading to1163,1 averaged spectra in total.

Fig. 1 a shows three examples of averaged spectra for which CO is
detected. The three have low noise and clearly shows the entire band of
CO in emission. CO2 Q-branches are also well identified in emission. The
fact that emission features dominate is explained by the presence of
thermal inversions, as shown in Fig. 1 b. These thermal inversions seem
to occur for most of the PFS night-time observations.
2.2. Detection method

CO is unfortunately not detected for the 1163 averaged spectra as
favourably as in the three example spectra of Fig. 1. Its detection is
notably impacted by different parameters, such as the surface tempera-
ture, which directly affects the SNR, and the thermal contrast, which
determines the sensitivity to the near-surface atmosphere in the TIR. To
evaluate the observation frequency of CO in the ensemble of averaged
spectra and its dependence on these two parameters, a detection method
has been set up. It is based on the estimation of CO lines intensities using
brightness temperature differences (BTD). These differences are calcu-
lated between the BT of one target channel, measured at the center of a
CO line, and the averaged BT calculated for two base channels, repre-
senting the baseline of the spectrum and located on each side of the CO
line. BTD have been calculated for 21 lines indicated in Fig. 2 (the lines
are identified with green dots and the base channels correspond to red
dots). The BTDs are positive for the lines in emission and negative for
lines in absorption.

The averaged spectra have been considered as too noisy (and rejected
from all further analyses) when the associated BTD was lower than the
Noise Equivalent Temperature Difference (NEDT), calculated as an
average over the 2000–2200 cm�1 range from the following equation:

NEDT
~ν
¼ 1

L
~ν

�
kBT2

hc~ν

��
1� exp

��hc~ν
kBT

��
NEDL

~ν
; (1)

where NEDL~ν is the radiance noise of the averaged spectrum,2 L~ν is the
radiance at wavenumber ~ν, h is the Planck constant, c is the light speed, kB
is the Boltzmann constant, and T is the reference temperature, which has
been set to 280 K. An additional criterion has been necessary to remove
some spectra with noise spikes: spectra with a mean BTD lower than the
BTD standard deviation are rejected.



Fig. 1. (a) Examples of night-time averaged PFS spectra. For display purposes, spectra have been offset vertically as indicated. The Ls/latitude boxes to which they
correspond are indicated. Some CO2 lines have been identified, along with the P- and R-branches of the CO band. (b) Temperature profiles associated with the three
spectra of panel (a). They have been retrieved following the method described in the companion paper (Bauduin et al., 2020).

Fig. 2. Spectral channels chosen to calculate the BTD for each CO lines. The channels corresponding to the CO lines (target) are shown in green, and the channels used
for the baseline (base) are shown in red. Note that the displayed spectrum is the one corresponding to box 270� � 280�/40� � 45◦S (Ls/latitude).
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Fig. 3 illustrates the detection method applied on the 1163 averaged
spectra. Fig. 3 a shows the averaged NEDT (over 2000–2200 cm�1) as a
function of thermal contrast3 and surface temperature while Fig. 3 b
shows the mean BTD (for the 21 CO lines) as a function of these same two
parameters. The filled circles correspond to spectra with detectable CO
and the empty circles correspond to those with no CO detection. From
Fig. 3, the impact of thermal contrast and surface temperature on the
detection of CO is clear. Most detections are, interestingly, associated
with large negative thermal contrasts (lower than�20 K), which increase
the sensitivity of PFS to near-surface CO, and with large surface tem-
peratures (above 180 K), which increase the SNR. Most of the non de-
tections correspond on the contrary to observations with low thermal
contrast (between 0 and -10 K) and low surface temperatures (around
145 K). For some cases, despite the large thermal contrast and surface
3 The thermal contrast is calculated as the difference between the surface
temperature and the mean air temperature of the 0–2 km layer.

3

temperature, the mean BTD is significantly lower than the NEDT leading
to a non CO detection. In total, 449 spectra over the 1163 present CO
lines emerging from the noise and these have been selected for the
following analysis. Interestingly, these selected observations are mainly
located in the Southern Hemisphere during spring/summer (180� < Ls <
360�), where the favourable conditions for the CO detection (high
negative thermal contrast and high surface temperature) are found. This
will be discussed in the next section.

3. Retrieval of CO from night-time observations

In this section, the CO abundance is retrieved from the 449 averaged
spectra selected in the previous section. More particularly, vertical CO
profiles are adjusted. Although the vertical resolution of PFS is limited,
this allows to take into account the vertical sensitivity of the instrument
in the estimation of the CO column density. More importantly, thanks to
the presence of large thermal inversions, the vertical resolution of the CO
profiles could be higher than for daytime observations (Bouche et al.,



Fig. 3. (a) Average NEDT over the
2000–2200 cm�1 range (K, color scale)
and (b) mean BTD calculated for the 21
CO lines (K, color scale) as a function of
thermal contrast and surface tempera-
ture. The filled circles correspond to
spectra with detectable CO and the
empty circles to those with a too large
noise. The surface temperature associ-
ated to each average spectrum has been
calculated as the average of the surface
temperatures corresponding to single
spectra and provided as part of the L2 by
INAF-IAPS. The thermal contrast has
been calculated as the difference be-
tween the surface temperature and the
temperature of the air for the 0–2 km
column.
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2019), as it has been shown for Earth nadir TIR spectra (Bauduin et al.,
2017). This is discussed in section 3.2 after the description of the
retrieval method applied (section 3.1). The distribution of CO abundance
is then presented (section 3.3).

3.1. Retrieval methodology

3.1.1. Background
The retrieval method used to retrieve CO vertical profiles is the

Optimal Estimation (OE) (Rodgers, 2000). The idea of the method is to
find the CO 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; (2)

where x is the atmospheric state vector, including the parameters to
retrieve (e.g. CO profile, see subsection 3.1.2), b includes the parameters
affecting the top of the atmosphere (hereafter 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, 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�; (3)

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).

The OE offers an adequate framework to characterize the retrieved
profiles in terms of errors and vertical sensitivity. In this work, the
retrieval errors are estimated from a total error covariance matrix (Stot),
for which the square root of the diagonal elements provide the total
retrieval error for each retrieved layer. This matrix is calculated as fol-
lows (Rodgers, 2000)

Stot ¼ Ss þ Sm þ Sf ; (4)

where Ss is the covariance matrix of the smoothing error, which char-
acterizes the uncertainty on the CO profile due to the limited vertical
resolution of nadir PFS observations, Sm is the covariance matrix of the
measurement error, which characterizes the uncertainty on the CO pro-
file due to the measurement noise, and Sf is the covariance matrix of the
4

fitted parameters error, taking into account the interferences between the
retrieved CO profile and the rest of the state vector (here, surface tem-
perature and CO2 profile, see section 3.1.2). These three matrices are
calculated using the following equations (Rodgers, 2000):

Ss ¼ ðA� IÞ Sa ðA� IÞT (5)

Sm ¼ GSε GT (6)

Sf ¼ Air Sra Air
T; (7)

where A is the averaging kernels matrix (see below), I is the identity
matrix, G is the gain matrix, whose rows are the derivatives of the
retrieved state with respect to the measurement, Air are the non-diagonal
blocs of the averaging kernels matrix, i is the part of the state vector
under consideration (i.e. the CO profile), r represents the rest of the state
vector (i.e. the surface temperature and the CO2 profile), and Sra is the a
priori covariance matrix of r. The vertical sensitivity and resolution of the
retrieval is described by the averaging kernels (AVK) functions. They are
defined as the rows of the AVK matrix (A), calculated as

A ¼ �
KTS�1

ε Kþ S�1
a

��1
KTS�1

ε K: (8)

One AVK function is associated to CO in each retrieved layer. It peaks at
the altitude from where most of the information about CO in that layer is
coming. The AVKs thus provide an estimation of the altitude of maximum
sensitivity to CO. Their width gives also an estimation of the retrieval
vertical resolution. The trace of the matrix A corresponds to the degrees
of freedom for signal (DOFS) of the retrieval.

The AVK matrix allows expressing the retrieved state (x̂) as a function
of the true (x) and a priori states (if we ignore the term involving random
errors) (Rodgers, 2000):

x̂ ¼ Axþ ðI� AÞxa; (9)

with I the identity matrix. The retrieved state at any vertical location is
thus a combination between: 1) an average of the true profile weighted
by the corresponding AVK function and 2) an average of the a priori
profile weighted by (I �A). To visualize more easily the impact of the a
priori profile on the retrieved state, it is useful to perform an eigenvector
decomposition of the matrix A (Rodgers, 2000). If the matrix R is the
matrix of the right eigenvectors of A, we can write

AR ¼ RΛ; (10)

where Λ is a diagonal matrix, whose diagonal elements correspond to the
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eigenvalues of A. If we multiply each side of equation (9) by R�1 and
using equation (10), we obtain

R�1x̂ ¼ R�1Axþ R�1ðI� AÞxa (11)

¼ ΛR�1xþ ðI� ΛÞR�1xa: (12)

In the eigenvectors of A basis, the vector x becomes R�1x ¼ z and thus,
we have x ¼ Rz. The vector x (and so the retrieved, the true and the a
priori states) is therefore represented as a linear combination of the right
eigenvectors of A, and z is the coefficients vector. Using these relations,
equation (11) becomes

ẑ ¼ Λzþ ðI� ΛÞza: (13)

Because Λ is diagonal, the above equation can be separated into scalar
components such that

ẑi ¼ λizi þ ð1� λiÞzai: (14)

Considering that all profiles are decomposed into a combination of pat-
terns (eigenvectors of A), the retrieved coefficients ẑi are a weighted
average of the true zi and a priori zai coefficients. The patterns associated
to λi ~ 1 are dominated by the true state, and thus well measured, while
those associated to λi ~ 0 are determined by the a priori state. Note that
we have not considered the measurement error in the above mathe-
matical development. It is important to keep in mind that in reality a
third term including the random uncertainties of the measurement also
impacts the value of the retrieved coefficients ẑi. Finally, it can be shown
that the DOFS is the sum of the eigenvalues of A. It corresponds therefore
to the number of components/patterns in the retrieved profile that are
Fig. 4. Characterization of the CO retrieved profiles for a representative retrieval. (a)
(red) expressed in volume mixing ratios (ppm). (c) Averaging kernels functions for th
altitude of maximum sensitivity to CO. The dots indicate to which layer the AVK funct
for the retrieved layers. (e) Retrieved temperature profile (Bauduin et al., 2020) and s
and their associated eigenvalues (λ), allowing to evaluate the impact of the a priori

5

measured independently of the a priori.

3.1.2. Retrieval settings and input to the radiative transfer
The analysis has been divided in two steps: 1) the retrieval of the

temperature profile, and 2) the retrieval of the CO profile. The retrieval of
the temperature profile has been performed on the ν3 band of CO2
centered at 2349 cm�1 for each averaged night-time spectrum. The de-
tails about this retrieval, the choice of its settings and the associated error
characterization are fully described in the companion paper (Bauduin
et al., 2020) and are not reminded hereafter. The retrieved temperature
profiles are then used as input for the CO retrieval. Before going further,
it has to be pointed out that the temperature profile retrieval was suc-
cessful for 350 out of the 449 averaged spectra (for 99 observations, the
temperature retrievals have diverged, i.e. a temperature profile could not
be retrieved for these observations). Only for these 350 spectra a CO
profile retrieval was performed. More particularly, the CO retrieval has
been performed on the 2040–2230 cm�1 spectral range. The CO a priori
profile and covariance matrix are those used by Bouche et al. (2019). As a
reminder, they have been built from a large ensemble of profiles
modelled by the MCD (version 5.3) for one Martian year, using the
climatology solar average scenario. In total, 451,584 modelled CO pro-
files have been used. The resulting xa is shown in Fig. 4 b along with the a
priori uncertainties (error bars), which correspond to the square root of
the diagonal elements of the Sa. The atmosphere used extends from 0 to
60 km. The temperature profile considered is the one retrieved in the first
step. CO is retrieved for 2 km thick layers from 0 to 24 km (Bouche et al.,
2019). Above that altitude and up to 60 km, the CO profile is kept fixed to
the a priori. As shown in Fig. 1 a, CO2 presents strong Q branches in the
spectral range considered, some of which interfere with CO lines. This
gas has thus been retrieved simultaneously with CO only to obtain the
Resulting fit of the spectrum. (b) Retrieved CO profile (black) and a priori profile
e CO retrieved profile expressed in VMR units. They provide an estimation of the
ions correspond. (d) Jacobians (W cm�2sr�1 cm per VMR, color scale) calculated
urface temperature (black dot). (f–j) The first five eigenvectors of the AVK matrix
profile on the retrieved CO profile (see text for details).



Fig. 5. (a) Histogram of the number of retrievals as a function of the total retrieval error (%) on the 0–2 km CO column (blue bars) and on the 0–24 km CO column
(orange bars). (b) Dependence of the retrieval error on the 0–2 km CO VMR (%) on the CO VMR itself and on the thermal contrast (K, color scale). (c) Same as (b) but
for the 0–24 km VMR.

4 Note again that this is not the total error. Additional contributions will be
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best fit for CO. As for the latter, CO2 has been retrieved for 2 km thick
layers from 0 to 24 km, and then fixed to the a priori profile above that
level. This CO2 a priori profile is the same as the one used to retrieve the
temperature profile and corresponds to a global average calculated from
CO2 profiles modelled by the MCD (version 5.3), with same scenario as
for CO. These modelled CO2 profiles have also been used to build the
associated a priori covariance matrix (Bouche et al., 2019). Note that the
retrieval of CO2 is strongly constrained (maximal a priori variability of
2% at the surface) and leads to only small variations of surface pressure
(5 times smaller than the uncertainty considered in our error calcula-
tions, see section 3.2.4). Note also that ozone (O3) and water vapour
(H2O) have absorption bands in the spectral range considered. Although
their contributions are negligible with no visible spectral features, we
have fixed their abundance to climatological modelled profiles (built
from the MCD, version 5.3). In addition to CO and CO2, the surface
temperature has been retrieved to properly model the baseline of the
spectrum. The a priori value was set to the averaged surface temperature
calculated from the L2 surface temperatures associated to each spectrum
considered in the spectral average. The a priori variability has been set to
1%. For the emissivity, an average value for each average spectrum has
been 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). It has been kept fixed during the
retrieval. 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).

All retrievals have been performed with the Atmosphit software
(Barret et al., 2005; Coheur et al., 2005). This is a line-by-line radiative
transfer code initially developed for Earth atmospheric spectra, but
which has been successfully adapted to analyse PFS Martian observations
(Bouche et al., 2019). Note that when performing the retrieval of an
abundance profile, Atmosphit adjusts a vector of scaling factors, that
applied on the a priori profile gives the retrieved profile. In the case of our
retrieval, partial columns of CO are first calculated for the retrieved
layers by applying the retrieved scaling factors onto the a priori partial
columns. This is done for CO2 as well. Then, to obtain the profiles
expressed in volume mixing ratios (VMR), the air partial columns are
calculated using the retrieved CO2 partial columns, but also including the
retrieved CO partial columns and the fixed H2O and O3 columns, deter-
mined from the chosen climatological profiles. Abundance of nitrogen
(N2) and argon (Ar) are also taken into account, assuming mole fractions
respectively of 0.027 and 0.016.
6

3.2. Characterization of retrieved CO profiles

In this section, we focus on the characterization of the retrieved CO
profiles in terms of vertical sensitivity and errors. Among the 350 spectra
analysed, only 170 have been successfully fitted (i.e. the root mean
square of the residual is similar to the noise level considered). The
characterization is discussed only for these successful retrievals and is
especially illustrated with one chosen case, which corresponds to an
average PFS spectrum located in the Southern Hemisphere (in box 40◦S-
35◦S) during the summer (280� < Ls < 290�). It is shown in Fig. 4 a along
with the resulting fit. The root mean square (RMS) of the residual is 1.74
� 10�10 W cm�2sr�1 cm and is of the same order as the NEDL estimated
to be 1.87 � 10�10 W cm�2sr�1 cm. In the following subsections, we
present the characterization in terms of the retrieved profile and its
associated errors (section 3.2.1), of the vertical sensitivity (section 3.2.2)
and of the a priori impact (section 3.2.3).

3.2.1. Retrieved profile and errors
The retrieved CO profile for the chosen example is shown in Fig. 4 b

with the corresponding errors for each retrieved layers. The largest VMR
is retrieved for the first layer (0–2 km) and is 798 ppm. It then decreases
to around 640 ppm at 5 km and stays almost constant up to the highest
retrieved layer. The column-averaged VMR calculated for the range 0–24
km is equal to 668 ppm. Regarding the errors, the lowest error is found at
the surface. It is around 10% and this corresponds to a large reduction of
the prior uncertainty of 82%. The retrieval error then increases to about
15% at 3 km and stays constant up to 15 km. Above that layer, it increases
again to more than 20%. The error on the total column (0–24 km) is
estimated to be around 14%. Note that this is not the total error. Addi-
tional contributions due to uncertainties on the temperature profile,
surface pressure and ILS formulation will be estimated in section 3.2.4.

To have a better representation of the retrieval errors for all the
analysed observations, Fig. 5 a shows the distribution of the errors (for
the 0–2 km and 0–24 km CO columns) among the retrieval set. For most
of the average spectra analysed (73%), the retrieval uncertainty on the
0–2 km column falls in the range 6–12%. For around 12% of data, the
retrieval error on the first layer is smaller than 6% and for 15%, it is
larger than 12%. The retrieval error on the total column is very small,
between 6 and 15%,4 for the large majority of the analysed set (93%).
The cause of the variations of the retrieval error can be investigated with
estimated in section 3.2.4.



Fig. 6. (a) Histogram of the number of CO retrievals as a function of the maximum AVK value for the 0–2 km layer. (b) Histogram of the mean maximum AVK value
(0–2 km layer) per bin of 4 K of thermal contrast (shown in absolute value).
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the help of Fig. 5b and 5 c. In the case of the retrieval error on the 0–2 km
column (Fig. 5b), the variations are driven mainly by one parameter: the
thermal contrast. Indeed, for a constant 0–2 km column, the retrieval
error increases with a decrease (in absolute value) of the thermal
contrast. The latter indeed drives the sensitivity of PFS to the near-surface
CO: the larger (in absolute value) the thermal contrast, the higher the
sensitivity to the 0–2 km layer, and therefore, the lower the associated
retrieval error. This dependency of the errors on the thermal contrast is
however much lower for the total (0–24 km) column retrieval error
(Fig. 5c). Note finally that the thermal contrast values sampled in this
work are highly negative. Even the lowest values (in absolute) are suf-
ficiently high to allow PFS to have some sensitivity to the near-surface
CO. This is shown particularly by the low errors on the surface layer
even for the smallest thermal contrasts (absolute value) (see also (Bau-
duin et al., 2017)). This could explain why the impact of thermal contrast
on the total column retrieval error is so small.

3.2.2. Vertical sensitivity
For the chosen case, the fact that the lowest error is found in the first

layer is explained by the presence of a thermal inversion and by the
associated high negative thermal contrast (�30 K, see Fig. 4e), which
enhances PFS sensitivity towards the CO close to surface. The maximum
sensitivity to CO is indeed found at the surface as shown by the averaging
kernels functions (Fig. 4c) and by the Jacobians (Fig. 4d). The AVK
functions for all retrieved layers peak at the surface. This shows that CO
retrieved in each layer, even the highest ones, is mostly inferred from the
CO abundance of the first layer. Note especially the very high value of
0.93 at the surface for the AVK of the first layer, showing a very high
sensitivity of the retrieved CO VMR in the 0–2 km layer to the true CO
VMR of that same layer. Above the 4–6 km layer, all the AVK functions
are very close to 0 (except for the 0–2 km AVK, see below). This means
that the retrieved CO VMR above 6 km is mainly driven by the CO
abundance of the layers close to the surface. This is also observed with
the Jacobians, that show maximal values close to the surface and very
low sensitivity between 5 and 15 km (a factor 6 lower than the sensitivity
at the near-surface). It is worth pointing out that the 0–2 km AVK shows
small negative values above 6 km (minimum of �0.12). These negative
values tend to show that there is anti-correlation between the 0–2 km
layer and the layers above 6 km. This can be understood in terms of
emission and absorption. Indeed, because of the presence of the thermal
inversion (Fig. 4e), emission takes place close to the surface. Above the
thermal inversion (above 4 km), due to the negative temperature
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difference between two adjacent layers (i.e. temperature decreases with
height), absorption takes place. Therefore, increasing the CO abundance
close to the surface has the same effect on the PFS spectra as decreasing
the CO abundance above the thermal inversion (the contrary is also true),
and this explains the observed anti-correlation. However, regarding the
difference in PFS sensitivity to the two atmospheric regions as shown by
the Jacobians (Fig. 4d), the anti-correlation is likely limited. Finally,
given the very similar shape of all AVK functions, one has to conclude
that the retrieved CO profile is not resolved vertically. The retrieval
provides only one column that is mainly sensitive to the 0–6 km region.

For all night-time averaged spectra, the AVKs functions present also
very similar shapes, which means that the vertical CO profile is not
resolved for any of the retrievals. Because of this lack of vertical reso-
lution, for all retrievals, we use as diagnostic of the sensitivity only the
value of the AVK for the 0–2 km layer. It has indeed the largest values of
all AVK functions for all observations and it is the one showing the most
clearly the anti-correlation between the surface layers and the higher
layers. In fact, the anti-correlation remains limited for most of the re-
trievals, with 66% of the cases presenting a negative AVK value smaller
than 0.1. Then, by noting that 86% of the observations have their first
AVK peaking in the first layer and 14% in the second layer, we can safely
conclude that for the entire set the maximum sensitivity is close to the
surface. The exact location of the maximum depends principally on the
temperature profile and on the thermal inversion. Fig. 6 a shows the
distribution of the maximum value of the 0–2 km AVK among the ana-
lysed set. 68% of the retrievals present maximum AVK values larger than
0.7, and these are found for the 0–2 km AVK peaking in the first layer.
This indicates that for the majority of the analysed cases, the retrieved CO
abundance in the 0–2 km is mainly sensitive to the true CO abundance in
that layer. The variations of the maximal value of the 0–2 km AVK are
among other driven by the thermal contrast. Fig. 6 b shows the mean
maximal AVK value per bin of 4 K of thermal contrast. The impact of the
latter on the maximal value is clear, with maximum value of 0.8–0.9
found for thermal contrast higher than 30 K (absolute value) and
decreasing to 0.5 for smaller values. Finally, as already mentioned, the
CO vertical profile is not resolved for any of the retrievals. The majority
of these provide only one column that is mainly sensitive to the 0–10 km
atmospheric region.

3.2.3. Impact of the a priori profile
The DOFS of the example retrieval of Fig. 4 is equal to 1.25. This

corresponds to the number of patterns in the retrieved profile that are



Fig. 7. (a) Histogram of the number of CO retrievals as a function of the DOFS. (b) Same as (a) but as a function of the first (blue) and second (orange) eigenvalues.
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determined independently of the a priori. This can be seen with the ei-
genvectors decomposition of the matrix A (reminding that the retrieved
profile can be expressed as a linear combination of the eigenvectors of A,
section 3.1.1). Fig. 4(f–j) shows the first five eigenvectors of A and the
corresponding eigenvalues. The first eigenvector is associated to an
eigenvalue of 0.99. This component of the retrieved profile is therefore
well measured: its associated coefficient ẑ1 is determined almost entirely
from the true state (z1). The second eigenvalue is equal to 0.25. The
coefficient associated the second component is thus dominated by the a
priori state (za2), and only a small part (around 25%) is determined from
the true state z2. The following eigenvectors have finer structures, but
Fig. 8. (a) Histogram of the number of CO retrievals as a function of the CO uncertai
bars correspond to the CO uncertainty due respectively to a negative and positive shift
uncertainty due to the temperature-pressure error. Note that this error includes the c
The blue and orange bars correspond to the CO uncertainty due to the temperature
þ0.9 hPa (see Bauduin et al. (2020)).
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their associated eigenvalues reach almost 0. The coefficients for all these
components are all determined from the a priori state, and this confirms
the very low vertical resolution of the retrieval.

Fig. 7 a shows the distribution of the DOFS values among all suc-
cessful retrievals. Almost 90% present values larger than 0.9, showing
that for the large majority of the retrievals, at least one pattern in the
retrieved profile is well measured, i.e., it is determined independently of
the a priori. As can be seen from Fig. 7 b, this pattern corresponds to the
first eigenvectors (associated eigenvalues within 0.9 and 1.0). However,
for 84% of the retrievals, the second eigenvalue is close to 0, showing
that the other patterns in the retrieved profile are determined from the a
nty (absolute value) due to the temperature retrieval error. The blue and orange
of the retrieval error (Bauduin et al., 2020). (b) Same as panel (a) but for the CO
ontributions of both the temperature profile and surface pressure uncertainties.
error evaluated when shifting the surface pressure respectively of �0.9 hPa and
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priori state. In fact, only a small fraction (16%) of the retrievals present a
second eigenvalue slightly larger than 0.1, meaning that the second
pattern in the retrieved profile is partly determined from the true state.

3.2.4. Other sources of errors
Two error sources have not been included in the error budget

described in section 3.2.1 and both come from the propagation of the
uncertainties on the retrieved temperature profile. There are two types of
uncertainties associated to the temperature profile. The first one includes
the smoothing and measurement errors and is calculated from the total
error covariance matrix. This has been done in section 4.1 of the com-
panion paper (Bauduin et al., 2020), and we have shown that this error
varies between 0.5 K and 2 K depending on the altitude. It will be called
the temperature retrieval error hereafter. The second one is associated to
the uncertainty on the pressure (i.e., CO2) profile. Indeed, we have made
an assumption for the pressure profile (see (Bauduin et al., 2020)) and
any error on it obviously propagates to the retrieved temperature profile
and subsequently to the retrieved CO abundance. This temperature un-
certainty (hereafter called temperature-pressure error) has also been
estimated in section 4.1 of the first part paper and evaluated to be within
0.5–4 K (in absolute value) depending on the altitude. These two types of
temperature errors have been propagated on the CO retrieval separately
but following a similar procedure. For the 170 averaged spectra that we
kept, we have redone the CO retrieval but the temperature profile has
been shifted (�) by the estimated errors. Note that in the case of the
temperature pressure error, the surface pressure has been shifted
simultaneously by �0.9 hPa, because these two sources of uncertainty
are intimately related (see Bauduin et al. (2020) for details). The CO error
due to the temperature pressure error includes therefore the
Fig. 9. Seasonal cycle of the retrieved CO column-averaged VMR (ppm, a), of the ass
(K, e) and of the thermal contrast (K, f). Panel (c) shows the number of single PFS s
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contributions of both the temperature profile and the surface pressure
uncertainties. The error on CO has been taken as the difference between
the new and the reference CO abundance. Note that this evaluation is
performed only for the column-averaged VMR as the CO profile is not
resolved.

The distributions of the two types of uncertainties among the re-
trievals are shown in Fig. 8 a and Fig. 8 b for the propagation of
respectively the temperature retrieval error and the temperature-
pressure error. For the former (Fig. 8a), the distribution is separately
shown for a negative (blue bars) and a positive shift (orange bars) of the
temperature profile. In both cases, more than 75% of the retrievals show
that the CO uncertainty due to the temperature retrieval error is below
10%. The average is around 6% for both cases. Regarding the CO un-
certainty due to the temperature-pressure error (Fig. 8b), its distribution
is shown separately for the error coming from a surface pressure shift of
�0.9 hPa (blue bars) and þ0.9 hPa (orange bars). This distribution is
similar to the one obtained in Fig. 8 a, with the CO uncertainty due to the
temperature-pressure error being on average 6% and below 10% for a
large majority of the retrievals (more than 80%).

It is worth reminding that Bouche et al. (2019) have evaluated the
impact of the instrumental line shape (ILS) formulation on the retrieved
CO abundance. They showed that the uncertainty on the ILS can lead to a
systematic uncertainty of around 5% on the CO retrieved total column. A
re-evaluation of this error has been performed (not shown) and has led to
a larger error on CO, of around 14%. Assuming that all the errors dis-
cussed above linearly add up, the total error on the CO 0–24 km column is
within 32–41% on average. Note finally that, even if only spectra asso-
ciated with a dust optical depth lower than 0.2 have been selected,
because we have neglected the scattering some additional errors might
ociated total retrieval error (ppm, b), of the DOFS (d), of the surface temperature
pectra averaged together.
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contribute to the total error on the CO abundance. 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).
3.3. Distribution

Fig. 9 a shows the latitudinal distribution of the retrieved CO column-
averaged VMRs as a function of Ls. As already mentioned in the previous
section, only the retrievals with a satisfactory fit (corresponding to a fit
with a RMS similar to the noise level) have been kept (170 out of 350),
and only these have been used to build the distribution. Also, as a
reminder, the detection method (section 2) already rejected a number of
spectra: only 449 average spectra out of 1163 were kept and these were
mostly observations with 180� < Ls < 360� and located in the Southern
Hemisphere. The post-filtering based on the fit quality (for both tem-
perature and CO retrievals, see previous sections) is further responsible
for the lack of CO measurements in the regions and periods of pre-
selected observations.

The mean CO column-averaged VMR calculated for the selected set of
observations is 845 ppm, which is in good agreement with the averages
calculated from daytime measurements (Smith et al., 2018; Bouche et al.,
2020). As seen in Fig. 9 a, the retrieved CO VMRs distribution is noisy,
especially in the equatorial and northern mid-latitude regions. The in-
dividual total retrieval errors (Fig. 9b) account for most of the sharp
variations observed between adjacent boxes. For instance, some of the
retrievals located in 60◦-40� S and 250◦-300� Ls has led to CO abun-
dances unexpectedly high, of around 900–1000 ppm. These are associ-
ated to an error of 500–600 ppm, showing that the increase of the CO
VMR is likely not real. The large CO VMRs (1100–1400 ppm) observed in
20◦-40◦N and in 150◦-200�Ls are also associated with large errors
(450–700 ppm), which could explain the sharp variations observed be-
tween the adjacent retrievals. Another, yet less important, reason for the
variations observed is related to the fact that we analyse average spectra
built from an inhomogeneous number of PFS observations (Fig. 9c),
including different contributions of the different Martian Years (in terms
of the number of spectra included in the average). Nevertheless, one
significant feature of variability emerges from the uncertainty: it corre-
sponds to the known decrease of the CO VMR in the Southern Hemi-
sphere during spring and summer due to the sublimation of the CO2 ice.
Fig. 10. (a) Example of average night-time PFS spectrum built using only spectra reco
and the result is in red. (b) CO vertical profile retrieved from the spectrum shown i
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CO VMRs lower than 600 ppm are indeed retrieved from Ls ¼ 240�

southern to �30�. Interestingly, these CO measurements are those asso-
ciated with the largest DOFS as shown in Fig. 9 d. The Southern Hemi-
sphere in spring and summer is actually associated with the largest
surface temperatures (larger than 210 K, Fig. 9e) and the highest negative
thermal contrasts (<� 25 K, Fig. 9f). This is observed for the analysed set
but also for Mars in general. These temperature conditions are the best
night-time conditions to measure CO and allow therefore the best CO
night-time retrievals in this region and at this period.

4. Discussion and conclusion

This work has demonstrated the possibility of retrieving the Martian
CO abundance from night-time PFS nadir spectra in the SW channel,
exploiting the fundamental 1-0 band of CO. Analysing such observations
is challenging because the SNR of single spectra is very low. The detec-
tion of CO required first averaging a sufficiently large number of PFS
night-time spectra. More specifically 8 MYs of PFS observations have
been averaged together for boxes of 5� � 10� (latitude� Ls) to guarantee
a sufficient SNR for CO. A total of 1163 averaged night-time spectra have
been built, from which only a subset was kept based on a detection
method using BTDs in 21 CO-sensitive spectral channels. A positive
detection of the 1-0 band of CO was assumed when the mean BTDs,
calculated over the 21 CO lines, is larger than the NEDT. 449 averaged
spectra out of the 1163 turned out to have detectable CO lines and have
been analysed using the Optimal Estimation method. CO vertical profiles
have been successfully retrieved for 350 spectra and only 170 have been
finally selected based on the quality of the fits.

These 170 CO measurements are not randomly distributed, but are
mostly located in the Southern Hemisphere during spring and summer.
Actually, one of the main result revealed in this work is that night-time
CO is the most favourably measured from PFS observations in this re-
gion at this period. The well-known decrease of the CO VMR, related to
the sublimation of CO2 at the South Pole, is indeed well observed in the
night-time seasonal cycle measured in this work, thanks to the combi-
nation of two favourable conditions: high surface temperatures (larger
than 210 K) and high negative thermal contrasts (<� 20 K). High surface
temperatures contribute to increase the SNR of single spectra while high
thermal contrasts (negative or positive) favour the sensitivity to CO in the
rded in the same MY (see details in the text). A test retrieval has been performed
n (a).
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near-surface atmosphere. In the Southern Hemisphere in spring and
summer, these two conditions are such that it is actually possible to
measure the CO abundance from average spectra built using a smaller
number of PFS observations, for instance recorded in the same MY.
Fig. 10 shows an example of such spectrum. It has been built using only
24 single night-time PFS observations recorded in MY 29 at 238� < Ls <
253� and located in a box of 10� � 4� (longitude � latitude). If this kind
of average is possible for all MY, it would allow studying the inter annual
variability of night-time CO in the Southern Hemisphere during spring
and summer; this could be investigated by future works. Note also that
relaxing the criterion on dust and ice optical depths, could allow taking
into account more spectra and improve further the results. Finally, given
the two conditions required to detect CO during night with PFS, we
anticipate that it will remain difficult to measure the CO abundance
during the polar night, as the surface temperatures are extremely low
(around 140–150 K).

The 170 retrieved CO profiles have been fully characterized. We have
shown that the retrieved profiles are not resolved vertically. They are
however mostly sensitive to the CO abundance between 0 and 10 km
(despite weak anti-correlation between the near-surface atmosphere and
higher levels). With this sensitivity pushed towards the near-surface at-
mosphere thanks to the thermal inversions, night-time PFS observations
provide stronger constraints on the near-surface CO abundance than
daytime observations, which carry information mostly for the 0–20 km
atmospheric region. However, it is important to remind that, because of
their low SNR, night-time PFS observations provide CO measurements
with lower spatial and temporal resolutions than daytime observations.
In addition to the vertical sensitivity, a complete error budget, including
the propagation of two types of temperature uncertainties, has been
performed. We have shown that the retrieval error on the 0–24 km CO
column is within 6–15% for a large majority of the retrievals and depends
on the amount of CO in the atmosphere. This error is similar to that
characterizing daytime CO measurements from single PFS spectra. In
addition to this, we have estimated that an extra 6% of error comes from
the temperature retrieval error and another 6% comes from the tem-
perature uncertainty due to our hypothesis on the surface pressure and
pressure profile. Note that the contribution of the uncertainty on the
surface pressure to the error on the CO abundance is included in the
temperature pressure error. A last source of uncertainty comes from the
ILS formulation and has been estimated to be around 14%. Assuming that
these errors linearly add up, the total error on the CO 0–24 km column is
within 32–41% on average. Finally, we have shown that the DOFS values
are larger than 0.9 for the majority of the night-time retrievals, and this is
also slightly larger than what has been observed for daytime PFS
observations.

In conclusion, retrieving the CO abundance from night-time PFS ob-
servations is a difficult task requiring spectral averaging and careful
fitting and analysis. However, this exploratory work has firmly demon-
strated that it was possible in favourable periods and regions. For these,
the night-time COmeasurements contribute to significantly constrain the
near-surface CO abundance and they are therefore expected to be an
important complement of the highly resolved profiles retrieved from
solar occultation and limb measurements.
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