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Abstract

Carbon monoxide is a non-condensable species of the Martian atmosphere produced by the photolysis of CO2. Its mixing ratio

responds to the condensation and sublimation of CO2; from the polar caps, resulting in seasonal variations of the CO abundance.

Since 2018, all three spectrometers of the Atmospheric Chemistry Suite (ACS) onboard the Trace Gas Orbiter have measured

CO in infrared bands by solar occultation. Here we provide the first long-term monitoring of the CO vertical distribution at

the altitude range from 0 to 80 km for 1.5 Martian years from Ls=163; of MY34 to the end of MY35. We obtained a mean CO

volume mixing ratio of ˜960 ppm at latitudes from 45S to 45N, mostly consistent with previous observations. We found a strong

enrichment of CO near the surface at Ls=100-200; in high southern latitudes with a layer of 3000-4000 ppmv, corresponding

to local depletion of CO2. At equinoxes we found an increase of mixing ratio above 50 km to 3000–4000 ppmv explained by

the downwelling flux of the Hadley circulation on Mars, which drags the CO enriched air. The general circulation chemical

model tends to overestimate the intensity of this process, bringing too much CO. The observed minimum of CO in the high and

mid-latitudes southern summer atmosphere amounts to 700-750 ppmv, agreeing with nadir measurements. During the global

dust storm of MY34, when the H2O abundance peaks, we see less CO than during the calm MY35, suggesting an impact of

HOx chemistry on the CO abundance.

Journal of Geophysical Research - planets
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Introduction

Supporting information file contains the validation of CO mixing ratio measurements between ACS experi-
ments and additional figure with water vapor difference between MY34 and MY35 at Ls=180-240 for Section
3.6):

S.1 Validation of CO measurements between the ACS channels

From the beginning of Exomars TGO science program in 2018 the simultaneous observations of the same
gases by TGO spectrometers allowed us to validate measurements and methods. It was done firstly for
comparison of temperature and CO2 density profiles retrieved by ACS NIR and MIR in different CO bands
(Alday et al., 2019; 2021; Fedorova et al., 2020).

S.1.1 Validation of NIR by TIRVIM

There are two CO bands within the TIRVIM spectral range: 2.3 μm (transition 2-0) and 4.7 μm (transition
1-0). The signal-to-noise ratio of TIRVIM is 90–100 for pure Sun in the 4.7-μm range to ˜150 at 2.3 μm. An
example of TIRVIM spectra recorded during one occultation are shown at Figure S1. Despite the 4.7 μm
spectral range being characterized by lower SNR compared to 2.3 μm, the fundamental 1-0 band is much
stronger than 2-0 overtone (Fig. S1). We therefore used it to retrieve the CO vertical profiles based on the
TIRVIM data.
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Figure S1. Example of transmittance spectra recorded by TIRVIM in solar occultation at orbit 2520 at
different altitude in comparison with direct modeling at target altitude of 20 km for three main gases CO2,
H2O and CO. Shaded areas show the range of CO 1-0 and 2-0 bands at 4.7 and 2.3 μm used for retrieval in
this work.

TIRVIM stopped working in December 2019 (Ls=115° MY35) having recorded ˜1000 solar occultations. We
found about 550 co-located observations where the retrieval was done with NIR temperature profiles (Fig.
S2). Overall, the profiles are well consistent in different locations and seasons (Fig. S3). However, the large
FOV of TIRVIM (˜2° equal to ˜60 km at the limb) makes the contribution of scattered light around the Sun
close to the solar signal in the low atmosphere where the aerosol opacity reduces the signal. To make the
valid retrieval of gaseous absorption in dusty condition the full radiative transfer with multiple scattering is
needed, a difficult problem, given the poorly constrained FOV. We therefore limited the TIRVIM retrievals
to transmittance of 0.6 (the aerosol slant optical depth of ˜0.5).

Figure S2. Collocated TIR-NIR observations for MY34-35 (2018-2019). The background is the distribution
of dust optical depth for MY34 from Montabone et al., 2020.

3
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Figure S3. Examples of simultaneous observations of TIRVIM and NIR

Figure S4. Validation of the retrieved vertical profiles of CO vmrs from ACS NIR and TIRVIM spectra
for 550 co-located orbits, and the corresponding altitude distribution of the difference in the retrieved vmr.
Blue-to-red color indicates the increasing density of points.

S.1.2 Validation of NIR with MIR

Nearly all measurements of ACS MIR were made simultaneously with ACS NIR. Figure S5 shows the
difference of vmr values for simultaneous observations. It demonstrates good agreement between the two
datasets, within 20% below 50 km.

4
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y. Figure S5. CO mixing ratio distribution of latitude and altitude for different Ls bins for simultaneous NIR
and MIR orbits.

Figure S6. Correlation between CO vmrs retrieved from NIR and TIRVIM spectra for 600 co-located orbits,
and the corresponding altitude distribution. Blue-to-red color indicates the increasing density of points.

S.2 Water variations during the Ls=180-240 in MY34 and MY35

5
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Figure S7. The latitudinal trend of the H2O mixing ratio vertical profiles in ppmv into 10º Ls bins from
Ls=180º to 240º for MY34 (left) and MY35 (middle) and relative difference in percent. On the top the
seasonal distribution of ACS NIR solar occultation observation for MY 34 and 35 at Ls=180-240°. The
colored background is the dust optical depth distribution in 9 μm for MY 34 from Montabone et al. (2020)
with red color corresponding to maximal optical depth and blue color corresponding to minimal.

6



Climatology of the CO vertical distribution on Mars based on ACS TGO 1 

measurements 2 

 3 

Anna Fedorova1, Alexander Trokhimovskiy1, Franck Lefèvre2, Kevin S. Olsen3, Oleg 4 

Korablev1, Franck Montmessin2, Nikolay Ignatiev1, Alexander Lomakin1, Francois Forget4, Denis 5 

Belyaev1, Juan Alday3,5, Mikhail Luginin1, Andrey Patrakeev1, Alexey Shakun1 & Alexey 6 

Grigoriev1,6 7 

1Space Research Institute (IKI) RAS, Moscow, Russian Federation.  8 

2LATMOS, CNRS, Sorbonne Université, Université Versailles Saint-Quentin-en-Yvelines 9 

, Guyancourt, France. 10 

3Department of Physics, University of Oxford, Oxford, UK.  11 

4Laboratoire de Météorologie Dynamique, Sorbonne Université, Centre National de la 12 

Recherche Scientifique, Jussieu, Paris, France 13 

5School of Physical Sciences, The Open University, Milton Keynes, UK 14 

6Australian National University, Research School of Astronomy and Astrophysics, 15 

Mount Stromlo Observatory, Advanced Instrumentation and Technology Centre, Canberra, 16 

Australia   17 

 18 

Corresponding author: Anna Fedorova (fedorova@iki.rssi.ru). 19 

 Key points: 20 

● The first climatology of CO vertical profiles is collected for the period Ls=163° of 21 

MY 34 to the end of MY 35. 22 

● The mean CO VMR is ~960 ppmv at 0–35 km and 45°S–45°N  23 



● Strong enrichment of CO, >3000 ppmv, is detected at 10-20 km at Ls=100-200 in 24 

high southern latitudes and above 50 km at equinoxes near Poles. 25 

Abstract 26 

Carbon monoxide is a non-condensable species of the Martian atmosphere produced by the 27 

photolysis of CO2. Its mixing ratio responds to the condensation and sublimation of CO2 from the 28 

polar caps, resulting in seasonal variations of the CO abundance. Since 2018, all three 29 

spectrometers of the Atmospheric Chemistry Suite (ACS) onboard the Trace Gas Orbiter have 30 

measured CO in infrared bands by solar occultation. Here we provide the first long-term 31 

monitoring of the CO vertical distribution at the altitude range from 0 to 80 km for 1.5 Martian 32 

years from Ls=163° of MY34 to the end of MY35. We obtained a mean CO volume mixing ratio 33 

of ~960 ppm at latitudes from 45°S to 45°N, mostly consistent with previous observations. We 34 

found a strong enrichment of CO near the surface at Ls=100-200° in high southern latitudes with 35 

a layer of 3000-4000 ppmv, corresponding to local depletion of CO2. At equinoxes we found an 36 

increase of mixing ratio above 50 km to 3000–4000 ppmv explained by the downwelling flux of 37 

the Hadley circulation on Mars, which drags the CO enriched air. The general circulation chemical 38 

model tends to overestimate the intensity of this process, bringing too much CO. The observed 39 

minimum of CO in the high and mid-latitudes southern summer atmosphere amounts to 700-750 40 

ppmv, agreeing with nadir measurements. During the global dust storm of MY34, when the H2O 41 

abundance peaks, we see less CO than during the calm MY35, suggesting an impact of HOx 42 

chemistry on the CO abundance. 43 

 Plain language summary 44 

Carbon monoxide (CO) is a product of the photolysis of the main component of the Martian 45 

atmosphere, CO2 (96%). During the polar night on Mars, the temperature drops so low that ~30% 46 

of the global atmospheric carbon dioxide freezes out, condensed into snowflakes. They settle to 47 

the ground to form a seasonal polar cap, which sublimates in spring after. Unlike CO2, CO is not 48 

a condensable species, so its relative abundance increases when CO2 and the atmospheric pressure 49 



drops, forming a prominent seasonal cycle. This behaviour of CO was well documented by nadir 50 

spacecraft observations, while its vertical distribution remained a white spot until recently. Still, it 51 

helps to separate the impact of photolysis and the atmospheric dynamics, addressing the problem 52 

of the Martian atmosphere's stability. We present the first climatology of the CO vertical 53 

distribution lasting more than one Martian year based on solar occultation by the Trace Gas 54 

Orbiter. We report a previously unobserved CO layer near the surface in high southern latitudes in 55 

late winter and spring and document the difference between MY34 and MY35 caused by the global 56 

dust storm. These observations give new challenges to the Martian GCMs for understanding the 57 

modern atmosphere of Mars. 58 

 59 

1. Introduction 60 

Carbon monoxide (CO) is produced by the photolysis of CO2 and plays a crucial role in 61 

the photochemical cycle that stabilizes the atmosphere’s composition. CO was discovered by 62 

Kaplan et al. (1969). Its observed abundance is by two orders of magnitude lower than the expected 63 

abundance of ~8% in the context of a dry atmosphere (Nair et al., 1994). This inconsistency posed 64 

a problem of the stability of CO2 in the Martian atmosphere, later resolved by introducing catalytic 65 

reactions with the H2O photolysis products (like OH) (McElroy and Donahue (1972); Parkinson 66 

and Hunten (1972)). Still, a problem persists in quantitative understanding of the HOx chemistry 67 

because current models mostly underestimate the amount of CO on Mars several times (Lefèvre 68 

& Krasnopolsky, 2017). 69 

The CO abundance on Mars has been measured by high-resolution ground-based 70 

spectroscopy from infrared lines located in the 3-0 (1.57 μm, Krasnopolsky, 2003; Krasnopolsky, 71 

2007), 2-0 (2.3 μm, Krasnopolsky, 2015; Billebaud et al., 1998) and 1-0 (4.7 μm, Billebaud et al., 72 

1992) bands of CO and rotational microwave spectrum (Clancy et al., 1990; Lellouch et al., 73 

1991). The column-averaged CO mixing ratios inferred from these observations represented 74 

mostly the abundance in the lower atmosphere. It varied from 600±150 ppmv (parts per million 75 



by volume) to 800±200 ppmv. Krasnopolsky et al. (2003) first reported the north-south asymmetry 76 

of the CO distribution at Ls=112° with CO volume mixing ratios (VMRs) varying from 830 ppmv 77 

in the northern middle latitudes to 1250 ppmv at 50°S. The first map of CO abundance based on 78 

several latitudinal tracks (Krasnopolsky 2007) showed an increase of CO abundance up to 1600 79 

ppmv at Ls=112-173°. 80 

The first CO seasonal distribution has been obtained from the nadir observations made by 81 

OMEGA (Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité) and PFS (Planetary 82 

Fourier Spectrometer) onboard the Mars Express mission (Encrenaz et al., 2006; Billebaud et al., 83 

2009; Sindoni et al., 2011; Bouche et al., 2019; 2021), CRISM (Compact Reconnaissance Imaging 84 

Spectrometer for Mars) on board the Mars Reconnaissance Orbiter (Smith et al., 2009, 2018) and 85 

recently NOMAD (Nadir and Occultation for Mars Discovery) onboard the Trace Gas Orbiter 86 

(TGO) (Smith et al., 2021) using the 2.3 μm (2-0) and 4.7 μm (1-0) absorption bands. These 87 

observations have shown strong seasonal variations of CO, especially in high latitudes. The 88 

minimal values (down to 200 ppmv based on CRISM) have been found in the southern summer 89 

high latitudes. At low-to-mid latitudes, the CO2 condensation-sublimation cycle leads to a broad 90 

peak at about Ls = 180° (evident in the models and CRISM, less so in NOMAD). The maximum 91 

column-integrated mixing ratio (~1300 ppmv) was observed in low-to-mid latitudes around the 92 

northern autumnal equinox about Ls=180° as a result of the transport of the CO enriched air from 93 

the winter polar region. CO behaves as other non-condensable gases like N2, Ar, O2, expected to 94 

vary in response to the condensation-sublimation cycle of CO2 into and from the seasonal polar 95 

caps. Seasonal variations of argon were measured by Mars Odyssey gamma-ray spectrometer 96 

(Sprague et al., 2004; 2012); similarly, variations of Ar, N2, O2 and CO were found at the surface 97 

by Sample Analysis at Mars (SAM) onboard the Curiosity rover (Trainer et al., 2019). This 98 

phenomenon is well reproduced by general circulation model (GCM) simulations (Forget et al., 99 

2008; Smith et al., 2018; Holmes et al., 2019). 100 



The annual mean value of CO remains a topic of debate. Nadir measurements from PFS, 101 

CRISM and NOMAD support a global average of ~800 ppmv (Bouche et al., 2021, Smith et al., 102 

2018, 2021). Earth-based observations yielded a lower value of ~700 ppmv (Krasnopolsky 2015). 103 

In situ measurements by SAM/Curiosity resulted in an even lower value of 580 ppmv (Trainer et 104 

al., 2019). After several Martian years of observations, such small mixing ratios were never 105 

confirmed from orbit at the MSL location (Smith et al., 2018, 2021).   106 

While the global seasonal trends of the CO column are relatively well understood, its 107 

vertical distribution was poorly documented before the arrival of TGO at Mars. Using PFS, Bouche 108 

et al. (2019; 2021) retrieved CO abundances by exploiting the vertical sensitivity of the  4.7 μm 109 

band. These measurements carry information mainly on the CO column below 15 km with 110 

enhanced sensitivity near the surface. However, their inferred vertical gradients at 0–20 km can 111 

not be reproduced by 3D climate models, which rely on our current understanding of Martian 112 

photochemistry (Forget et al., 2008). It made the authors attribute the observed vertical gradient 113 

to the method artefact.  114 

In 2018, the ExoMars TGO began its science phase by observing Mars’ atmosphere from 115 

its orbit. Two scientific instruments onboard TGO, the Atmospheric Chemistry Suite (ACS) 116 

(Korablev et al., 2018) and NOMAD (Vandaele et al., 2018), can sound the vertical structure of 117 

the atmosphere in solar occultation mode. ACS includes three high-resolution infrared 118 

spectrometers: NIR (near-infrared), MIR (middle infrared) and TIRVIM (thermal infrared) 119 

(Korablev et al., 2018). All three channels measure the vertical distribution of CO in three 120 

spectroscopic bands used previously in ground-based and spacecraft observations: 1.57 μm (NIR), 121 

2.3 μm (MIR and TIRVIM) and 4.7 μm (TIRVIM). The first CO vertical profiles were inferred 122 

from ACS MIR at altitudes 20–120 km and Ls=164–220° before and during the global dust storm 123 

(GDS) of Mars year (MY) 34. They showed a prominent depletion in the CO mixing ratio up to 124 

100 km, pointing to the importance of CO oxidation during wetter GDS conditions (Olsen et al., 125 

2021). 126 



Here, we report the first long-term observations of the CO vertical distribution on Mars. 127 

They are based primarily on the ACS NIR dataset and compared to ACS MIR and TIRVIM solar 128 

occultation. We study the seasonal and latitudinal variations of the CO profiles for MY 34 and 35, 129 

focusing on the interannual variability, and compare our data with the LMD Global Climate Model 130 

results, including photochemistry (Lefèvre et al., 2004). 131 

2. Measurements and the CO retrievals 132 

2.1 Dataset 133 

ACS is a dedicated solar occultation experiment, with all three channels operating in this 134 

mode. In solar occultation, the transmittance at different altitudes in the atmosphere is derived by 135 

rationing spectra with the reference solar spectrum obtained (before)after a (de)occultation when 136 

observing the Sun outside the atmosphere. The method provides high sensitivity since the airmass 137 

factor at the limb is ten times greater than in nadir, and the Sun is the brightest source of the Solar 138 

system. The polar and circular orbit of the spacecraft (78° of inclination, 2 hours period and 400 139 

km above the surface of the planet) was optimized to provide vertical profiling at unprecedented 140 

spatial and temporal resolution (up to 24 occultations per day). The misalignment between ACS 141 

MIR and NOMAD lines-of-sight (LOS) does not allow simultaneous measurements of all 142 

occultation experiments onboard TGO. Thus, the number of occultations had to be divided 143 

between NOMAD and ACS. However, the field-of-view (FOV) of NIR and TIRVIM allow 144 

measurements with NOMAD pointing that result in different coverage and fullness of datasets for 145 

three ACS spectrometers.    146 

The densest dataset, which constitutes the basis of this study, was produced by  ACS NIR, 147 

which provides CO measurements in the 1.57 μm band at 0-60 km for each occultation. From the 148 

beginning of the TGO science phase in April 2018 (Ls=163° of MY34) to January 2021 (Ls=360° 149 

of MY35), ACS NIR collected about 6050 profiles (Figure 1). ACS NIR can use both kinds of 150 

pointing (ACS-driven and NOMAD-driven), and we analysed occultation profiles obtained with 151 

ACS and NOMAD pointing (the latter constituting ~40% of profiles). 152 



ACS MIR gives access to a much stronger band of CO located at 2.35 μm, resulting in the 153 

capability to measure CO up to 90–110 km. The MIR dataset includes 620 occultations performed 154 

using secondary grating position 6 (see section 2.3). The validity of the NIR and MIR profiles was 155 

established by comparing the two sets of profiles. 156 

ACS TIRVIM measures both the 2.35 μm band and the strongest fundamental 4.7 μm band. 157 

The interferogram can be obtained at high or low resolution observation mode defined by the 158 

maximum optical path difference (MOPD). The MOPD of the TIRVIM interferometer can be as 159 

large as 5 cm–1. In the high-resolution mode (MOPD = 4.3 cm), the spectral sampling and the 160 

spectral resolution (full width at half maximum of the instrumental function, FWHM, with 161 

Hamming apodization) are equal to 0.11 and 0.21 cm–1, respectively. In the low resolution mode 162 

MOPD = 0.97 cm,  0.51 cm–1 and FWHM = 0.94 cm–1.  The largest part of occultations was 163 

done in the low resolution mode and only 20 orbits with high resolution but with worse signal-to-164 

noise ratio (SNR). For the analysis, we used the low resolution mode TIRVIM observations of the 165 

4.7 μm band to validate NIR and MIR results at 0–40 km. TIRVIM ceased operations in December 166 

2019 (Ls=115° MY 35) after having recorded ~1000 solar occultations since the beginning of the 167 

mission.  168 

 The following sections describe the datasets and the processing of ACS MIR, TIRVIM and 169 

NIR, and introduce the validation of the retrieved CO profiles. An in-depth comparison of CO 170 

VMRs retrieved from different channels can be found in Supplementary Material.  171 



 172 

Figure 1. Observational coverage of ACS solar occultations. The color circles, where colours 173 

indicate the local time of the occultation, show NIR observations. Black squares show MIR 174 

observations of CO, and black crosses show TIRVIM observations.  175 

 176 

2.2 NIR 177 

ACS NIR combines an acousto-optical tunable filter (AOTF), used as a monochromator that 178 

can be commanded to isolate a specific wavelength bandpass whose width corresponds to the free 179 

spectral range of the echelle grating that operates at high diffraction orders. It covers the  0.7–1.7 180 

μm spectral range using diffraction orders 101 through 49 (Trokhimovskiy et al., 2015a; Korablev 181 

et al., 2018). During an occultation, ACS NIR measures ten pre-selected diffraction orders every 182 

2 s, including the absorption bands of H2O and CO2.   183 

The instantaneous FOV in the direction perpendicular to the limb is small (~0.02°) and 184 

limited by the slit width. The FOV corresponds to an instantaneous vertical resolution of 500–600 185 

m at the tangent altitude of the line of sight. The time to measure one diffraction order is 0.2 s. The 186 

effective vertical resolution depends on the -angle (the angle between the orbit plane and the 187 

direction to the Sun). It is generally better than 1 km for each diffraction order. Horizontal 188 

resolution (along the slit) is 1.5–5 km and is determined by the number of stacked detector lines. 189 

The number of detector lines measured in a single occultation and its position on the detector 190 



depends on the pointing direction (NOMAD and ACS MIR-driven) and the available downlink 191 

volume. It varies from 6 to 30 lines; the solar image size on the detector limits the upper boundary. 192 

Averaging 30 detector lines does not worsen vertical resolution since that dimension of FOV is 193 

oriented along the limb. The SNR for an individual pixel and pure solar signal in the AOTF 194 

maximum equals about ~600 for the MIR pointing and ~300 for the NOMAD pointing. We 195 

averaged 6–25 lines with the maximal signal, excluding the solar image edges, resulting in an SNR 196 

of 800–3000, depending on the occultation.  197 

Diffraction order 49 (6318–6387 cm–1) was initially used to retrieve the temperature and CO2 198 

density using the 1.57 μm CO2 band. This order also contains a weaker overlapping CO band. 199 

Even if hardly noticeable within the strong CO2 band, the retrieval algorithm detects the CO lines 200 

well thanks to their periodic structure. It permits measuring the CO mixing ratio from 0 to 60-70 201 

km. Figure 2 shows examples of spectra fitting in order 49 with and without CO. The 1.57 μm 202 

band was already used for measuring CO abundance in the Martian atmosphere using high-203 

resolution ground-based observations (Krasnopolsky, 2003).  204 



 205 

Figure 2. Example of ACS NIR spectrum measured in order 49 at 23 km altitude showing 206 

the benefit of fitting with a model including both CO2 and CO. A): a synthetic model of CO2 (blue) 207 

and CO (red, 1000 ppmv) absorption bands. B): spectrum observed (in black) at orbit 1917, 208 

Ls=167°, the latitude of 82°, east longitude of –92.3° and local time 21:15  with its best fit (in 209 

blue) without CO and fit residual; (C) the same observed spectrum with its best fit (in blue) with 210 

CO and fit residual. 211 

The retrieval algorithm is based on a Levenberg–Marquardt iterative scheme and Tikhonov 212 

regularization to smooth the profile and minimize the uncertainties. A forward transmission model 213 



is computed using a look-up table of absorption cross-sections (as a function of pressure and 214 

temperature) for a corresponding number of atmospheric layers (40 to 130 depending on orbit). 215 

The spectral line parameters for the CO2 and CO are taken from the HITRAN 2016 database 216 

(Gordon et al., 2017) with CO2-broadening coefficients for CO (Li et al., 2015) and self-217 

broadening for CO2. The inverse problem is divided into two steps. The first step includes fitting 218 

for temperature, pressure and CO mixing ratio based on the shape of the spectra only. In the second 219 

step, we assume hydrostatic equilibrium to constrain the retrieval of temperature and pressure 220 

simultaneously. We define a pressure P0 at an altitude level z0 where the uncertainties are minimal 221 

(the highest data quality), and then compute the pressure profile from the hydrostatic equilibrium, 222 

integrating the retrieved T profile above and below the P0 level: 223 

          224 

where g(z) is the acceleration due to gravity, M(z) is the molecular weight (taken from the 225 

Mars Climate Database (MCD) v5.3, Forget et al., 1999, Millour et al., 2018), k is the Boltzmann 226 

constant, z is the altitude, h is the altitude level of pressure P. Once the pressure is calculated, we 227 

repeat the temperature retrieval with only two free parameters, temperature and CO vmr, and 228 

perform several iterations until the pressure and temperature profiles converge.  229 

The retrieval products from order 49 are the CO2 density, atmospheric temperature and CO 230 

mixing ratio, as shown in figure 5. The detailed retrieval algorithm is described in (Fedorova et 231 

al., 2020). 232 

 233 

2.3 MIR 234 

The ACS MIR (mid-infrared) channel is a crossed-dispersion echelle spectrometer dedicated 235 

to solar occultation measurements in the 2.3–4.5 μm range with spectral resolving power of 236 

~30,000. The channel can only sample a fraction (~160 cm-1) of the full range on a single 237 

observation.  To access a particular interval, a secondary dispersion grating is rotated to one of 11 238 



positions (Korablev et al., 2018; Trokhimovskiy et al., 2015b, 2020). During an occultation, MIR 239 

is operated in one pre-chosen secondary grating position. Spectra are recorded on a two-240 

dimensional detector, with the x-axis corresponding to wavenumber and the y-axis to diffraction 241 

orders. MIR measures up to 20 adjacent diffraction orders for each acquired frame, covering an 242 

instantaneous spectral range of 0.15–0.3 μm. Each diffraction order appears as a stripe over the 243 

detector, covering around 20 rows. The stripe results from the vertical FOV, and each row is a 244 

unique solar occultation spectrum separated by 100-200 m from its adjacent rows.  245 

We use the strong 2.3 μm band for the CO retrieval, which can be measured in positions 6 or 246 

7. Position 7 covers the strongest lines of the 2-0 transitions, located in orders 248–256, and allows 247 

measuring CO abundances up to 110 km. Thirty-two ACS MIR occultations have been used to 248 

assess the CO vertical distribution during the Global Dust Storm of MY 34 (Olsen et al., 2021). In 249 

position 6, the three CO isotopes (main C12O16, C13O16, C12O18) are measured in orders 246-249 250 

(Figure 3). Position 6 also contains CO2 and H2O absorption features, used as a reference in the 251 

calibration pipeline, and CO monitoring was changed from position 7 to position 6 in November 252 

2018. The line strengths are a little smaller than in Position 7, constraining the measurements of 253 

CO up to 90 km. The strongest lines are found in order 249, used for the retrieval. The instrument 254 

line shape is impacted by a doubling (or multiplying) of the image at the detector, originating from 255 

an optical anomaly somewhere along the incidence optical path. As a result, many diffraction 256 

orders display a doubling of absorption lines. The orders in the bottom part of the detector are 257 

mostly free from this effect, and the lines in order 249 located in the lowest part of the detector 258 

were preferable. Nevertheless, slight doubling was observed in order 249, and the instrumental 259 

function was parameterized using a double gaussian with the fitting of its halfwidth and the relative 260 

intensity of two maxima. These parameters are sought for each occultation. A similar approach 261 

was described in Alday et al. (2019), Olsen et al. (2021) and Belyaev et al. (2021).  The FOV of 262 

MIR is small; its vertical resolution is mainly defined by the integration time and amounts to 2.5 263 



km. We averaged ten detector lines near the stripe center for the retrieval, effectively increasing 264 

the vertical resolution to 3 km.    265 

The retrieval algorithm of CO from MIR data is similar to that described for the NIR channel. 266 

Only two free parameter vectors are retrieved (the H2O and CO VMRs). The CO2 absorption band 267 

in order 249 is weak and contributes only in the lower atmosphere and at low temperatures. We 268 

fixed the CO2 mixing ratio to 0.96 for the modeling. The HDO/H2O ratio was assumed constant 269 

and equal to 5 (Alday et al., 2021). The pressure and temperature profiles used for constraining 270 

spectroscopic parameters are taken from the simultaneous NIR retrievals obtained for the same 271 

occultation. The MIR CO vertical profiles for two orbits of MY 34 concurrent with NIR 272 

observations are shown in Figure 5C, F. 273 

 274 

Figure 3. An example ACS MIR spectrum measured in position 6 at 20 km altitude and the best 275 

fit including CO, CO2 and H2O contributions. A) the direct model of CO, H2O, CO2 and HDO 276 

absorption bands in orders 245-249 of position 6. B) spectrum observed at orbit 1853, Ls=164°,  277 



81.7°N, 20.5°E and local time of 02:20 (black curve) and the best fit of the data (blue curve); C) 278 

residual for the spectrum. 279 

 280 

2.4  TIRVIM 281 

The thermal infrared (TIRVIM) channel is a Fourier transform spectrometer with solar 282 

occultation capability (Korablev et al., 2018; Shakun et al., 2018). TIRVIM operates mainly in the 283 

“climatology” mode in solar occultation geometry, covering the entire spectral range from 1.7 to 284 

17 μm every 0.4 s, with a spectral resolution of 0.94 cm–1. At 2.8°, the diameter of TIRVIM’s 285 

circular FOV is larger than the solar disk. The vertical resolution, determined by the angular 286 

diameter of the Sun, is close to one atmospheric scale height, varying with Sun-Mars distance from 287 

8.8 to 10.6 km. 288 

To retrieve CO from TIRVIM spectra, we used the strongest 4.7 μm band. The low SNR 289 

(≤100 only) allows for vertical profile retrievals of CO  below 50 km. To increase the SNR, four 290 

consecutive spectra were averaged. The retrieval algorithm of CO from TIRVIM data is similar to 291 

that described for the NIR and MIR channels. The temperature profiles are prescribed, retrieved 292 

from coinciding NIR observations available for about half of TIRVIM occultations. For the 293 

remaining observations, we used temperature profiles from the LMD GCM (Forget et al., 1999; 294 

Montabone et al., 2020). The CO2 density was retrieved from the nearby 4.9 μm CO2 band. CO 295 

VMRs were obtained as the ratio of CO and CO2 densities. Examples of TIRVIM spectra and 296 

fitting are presented in Figure 4, while CO VMR vertical profiles for two orbits in MY 34 are 297 

shown in Figure 5C, F.  298 



 299 

Figure 4.  An example of measured ACS TIRVIM spectrum and its best fit showing the benefit of 300 

fitting with a model including both CO2 and CO. A) the direct model of CO, H2O, CO2 absorption 301 

bands in the spectral range 2000-2300 cm-1. B) spectra observed at different altitudes at orbit 302 

2520, Ls=194.8°, 60.2°N, 167°E and local time of 17:25; C, D) spectrum observed at 17 km at the 303 

same orbit 2520  (black curve) in the range of  CO2 and CO bands, respectively, and the best fit of 304 

the data (blue curve); F, E) residual for the spectrum of CO2 and CO bands, respectively. 305 

 306 



 307 

Figure 5. Example profiles retrieved from ACS NIR-MIR-TIRVIM occultations.  308 

A) and D) pressure, derived from the CO2 number density; B) and E) atmospheric temperature; C) 309 

and F) CO profiles from NIR (black), MIR (blue) and TIRVIM (red). The orbits 2266 (Ls=182.8°, 310 

87°N, 37.4°E and local time of 7:55) and 2566 (Ls=197.1°, 50.9°N, –44.16°E and local time of 311 

17:24) were completed before the global dust storm and during the storm, respectively. The 312 

retrieved covariance matrix gives the error bars (one-sigma).  313 

 314 

3. Results 315 

3.1 Seasonal trend of CO vertical distribution 316 

According to photochemical models, carbon monoxide is expected to be well-mixed from 317 

the surface up to ~50 km in mid-and low latitudes (Lefèvre and Krasnopolsky, 2017; Daerden et 318 

al., 2019).  To verify these theoretical predictions, we considered the evolution of CO measured at 319 

two characteristic altitudes, 20 km and 40 km for two Martian years, 34 and 35, as a function of 320 



season and latitude (Figure 6). Below 20 km, profiles are strongly attenuated by aerosol extinction. 321 

Above 40 km, CO absorption is getting fainter, increasing uncertainty with altitude. However, 322 

aerosols frequently prevent accessing altitudes below 30 km (Figure 6A). Thus the measurements 323 

at 20 km are only available in mid-to high-latitudes (30–80°) of both hemispheres. The 324 

observations at two altitudes show an apparent difference in VMR and latitudinal variations. The 325 

most considerable difference is observed toward the Poles, where downwelling from Hadley cell 326 

circulation strongly impacts the shape of the CO VMR vertical profiles, as shown in Olsen et al. 327 

(2021). 328 

To follow the evolution of profiles with season and latitude in more detail, we grouped the 329 

NIR and MIR data in 30° bins of Ls and presented it as a function of latitude and altitude for both 330 

Martian years (Figure 7). Near the solstice in both hemispheres (Ls=60–120º and 240–300º), the 331 

latitude coverage is limited to ±60º. In the equinox period (Ls=330–30º and 150–210º), polar 332 

latitudes are well covered. Whereas NIR can only measure CO below 50 km, the MIR channel can 333 

probe CO up to 90 km in the most favorable cases, a higher altitude range than is accessible for 334 

NIR.   335 

Overall, the vertical profiles of the CO mixing ratio were found far from being uniform. 336 

The minimal values of CO were observed during the southern summer in middle-high southern 337 

latitudes. This is consistent with trends observed by CRISM, while the NIR minimal values were 338 

within 400–500 ppmv compared to 300–400 ppmv reported by CRISM (Smith et al., 2018). The 339 

most prominent feature of the observed profiles is the pronounced maxima of CO VMR at high 340 

latitudes. They are present in the lower atmosphere during southern winter and spring and above 341 

40 km. These polar and mid-latitude enrichments are discussed further in subsections 3.3 and 3.5. 342 

We have also calculated the seasonal distribution of CO with the LMD GCM and its 343 

coupled photochemical module in the latest configuration described in Lefèvre et al. (2021). In 344 

this dedicated simulation, the GCM is initialized at Ls = 180° of Martian year 33. At this date, CO 345 

is set to a uniform (both in altitude and horizontal) initial mixing ratio of 1000 ppmv as previously 346 



measured at low latitudes by CRISM (Smith et al., 2018) and MIR (Olsen et al., 2021). After a 347 

half Martian year of spin-up time, the model runs continuously until the end of Martian year 35 348 

while being constrained by the observed dust climatology (Montabone et al., 2020). The CO 349 

vertical distribution calculated by the LMD GCM (Figure 7c) is in good general agreement with 350 

NIR and MIR at low-to-mid latitudes. A seasonal minimum is evident in the perihelion season of 351 

both years considered here. However, the model largely overestimates the downwelling of 352 

thermospheric CO measured during the equinoctial periods at high latitudes. In contrast, near the 353 

surface, the strong enrichment of CO measured at high southern latitudes in late winter is absent 354 

in the GCM after Ls = 150°. 355 

356 

Figure 6. Carbon monoxide mixing ratios (ppmv) from ACS NIR occultations at two altitudes. A) 357 

The minimal sounded altitude in km, corresponding to aerosol attenuation of 0.07–0.08; B) CO 358 

VMR at 20 km; C) CO VMR at 40 km. 359 



 360 



Figure 7. Seasonal distribution of CO mixing ratio observed by ACS NIR (left), ACS MIR 361 

(middle) and LMD GCM (right): from MY34 on the top to MY35 on the bottom. Colorbar presents 362 

the CO VMR in ppmv. 363 

3.2 The average CO mixing ratio 364 

The global average CO mixing ratio was the focus of many previous observations and 1D 365 

modeling studies. To estimate the column-averaged mixing ratio of CO from the ACS profiles, we 366 

integrated them from the bottom to below 35 km, where all three spectrometers have good 367 

accuracy. We excluded the polar region and high latitudes where the CO2 condensation-368 

sublimation cycle and the Hadley circulation make CO vertical distribution non-uniform (e.g., 369 

Figure 7). Thus, we limited ACS measurements to the middle-low latitudes (45°S–45°N). Figure 370 

8 shows the seasonal evolution of column average CO values for NIR, MIR and TIRVIM 371 

measurements, including the earlier results obtained from MIR (Olsen et al., 2021). The column 372 

average values for MIR from Olsen et al. (2021) were integrated below 40 km. The CO mean value 373 

shows a repeatable seasonal cycle from MY34 to MY35 with two maxima, the first and most 374 

prominent at Ls~180° and the second shortly after the spring equinox (Ls=0°) in the Northern 375 

hemisphere.  376 

By averaging the Figure 8 data along Ls, we obtain estimates of the annual mean mixing 377 

ratio of CO: 971±126 ppmv from NIR, 976±142 ppmv from MIR. In case of TIRVIM the annual 378 

average equals 812±111 ppmv. The TIRVIM dataset resulted in the lowest average CO VMR, 379 

possibly explained by its limited Ls coverage (Ls=240° MY 34 to Ls=115° MY 35). TIRVIM did 380 

not probe the two equinox maxima near Ls=180°, resulting in underestimating the annual mean 381 

VMR by at least 10%. Therefore, the three channels of ACS appear to produce altogether a fairly 382 

reliable annual mean for CO of about 960 ppmv. 383 

Figure 8 also shows the averages of CO measured in nadir by PFS/Mars Express in the 4.7 384 

μm band (Bouche et al., 2021). A selection of PFS data for the same ±45° latitude belt was 385 



averaged within 1° bins of Ls for all available martian years (MY26–33). The seasonal trend agrees 386 

well with ACS data.  387 

Bouche et al. (2021) calculated a global mean for CO of 820 ppmv. Restricted to the mid-388 

to-low latitudes, the PFS dataset results in a global mean of 844 ppmv, in agreement with TIRVIM 389 

results and 15% lower than NIR and MIR values. Our averaged values are also lower than the 390 

CRISM and NOMAD global means, both being of about 800 ppmv (Smith et al., 2018; Smith et 391 

al., 2021). From ground-based high-resolution observations Krasnopolsky (2015, 2017) obtained 392 

an annual mean of 681±13 ppmv, agreeing with the in situ measurements by Curiosity yielding 393 

580±80 ppmv (Franz et al., 2015, Trainer et al., 2019 ).  394 

The mean CO mixing ratio calculated by the LMD GCM in Figure 8 shows a very good 395 

quantitative agreement with the observations and qualitatively for what concerns the seasonal 396 

variation. For both Martian years, the calculated mixing ratio is maximum around Ls = 180°. This 397 

is in line with the seasonal evolution of CO at low-to-mid latitudes as measured by nadir-viewing 398 

satellites (e.g., Smith et al., 2021) and is, more generally, typical of the seasonal evolution of all 399 

long-lived non-condensable species (e.g., Trainer et al., 2019). This similarity suggests that the 400 

CO2 condensation-sublimation cycle at polar latitudes is the main driver of the seasonal signal in 401 

CO visible in Figure 8. Photochemistry should also play a role in this signal, especially in the CO 402 

decrease observed in the perihelion season, when larger amounts of H2O at all altitudes lead to 403 

much increased OH production. The relative contributions of the CO2 cycle and of photochemistry 404 

will be studied in a dedicated paper. Also, beyond the scope of the present study is the long-405 

standing problem of the underestimation of CO by models (Lefèvre and Krasnopolsky, 2017), 406 

which requires overly lengthy simulations in order to reach the long-term equilibrium value of CO 407 

in the GCM. Therefore, this historical problem should not be considered as ‘solved’ from the sole 408 

good agreement found in Figure 8. 409 

Addressing the difference between our observed global mean of 970 ppmv and the nadir 410 

results from CRISM and NOMAD, ~800 ppmv, we can consider two possibilities: 1) their annual 411 



average is a real global average, i.e., including the polar regions in summer where CO is low. The 412 

Figure 11 of Smith et al. (2018) shows the annual mean at low latitudes significantly larger than 413 

800 ppmv. Still, NOMAD CO in Smith et al. (2021) looks low. 2) The MIR/NIR vmr average is 414 

not exactly a column-average vmr because we don’t see near surface mixing ratio in lower 415 

latitudes. If CO increases with altitude below 35 km, the vmr average will be larger than the 416 

column-average vmr. This effect should be verified, but we note that except for the polar latitudes 417 

in summer (the CO2 sublimation) the CO vmr in the GCM never decreases close to the surface.  418 

 419 

Figure 8. The averaged values of CO from ACS profiles measured within  ±45° latitude range and 420 

below 35 km. Blue points, purple and green triangles are individual NIR, MIR and TIRVIM 421 

occultations, respectively. Purple stars are the results of Olsen et al., 2021 from MIR position 7 422 

(integrated below 40 km). Blue diamonds with error bars are averages of NIR data binned within 423 

5° of Ls. Black squares are GCM model results corresponding to the NIR averages. Grey crosses 424 

are averages of PFS data (see text). All error bars are standard deviations. 425 



3.3 Southern winter-spring CO enhancement 426 

In the lower atmosphere, the maximal values of CO have been observed during the 427 

Southern winter/beginning of spring in southern polar latitudes from Ls=120° to 200°. In MY 34 428 

the observations began only at Ls=163° and the increase in mixing ratio below 20 km was detected 429 

at Ls=187°–195° when the occultations reached high southern latitudes (see Figure 7).  In MY35 430 

the coverage was better. The near-surface layer with enhanced CO has been observed from 431 

Ls=120° to 195° by both NIR and MIR instruments (Figures 6, 7). Figure 9 shows individual CO 432 

profiles obtained in southern high latitudes at Ls=161°–174° and 185°–195°. During the first 433 

occultation campaigns in spring of 2018, a layer of CO at ~10 km reached values up to 3000–4000 434 

ppmv. Twenty-five sols later (Ls=185°) the layer moved to ~15 km with a maximum of 2500–435 

3000 ppmv and then disappeared at Ls≥198°. Above this layer, the CO mixing ratio gradually 436 

decreases to 2000 ppmv and then grows again at higher altitudes up to 3000 ppmv. The observed 437 

CO maximum correlates with the temperature minimum observed below 30 km at high southern 438 

latitudes.  At Ls=167°–174° the minimum is observed at 18–20 km with values as low as 125-135 439 

K 10 km above the CO layer. At Ls=185°–195° the minimum moved higher to 20-22 km with 440 

warmer values about 140-150K. 441 

Enhancement of non-condensable species was previously observed in atmospheric argon 442 

from measurements of the gamma ray spectrometer (GRS) operated on the Mars-Odyssey orbiter 443 

(Sprague et al., 2004, 2007). The strong (a factor of 6) enhancement of Ar was measured over 444 

south polar latitudes (75ºS to 90ºS) for two consecutive Mars years near the onset of southern 445 

winter close to Ls=90º.  In winter over the northern polar regions there was no similar strong 446 

enhancement of Ar and the seasonal peak was less obvious than in the south.  447 

The nadir measurements of CO showed the strongest CO values at Ls=140º-180º in the 448 

southern hemisphere between 45º and 20ºS with mixing ratio about 1100 ppmv (Smith et al., 2018; 449 

Smith et al., 2021; Bouche et al., 2021). In nadir, the signal is dominated by absorption from the 450 

denser layers and thus by  the first scale heights below 20-30 km. Polar night regions are not 451 



available due to limitation of data retrieval to solar zenith angles (SZA) <80°.  This could explain 452 

why nadir experiments like CRISM and NOMAD do not show these maximal values at the poles 453 

(Smith et al., 2021).  454 

Unlike nadir, solar occultations can access higher latitudes during the equinox and polar 455 

night seasons (>60°S). At Ls=60°–150° of MY35 ACS sounded at the edge of the southern polar 456 

night approaching to 65-70°S. During the same period, CRISM was limited to 45°S. CO mixing 457 

ratio apparently increased below 20 km at 60°S from 900 to 1500 ppmv during the Ls=90°–120° 458 

interval. Closer to equinox, occultations moved to higher latitudes where the low-atmospheric 459 

layer enriched progressively  to 3000 ppmv at Ls=120°–150° (see Figures 7, 8 and the SM) and 460 

then 4000 ppmv at Ls=170°–175° (Figures 8, 9 and the SM). 461 

In the middle of the southern winter, the column-averaged CO mixing ratio calculated by 462 

the LMD GCM reaches more than 4000 ppmv south of 75°S (not shown). However, the region 463 

most enriched in CO in the model is located far in the polar night, and only the northernmost tip 464 

of the CO-enriched layer near the surface is visible between Ls = 120–150° in Figure 7 (see also 465 

the SM). In that layer, the modeled enrichment in CO appears to be underpredicted compared to 466 

ACS, both in terms of absolute value and vertical extent. Later on, around the equinox, the GCM 467 

no longer predicts an enriched layer of CO at high southern latitudes, in strong disagreement with 468 

ACS which shows the persistence of an enriched layer in the Ls = 180–210° period. This indicates 469 

that the breakup of the polar vortex enriched in CO (and in other non-condensable species) and the 470 

subsequent mixing with midlatitude air occur too early with the settings of the LMD GCM used 471 

here. 472 



 473 

474 

Figure 9. The evolution of the CO mixing ratio profiles for a sequence of occultations in the 475 

latitude range 60°S-90°S for martian years 34 and 35. (top) the latitude coverage; (left) ACS NIR 476 

measurements ; (right) LMD GCM simulation. Colours indicate Ls. 477 

 478 

3.4. Southern summer CO depletion   479 

CRISM observations, followed later by PFS and NOMAD nadir measurements, observed 480 

a minimum of CO abundance during the southern summer. This depletion was related to the 481 

sublimation of the southern CO2 polar cap and resulted in the strong decrease of the CO column 482 

mixing ratio to the 300-500 ppmv from Ls=210° to Ls=330° in the high and middle southern 483 

latitudes (Smith et al., 2018, 2021).  484 

In Figure 6b at 20 km, the CO depletion is seen in both MY 34 and 35 between Ls 250° 485 

and 330° in the southern hemisphere. During this period, Mars’ GCM predicts a non-uniform 486 



vertical distribution with strong vertical gradient and depletion near the surface (Holmes et al., 487 

2019). So we decided to investigate the CO vertical distribution for the both observed southern 488 

summer seasons in more detail.   489 

 490 

Figure 10. The evolution of the CO mixing ratio profiles for a sequence of occultations in the 491 

latitude range 45°S–90°S and Ls from 245° to 330° for MY 34 and 35; (top) the latitude coverage; 492 

(middle) ACS NIR individual profiles for Ls bins; (bottom) the averaged profile for each Ls bin 493 

for ACS NIR and GCM LMD. The shaded area is the standard deviation.  494 

 495 

Figure 10 presents the evolution of the CO profiles in the latitude range from 45°S to 90°S 496 

and in the period from Ls=245 to 330° for both Martian years (34 and 35). In this dusty season, 497 

solar occultation can not sound deep in the atmosphere and the lowest altitude sounded is typically 498 

20 km above the surface except for Ls=310°–325° of MY34 and Ls=291°–306° in MY35 where 499 

we could probe down to 10 km. For both years we do not see a prominent gradient below 40 km 500 

except at Ls=309–325° of MY 34 where nearly-constant mixing ratios were observed below 35 501 

km, with an increase above. The average CO mixing ratio below 40 km was found to be 700–750 502 

ppmv which is higher than those obtained by CRISM between 50°S and 70°S (400 ppmv at 503 

Ls=260° and 700 ppmv at Ls=330°) and by PFS in the same period (~600 ppmv).   504 



The CO profiles calculated in summer by the LMD GCM are in broad agreement with 505 

ACS, but tend to anticipate the downwelling of enhanced CO mixing ratios by the Hadley 506 

circulation at the approach of the equinox (Ls = 318–330° in Figure 10).  507 

 508 

3.5 High altitude equinox and solstice enhancement  509 

The enhancement of CO at 50 km was first observed by Krasnopolsky (2014) based on CO 510 

(2-1) dayglow observations at 4.7 μm in the middle of northern summer (Ls=110°) using the 511 

CSHELL spectrograph at NASA IRTF. This dayglow is formed by CO molecules at 50 km. The 512 

mixing ratio was found to increase from 1100 ppm at 40°S to 1600 ppm at 70°N. This behavior 513 

was different from the trend observed at low altitudes, and was therefore attributed to the Hadley 514 

circulation characterized by the equator-to-pole Hadley cells in equinox and pole-to-pole cell in 515 

solstices. This circulation transports CO to the polar region where a downward flux of CO-rich air 516 

occurs.  517 

The NIR and MIR observations in the same period also support the increase of the CO 518 

mixing ratio in the polar region above 50 km but the mixing ratio is much smaller than in the model 519 

(Figure 7). The most sensitive for the study is the MIR spectrometer that can measure CO up to 80 520 

km and has better accuracy compared to NIR at altitudes between 50 and 60 km (see section 2 and 521 

SM). Figure 11 presents the observed and modelled mixing ratio profiles of CO in both 522 

hemispheres at latitudes from 70° to 90° over a time period that encompasses equinoxe. The 523 

equinoctial circulation is characterized by two symmetric Hadley cells facing each other about the 524 

equator and carrying airmasses from the equator to the poles. The equinox periods covered concern 525 

Ls=150° to 210° (MY35) for the northern spring and Ls=330°–30° (MY 34/35) for the southern 526 

spring. Before and after these ranges, the maxima are also observed, but the circulation is already 527 

being rearranged. 528 

At both equinoxes, the model is in rather good agreement with ACS at latitudes about 70°, 529 

but overestimates CO when moving to the poles. In the northern spring of MY34 and 35 the 530 



observed profiles have shown a weak gradient from 1000 ppm at 10 km to 2000–3000 ppm at 60 531 

km depending on latitude with smaller values at lower latitudes. Above 60 km and at latitudes 532 

higher than 80°N the sharp increase of CO is visible at high latitudes to 5000 ppm at 80 km. The 533 

GCM profiles begin to grow from 30 km and overestimate the observations at least in 2 times since 534 

this altitude with 8000–10000 ppmv at 70–80 km. The same situation is observed in the southern 535 

spring except near the surface CO layer discussed in Section 3.3. In the southern and northern 536 

autumn of MY34 and 35, respectively, the CO mixing ratio changes from 1000 ppmv at 10 km to 537 

4000 ppmv at 70 km but with a sharper gradient compared to the spring. The model begins to 538 

overestimate the data in some cases from 20 km.  This suggests that the intensity of the Hadley 539 

cells at the equinox is too strong in the GCM, bringing too much CO from its region of production 540 

in the high atmosphere. 541 

 542 

Figure 11. The evolution of the CO mixing ratio profiles for sequence of occultations for equinox 543 

season (Ls=150°–210° and 330°–30°) for MY 34 and 35 in high southern and northern latitudes 544 

(–70° to –90° and 70° to 90°, respectively). Colors indicate the latitude variations. Solid curves 545 

are the ACS MIR data, dashed curves represent  the LMD GCM simulation .  546 

 547 

3.6 Interannual variability due to the GDS of MY 34 548 



In the lower atmosphere, provided there is water vapor, the loss of CO by reaction with 549 

OH exceeds its production. It should then end up making CO sensitive to changes in water content. 550 

Nevertheless, the lifetime of about five terrestrial years does not authorize prominent chemical 551 

variations of CO at the seasonal timescales.  552 

MY 34 was characterized by the GDS that began at approximately Ls=185° (Guzewith et 553 

al., 2019; Smith, 2019) in the Northern hemisphere. The first phase of the storm from Ls=185º to 554 

192° is better defined as a regional dust storm which then turned into a massive global event at 555 

Ls=197° after the secondary massive dust injection over Tharsis (Montabone et al., 2020). The 556 

decay phase of the storm started at Ls=210° and lasted until Ls=240°. It is now known that GDSs 557 

profoundly impact water vertical distribution in the atmosphere by transferring H2O to high 558 

altitudes (Fedorova et al., 2018; 2020, 2021; Heavens et al., 2018; Aoki et al., 2019). Dust heats 559 

the atmosphere and amplifies the Hadley cell circulation which in turn increases the altitude of the 560 

hygropause. The water vertical distribution during the GDS of MY 34 was studied with ACS and 561 

NOMAD on TGO (Fedorova et al., 2020; Aoki et al., 2019; Belyaev et al., 2021) and SPICAM 562 

(SPectroscopy for the Investigation of the Characteristics of the. Atmosphere of Mars) on Mars 563 

Express using the solar occultation technique (Fedorova et al., 2021). Water was observed up to 564 

120 km with mixing ratios of 20–50 ppmv. More water in the middle atmosphere provides more 565 

OH (hydroxyl) radicals once H2O is photolyzed. This has the effect of boosting the rate of reactions 566 

between CO and OH, and hence the reformation of CO2. So, the sensitivity of CO to water activity 567 

can provide an insight into the stability of the Martian atmosphere. 568 

The first ever profiles of CO were produced by ACS MIR and reported for the period from 569 

Ls=163° (pre-storm) to Ls=220° (decay phase), which showed how CO was affected by this event 570 

(Olsen et al., 2021). After the onset of the dust storm, the mean CO mixing ratio was observed to 571 

decrease from 1260 to 1070 ppmv below 40 km which was explained as the enhanced presence of 572 

H2O and thus OH that subsequently accelerated CO loss. The same occurred at high altitudes 573 

where the rise of hygropause also resulted in the decrease of CO.  574 



With two Martian years of observations, we can compare the CO vertical profiles during 575 

the GDS period of MY 34 with the more regular MY 35 using ACS NIR data. The panels of Figure 576 

7 at Ls=180°–210° clearly show more CO in the high southern latitudes during MY 35 than during 577 

MY 34. On the other hand, CO in high northern latitudes at altitudes above 40 km is more abundant 578 

in MY 34. Over Ls=210°–240°, the observed CO mixing ratios between 30 and 60 km in low 579 

latitudes (30°S–30°N) is higher in MY 35 compared to MY 34. As shown in Figure 1, solar 580 

occultations in different years can have different latitudinal distribution and the observations can 581 

relate to different Ls. To exclude these uncertainties, we have selected smaller latitude bins than 582 

in Figure 7 (10°of Ls versus 30° of Ls) to compare nearly close in Ls and latitude observations for 583 

two years (Figure 12). We average the ACS dataset inside 10° of Ls, 10° of latitude and 10 km of 584 

altitude. In Figure 12 the CO values for the selected bins are shown as altitude-latitude maps for 585 

MY34 and MY35 together with their relative difference, where the Ls-latitude coverage permits. 586 

 587 

 588 



 589 



Figure 12. The latitudinal trend of the CO mixing ratio vertical profiles in ppmv into 10° Ls bins 590 

from Ls=180° to 240° for MY34 (left) and MY35 (middle) and their relative difference in percent 591 

(right). On the top panel is the seasonal distribution of ACS NIR solar occultation observations for 592 

MY 34 and 35 at Ls=180–240°. The colored background is the dust optical depth distribution in 9 593 

μm for MY 34 from Montabone et al. (2020) with red color corresponding to maximal optical 594 

depth and blue color corresponding to minimal.  595 

 596 

For the first Ls bin (180°–190°) the data from the two years overlap only in high southern 597 

latitudes just before the beginning of GDS and the difference near 60°S does not exceed 10%. 598 

From Ls=190° to 230°, during the maximal dust loading, the CO mixing ratio in MY35 is larger 599 

than in MY34 at 30–40% both in the northern and southern hemispheres. On the decay of GDS, at 600 

Ls=230°–240°, the observations overlap in middle northern latitudes, and the difference between 601 

two years was within 10% again.  The decrease of the CO mixing ratio in MY34 during the GDS 602 

is anti-correlated with increase of water vapor abundance in the atmosphere in both hemispheres 603 

for the same period (see Figure 8 of the SM).  The notable CO depletion during the GDS of MY34 604 

can indicate the response of CO2 production rate to the strong increase in water vapor during this 605 

period (see., e.g. Fedorova et al., 2020).  606 

 607 

Conclusions 608 

We analyzed a large dataset of CO vertical profiles made using solar occultation 609 

observations of the three ACS spectrometers onboard the ExoMars Trace Gas Orbiter. The data 610 

has been collected from April 2018 (Ls=163° of MY 34) to March 2021 (Ls=360° of MY 35) and 611 

covers 1.5 Martian years. The most dense dataset is coming from the ACS NIR spectrometer 612 

collected for this period more than 6200 occultations. Based on this dataset we made the 613 

simultaneous retrieval of the CO2 density and temperature profiles and CO mixing ratio in the 614 

spectral range of 1.65-1.67 μm (order 49 of the spectrometer) including of the 1.65 μm CO2 band 615 



and the CO (3-0) overtone at 1.67 μm in range of altitude from 0 to 60 km for CO. The ACS 616 

TIRVIM provides the second dense dataset about 1000 occultations but the observations stopped 617 

in December 2019. The CO mixing ratio was retrieved based on the strong 4.7 μm CO absorption 618 

band and the CO2 density from 4.9 μm band. The low SNR and spectral resolution limit the 619 

sounding altitude to 50 km. ACS MIR, the most sensitive chanell of ACS has performed 620 620 

occultations up to the end of MY35 and provided the measurements of CO VMR vertical profiles 621 

in 2.3 μm absorption band based on CO2 density and temperature retrieved from simultaneous 622 

measurements of ACS NIR in the range of altitude from 0 to 80 km. 623 

With this dataset we presented the first detailed analysis of CO vertical distribution on the 624 

long timescale and studied seasonal and latitudinal variation during the martian year :  625 

1) We found a mean CO VMR of ~ 960 ppmv in the range of 10-35 km and in the low and 626 

middle latitudes (from 45°S to 45°N).  Our averaged values are lower than the CRISM, 627 

NOMAD and PFS/MEX global means from nadir measurements, both being  of about 800 628 

ppmv (Smith et al., 2018; Smith et al., 2021; Bouche et al., 2021). The CO mean value 629 

shows a repeatable seasonal cycle from MY34 to MY35 with two maxima, the first and 630 

largest of the two at Ls~180° and the second shortly after spring equinox (Ls=0°) in the 631 

Northern hemisphere.  632 

2) We found a strong enrichment of CO near the surface during the southern winter and spring 633 

(Ls=100–200°) in middle and high southern latitudes with a layer of 3000-4000 ppm at 10-634 

20 km corresponding to local depletion of CO2. In the Northern polar winter atmosphere, 635 

such a layer of CO was not observed. The GCM does not predict the enrichment in CO in 636 

this period, both in terms of absolute value and vertical extent. This indicates that the 637 

breakup of the polar vortex enriched in CO (and in other non-condensable species) and the 638 

subsequent mixing with midlatitude air occur too early with the settings of the LMD GCM 639 

used here. 640 



3) In the equinox seasons both in the northern and southern spring, we found an increase of 641 

CO mixing ratio above 50 km to 3000–4000 ppmv which is related to the downwelling 642 

flux of the equinox Hadley circulation on Mars above the Poles enriched of CO molecules. 643 

The comparison with the general circulation chemical model has shown that it tends to 644 

overestimate the intensity of this process, bringing too much CO from its region of 645 

production in the high atmosphere. 646 

4)  The minimum of CO observed in the southern summer in the high and middle southern 647 

latitudes has average VMRs of 700–750 ppmv in the low atmosphere and agrees well with 648 

nadir measurements by CRISM/MRO and PFS/MEX even they have lower values of 400-649 

700 ppmv and ~600 ppmv, respectively, in the same period. The CO profiles calculated in 650 

southern summer by the LMD GCM are in broad agreement with ACS. 651 

5) The observations during the two Martian years allow us to study the interannual variability 652 

for the year with the global dust storm (MY34) and year without GDS (MY35). We 653 

observed the depletion of the CO mixing ratio at 30-40% both in the northern and southern 654 

hemispheres during the global dust storm of MY34 compared with the calm MY35.  The 655 

decrease of the CO mixing ratio in MY34 can indicate the response of CO2 production rate 656 

to the increase of water vapor abundance in the atmosphere for the same period that 657 

suggests an impact of HOx chemistry on the CO abundance. 658 
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