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1.  Introduction
The mesosphere of Mars is the region of the atmosphere from around 50–100 km and is currently one of the main 
regions of interest where several important atmospheric phenomena occur such as gravity waves (Nakagawa, 
Terada, et al., 2020; Saunders et al., 2021; Starichenko et al., 2021) and/or tides (England et al., 2019; Gröller 
et al., 2018; Jain et al., 2021; Nakagawa, Jain, et al., 2020). The mesosphere is the coldest region in the atmos-
phere of Mars and the temperature can be so low that CO2 freezes into ice clouds (Liuzzi et al., 2021). Also, 

Abstract  The Solar Occultation (SO) channel of the Nadir and Occultation for Mars Discovery (NOMAD) 
instrument has been scanning the Martian atmosphere for almost 2 Martian years. In this work, we present 
a subset of the NOMAD SO data measured at the mesosphere at the terminator. From the data set, we 
investigated 968 vertical profiles of carbon dioxide density and temperature covering the Martian Year (MY) 
35 as well as MY 36 up to a solar longitude (Ls) of 135° and altitudes around 60–100 km. While carbon dioxide 
density profiles are directly retrieved from the spectral signature in the spectra, temperature profiles are more 
challenging to retrieve as unlike density profiles, temperature profiles can present some spurious features if the 
regularization is not correctly managed. Comparing seven regularization methods, we found that the expected 
error estimation method provides the best regularization parameters. The vertical resolution of the profiles is on 
average 1.6 km. Numerous warm layers and cold pockets appear in this data set. The warm layers are found in 
the Northern hemisphere at dawn and dusk as well as in the Southern hemisphere at dawn. Strong warm layers 
are present in more than 13.5% of the profiles. The Southern hemisphere at dusk does not present any warm 
layer between Ls 50° and 150°. The height and latitudinal distribution of those warm layers were similar in MY 
35 and MY 36 during the first half of the year (Ls = 0°–135°).

Plain Language Summary  Martian mesosphere (the region of the atmosphere between 50 and 
100 km in altitude) is the place where many large and small-scale thermal features occur, which necessitates 
observations made at a fine spatial resolution. The Solar Occultation (SO) channel of the Nadir and Occultation 
for Mars Discovery (NOMAD) instrument is an infrared spectrometer sensitive in a spectral range where 
CO2, H2O, CO, and CH4 have spectral signatures. NOMAD-SO probes the Martian atmosphere with a high 
signal-to-noise ratio and a fine vertical sampling using the solar occultation technique. We implemented a 
scheme to fine-tune the regularization of the vertical profiles leading to the best possible resolution of the 
retrieved profiles. We show here almost a year and a half of the measurements of carbon dioxide density and 
temperature of the Mars mesosphere at the terminator, that is, the separation between the day side and the night 
side. On average, the mesosphere is characterized by a decrease in the temperature with height. At the high 
resolution achieved here, we highlight many warmer layers in the Northern hemisphere and also in the Southern 
hemisphere at dawn but not at dusk. Stronger warm layers are found around the perihelion.
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recently, an intense warm layer was detected on the night side of Mars (Nakagawa, Jain, et al., 2020). There is 
a need for high-resolution temperature profiles as all those atmospheric phenomena are related to the thermal 
structure of the mesosphere.

Most of the recently published Mars mesospheric temperature profiles are derived from three instruments. The 
Mars Climate Sounder (McCleese et  al.,  2007) onboard Mars Reconnaissance Orbiter regularly sounds the 
temperature of the troposphere and the mesosphere around local times of 3 and 15 hr and with a vertical resolu-
tion of 5 km (Shirley et al., 2015). MAVEN-IUVS uses the stellar occultation technique which allows probing at 
any local time but still more often in the nightside, with a vertical resolution from 2 to 10 km (Gröller et al., 2015; 
Nakagawa, Jain, et al., 2020). More recently, Alday, Trokhimovskiy et al. (2021), Alday, Wilson et al. (2021), 
and Fedorova et al.  (2020) reported some temperature profiles at the terminator from the ACS instrument on 
board TGO for the second half of the MY 34 and also MY 35 in Alday, Trokhimovskiy et al. (2021). Belyaev 
et al. (2021) also reported ACS temperature profiles for the second half of the both MY 34 and 35. The vertical 
resolution of those profiles is between 1 and 3 km.

Also on board TGO, the Nadir and Occultation for Mars Discovery-Solar Occultation (NOMAD-SO) (SO in the 
following) channel (Vandaele et al., 2015) scans the Martian atmosphere using solar occultation since 21 April 
2018. One of its objectives is to provide high-resolution CO2 density and temperature vertical profiles with ranges 
extending from a few kilometers above the surface up to around 200 km. The high vertical resolution of those 
profiles is sufficient to resolve small features such as inversion layers or gravity waves.

The aim of these SO profiles is to improve our understanding of Mars climatology at the terminator from the 
troposphere to the thermosphere. But temperature profiles are also important for the density retrieval of species 
such as water and carbon monoxide as their spectral signature depends on temperature. Profiles of carbon dioxide 
are also valuable information to derive the volume mixing ratio of other species as it constitutes around 95% of 
the Martian atmosphere in the homosphere (Franz et al., 2017; Owen et al., 1977).

In this paper, we focus on one particular spectral range from NOMAD-SO, which extends from 3,325 to 
3,352 cm −1 and is dedicated to inferring carbon dioxide and temperature profiles of the mesosphere.

As SO performs SO, all derived profiles are located at the terminator of the atmosphere, that is, the transition 
region between the day and night sides already probed by MAVEN-IUVS and MRO-MCS.

The retrieval method relies on a retrieval algorithm developed by Quémerais et al. (2006) and is widely used 
to retrieve density and temperature (Forget et  al.,  2009; Gröller et  al.,  2018; Koskinen et  al.,  2013; Sandel 
et al., 2015). We further improved this method by fine-tuning the regularization. The temperature profiles are 
derived from the CO2 density profiles with the hydrostatic equilibrium equation. We derived 968 temperature 
profiles spread from MY 35 to MY 36 with a solar longitude (Ls) of 135° (23 March 2018–31 November 2021).

In this first part of a series of two papers dedicated to the observation of CO2 and temperature from NOMAD-SO 
observations, we focused on the description of the method and in particular the vertical inversion from slant quantities 
to vertical local quantities. In the second part of this series (Trompet et al. (2023), hereafter called Part II), we will 
investigate in more detail the results concerning CO2 and temperature, looking at latitudinal and time variations, as 
well as comparing them with other instruments' results and GCM. In addition, a companion paper by López-Valverde 
et al. (2022) this issue presents another analysis of temperatures and densities, although focused on MY34.

2.  Materials and Methods
2.1.  The NOMAD-SO Channel

The NOMAD instrument on board ESA's Trace Gas Orbiter is a suite of three spectrometers (Neefs et al., 2015): 
Uv and VISible (UVIS), Limb, Nadir, and Occultation (LNO), and SO. The operating spectral ranges of the 
UVIS, LNO, and SO channels are 200–650 nm, 2.2–3.8, and 2.2–4.2 μm, respectively. While UVIS and LNO 
can operate in a limb, nadir and solar occultation observing modes, SO is dedicated only to solar occultation. 
This observing mode consists of keeping the instrument line of sight (LoS) pointing to the Sun and sweeping the 
planet's atmosphere along the orbit of the spacecraft.

SO is composed of an echelle grating and an Acoustic-Optical Tunable Filter (AOTF) for the diffraction order 
selection. The echelle grating has a high Blaze angle (67.73°) to diffract most of the light intensity in higher 
diffraction orders extending from 110 to 200. The grating's free spectral range (FSR), characterizing also the width 
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of the blaze function, is around 22.56 cm −1 and varies with the temperature inside the instrument (Villanueva 
et  al.,  2022). The spectral range extending on the detector is 19.6 for order 110 (2,471.7–2,491.3  cm −1) and 
35.7 cm −1 for order 200 (4,494.0–4,529.7 cm −1) and the resolving power (𝐴𝐴 𝐴𝐴∕𝑑𝑑𝑑𝑑) is 17,000. The AOTF exploits 
Bragg diffraction for light filtering and is composed of a transducer that induces acoustic waves in a TeO2 crystal. 
The acoustic waves periodically modify the refractive index of the crystal and the AOTF tunes the light filtering 
by changing the frequency of the acoustic waves. The AOTF transfer function is the Fourier transform of the 
plane parallel wave entering the crystal and thus follows a sine cardinal square (sin c 2) function. The AOTF 
mainly selects one diffraction order as the widths of the AOTF transfer function and the blaze function are simi-
lar. Signals from adjacent orders are also present on the observed spectra due to the side lobes of the AOTF trans-
fer function, which are characterized using dedicated solar calibration measurements (Villanueva et al., 2022).

During an occultation, SO records five or six diffraction orders every second. In the latter case, the dark current 
is subtracted on-board, while in the former case, the dark current is recorded as a sixth diffraction order and 
downlinked.

The detector is composed of 320 pixels along the spectral axis and 256 rows in the spatial direction, but only 
16 lines over 256 are enough illuminated and selected. The spatial direction is tilted by 23° with respect to the 
horizon. Due to downlink limitation, those 16 lines are binned into four spectra of four lines that we call hereafter 
“bins.” In nominal operations, SO scans thus four spectra of 320 pixels times six diffraction orders per second 
(Thomas et al., 2021). The illumination is almost constant along the 16 lines and the variability within one bin 
is smaller than 2% (see Figure 8 in Thomas et al., 2021). The projection of one bin on the tangent point, that is, 
the field of view (FOV) of one bin, varies between 1.70 and 1.86 km for altitudes between 50 and 100 km and 
considering the slit tilted by 23°. The vertical sampling is on average 250 m with a standard deviation of 175 m 
as the vertical sampling varies from one orbit to another mainly with the beta-angle, that is, the angle of the 
TGO's orbit to the Mars-Sun vector. The spatial resolution is mainly restricted by the FOV and varies between 
2 and 5 km with an average of 2.5 km. The SNR of the measurements is on average 2,500 around pixel 180 and 
decreases on the sides of the spectrum.

2.2.  Spectral Range

The NOMAD-SO spectral range covers 2,400–4,600 cm −1 and sweeps many CO2 spectral bands. The spectral 
line intensities of the CO2 bands are represented in Figure 1. Water is present in almost all the NOMAD-SO 
spectral range. The intensities of some water lines are higher than the CO2 ones, but the water lines appear weaker 
on NOMAD-SO spectra water is much less abundant. The main CO2 fundamental bands are the 𝐴𝐴 𝐴𝐴1 + 𝜈𝜈3 band 
in orders 163–166, the 𝐴𝐴 2𝜈𝜈1 + 𝜈𝜈2 band in order 147–149 and the 𝐴𝐴 𝐴𝐴2 + 𝜈𝜈3 band in order 132 which are suitable to 
probe, respectively, the mid and upper thermosphere, the mesosphere and the troposphere. The other bands will 
be reported in further studies. The two first bands are due to the main isotopologue ( 12C 16O2), while the last one 
is for the isotopologue  16O 12C 18O.

The main diffraction order used in this work is 148 covering from 3,325.6 to 3,351.9 cm −1 when the instrument 
has a temperature of 0°C (see Section  2.4 for the wavenumber calibration with temperature). The instrument 
temperature varies between −15°C and 5°C, which induces a maximum variation of 1.4 cm −1. The number of 
CO2 lines always remains the same for all those spectral variations. We consider signals from plus and minus four 
adjacent diffraction orders (so nine orders in total) in the radiative transfer calculations, corresponding to 3,280.6 
to 3,397.2 cm −1. Figure 3 shows some spectra of order 148. The strong CO2 features appearing in this diffraction 
order are the fundamental band 𝐴𝐴 2𝜈𝜈1 + 𝜈𝜈2 , or 21102-00001 in AFGL (U.S. Air Force Geophysics Laboratory) code 
(Rothman & Young, 1981) containing a Q branch in the middle of order 148. Water lines are also present in the 
spectral range around order 148, but they are negligible at the altitudes considered in this work (higher than 60 km).

2.3.  Data Coverage

From the beginning of the mission until 1 December 2021, there are 3,229 scans of diffraction orders either 147 
(3,303.1–3,329.3 cm −1), 148, or 149 (3,348.0–3,374.6 cm −1) which contain a suitable spectral range to retrieve 
CO2 density vertical profiles in the mesosphere. In this study, we have decided to focus on order 148 only, from 
the beginning of MY 35 for Ls = 0°–135° in MY 36. As represented in Figures 2a and 2c, the 968 profiles (656 in 
MY 35 and 312 in MY 36) cover most of the latitudes even though the equator region (−30° to 30°) is less well 
covered than the highest latitudes. The covered local time (Figures 2b and 2d) changes with the latitudes. The 
solar local time is restricted to 6 or 18 hr at the equator.
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Figure 2.  Coverage of the 655 selected profiles in Martian Year (MY) 35 for latitude as a function of longitude in panels (a) and latitude as a function of solar local 
time in panel (c). Same for the 308 profiles in MY 36 in panels (b and d). From panels (a and b), most of the latitudes scanned are close to ±60°. Panels (c and d) 
present typical local solar time coverage for solar occultation: scans at the equator are close to 6 and 18 hr and deviate toward the poles. Local solar times closer to 12 hr 
are reached in the hemisphere, which is closer to the summer solstice.

Figure 1.  Spectral line intensities in the Nadir and Occultation for Mars Discovery-Solar Occultation spectral range for CO2 
in orange, H2O in blue and CO in green. The extension of the main diffraction orders are represented with black vertical lines.
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2.4.  Calibration

A preliminary calibration of the NOMAD SO IR channel was derived by Liuzzi et al. (2019). It contains the 
models for the AOTF function, the grating's Blaze function and the instrument line shape (ILS). The calibra-
tion of all those functions has been extensively updated since then (e.g., Villanueva et al., 2022). The AOTF 
function is modeled with an asymmetrical sin c 2 function plus a broad Gaussian background. The FSR of the 
Blaze function changes with the temperature of the instrument and the ILS is modeled with a double Gaussian 
(Thomas et al., 2021). These refined instrumental functions/coefficients are used in this study. In addition, some 
other modifications are applied as summarized in the Section S2 in Supporting Information S1. In the follow-
ing, we use Level 1.0 data, which correspond to transmittances. Those transmittance spectra were obtained 
by applying a method based on Trompet et al. (2016) but updated for NOMAD (see Section S1 in Supporting 
Information S1).

3.  Retrieval Method
The retrieval method is split into three main steps:

•	 �Step-1: the total column densities of CO2 along the LoS (hereafter “slant column”) are retrieved for each 
spectrum with the ASIMUT program.

Figure 3.  Nadir and Occultation for Mars Discovery-Solar Occultation transmittance spectra in blue and fitted spectra in orange in the upper panels for 
20190526_141013_1p0a_SO_A_I_148 at altitudes (a) 70, (b) 75, (c) 80, and (d) 85 km. The lower panels represent the relative difference: (Meas.-Fit)/Meas. The 
shaded area is the uncertainty in the transmittance spectrum (Meas.). Higher uncertainties on the left-hand side of the spectra are due to a lower strength of the signal at 
those pixels.
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•	 �Step-2: the retrieved vertical profiles of slant column number densities are inverted into vertical profiles of 
local number densities with a method similar to Quémerais et al. (2006),

•	 �Step-3: the temperature profiles are computed from the hydrostatic equilibrium equation.

The algorithm then goes back to Step 1 using the updated temperature profile. Several loops are needed to reach 
convergence and give more strength to the retrieved values. The main advantage of separating the vertical inver-
sion from the spectral inversion is to rapidly fine-tune the regularization of the density profile. This is particularly 
important as the retrieved temperature profile is sensitive to any variations in the CO2 density profile.

3.1.  Spectral Inversion (Step-1)

In Step 1 of the procedure, the ASIMUT radiative transfer program (Vandaele et al., 2006) was employed (see 
Section S3 in Supporting Information S1 for the details of the retrieval).

The spectral inversion is the most computationally expensive step. This is mainly due to the computation of the 
absorption coefficients with a fine spectral grid and convolution of them with the instrumental functions. Never-
theless, this inversion is easily parallelized as the retrieval of each spectrum is independent. The Gauss-Newton 
iteration usually converges after four iterations.

The upper bound of the valid altitude range of a vertical profile corresponds to a spectrum containing enough 
strong lines to be well fitted. Our criterion for the highest altitude is defined by the degree of freedom (DOF) for 
the signal, as defined in Rodgers (2000). A DOF equal to unity means that the retrieved value is derived essen-
tially from the information contained in the measurement, while a DOF is close to zero means that the retrieved 
value is essentially the a priori value. In this work, we only keep retrieved values corresponding to a DOF greater 
than 0.99, corresponding to averaged relative uncertainty of 15%. This limit corresponds to a slant column of 
1.73 × 10 20 cm −2 and corresponds to an altitude between 80 and 100 km following the CO2 cycle.

The lower bound is due to the saturation of the CO2 lines (see Section S4 in Supporting Information S1 for a 
detailed explanation of the saturation of the CO2 lines), which occurs when the incident light is already too 
attenuated to be further absorbed by the following CO2 molecules on the LoS. When saturation occurs, there 
is a change in the slope of the curve of the equivalent width to altitude. We define the limit of the profile 
when the second derivative of the equivalent width to the altitudes equals zero between 45 and 70 km for the Q 
branch (those altitude values are specific for diffraction order 148). This limit corresponds to a slant column of 
1.19 × 10 22 cm −2 and an altitude between 45 and 70 km. Thick dust layers or clouds can reduce the signal and we 
do not take into account spectra with a baseline in transmittance lower than 0.3. In practice, this saturation of the 
lines in diffraction order 148 happens at a higher altitude than the reduction of the baseline due to dust/aerosols 
and saturation is thus the main constraint on the lowest bound of the profiles.

Typically, the effect of the saturation is to underestimate the retrieved density with respect to the true density. 
The information contained in the spectra is not lost, but any small change in the fitted line depth will result in an 
important change in the retrieved density. In addition, the spectra contain errors inherent to measurements and the 
instrument function is not perfectly known.

This bias can explain the decrease in the retrieved density at 70 km shown in Forget et al. (2009), which was 
not supported by the GCM calculation as those cross-sections saturate below 90 km, as shown in Figure 7 in 
Quémerais et al. (2006). A way to extend the lower bound of the profile is to decrease the variance on the a priori, 
meaning that we assign a strong constraint on the retrieved value to prevent the retrieved value from deviating 
from the a priori. In this work, we prefer to cut the profile and provide only values that are almost entirely origi-
nated from information contained in SO spectra.

Figure 3 shows an example of fitted spectra with ASIMUT for an ingress occultation scanned on 26 May 2019 
for order 148. The left-hand side of the spectra is more difficult to constrain as the noise is more important. The 
residual on the main part of the spectra is lower than 0.0015%.

3.2.  Vertical Inversion (Step-2)

The vertical inversion converts a slant column profile c into a vertical profile of local density n. The slant column 
is the sum of the density along the LoS, and we have c = Kn where K is the Abel transform operator. This assumes 
that the atmosphere is split into homogeneous layers.
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We approximated that the averaged density within two consecutive layers is located in the middle of those two 
layers (Gröller et al. (2018) and Quémerais et al. (2006)). This induces a bias in the retrieved local density profile. 
We verified that this bias is negligible if the thickness of the layers is lower than 1 km. The NOMAD-SO vertical 
sampling being lower than 1 km, this bias is indeed negligible.

We selected only the retrieved slant columns with a DOF higher than 0.99 otherwise high spurious variations 
appear in the derived temperature profile. This criterion corresponds to a relative uncertainty of around 15% on 
the slant column. In addition, we also impose the criterion that at least one CO2 spectral line must have a depth 
higher than the noise level.

The retrieval method is based on the one developed by Quémerais et al. (2006) and further detailed by Gröller 
et  al.  (2018). This method is widely used by the community (see for instance Forget et  al.,  2009; Gröller 
et al., 2018; Koskinen et al., 2013; Sandel et al., 2015; Snowden et al., 2013). The inversion method is an iter-
ated Tikhonov (IT) algorithm where the solution is improved using the uncertainties derived from the previous 
loop. The advantage of an IT algorithm is to improve the accuracy of the regularization of the solution. This 
algorithm is explained in detail in the Section S5 in Supporting Information S1.

3.2.1.  Computation of the Best Regularization Parameter

Tikhonov regularization was first used in Phillips (1962), then detailed in Tikhonov (1963) for the mathematical 
background, and in Twomey (1963) for atmospheric parameter retrievals. This method relies on a regularization 
parameter 𝐴𝐴 𝐴𝐴0 which tunes the smoothing of the solution. Many methods were proposed to infer the best 𝐴𝐴 𝐴𝐴0 and 
we compared seven of those methods with synthetic profiles: the expected error estimation (EEE) described in 
Xu et al. (2016), but previously used in Steck (2002), Morozov's discrepancy principle (DP—Morozov, 1966), 
the L-curve method (LC—Hansen, 1992), the generalized cross-validation method (GCV—Golub et al., 1979), 
the quasi-optimality criterion (QOC—Doicu et al., 2010), the maximum likelihood estimation (MLE—Doicu 
et al., 2010), and the unbiased predictive risk estimator (UPRE—Doicu et al., 2010).

All those methods require computing many inversions with different 𝐴𝐴 𝐴𝐴0 . Thus, splitting the retrieval into a spectral 
inversion and a vertical inversion is a clear advantage as the vertical inversion is much faster than the spectral 
inversion with consequential radiative transfer computations.

We tested those seven methods with a known density profile, called 𝐴𝐴 𝐴𝐴true taken from a profile from GEM-Mars 
general circulation model (Daerden et al., 2019, 2022; Neary & Daerden, 2018; Neary et al., 2020). We arbitrarily 
choose an averaged profile for all seasons and locations, but any profile could be used. The point is to reduce 
the spurious oscillations, which are much smaller than the vertical resolution of the profiles. We converted this 
density profile into a slant column profile and then added some random noise. We chose seven noise levels 
extending from 0.1%, 0.5%, 1%, 5%, 10%, 50%, and 100% and computed a thousand samples for each noise 
level. For each sample, the IT algorithm is tested with a hundred values of 𝐴𝐴 𝐴𝐴0 from 0.001 to 7. We then computed 
the result for the seven methods which provided their best 𝐴𝐴 𝐴𝐴0 and the corresponding density profile. Finally, we 
computed the averaged relative error to 𝐴𝐴 𝐴𝐴true and Figure 4 summarizes the results.

As the noise level of the slant columns increases, the inverted density profiles have higher noise levels because 
regularization can reduce the noise level but not discard it completely.

The two best methods are the discrepancy principle and the expected error estimation. Those two methods reduce 
the noise level by an order of magnitude with respect to the quasi-optimal criterion and the maximum likelihood 
estimation methods.

The expected error estimation searches for a 𝐴𝐴 𝐴𝐴0 that minimizes the total error on the retrieved profile. The total 
error is the sum of the regularization error, the retrieval noise error, the forward model error, and the instrument 
model error. In practice, the forward model error and the instrument model error are weakly dependent on 𝐴𝐴 𝐴𝐴0 and 
are neglected (Xu et al., 2016). The regularization error is a function of the true solution profile that we do not 
know in practice and we approximate it as in Xu et al. (2016). The expected error estimation method seeks the 
minimum value of the square of the L2-norm (summation in quadrature) over the total error

‖𝑒𝑒tot‖
2 = ‖(𝐴𝐴 − 𝐼𝐼)𝑛𝑛‖2 + 𝜎𝜎

2trace
(

𝐺𝐺𝐺𝐺
𝑇𝑇
)

�

where 𝐴𝐴 𝐴𝐴 =
(

𝐾𝐾
𝑇𝑇
𝑆𝑆

−1
𝑐𝑐 𝐾𝐾 + 𝜆𝜆0𝐿𝐿

𝑇𝑇
𝑆𝑆

−1
𝑛𝑛 𝐿𝐿

)−1
𝐾𝐾

𝑇𝑇
𝑆𝑆

−1
𝑐𝑐  is the gain matrix, 𝐴𝐴 𝐴𝐴 = 𝐺𝐺𝐺𝐺 is the averaging kernels matrix, 𝐴𝐴 𝐴𝐴  is 

the identity matrix, 𝐴𝐴 𝐴𝐴 is the noise on the slant column, 𝐴𝐴 𝐴𝐴𝑐𝑐 is the covariance matrix over the slant columns, 𝐴𝐴 𝐴𝐴𝑛𝑛 is 
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the covariance matrix over the density, and 𝐴𝐴 𝐴𝐴 is the second-order differential operator constructed by taking into 
account the non-regular vertical sampling (Fornberg, 1988). The regularization error is an increasing function 
of 𝐴𝐴 𝐴𝐴0 while the retrieval noise error is a decreasing function of 𝐴𝐴 𝐴𝐴0 and the sum of these two functions contains a 
minimum.

The discrepancy principle seeks the regularization parameter for which the residual 𝐴𝐴 𝐴𝐴 = ‖𝐾𝐾𝐾𝐾 − 𝑐𝑐‖ equals the 
noise on the slant column. Morozov's discrepancy principle works slightly better than the expected error esti-
mation for lower noise levels as, in this synthetic test, we know exactly what is the level of noise on which this 
method strongly depends. For a real case, we approximate the level of error with the uncertainties on the data 
which are slightly overestimated and the discrepancy principle will provide a higher value for 𝐴𝐴 𝐴𝐴0 . Taking those 
facts into account and considering also that the EEE method performs well for all levels of noise, we decided to 
keep the EEE method to derive the best 𝐴𝐴 𝐴𝐴0 . Rarely, the EEE method does not exhibit a minimum when one of 
the two terms is an order of magnitude higher than the other one. In this case, we use the discrepancy principle 
to find the best 𝐴𝐴 𝐴𝐴0 .

For the inversion of real NOMAD-SO data, we compute 100 inversions with a 𝐴𝐴 𝐴𝐴0 varying on a log grid from 0.001 
to 7 and the solution is then refined using a simplex algorithm (Nelder & Mead, 1965; Virtanen et al., 2020) The 
computation of 𝐴𝐴 𝐴𝐴0 is at least 10 times faster than the spectral inversion and both are parallelized.

Figure 5 illustrates the method and its results, showing the derived density and temperature profiles for five 
regularization parameters. The EEE method gives a value of 0.15 as the best regularization parameter. This value 
represents a compromise between reducing the spurious peaks and not altering the true variability of the profile. 
Lower values do not have enough smoothed temperature profiles as they still contain spurious oscillations. The 
oscillations are very small-scale features lower than the vertical resolution of the profiles. For instance, they 
cannot be misinterpreted with the warm layers discussed in Part II, which are much more spread vertically than 
the vertical resolution of the profiles. On the other side, the variability of the profile disappears for higher regu-
larization parameters. Over-smoothing removes the true variability and pushes the mean value of the retrieved 
profile toward the a priori (which is the null vector in this case).

The regularization parameter 𝐴𝐴 𝐴𝐴0 has a log-normal distribution. For all the NOMAD-SO profiles considered in 
this work, the EEE method provides 𝐴𝐴 𝐴𝐴0 parameters with a geometric mean of 0.18 with a geometric standard 
deviation factor of 4.7 meaning that 𝐴𝐴 𝐴𝐴0 ranges from 0.039 to 0.84 on a logarithmic scale. This variation is due to 
the vertical sampling which is a function of the beta-angle of the orbit and the error which is mainly a function of 

Figure 4.  Panel (a): Results from the synthetic test on the seven regularization methods: generalized cross-validation, maximum likelihood estimation, unbiased 
predictive risk estimator, L-curve, discrepancy principle, quasi-optimality criterion (QOC), and expected error estimation (EEE). The x-axis represents the relative 
error in the initial slant column and the y-axis represents the averaged final relative error of the retrieved density. We see that the overall best regularization method is 
the EEE. The QOC method has a less monotonic curve as it passes from undersmoothing at low error to oversmoothing at high error. Panel (b): Example of relative 
difference to the true density profile ((ntrue − nret)/ntrue) for different values of 𝐴𝐴 𝐴𝐴0 and for a relative error on the slant column of 1%. From the EEE method, the best value 
is close to one. As we see, lower values contain spurious peaks and higher values are too smooth and the entire profile diverges from the true density profile. For 𝐴𝐴 𝐴𝐴0  = 2, 
the mean value of the profiles starts to deviate from the mean value of ntrue above 90 km. The profiles deviate further for 𝐴𝐴 𝐴𝐴0  = 5 and 𝐴𝐴 𝐴𝐴0  = 10.
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the instrument temperature. Previous studies deriving profiles with the IT algorithm used a single regularization 
parameter. As the regularization is computed for each profile in this work, we do not need to use another low-pass 
filtering technique such as the Savitsky-Golay filter as in Gröller et al. (2018) and Snowden et al. (2013).

3.2.2.  Vertical Resolution

The vertical resolution depends on the vertical sampling, which depends on the beta-angle, and the regularization, 
which mainly depends on the level of noise of the profile.

We computed the profiles for each bin separately and then interpolated the profiles on a finer grid as described 
in Calisesi et al. (2005) and combined the altitudes of all four bins. We then combined the profiles as a weighted 
average.

We compute the full width at half maximum of the averaging kernels and divide it by 2.3 to provide the vertical 
resolution, which is on average 1.4 km and is never higher than 5 km.

3.3.  Derivation of Pressure and Temperature Profiles (Step 3)

We use the hydrostatic equilibrium equation to derive a carbon dioxide partial pressure from the previously 
retrieved carbon dioxide density profile (e.g., Mahieux et  al.,  2010; Mueller-Wodarg et  al.,  2008; Snowden 
et al., 2013).

A difference in pressure 𝐴𝐴 ∆𝑝𝑝𝑖𝑖 between two altitudes 𝐴𝐴 𝐴𝐴𝑖𝑖 and 𝐴𝐴 𝐴𝐴𝑖𝑖+1 is computed as

∆𝑝𝑝𝑖𝑖 = −∫
𝑧𝑧𝑖𝑖+1

𝑧𝑧𝑖𝑖

𝑚𝑚 𝑚𝑚(𝑧𝑧) 𝑔𝑔(𝑧𝑧)𝑑𝑑𝑑𝑑�

Figure 5.  Example of profiles retrieved for occultation 20190504_0202323_1p0a_SO_A_E_148 and for five different 
regularization parameters. Panel (a) shows the density profiles and panel (b) shows the temperature profiles. The spurious 
oscillations appear more clearly in the temperature profiles than in the density profiles which are plotted on a logarithmic 
scale. The best regularization parameter in this particular case is 0.15 (green curve) for the expected error estimation method. 
The profile for 0.65 starts to deviate below 74 km.
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where 𝐴𝐴 𝐴𝐴 is the carbon dioxide molecular mass and 𝐴𝐴 𝐴𝐴 is the gravitational acceleration computed as

𝑔𝑔(𝑧𝑧) = 𝑔𝑔0

(

𝑟𝑟𝑀𝑀

𝑟𝑟𝑀𝑀 + 𝑧𝑧

)2

�

where 𝐴𝐴 𝐴𝐴𝑀𝑀 is the averaged Mars radius and 𝐴𝐴 𝐴𝐴0 is the gravitational acceleration at a tangent altitude 𝐴𝐴 𝐴𝐴 = 0 . The 
GMM3 model (Genova et al., 2016) provides 𝐴𝐴 𝐴𝐴0 for the corresponding latitude, longitude, and solar longitude 
corresponding to the occultation and is different from the averaged 3.721 m/s 2 by a maximum of 0.08%. The 
uncertainties over this value are several orders of magnitude below those of 𝐴𝐴 𝐴𝐴 and are neglected.

To compute the integral in 𝐴𝐴 ∆𝑝𝑝𝑖𝑖 , we assume that the natural logarithm of the density varies linearly within the 
altitudes 𝐴𝐴 𝐴𝐴𝑖𝑖 and 𝐴𝐴 𝐴𝐴𝑖𝑖+1 . This is equivalent to assuming a constant scale height 𝐴𝐴 𝐴𝑖𝑖 between the two altitudes 𝐴𝐴 𝐴𝐴𝑖𝑖 and 

𝐴𝐴 𝐴𝐴𝑖𝑖+1

ℎ𝑖𝑖 =
𝑧𝑧𝑖𝑖 − 𝑧𝑧𝑖𝑖+1

ln
(

𝑛𝑛𝑖𝑖+1

𝑛𝑛𝑖𝑖

) .�

The error induced by this assumption is a function of 𝐴𝐴 Γ(𝑧𝑧𝑖𝑖+1 − 𝑧𝑧𝑖𝑖)∕𝑡𝑡𝑖𝑖 where 𝐴𝐴 Γ is the lapse rate and 𝐴𝐴 𝐴𝐴𝑖𝑖 is the temper-
ature at 𝐴𝐴 𝐴𝐴𝑖𝑖 . This error depends on the vertical sampling, which is small for NOMAD-SO and the lapse rate is two 
orders of magnitude lower than the temperature. Therefore, we expect that this error is lower than one percent for 
NOMAD-SO measurements.

The integration in the expression of 𝐴𝐴 ∆𝑝𝑝𝑖𝑖 is usually performed numerically with a trapezoidal rule and we need 
to consider enough points of integration to retrieve enough accurate solutions (Gröller et  al., 2018; Mahieux 
et al., 2015; Snowden et al., 2013). A form close to an analytical expression is (see Section S6 in Supporting 
Information S1)

∆𝑝𝑝𝑖𝑖 =
𝑚𝑚𝑚𝑚0 𝑟𝑟

2
𝑀𝑀
𝑛𝑛𝑖𝑖

ℎ𝑖𝑖

exp(𝑎𝑎𝑖𝑖)

[

𝐸𝐸2(𝑎𝑎𝑖𝑖)

𝑎𝑎𝑖𝑖
−

𝐸𝐸2(𝑏𝑏𝑖𝑖)

𝑏𝑏𝑖𝑖

]

�

where 𝐴𝐴 𝐴𝐴2 is an exponential integral

𝐸𝐸𝑛𝑛(𝑥𝑥) = 𝑥𝑥
𝑛𝑛−1 ∫

∞

𝑥𝑥

exp(−𝑧𝑧)

𝑧𝑧𝑛𝑛
𝑑𝑑𝑑𝑑�

which is rapidly and accurately computed with an algorithm from the python module scipy.special (Virtanen 
et al., 2020). We also introduced the reduced altitudes 𝐴𝐴 𝐴𝐴𝑖𝑖 and 𝐴𝐴 𝐴𝐴𝑖𝑖 to simplify the expression with

𝑎𝑎𝑖𝑖 =
𝑟𝑟𝑀𝑀 + 𝑧𝑧𝑖𝑖

ℎ𝑖𝑖

�

and

𝑏𝑏𝑖𝑖 =
𝑟𝑟𝑀𝑀 + 𝑧𝑧𝑖𝑖+1

ℎ𝑖𝑖

.�

For Mars' atmosphere, both reduced altitudes have values around 300 and 400 between 𝐴𝐴 𝐴𝐴𝑖𝑖  = 0–100 km. The 
advantage of the analytical form is to avoid the approximation of the minimum number of integration points 
necessary to compute an accurate solution. The computed value has an accuracy of around 10 −8% when using 
double precision variables.

As we are computing differences in partial pressure between altitudes of the density profile, we need to estimate 
a partial pressure 𝐴𝐴 𝐴𝐴top at the uppermost altitude of the profile. We tried several ways to derive 𝐴𝐴 𝐴𝐴top such as the 
formula proposed in (Snowden et al., 2013) but the best estimation consists to take the value from GEM-Mars. 
We take into account uncertainty on this value, which is the upper bound of its variability estimated at 20% (F. 
Daerden, private communication).

The CO2 partial pressure profile is computed as

𝑝𝑝 = 𝐾𝐾𝑝𝑝∆𝑝𝑝�
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where 𝐴𝐴 𝐴𝐴𝑝𝑝 is an upper triangular matrix of ones and 𝐴𝐴 ∆𝑝𝑝 contains the 𝐴𝐴 ∆𝑝𝑝𝑖𝑖 with the value for the lowest tangent height 
at the top and 𝐴𝐴 𝐴𝐴top at the bottom.

We compute the temperature profile and uncertainties in a similar manner using the ideal gas law. We first 
compute the differences in temperature

∆𝑡𝑡𝑖𝑖 =
∆𝑝𝑝𝑖𝑖

𝑘𝑘𝐵𝐵𝑛𝑛𝑖𝑖
�

and then the temperature profile

𝑡𝑡 = 𝐾𝐾𝑝𝑝 ∆𝑡𝑡𝑡�

As the formula for 𝐴𝐴 ∆𝑝𝑝𝑖𝑖 is a non-linear function of the densities 𝐴𝐴 𝐴𝐴𝑖𝑖 and 𝐴𝐴 𝐴𝐴𝑖𝑖+1 , we compute the uncertainties using a 
Monte Carlo analysis: (a) producing many samples of density profiles considering a normal distribution with 𝐴𝐴 𝐴𝐴𝑖𝑖 
as mean and the standard deviation is derived from the uncertainties on 𝐴𝐴 𝐴𝐴𝑖𝑖 , (b) derive the temperature profiles for 
all samples, and (c) compute the standard deviation on all the temperature profiles. In this case, we need at least 
20,000 samples to retrieve the uncertainties with precision lower than 0.0001%. We verified that the first-moment 
method does not provide enough accurate uncertainties by comparing them to those computed with the Monte 
Carlo analysis.

The uncertainties are on average 5.0 ± 1.7 K over the entire profile but vary with altitudes and are on average 
10.2 ± 3.6 at 2.10 −2 and 2.1 ± 0.8 K at 4.10 −1 Pa.

Once the pressure and temperature profiles are retrieved, they can be provided as atmospheric parameters for the 
slant column retrieval (Section 3.1—Step 1) and another loop is performed until convergence is achieved, i.e. 
when the last profile is within the error bars of the previously retrieved profile. Convergence usually takes one 
to three iterations.

4.  Results
4.1.  Seasonal Variations

Figure 6 shows all the 968 retrieved profiles, 656 in MY 35 and 312 in MY 36. We need to be cautious with the 
variations in the local time and latitude with orbits. Nevertheless, this set of profiles has several features mainly 
appearing around 0.1 Pa and at dawn (0 < LST < 12 hr, Figure 6a) as well as at dusk in the Northern hemisphere 
(12 < LST < 24 hr, Figure 6c). Warm layers appear in all seasons except in the Southern dusk profiles around 
the aphelion (Ls 50° and 150°). We can also notice stronger warmer layers in the Southern hemisphere around 
the aphelion (Ls 50°–115°). There is a notable increase in the temperature between Ls 250° and 280° in Northern 
dawn at pressure levels 0.1–0.01 Pa (see as well Figures 2 and 3 in Part II). Those strong warm layers are treated 
in more detail in the following paper (Part II).

Some stronger warm layers in the mesosphere at the terminator were reported in some temperature profiles 
reported in Belyaev et al. (2021—Figure 2b) in MY 35 in the Northern hemisphere and at solar longitudes around 
255°–275°, in agreement with the distribution of temperature in Figure 6a. Those warmer layers are also visible 
in Alday, Trokhimovskiy et al. (2021—Figure 2b) for local times in late morning.

Figure 7 shows the retrieved density at 75 km as a function of solar longitude. As expected (see for instance 
Forget et al. (2009)), the density is the highest close to perihelion (Ls 251°), the lowest close to aphelion (Ls 71°) 
and there is roughly a factor of three between them (better seen in Figure 7c). Such a perihelion-aphelion variation 
can be explained by the variation of the temperature in the lower atmosphere primarily driven by the distance 
between Mars and the Sun, which controls the scale height of the atmosphere (Forget et al., 2009). The Mars-Sun 
distance changes by around 20% between aphelion and perihelion, substantially modifying the solar irradiance 
in a MY. The resulting temperature variation at the poles induces this massive CO2 condensation inducing a 
shrinkage of the atmosphere at aphelion and sublimation inducing an expansion of the atmosphere at perihelion 
(Forget et al., 2009; Hess et al., 1980; Smith, 2008). From Figures 7b and 7d, we see an increase in the density 
starting from Ls 180° with a peak around Ls 250°. The Southern density is higher than the Northern density closer 
to Southern summer (solstice at Ls 270°), and we find the inverse around Ls 90°. From Figures 7a and 7c, we 
might think that the density is a factor of two higher at midnight than at midday for the same solar longitude. 
But this difference is only apparent as, recalling that SO scans the terminator, midday scans correspond to higher 
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Figure 7.  Retrieved CO2 density at 75 km over Martian Year (MY) 35 and MY 36 until Ls 135° (a and b) as a function of solar longitude, (c) as a function of local solar 
time, and (d) as a function of latitude. In Panel (a), the color code corresponds to the solar local time, and in panel (b) to the latitude. Local solar time and latitudinal 
trends are present in panels (a and b).

Figure 6.  Map of 968 retrieved profiles from Nadir and Occultation for Mars Discovery-Solar Occultation diffraction order 148 for Martian Year (MY) 35 and MY 36 
up to Ls 135°. Dawn maps for 0 < LST < 12 hr (a and b) and dusk maps for 12 < LST < 24 hr (c and d). Each vertical bar in the bottom plots represents an independent 
retrieved profile. Many warmer layers appear (green) in the morning and evening profiles in in the Southern hemisphere evening between 50° and 150° Ls.
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latitudes in the winter hemisphere while midnight scans correspond to higher latitudes in the hemisphere closer 
to its summer solstice (see Figure 2).

Figure 8 shows the temperature at 0.1 Pa as a function of solar longitude (Figures 8a and 8b), local solar time 
(Figure 8c), and latitude (Figure 8d). Figure 8d can be compared for instance with Figure 4 (keeping in mind that 
this figure represents the nightside) and 5 (dayside) in McCleese et al. (2010) or Figure 8 (zonal mean) in Neary 
and Daerden (2018) where there is an increase in the temperature toward the poles at 0.1 Pa for all time of the 
year. This “polar warming” is the result of the adiabatic compression due to the descending branch of the mean 
meridional circulation (Conrath et al., 2000; McCleese et al., 2008, 2010; McDunn et al., 2013). In the Northern 
hemisphere, the highest values reach 180 K around 80°N after the Fall equinox and 200 K around 60°N around 
the winter solstice. As seen in Figures 2a and 2b, the latitudes close to 60°S are more often probed, explaining the 
larger scatter of values close to 60°S in Figure 8d. Taking this into account, there is a symmetrical distribution of 
temperature in the Southern hemisphere with higher values around 80°S at equinoxes and higher values around 
60°S around Southern winter.

4.2.  Latitudinal Variations

Figure 9 shows the latitudinal variations of temperature at dawn between MY 35 (Figures 9e–9h) and MY 36 
(Figures 9m–9p). From Figures 9a–9d and Figures 9i–9l, we see that the local time coverage is similar over the 
2 years. Comparing Figure 9e and Figure 9m (Ls < 60°), there is in both Figure 9a warm layer around 0.1 Pa in the 
Southern hemisphere that stretches to lower pressures (higher altitudes) with decreasing latitudes. The Northern 
hemisphere contains structured temperature profiles, especially for the latitudes above 50°. In Figures 9f and 9n 
(50° < Ls < 100°), there are some warmer layers around 0.1 Pa in all the profiles except at the equator, which is 
not probed in Figure 9f (MY 35). In Figures 9g and 9o (90 < Ls < 110), there is still a warm layer around 0.1 Pa 
in the Southern hemisphere, but it is less clear in the Northern hemisphere where the profiles contain more vari-
ations of the temperature gradient along with altitude. In Figures 9h and 9p (110 < Ls < 140), there is a warm 
layer around 0.1 Pa at latitudes around 30°–40°N. In Figure 9h, we see a warmer layer again in the Southern 
hemisphere that stretches to lower pressures (higher altitudes) as lower latitudes are reached.

Figure 10 shows the latitudinal variation at dusk. Figure 10m (10° < Ls < 40°) contains some profiles located 
at the poles. Those profiles have a higher temperature than the lower latitude ones. From Figures 10g, 10h, 10o, 

Figure 8.  Same as Figure 7 but for temperature as a function of Ls for Martian Year 35 and 36 until Ls 135° and for a pressure of 0.1 Pa.
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Figure 9.  Solar Occultation temperature profiles at dawn (0–12 hr) for (a–h) (a–h) Martian Year (MY) 35 and (i–p) 36 until Ls 140°. Panels (a–d) and (i–l) for solar 
longitude as a color bar with respect to solar local time (y-axis) and latitude (x-axis). Panels (e–h) and (m–p) for the temperature profiles as a function of pressure 
(y-axis) and latitude (x-axis). The solar longitudes covered in panels (a–d) (MY 35) are roughly similar to those of, respectively, panels (i–l) (MY 36). The local solar 
times and latitude covered are also roughly similar for the corresponding panels in MY 35 and MY 36.
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and 10p (70°  < Ls  <  140°), we see a cold Southern hemisphere that appears featureless while the Northern 
hemisphere is hotter and contains several variations in the temperature gradient with altitude. The temperature 
profiles in Figures 10e, 10m, 10f, and 10n has the same trends with respect to latitude with several variations of 
the temperature gradient in the Northern hemisphere but a colder Southern hemisphere. An interesting warmer 
layer around 0.1 Pa appears in several profiles at the equator in Figure 10n (Ls 60°). Those profiles correspond 

Figure 10.  Same as Figure 9 but for dusk (12–24 hr).
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to evening solar local times and are likely to be related to the warmer feature near the equator reported by Lee 
et al. (2009) and McCleese et al. (2010) at ∼5 to 0.5 Pa and appear to be related to thermal tides.

The results presented above show that the beginnings of MY 35 and MY 36 (Ls 0°–135°) have very similar 
temperature distributions.

5.  Conclusions
This paper presents a retrieval scheme to derive high-resolution vertical profiles of carbon dioxide density, pres-
sure, and temperature from NOMAD-SO measurements of the atmosphere of Mars. Our algorithm aims to derive 
vertical profiles with excellent information content and fine vertical resolution. The retrieved profiles do not 
suffer from the presence of any a priori information as in a classical optimal estimation method. The altitude 
range of the profiles reported in this work extends to where all information on the retrieved profile is taken from 
the measurement. The excellent information content is achieved by keeping only the retrieved values when the 
information from the spectra DOF is higher than 0.99 meaning that they are retrieved fully from the spectra. The 
regularization of the profiles is fine-tuned. We tested seven formulas and we chose to use the expected error esti-
mation method. The saturation of the lines produces a clear bias in the retrieved values at lower altitudes. Those 
lower altitudes are properly cut using the curve of growth.

To illustrate the retrieved profiles, we focused on a small data set covering the mesosphere region for Martian 
years 35 and 36 for Ls 0°–135°. The retrieved profiles that cover the Mars terminator show many warmer layers 
occurring between Ls 50° and 150° in the Northern hemisphere at dawn and dusk but only at dawn in the Southern 
hemisphere. Comparing the beginning of MY 35 and MY 36 until Ls 135°, these profiles have similar latitudinal 
and seasonal distributions. Those inversion layers are also described in Part II. The data set presented here serves 
mainly to show the quality of the data. The full data coverage is three times greater than diffraction order 149 
contains twice as many occultations for the time range treated in this preliminary work. The temperature retrieved 
at the beginning of MY 35 and MY 36 shows the same latitudinal trends.

In Part II of this series of papers, we will present an in-depth analysis of the CO2 and temperature data set 
obtained in our study. We will also compare our results with other observations and with GCM simulations.

Data Availability Statement
The results retrieved from the NOMAD measurements used in this article are available on the BIRA-IASB 
data repository: http://repository.aeronomie.be/?doi=10.18758/71021074 (Trompet & Vandaele, 2022) and are 
also available from the NOMAD data service through the VESPA portal (http://vespa.obspm.fr). The NOMAD 
raw data can be found on ESA's planetary science archive (https://archives.esac.esa.int/psa/#!Table%20View/
NOMAD=instrument).
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