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1.  Introduction
The climate of all planets is strongly influenced by the aerosols present in their atmosphere. Their nature, size 
distribution and content affect the energy balance, and therefore the atmospheric dynamics of the planet. On 
Mars, we know that there are three types of aerosol: dust, water ice and carbon dioxide ice. Dust affects the ther-
mal structure of the Martian atmosphere through radiative heating (Davies, 1979; Forget et al., 1999; Kleinböhl 
et al., 2009, 2011; Smith, 2004). Water ice has a broader effect than dust, since it affects both the thermal struc-
ture, by modifying the radiative balance (Wilson et al., 2008; Madeleine et al., 2012; T. Navarro et al., 2014), 

Abstract  Since the beginning of the Trace Gas Orbiter (TGO) science operations in April 2018, its 
instrument “Nadir and Occultation for MArs Discovery” (NOMAD) supplies detailed observations of the IR 
spectrums of the Martian atmosphere. We developed a procedure that allows us to evaluate the composition and 
distribution's parameters of the atmospheric Martian aerosols. We use a retrieval program (RCP) in conjunction 
with a radiative forward model (KOPRA) to evaluate the vertical profile of aerosol extinction from NOMAD 
measurements. We then apply a model/data fitting strategy of the aerosol extinction. In this first article, we 
describe the method used to evaluate the parameters representing the Martian aerosol composition and size 
distribution. MY 34 GDS showed a peak intensity from LS 190° to 210°. During this period, the aerosol content 
rises multiple scale height, reaching altitudes up to 100 km. The lowermost altitude of aerosol's detection during 
NOMAD observation rises up to 30 km. Dust aerosols reff were observed to be close to 1 μm and its νeff lower 
than 0.2. Water ice aerosols reff were observed to be submicron with a νeff lower than 0.2. The vertical aerosol 
structure can be divided in two parts. The lower layers are represented by higher reff than the upper layers. The 
change between the lower and upper layers is very steep, taking only few kilometers. The decaying phase of 
the GDS, LS 210°–260°, shows a decrease in altitude of the aerosol content but no meaningful difference in the 
observed aerosol's size distribution parameters.

Plain Language Summary  Mars' atmosphere is filled with dust and water ice particles carried 
by the winds. These aerosols affect the way sunlight is distributed in the atmosphere and on the surface, and 
this directly affects temperature. In addition, approximately every three Martian years, Mars experiences what 
is known as a “global dust storm.” This type of dust storm covers the entire red planet in dust. It affects the 
temperature and water vapor content of the Martian atmosphere. Determining and assessing aerosol properties, 
number, size and mass during and after a global dust storm is of crucial importance to understanding its 
underlying mechanisms. Here, we develop an analysis scheme to study the size, nature, number and distribution 
of Martian aerosols. Our study confirms that, overall, dust and water ice particles are quite small, close to 1 μm 
or even smaller, and that a global dust storm affects the intensity of other storms that follow.
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Key Points:
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during the MY 34 GDS

•	 �Mesospheric dust and water ice reff 
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respectively during the MY 34 GDS 
and its decay phase

•	 �During the MY 34 GDS, the 
effective variance shows a slight N/S 
asymmetry and values mainly ≤0.2
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and the Martian water cycle (Clancy et al., 2017; Montmessin et al., 2004, 2017; Richardson & Wilson, 2002). 
Condensation of carbon dioxide ice occurs mainly near the poles in winter (polar night) or at high altitude 
(Clancy et al., 2017; Gary-Bicas et al., 2020; Hayne et al., 2012; Kieffer et al., 2000; Montmessin et al., 2007) 
and may be linked to specific dynamic features (Colaprete et al., 2005; Kuroda et al., 2013). Water and carbon 
dioxide ices also influence dust content and size distribution through their condensation on smaller dust particles 
acting as condensation nuclei (T. Navarro et al., 2014).

This article is divided in two parts. The first, presented in the present paper, focuses on the method of recovering 
Martian aerosol properties and its results for the Martian Global Dust Storm of Martian year 34 (MY 34). The 
second part of the article, referred as Paper II in the present paper, extends the results to the end of MY 34 to the 
first half of MY 35 (Stolzenbach et al., 2023). The Martian atmosphere is affected by events called Global Dust 
Storms (referred as GDS in deference of Haberle et al. (2017)). As noted in Kahre et al. (2017), GDS are “the 
most dramatic and thermodynamically significant dust events.” Dust is lifted over several scale heights across 
Mars, affecting the temperature vertical profile with mid-level altitudes as 20K warmer compared to non GDS 
years (Smith et al., 2006). A GDS occurs on average one out of three Martian years (Clancy et al., 2000; Kass 
et al., 2016; Martin & Zurek, 1993) even if the physical exact mechanisms behind it is still unknown. The onset, 
starting location, intensity, and duration of GDS varies, from initiation at LS 180° to later solstitial initiation, start-
ing in the southern or northern hemisphere, spanning months or weeks. During MY 34, a northern regional dust 
storm started at LS 180°, a few months after the start of TGO science operations, and another regional dust storm 
at LS 186° in the southern hemisphere. Later, at LS 193°, a full GDS appears from these initial storms (Bertrand 
et al., 2020; Guzewich et al., 2019; Sánchez-Lavega et al., 2019; Smith, 2019). The MY 34 GDS starts to gradu-
ally decay from the poles at LS 205° until LS ∼ 260° of the same Martian year (Kass et al., 2020).

The nature and distribution of Martian aerosols have been observed using many different methods and exper-
iments, from rovers to satellites. An exhaustive review can be found in Haberle et  al.  (2017) or in Clancy 
et al. (2019). Typically, dust effective radius, reff, ranges from 1 to 1.8 μm and its effective variance, νeff, from 
0.2 to 0.4. H2Oice effective radius ranges from 1 to 5 μm and its effective variance from 0.1 to 0.4. These values 
being characteristic of a non-GDS Martian year (Chassefière et al., 1992; Clancy et al., 2003, 2019; Fedorova 
et al., 2009).

As mentioned above, the atmospheric content of aerosols and their characterization are of a crucial importance 
to atmospheric science. To understand Mars' climate, we need to better characterize and quantify Martian aero-
sols, especially during events such as GDS. The ExoMars Trace Gas Orbiter mission (TGO) (ESA/Roscosmos) 
was primarily designed to study trace gases, thermal structure, and aerosol content of the Martian atmosphere 
with unprecedented vertical resolution (Vago et al., 2015). A previous study by Liuzzi et al.  (2020) retrieved 
the size and abundance of dust and water ice particle from an inversion method using Nadir and Occultation for 
MArs Discovery Solar Occultation channel (NOMAD-SO) data. Their work used a fixed effective variance but 
provided significant insight into the challenges of simultaneously extracting dust and water ice information from 
NOMAD-SO observations. In addition, Liuzzi et al. (2020) demonstrated the strong vertical gradient of the water 
ice effective radius in the troposphere, as well as its diurnal variability.

In the first part of this article, we present our study of the nature and composition of Martian aerosols during the 
MY 34 GDS using the NOMAD experiment onboard TGO. In Section 2 we present the NOMAD experiment 
and data set used in this study. In Section 3, we present our method to retrieve the verticle extinction profiles 
from NOMAD data. In Section 4 we present our method for evaluating key parameters of Martian aerosol distri-
bution from retrieved extinctions. This follows on directly from Luginin et al. (2020) which studied the nature 
and distribution of Martian aerosols during the MY 34 GDS using the Atmospheric Chemistry Suite experiment 
(ACS) also onboard TGO (Korablev et al., 2017). In Section 5, we will present and discuss our results, comparing 
them with current knowledge and recent studies available from TGO, as reported in Luginin et al. (2020), Liuzzi 
et al. (2020), and Stcherbinine et al. (2020).

2.  NOMAD Data Set
2.1.  NOMAD Experiment Onboard TGO

NOMAD is a suite of three spectrometers onboard TGO, covering the spectral ranges from the UV and the visible 
to the IR, from 0.2 to 4.3 μm (Vandaele et al., 2018). The instrument has two IR spectrometers composed by the 
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Solar Occultation channel (SO), operating in the spectral range between 2.3 
and 4.3 μm (2,320–4,350 cm −1), the Limb Nadir Occultation channel (LNO) 
and a third one operating in the UV-visible (UVIS), capable of both nadir and 
solar occultation observations. The SO channel has been designed like the 
Solar Occultation in the InfraRed (SOIR) instrument onboard Venus Express. 
It uses an echelle grating with a density of ≈4 lines/mm in a Littrow configu-
ration. An Acousto-Optical Tunable Filter (AOTF) is used to select different 

spectral windows (with a width that varies from 20–35 cm −1). Each window corresponds to the desired diffraction 
order to be used during the atmospheric scan. The spectral resolution of the SO channel is λ/Δλ = 20,000. The 
time sampling of this channel is approximately of 1 s, allowing a vertical sampling about 1 km. The AOTF also 
allows a quick change between diffraction orders. As a result, the SO channel can observe the atmosphere at a 
given altitude with any combination of 6 different diffraction order.

2.2.  SO Observations

For our study, we selected a configuration of 5 diffraction orders (cf., Table 1) spanning the overall spectral range, 
from 2.3 to 3.7 μm, of NOMAD. These orders were selected because they were extensively used together in a 
large fraction of NOMAD solar occultation observations during the first year of the mission. They also cover a 
broad spectral range, essential for a good characterization of the aerosol composition. Like Liuzzi et al. (2020), 
we avoid the orders that has strong CO2 absorption (typically orders 164 and 165, respectively 2.70 and 2.69 μm) 
since it alters the capacity of retrieving the aerosol absorption continuum. Our data set starts at MY 34 LS 180° 
and ends at MY 35 LS 180°, covering a full Martian year and the MY 34 GDS. It represents 563 vertical scans 
with the 5 diffraction orders selected present in each one.

Order 121 134 149 168 190

Wavelength 3.66 µm 3.31 µm 2.97 µm 2.64 µm 2.33 µm

Table 1 
Set of Selected NOMAD-SO Diffraction Orders

Figure 1.  Retrieved extinction vertical profiles from orbit 20180625_050514_1p0a_SO_A_E. The absolute error of the 
extinction and the vertical resolution are respectively plotted at each altitude point horizontally and vertically.
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3.  Extinctions Retrievals
We derive the aerosol properties from the broadband behavior of the extinction (units in km −1) at specific wave-
lengths. To retrieve the extinction, we start with NOMAD level 1 calibrated transmittance data.

3.1.  Analysis of NOMAD SO Channel Transmission Profiles

We are using the level 1a transmittance spectrums (Trompet et al., 2023) provided by the PI team at the Belgian 
Royal Institute of Spatial Aeronomy (BIRA). These calibrated transmittances need to be furthermore processed 
to correct four prominent features: the Instrument Line Shape (ILS), the AOTF response, a signal spectral shift 
and continuum curvature. At the Instituto de Astrofísica de Andalucía (IAA), we developed an in-house preproc-
essing program that evaluates the latter two features, the spectral shift and continuum curvature. To do so, we are 
using a radiative forward model named KOPRA (Karlsruhe OPtimized Radiative transfer Algorithm described 
in Stiller et al. (1998)). The preprocessing program postulates the transmittance follows Equation 1 where T is 
the NOMAD level 1a transmittance data, Δλ is the spectral shift, T0 is the KOPRA evaluated transmittance at 
the same altitude for a reference atmosphere, d is a density scale factor, Tb is an evaluated transmittance due to a 
polynomial continuum curvature and τ is the evaluated slant opacity.

𝑇𝑇 (𝜆𝜆 + Δ𝜆𝜆) = 𝑇𝑇
𝑑𝑑

0
(𝜆𝜆) 𝑇𝑇𝑏𝑏(𝜆𝜆) e

−𝜏𝜏� (1)

The reference atmosphere is taken from the Mars Planetary Climate Model (Mars PCM) (Forget et al., 1999) for 
an exact location and season as the NOMAD data. The forward radiative transfer model KOPRA uses HITRAN 
2016 (Gordon et al., 2017) spectral lines absorption data for relevant gases in each order (CO2, CO, and H2O 
mainly). We then evaluate the best set of parameters (d, Δλ, τ) using a sequential brute force calculation, on nested 
grids of the parameter space, to speed up the calculations. The continuum curvature is evaluated by fitting a 4th 
order polynomial to the signal continuum. The orders used in this work have also been exploited by our team for 
deriving temperature, water vapor and carbon monoxide profiles, and a quantitative description of the correc-
tion of these features by our pre-processing can be found in a few companion papers (Brines et al., 2022; López 
Valverde et al., 2022; Modak et al., 2023).

A first attempt to characterize the AOTF and ILS responses signatures was performed during in-flight calibra-
tions. More recently, the NOMAD calibration team has revisited the calibration, improving the characterization 

Figure 2.  Curves of several log-normal distributions with fixed effective radius reff = 1 μm for variable effective variances 
νeff. Dust mean extinction cross-sections σext at 2.38 μm are shown with diamonds shape markers. Their values are reported 
onto the right y-axis in (μm 2). Their positions on the x-axis represent the actual value of the median radius 𝐴𝐴 rg for the 
corresponding log-normal. The values of the parameters defining the log-normal 𝐴𝐴

(

rg, 𝜎𝜎g

)

 are also reported in the legend box.
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of the AOTF with Sun observations. BIRA, Goddard and IAA teams worked at a common solution for the ILS 
and AOTF. The AOTF updated calibration presented in Villanueva et al. (2022) describes the AOTF response 
with an asymmetric sinc function added to a Gaussian, operating as an offset. The parameters that describe the 
AOTF are wavenumber dependent. The ILS can be described by an addition of two Gaussian functions with a 
separation and a scaling ratio between them that varies across the diffraction orders. In this work we use the 
recommended values for the orders displayed in Table 1.

3.2.  Extinctions Inversion Using RCP

RCP stands for Retrieval Control Program, it is a multi-parameter non-linear least squares fitting of measured 
and modeled spectra (von Clarmann et al., 2003). The forward model incorporated in this level-2 processor is the 
state-of-the-art line by line radiative transfer model called KOPRA (Stiller et al., 1998). KOPRA was recently 
adapted to limb emissions on Mars (Jiménez-Monferrer et al., 2021), and for this work it has been adapted to 
solar occultation data on Mars for the first time, and to the NOMAD SO channel with implementation of the 
asymmetric AOTF transfer function and the double Gaussian ILS. The inputs to RCP are the initial guess and a 
priori information of the quantities to be retrieved, as well as the NOMAD level 1a measured spectra preproc-
essed by our in-house program described in Section 3.1. Regarding the aerosols, the first guess and a priori are 

Figure 3.  Dust extinction ratios including the 5 diffraction orders used in this work using a reference extinction at 
λ0 = 3.66 μm (order 121). See text for details.
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always a null vertical profile of the extinction. RCP solves iteratively the inverse problem (Rodgers, 2000) and 
is described in details in J. Navarro and Aythami (2016). The calculation of the model spectra and Jacobians is 
performed with KOPRA, being called in each step of the iteration. The measurement covariance matrix is calcu-
lated from the noise-equivalent spectral radiance provided with the NOMAD level 1a data. The regularization 
matrix is built from Tikhonov-type terms of different orders which can be combined to obtain a custom-tailored 
regularization for any retrieval problem. RCP uses a Levenberg-Marquardt damping which is forced to be zero 
in the last iteration. Convergence is reached when the change of the retrieval parameters with respect to the 
previous iteration is smaller than the expected noise retrieval error. We are using the nominal noise provided 
which is typically around 2 × 10 −3 in transmittance. The principal output are the retrieved parameters, but RCP 
can also supply diagnostics of the retrieval such as the averaging kernels, the noise error covariance matrix, or 
the vertical resolution.

We decided to select a regularization profile that deals with the trade-off between very oscillating extinction 
vertical profile with low value of vertical resolution and a smooth extinction vertical profile with high value of 
vertical resolution. A typical result of the level 2 product of RCP is the extinction profile for the NOMAD selected 
orders shown in Figure 1. The retrieved extinctions differ from the usual evaluation using the onion-peeling 
method, also named Abel's transform method, since with this global fit we have other key parameters as the 
averaging kernel and the vertical resolution. This is a crucial difference with the earlier works on aerosols using 

Figure 4.  H2O ice extinction ratios including the 5 diffraction orders using a reference extinction at λ0 = 3.66 μm (order 
121). See text for details.
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ACS data (Luginin et al., 2020; Stcherbinine et al., 2020), who used an onion-peeling inversion. We expect our 
uncertainties to be lower, especially at lower altitudes where errors accumulate with the onion-peeling method.

4.  Aerosol Distribution Properties Analysis Scheme
Our method builds on the work carried out by Fedorova et al. (2014) and Luginin et al. (2020) themselves initi-
ated by Montmessin et al. (2002), which focused on assessing Martian aerosol properties from solar occultation 
and limb observations. We are using the extinction behavior, pre-calculated using Lorenz-Mie theory, over a 
wide spectral band that is covered by NOMAD with the aim of recovering certain properties of Martian aerosols.

4.1.  The Aerosol Size Distribution

The Martian aerosol distributions are modeled using log-normal distributions. The log-normal distribution nN(r), 
defined by Equation 2, is the derivative of the aerosol number density N of aerosols with respect to the aerosol 
radius r. The usual unit of nN(r) is μm −1 cm −3. The log-normal distribution is strictly defined by two parameters, 

Figure 5.  Fitting results example. Red circles represent the extinction ratios evaluated with RCP from NOMAD-SO data. 
Black diamonds are the modeled extinctions ratios evaluated with the best five parameters, displayed in the bottom right of 
each panel, retrieved from the fitting procedure.
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the median radius 𝐴𝐴 r𝑔𝑔 , and the geometric standard deviation σg. The median radius is the radius value for which 
both halves of the population have a below and above the median radius. The geometric standard deviation 
act in a similar fashion as the standard deviation for the normal distribution with the population in the interval 

𝐴𝐴
[

r𝑔𝑔∕𝜎𝜎g; r𝑔𝑔 ⋅ 𝜎𝜎g

]

 representing 68.2% of the total population.

𝑛𝑛N(r) =
dN

dr
=

Ntot

√

2𝜋𝜋 r ln
(

𝜎𝜎g

)

⋅ exp

(

−

(

ln(r) − ln
(

r𝑔𝑔
))2

2 ln
(

𝜎𝜎g

)2

)

� (2)

In the radiative transfer modeling literature, size distributions are generally described using the effective radius 
reff and the effective variance νeff (Hansen & Travis, 1974; Mishchenko et al., 2002; Section 6.3.3.2 in Wolff 
et al. (2017) which gives a comprehensive overview of particle size distributions used in Martian studies) instead 
of its usual parameters (i.e., median radius 𝐴𝐴 r𝑔𝑔 and geometric standard deviation σg for the log-normal). Indeed, 
the effective radius and effective variance are parameters with an optical meaning. As the effective radius is the 
ratio of volume to cross-section, it can be thought of as the ability of a distribution to absorb part of the incident 
radiation. These two parameters are also used to reformulate the equations essential to radiation transfer theory. 
We use a log-normal distribution because it is widely used in atmospheric sciences. Its formulation allows us to 
use values of effective variance greater than 0.5 (Hansen & Travis, 1974). It is also easier to compare our results 
to previous studies using the same distribution, such as Luginin et al. (2020) and Liuzzi et al. (2020). It is not as 
straightforward to compare values of effective radius and effective variance from studies using other distribu-
tions, such asthe Gamma distribution used to study Martian aerosols from CRISM data in Clancy et al. (2019) 

Figure 6.  Results of the aerosol distribution properties analysis scheme for dust in the northern hemisphere during the MY34 
GDS. The filtered points (high merit function or low/high effective variance) are shown in light gray. All histograms panels 
are relative occurrences and share the vertical axis with their relevant parameters.

 21699100, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007276 by C
ochraneItalia, W

iley O
nline L

ibrary on [07/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

STOLZENBACH ET AL.

10.1029/2022JE007276

9 of 27

and from ACS-MIR data in Stcherbinine et al. (2020). For the log-normal distribution, its parameters are related 
to reff and νeff as follow:

𝜎𝜎g = exp

(

√

ln(𝜈𝜈eff + 1)

)

� (3)

r𝑔𝑔 =
reff

exp
(

2.5 ln
2
(

𝜎𝜎g

))� (4)

Figure 2 shows the effect that a variable effective variance has on a log-normal distribution with a fixed effective 
radius. The value of the effective variance can induce significant biases for any effective radius retrieval, since 
the observed aerosol distribution may be far removed from the possible distributions available with the selected 
effective variance. It should also be noted that log-normal by-products, such as mass loading, most numerous 
radius (mode 0), and any quantities involving log-normal integrals, are strongly affected by the values of each 
parameter.

For any aerosol size distribution, the extinction k at a wavelength λ is defined as follow:

𝑘𝑘(𝜆𝜆) = N 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒(𝜆𝜆𝜆 reff, 𝜈𝜈eff)� (5)

Where k is the extinction in km −1, N the aerosol number density and σext(λ) is the mean average extinction 
cross-section at a wavelength λ and for a specific aerosol distribution defined by the two parameters (reff, νeff). To 
get rid of the number density N, we can construct a new variable χ defined as follow:

Figure 7.  Results of the aerosol distribution properties analysis scheme for H2Oice in the northern hemisphere during the 
MY34 GDS. The filtered points (high merit function or low/high effective variance) are shown in light gray. All histograms 
panels are relative occurrences and share the vertical axis with their relevant parameters.
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𝜒𝜒(𝜆𝜆) =
𝑘𝑘(𝜆𝜆)

𝑘𝑘(𝜆𝜆0)
� (6)

On Mars, the aerosol distribution shows a bimodal behavior as shown by Fedorova et al. (2014). To model this 
characteristic of Martian aerosol, we define an extinction ratio χm (Equation 7) for a mixture of dust and water ice 
as done in Luginin et al. (2020). In Equation 7, the subscript d is for dust and wi is for water ice. The term γ is the 
ratio of the number densities of water ice over dust, Nwi/Nd.

𝜒𝜒𝑚𝑚(𝜆𝜆) =
𝑘𝑘𝑑𝑑(𝜆𝜆) + 𝛾𝛾 𝛾𝛾𝑤𝑤𝑤𝑤(𝜆𝜆)

𝑘𝑘𝑑𝑑(𝜆𝜆0) + 𝛾𝛾 𝛾𝛾𝑤𝑤𝑤𝑤(𝜆𝜆0)
� (7)

4.2.  Evaluation of the Extinction Ratio Using a Lorenz-Mie Code

To calculate the average extinction cross-section of a given aerosol distribution, we need the refractive indices 
of the aerosols. For Dust, we use data from Wolff et al. (2009), with an effective radius between 0.05 and 5 μm 
and an effective variance between 0.001 and 0.8. For water ice, we must also take into account the tempera-
ture dependence of refractive indices. We use data from Warren and Brandt (2008) and Clapp et al. (1995) to 
construct a set of refractive indices values for water ice ranging from 100 to 270 K with 1 K step. We interpolate 
between the available values to build refractive indices at unavailable temperatures. The effective radius of water 

Figure 8.  Results of the aerosol distribution properties analysis scheme for dust in the southern hemisphere during the MY34 
GDS. The filtered points (high merit function or low/high effective variance) are shown in light gray. All histograms panels 
are relative occurrences and share the vertical axis with their relevant parameters.
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ice ranges from 0.05 to 10 μm and the effective variance from 0.01 to 0.8. We extended the range of effective 
variance down to low values to test the robustness of our fitting procedure. An effective variance of 0.001 trans-
lates into a geometric standard deviation of 1.03, which is close to a monodisperse distribution. A monodisperse 
aerosol distribution is unrealistic, hence extremely low values of νeff. Nonetheless, a value of νeff = 0.01 corre-
sponds to σg = 1.10, which is still a narrow distribution but quite far from a monodisperse one. An exceptionally 
low effective variance, below 0.01, will allow us to filter the results of the fitting procedure to detect unrealistic 
results, even when other the other retrieved parameters would be considered good.

Using the evaluated refractive indexes, we run a Lorenz-Mie code for polydisperse spherical particle taken from 
Mishchenko et al. (2002) for a set of (reff, νeff) to evaluate the mean average extinction cross-section at the wave-
lengths of the selected NOMAD order (cf., Table 1).

Figures 3 and 4 show the broadband behavior of the extinction ratio χ with νeff in the NOMAD spectral range 
for different values of the effective radius. Our refractive index interpolation method is entirely similar to that 
used in Luginin et al. (2020). NOMAD-SO's IR spectral range allows us to probe an aerosol population within 
a specific size and number density window. Nevertheless, readers should be aware that such a window does not 
represent all particles sizes present on Mars. Figure 13 gives an idea of the possible population to be recovered 
using our method. For example, we can see particles with an effective radius greater than 2 μm but only with 
number densities less than 1 cm −3. This does not mean that a denser population of the same size does not exist on 
Mars, only that it is too opaque for NOMAD-SO. The same reasoning can be applied to a population of smaller 
particles. A high particle density is required to obtain a significant drop in transmittance. A less dense population 

Figure 9.  Results of the aerosol distribution properties analysis scheme for H2Oice in the southern hemisphere during the 
MY34 GDS. The filtered points (high merit function or low/high effective variance) are shown in light gray. All histograms 
panels are relative occurrences and share the vertical axis with their relevant parameters.
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may exist, but is transparent to NOMAD-SO. Furthermore, Figures 3 and 4 show that a weaker gradient between 
populations with high effective variance than that between populations with lower effective variance. This effect 
is greatest for particle populations with larger effective radii. This generally translates into larger errors on the 
effective variance, but also explains the low percentage of successful fits of 35% (see Paper II, Section 2.2).

4.3.  The Fitting Procedure

The reasoning behind our fitting procedure is similar to that presented in Luginin et al. (2020). To evaluate the 
best set of parameters (reff, νeff, γ) that describe the distribution of Martian aerosols at a given altitude, we find 
the minimum of a merit function that is the residual between a forward modeling of the extinction ratios and the 
extinctions ratios retrieved from the NOMAD-SO transmittance data. We define the unbiased residual as:

𝑅𝑅 =

√

1

𝑀𝑀 − 𝑝𝑝

(

𝜒𝜒𝑚𝑚 − 𝜒𝜒𝑜𝑜𝑜𝑜𝑜𝑜

𝛿𝛿𝑜𝑜𝑜𝑜𝑜𝑜

)

� (8)

Where M is the total number of points, p is the degrees of freedom, χm is the modeled extinction ratio, χobs is the 
retrieved extinction ratio from NOMAD observations and δobs is its associated error. Finding the minimum of R 2 
gives us the standard least-square problem.

Figure 10.  Vertical profiles of the effective radius during the GDS at five latitude ranges. The vertical profiles are derived 
from a vertical running average using a vertical window of 10 km. The error displayed by the colored area is the greatest 
value between the standard deviation of the data points and the error in the mean from the running average.
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We use a mixture of non-linear least square algorithm (referred as NLSQ hereafter) and brute force algorithm to 
evaluate the best set of parameters (reff, νeff,γ) for pure dust, pure water ice and a mixture of the two represented by 
γ. The NLSQ algorithm is provided by the SciPy v 1.10.1 Python package (Virtanen et al., 2020). We have chosen 
the dogbox algorithm as our solver. This is a Trust Region algorithm (Branch et al., 1999; Sorensen, 1982) but 
considers rectangular trust regions as opposed to conventionally used ellipsoids (Voglis & Lagaris, 2019). The 
minimization problem is solved using the dogleg method (Powell, 1970).

Our fitting procedure follows these steps at each altitude point:

1.	 �Filtering the extinction vertical profiles for altitudes with an averaging kernel diagonal component <0.03 
and/or if an extinction is lower than 1 × 10 −5 km −1 for any wavelength. This minimal value of 1 × 10 −5 km −1 
is equal of that used in Luginin et al. (2020). This is a safe value, given NOMAD-SO's measurement noise. 
Below this threshold, the extinction profile generally begins to oscillate around 0.

2.	 �Using a NLSQ algorithm to find the best (reff, νeff) for pure Dust
3.	 �Using a NLSQ algorithm to find the best (reff, νeff) for pure H2O ice
4.	 �The best fitting component (i.e., the lowest Merit Function value) between pure dust and H2O ice is set as 

Main Spectral Component (MSC), the other as Secondary Spectral Component (SSC)
5.	 �Using brute force over γ for two nested NLSQ algorithm that find the best set of parameters (rMSC eff, νMSC eff, 

rSSC eff, νSSC eff, γ).

Figure 11.  Vertical profiles of the effective variance during the GDS at five latitude ranges. The vertical profiles are derived 
from a vertical running average using a vertical window of 10 km. The error displayed by the colored area is the greatest 
value between the standard deviation of the data points and the error in the mean from the running average.
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�(a)	� Selection of the set of parameters with the lowest Merit Function 
value during Brute Force.

�(b)	� Evaluation of the νeff error with retrieving reff alongside νeff for MSC 
and SSC using NLSQ algorithm. The other three parameters are 
considered fixed. The errors are evaluated from the diagonal compo-
nent of the covariance matrix.

�(c)	� Evaluation of rMSC eff, rSSC eff and γ using NLSQ algorithm. The νMSC eff 
and νSSC eff are fixed from the previous step. The errors are evaluated 
from the diagonal component of the covariance matrix.

6.	 �The Number densities of Dust (Equation 9a) and water ice (Equation 9b) 
are evaluated using the retrieved extinctions from inversion of NOMAD 
data with RCP and the evaluated mean average extinction cross-section 
from the Lorentz-Mie code. The mass loading is rigorously evaluated 
using the third order moment of the log-normal. The density of mineral 
dust is set at μDust = 2.5 g cm −3 and the density of water ice to 𝐴𝐴 𝐴𝐴H2Oice = 
0.9  g  cm −3. These are standard values for densities, used in Luginin 
et  al.  (2020) and Liuzzi et  al.  (2020). The errors are evaluated using 
common propagation errors formulas.

Figure 13.  Number density against effective radius for our entire data set, MY 
34 LS180° to MY 35 LS180°.

Figure 12.  Vertical profiles of the median radius during the GDS at five latitude ranges. The vertical profiles are derived 
from a vertical running average using a vertical window of 10 km. The error displayed by the colored area is the greatest 
value between the standard deviation of the data points and the error in the mean from the running average.
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N𝑑𝑑 =
1

𝑀𝑀

𝑀𝑀
∑

𝑖𝑖=1

𝑘𝑘(𝜆𝜆𝑖𝑖)

((𝜎𝜎𝑑𝑑(𝜆𝜆𝑖𝑖) + 𝛾𝛾𝛾𝛾𝑤𝑤𝑤𝑤(𝜆𝜆𝑖𝑖))
� (9a)

N𝑤𝑤𝑤𝑤 =
1

𝑀𝑀

𝑀𝑀
∑

𝑖𝑖=1

𝑘𝑘(𝜆𝜆𝑖𝑖)

(𝛾𝛾−1𝜎𝜎𝑑𝑑(𝜆𝜆𝑖𝑖) + 𝜎𝜎𝑤𝑤𝑤𝑤(𝜆𝜆𝑖𝑖))
� (9b)

Parameters errors are calculated from the diagonal component of the covariance matrix provided by the NLSQ 
algorithm. Figure 5 panel (a) is an example of a good fit result (all output parameters of the fitting procedure 
are shown) while panel (b) represent a result of acceptable fit and panel (c) a result rejected due to poor fit (high 
merit function value). We empirically selected a goodness-of-fit threshold value of 5 for the Merit Function. 
We also exclude every result where the effective variance is below 0.02 or above 0.78 to be sure that even 
with a merit function below 5, the evaluated effective variance does not come close to the limit of the model, 
which cannot be considered a robust result. Additionally, we also filter our results when the vertical resolution 
is greater than a given value, which we set at 8 km. This value reflects results with low information content, 

Figure 14.  Vertical profiles of the number density during the GDS at five latitude ranges. The vertical profiles are derived 
from a vertical running average using a vertical window of 10 km. The error displayed by the colored area is the greatest 
value between the standard deviation of the data points and the error in the mean from the running average.
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such as opaque layers with low averaging kernel but still greater than our threshold value of 0.03, which devi-
ates from the actual vertical sampling of the instrument, which is a few hundred meters. This means that if the 
retrieval process requires information from more than 8 data points to produce one extinction value, we consider 
it unreliable. This value of 8 km is also close the Martian atmospheric scale height which gives a good idea of 
how the atmosphere changes with altitude. This is not a minimum height of the vertical structure of aerosols, 
which we know can extent more than 10 km high, but a threshold of reliability of the robustness and quality of 
our results.

5.  Results and Discussion
5.1.  Peak of the MY 34 GDS, LS 190° to LS 210°

As reported in Section 1, two regional dust storms merged into a GDS at LS ∼ 195° during MY 34. In both hemi-
spheres, we detected dust and water ice aerosols reaching altitudes of up to 90 km (see Figures 6–9).

Our NOMAD data set starts at LS ∼ 194° and ends at LS ∼ 202°. Unfortunately, during this period we do not 
cover the northern polar regions (>70°N). Figures 10–12 show the vertical profiles and latitudinal variation 

Figure 15.  Vertical profiles of the mass loading during the GDS at five latitude ranges. The vertical profiles are derived from 
a vertical running average using a vertical window of 10 km. The error displayed by the colored area is the greatest value 
between the standard deviation of the data points and the error in the mean from the running average.
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of aerosol distribution parameters for the MY 34 GDS peak. High southern latitudes, >60°, are imaged 
until LS  ∼  200° while observed northern latitudes are mainly for mid-latitudes (30°–60°) until LS 202°. 
TGO observations resumed after the onset the GDS, which developed from the northern regional storm 
in Acidalia Planitia (Sánchez-Lavega et al., 2019; Shirley et al., 2020). The GDS has spread further in the 
southern hemisphere than in the northern hemisphere (Kass et al., 2020; Smith, 2019). This is reflected in 
Figures 10–12 where southern high latitude panels show a higher altitude of lowermost aerosol detection, 
∼40  km, than their northern counterparts as previously observed by Luginin et  al.  (2020), Stcherbinine 
et al. (2020), and Liuzzi et al. (2020). Overall, during the GDS, cloud top altitude reached 60 km with some 
aerosol detection up to 80 km. Cloud top altitudes show no north-south pattern up to latitudes ∼60°. Above 
60°, the northern hemisphere is less affected by the GDS, and its top cloud altitude is lower than that of its 
southern counterpart. Vertical profiles at equatorial and southern mid-latitudes show the increase in aerosol 
content during the GDS peak of MY 34 (Kass et al., 2020; Smith, 2019). Since we only cover the evening 
terminator during the MY 34 GDS, with the exception of a few orbits in the southern polar region which is 
less affected by the GDS, we cannot conclude about a diurnal behavior of the aerosol parameters we evalu-
ated during the MY 34 GDS.

Figure 16.  Vertical profiles of the effective radius during the GDS decay at five latitude ranges. The vertical profiles are 
derived from a vertical running average using a vertical window of 10 km. The error displayed by the colored area is the 
greatest value between the standard deviation of the data points and the error in the mean from the running average.
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Top altitude of aerosol detection: The top altitude of aerosol detection is simply the highest altitude at which we 
have a robust aerosol detection. This means that we have extinction greater than 1 × 10 −5 km −1 at wavelengths 
of all our selected orders of NOMAD-SO. This leads to a successful retrieval of aerosol parameters (effective 
radius and variance). We have a lower water ice top altitude of aerosol detection during the peak of the GDS (LS 
194°–LS 202°) in both hemispheres (see Figures 7 and 9) compared with ACS (Luginin et al., 2020; Stcherbinine 
et al., 2020) and previous results using NOMAD-SO (Liuzzi et al., 2020). For example, in the northern hemi-
sphere, the detection of water ice aerosols from ACS and NOMAD-SO data can go up to 100  km whereas 
we mainly reach ∼70 km with a few occurrences of water ice aerosols at ∼80 km. The difference with Liuzzi 
et  al.  (2020), which also uses NOMAD-SO, could stem from a few differences between our analyses. First, 
Liuzzi et al. (2020) used any combination of the 5 diffraction order available, which leads to a larger subset of 
NOMAD-SO data and may better cover the high-altitude water ice haze present in the mesosphere. Our fixed 
choice of 5 orders limits the number of orbits available. We have tried to maximize the spectral range and always 
include orders 121 and 190 (from 3.66 to 2.3 μm). Second, we use a minimum value of 1 × 10 −5  km −1 for 
extinction, whereas Liuzzi et al. (2020) has no lower limit in extinction. During the peak of the GDS and roughly 
above 80 km, water ice extinction can approach but remains below 1 × 10 −5 km −1 which is our cut-off value. A 
more in-depth comparison between our two NOMAD teams would be necessary to study the consequences of 
these differences. An exhaustive comparison of the ACS extinction vertical profiles and our extinction vertical 
profiles could also shed light on these discrepancies.

Figure 17.  Vertical profiles of the effective variance during the GDS decay at five latitude ranges. The vertical profiles are 
derived from a vertical running average using a vertical window of 10 km. The error displayed by the colored area is the 
greatest value between the standard deviation of the data points and the error in the mean from the running average.
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Vertical behavior of dust and water ice effective radius: Dust reff is generally close to 1 μm while water ice reff 
tends to be sub-micron (Figure 10). As the lower layers are mainly opaque in the IR due to the high aerosol 
content, we may simply not have access to altitudes where effective size of water ice could be on average larger 
than its dust counterpart. This particular scenario occurs near the polar regions where we probe altitudes of down 
to 5 km (Figure 10). Here, the effective size of water ice is larger than of dust, and both are larger than 1 μm. 
In general, our effective dust and water ice sizes decrease with altitude, in agreement with previous observa-
tions from CRISM (Clancy et al., 2019; Guzewich & Smith, 2019) and ACS (Luginin et al., 2020; Stcherbinine 
et al., 2020). During large-scale dust events, the effective aerosol size in the altitude range of 30–60 km should be 
almost constant and close to the effective size of the lower layers (Clancy et al., 2010). This is also the case in our 
NOMAD-SO results for dust aerosols. These do not show a significant gradient with altitude. However, our effec-
tive water ice size shows a steeper vertical gradient, decreasing from about 1 μm at 40 km to sub-micron values 
in just a few kilometers, which is consistent with ACS results (Luginin et al., 2020; Stcherbinine et al., 2020). 
Another interesting result of our data is that the vertical structure of water ice aerosols is different from that of 
dust. While the effective size of dust seems to decrease linearly with altitude (Figure 10), water ice has a more 
complicated structure. We can identify four layers (Figure 10), the lowest containing water ice of effective size 
>3 μm, a second layer containing sub-microns water ice particles, a third layer with a increase of water ice effec-
tive size of around 1–2 μm, and finally an upper layer which is dominated by a sharp decrease in effective water 
ice effective radius down to sub-microns values.

Figure 18.  Vertical profiles of the median radius during the GDS decay at five latitude ranges. The vertical profiles are 
derived from a vertical running average using a vertical window of 10 km. The error displayed by the colored area is the 
greatest value between the standard deviation of the data points and the error in the mean from the running average.
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Comparison of the effective radius values: As indicated above, water ice particles show a greater vertical gradient 
between the lower (<40–60 km depending on the latitude) and upper (>40–60 km depending on the latitude) 
layers. For the lower layers, we find an effective radius of around 1–2 μm for latitudes affected by the GDS. This 
effective size decreases toward values between 0.1 and 0.3 μm within ∼10 km. These values are consistent with 
the results of Stcherbinine et al. (2020) using ACS MIR data and Liuzzi et al. (2020) using NOMAD-SO data. 
Luginin et al. (2020), using ACS-TIRVIM data, finds effective radius closer to 2 μm in the lower layers but with a 
similar gradient leading to an effective radius close to 0.1 μm in the upper layers. The effective dust size remains 
close to 1 μm and between 0.5 and 0.8 μm for water ice, which is in good agreement with TES results (Clancy 
et al., 2010), while our retrieved effective dust size close to 1 μm is lower than the value between 1.5 and 2 μm 
reported in Clancy et al. (2010).

The aerosol effective variance during the peak of the MY 34 GDS: The effective variance, νeff, is a parameter 
fixed in most Martian aerosols studies to date (Guzewich & Smith, 2019; Liuzzi et al., 2020; Smith et al., 2013; 
Stcherbinine et al., 2020; Wolff et al., 2009). Typical values are assumed to be between 0.1 and 0.4 for dust and 
water ice aerosols. This is a generally acceptable assumption as extinction is mainly affected by the effective 
aerosol size (see Figures 3 and 4 and discussions in Wolff and Clancy (2003) and Wolff et al. (2006)). Following 
the work of Fedorova et al. (2014) and Luginin et al. (2016, 2020), we have included the νeff as a free parameter in 
our fitting procedure (described in Section 4.3). We also provide an uncertainty associated with the evaluation of 

Figure 19.  Vertical profiles of the number density during the GDS decay at five latitude ranges. The vertical profiles are 
derived from a vertical running average using a vertical window of 10 km. The error displayed by the colored area is the 
greatest value between the standard deviation of the data points and the error in the mean from the running average.
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νeff, which is a step forward from previous work. Figure 11 shows that the errors can be exceptionally large, in line 
with its effect on extinction leading to higher uncertainty during the fitting procedure. As Luginin et al. (2020), 
we find that lower effective variances (<0.2) are more numerous (see Figures 6–9) with a sharp increase toward 
the lowest values. The effective variance shows no behavior as a function of altitude, but does exhibita North/
South asymmetry. Dust effective variance in the southern hemisphere shows a greater number of occurrences in 
the 0.4–0.6 interval (Figure 8) than in the northern hemisphere (Figure 6). This is also the case for water ice even 
if the increase is less pronounced (Figures 7 and 9). This increase is present throughout the GDS, and also during 
its decay. This increased aerosol population with νeff 0.4–0.6 in the southern hemisphere, and in the northern one 
also, is not observed during the first half of MY 35 as described in Paper II.

The aerosol median radius during the peak of the MY 34 GDS. The median radius, 𝐴𝐴 r𝑔𝑔 , is a physical characteristic 
often overlooked when talking about aerosol “size.” The literature (see Kahre et al. (2017) and Wolff et al. (2017) 
and references therein) prefers to use the effective radius, reff, as an indicator of the aerosol “size.” This is a 
common practice (a habitual simplification) in atmospheric science. However, as we developed in Section 4.1, 
the effective radius is not representative of a real “size” because it is a ratio of moments of the size distribution 
and this changes significantly according to the value of its effective variance (Figure 2). In contrast, the value of 
the median radius does not change with a vary with the geometric standard deviation (see Section 4.1), which 
explains why it is a more robust indicator of aerosol “size” in case of the log-normal distribution. Nevertheless, 

Figure 20.  Vertical profiles of the mass loading during the GDS decay at five latitude ranges. The vertical profiles are 
derived from a vertical running average using a vertical window of 10 km. The error displayed by the colored area is the 
greatest value between the standard deviation of the data points and the error in the mean from the running average.
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in most studies of Martian aerosols, the effective variance is fixed and the effective radius is therefore linked to 
a single size distribution. Consequently, in these cases, the effective radius can be safely used to describe aerosol 
particle size. Furthermore, although 𝐴𝐴 r𝑔𝑔 can be evaluated analytically for the log-normal distribution, this is not 
the case for the Gamma or modified Gamma distribution. As we have chosen to the effective variance, we can 
also present our results for the median radius. These results during the GDS are presented in Figure 12. The 
specific population of dust aerosols with a median radius of ∼0.3 μm (see Paper II for detailed figure), which can 
be almost constant for a few kilometers of altitude, is not visible on the mean vertical profiles. The dust median 
radius does not show the same vertical gradient as that observed for the effective radius.

Our evaluation of the effective variance applied to the calculation of the median radius affects the vertical profile 
of dust size by almost suppressing entirely the slight vertical gradient of the effective radius. Dust, for each 
specific range of latitudes, shows a vertical structure similar to that of water ice, with a set of distinct layers 
located at similar altitudes (Figure 12). The median radius of water ice is generally smaller than that of dust, with 
values below 0.5 μm. The largest water ice particles can reach ∼5 μm and are observed at altitudes below 20 km 
in the southern polar region (see Figure 12) where aerosol opacity is low enough to allow sounding at such low 
altitudes (Kass et al., 2020; Smith, 2019). At lower latitudes, where the effect of the GDS on aerosol opacity is 
more pronounced (∼50°N to ∼ 70°S in Smith (2019) and Kass et al. (2020)), water ice particles of ∼1 μm can be 
observed alongside dust particles of the same size, at around 40 km.

The aerosol number density during the peak of the MY 34 GDS: Aerosol number density, in cm −3, is related to 
the full set of evaluated parameters (γ, νd eff, νwi eff, rd eff, rwi eff) (see Section 4.3). During the GDS of MY 34, the 
number density of dust and water ice was mainly in the range 0.1 to 10 cm −3, in agreement with the ACS results of 
Luginin et al. (2020) for the same period, with few occurrences above and below this range (Figure 14). Aerosol 
number density over the GDS period follows a similar trend to that shown for the effective radius in Figure 13. 
On average, the larger the particle, the lower the number density.

The aerosol mass loading during the peak of the MY 34 GDS: The mass loading, in g cm −3 shown in Figure 15, 
starts uniformly ∼1 × 10 −11  g  cm −3 for each latitude range. The lowermost aerosol detection altitude differs 
according to the latitudes affected or not by the GDS. For example, the southern polar region (see Figure 15 
panel 70°S–90°S) has a mass loading ∼1 × 10 −11 g cm −3 around 10 km while the equator (see Figure 15 panel 
10°N–10°S) has a mass loading ∼1 × 10 −11 g cm −3 but at much higher altitude, close to 40 km. An increase in 
aerosol content can be clearly observed by studying the mass loading during the GDS of MY 34. In an interval 
of about 10–20 km, the dust mass loading decreases by about one order of magnitude, down to ∼10 −12 g cm −3. 
Water ice shows a similar decrease, but with a steeper vertical gradient than dust and remains in the range from 
10 −13 to 10 −12 g cm −3. Our results are in good agreement with Luginin et al. (2020).

5.2.  Decay of the MY 34 GDS, LS 210° to LS 260°

Time trends of the aerosol parameters during the MY 34 GDS decay phase: During the GDS decay phase, the 
lowermost altitude of aerosol detection decreases with time. In the northern hemisphere (Figures 6 and 7), for 
latitudes ∼30° and the same time of day, the lowermost altitude of aerosol detection decreases from ∼30 km just 
after the peak of the GDS (LS 215°) to ∼15 km at LS 238°. For the southern hemisphere (Figures 8 and 9) and 
for latitudes around 60° at the morning terminator, the lowermost altitude of aerosol detection decreases from 
∼30 km at LS 215° to ∼5 km at LS 255°. Comparing Figures 10 and 16, we find no noticeable change in typical 
values of effective dust size between the peak of the GDS and the GDS decay phase. However, water ice aerosols 
show an increase in effective size in the aerosol upper layers. In Figure 16, the equatorial band is populated by 
water ice aerosols with an effective size of ∼2 μm in the upper layers (40–50 km for the morning terminator and 
∼60 km for the evening terminator) compared with the ∼1 μm found during the GDS peak at an equivalent lati-
tude (Figure 10). Dust also shows the same slight vertical decrease in effective size during the GDS decay phase 
as during the GDS peak. Water ice still shows a similar vertical structure during the GDS peak and its decay 
phase, with lower layers of an effective size >3 μm, intermediate layers of sub-microns effective particles and 
upper layers of around 1–2 μm effective sizes with a decrease toward sub-micron sizes during the last few kilome-
ters. This increase in effective size of water ice, previously reported by Liuzzi et al. (2020) with NOMAD-SO and 
also observed in ACS data (Luginin et al., 2020; Stcherbinine et al., 2020), may be associated with the decrease 
in temperature, with the intensity of the GDS decreasing at the same time. Liuzzi et al. (2020) also postulates 
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that a regional “rocket” dust storm occurring at LS ∼ 230° in equatorial and northern mid-latitudes could help 
explain the increase in the effective size of dust and water ice simultaneously. Figures 6–9 show that NOMAD-SO 
observations cover latitudes <30°N at LS 234° and coincide with the vertical profiles of more abundant aerosol 
content. In the northern hemisphere, from LS 216° to LS 243°, NOMAD-SO mainly observes the northern hemi-
sphere at latitudes close to 60°N where the GDS has not extended much, resulting vertical profiles with lower 
aerosol content (Figures 6 and 7). Moreover, data starting at LS 234° from evening terminator observations corre-
spond to higher aerosol content, until latitudes of the morning and evening terminator cross at LS ∼ 238°. We find 
it difficult to distinguish a dust event as geographically small as a “rocket” dust storm from the GDS, and particu-
larly at a location and time when the GDS can still be considered somewhat active. We argue that the increase of 
effective size of water ice in the upper aerosol layers is mainly due to a decrease in atmospheric air temperature 
during the GDS decay phase. The period from LS 230°–240° in the equatorial to northern mid-latitude region is 
no exception, since the same hypothesis about the drop in air temperature due to the declining GDS intensity can 
explain the same behavior of effective water ice size for the later period from LS 240° to 260°. This increase in the 
effective size of water ice during the decay phase is reflected in the mass loading. By comparing the mass loading 
during the GDS peak (Figure 15) and during the GDS decay phase (Figure 20), we find that the mass loading of 
the upper water ice layers increases by at least one order of magnitude from a mass loading <1 × 10 −13 g cm −3 
to ∼3 × 10 −12 g cm −3 for northern to southern mid-latitudes. The lower layers have approximately the same mass 
loading of water ice with maximum values around 1 × 10 −11 g cm −3. The mass loading of dust does not show the 
same increase as that of water ice, and maintains a similar value during the peak and decay phases of the GDS, 
rising from ∼1 × 10 −11 g cm −3 in the lower layers to ∼1 × 10 −12 g cm −3 in the upper layers. What affects dust 
mass loading the most is the decrease in altitude of the aerosol content during the GDS decay phase. For example, 
in the equatorial region, Figures 15 and 20 show that the vertical dust profile extends approximately from 30 to 
70 km during the GDS peak and 20–60 km during the decay phase.

Aerosol diurnal and latitudinal behavior during the MY 34 GDS decay phase: As described in Barnes et al. (2017), 
non Sun-synchronous observations of Mars such as TGO can provide valuable insight on diurnal radiative forcing 
in Mars' atmosphere. The GDS decay phase is long enough for us to have morning and evening NOMAD-SO 
observations at equivalent latitudes. We find a clear diurnal behavior in the effective size of water ice aerosols 
(Figure 16). For latitudes, whether north or south, below 70°, the vertical profiles of the effective size at the 
evening terminator are more extended in altitude than the vertical profiles at the morning terminator. This differ-
ence in vertical extension is particularly marked in the equatorial region, where upper layers of water ice are 
located between 40 and 50 km at the morning terminator and up to 60 km at the evening terminator. Interestingly, 
the lower layers of water ice remain at similar altitudes, just under 30 km, at both the morning and evening termi-
nator. For mid-latitudes, the same behavior can be observed but at different altitudes. Nevertheless, the effective 
size of water ice shows a North-South asymmetry. At northern latitudes between 10° and 50°, the upper layers 
(40–60 km) have an effective water ice size in the range between 2 and 4 μm, while in the south, the effective size 
in the upper layers remains close to 1 μm. These diurnal and latitudinal variations in the effective size of water 
ice are reflected in the median radius (Figure 18). The increase in water ice size follows that of its effective size, 
and is not offset by a change in its effective variance. In addition, the size gradient from the middle (∼20–50 km) 
to upper (∼40–70 km) layers at the equator and mid-latitudes is more pronounced for the median radius of water 
ice, with values ranging from 0.3 to 0.4 μm, while its effective size is more in the order of 0.6–1.0 μm in the 
middle layers. This diurnal and latitudinal vertical difference in water ice aerosol size is an indirect indication of 
the effect of the GDS on the vertical temperature profile. The combination of the effect of the GDSeffect on the 
radiative forcing expected to enhance meridional transport of water vapor at higher latitudes (Neary et al., 2020) 
and the diurnal thermal tides producing a higher diurnal temperature gradient in the northern hemisphere during 
the northern autumn (Lee et al., 2009) explains the vertical structure of water ice size and the promotion of larger 
water ice aerosols in the northern hemisphere and at higher altitude at the evening terminator. Equivalent results 
and explanation were given by Liuzzi et al. (2020). The vertical behavior of the water ice mass loading (Figure 20) 
is strongly correlated with the size of the water ice aerosol. This means that there is no radical change in the 
vertical profile of aerosol number density between the GDS peak (Figure 14) and its decay phase (Figure 19), nor 
in the effective variance (Figures 11 and 17), with the exception of the maximum altitude of the aerosol content, 
which decreases with the GDS intensity. The increase in water ice size and mass loading is therefore primarily 
due to atmospheric condition favoring water ice formation. In other words, lower air temperature and higher 
water vapor content. Dust size does not exhibit the same diurnal and latitudinal behavior as water ice. We note 
that the vertical profiles of dust size are fairly similar in morning and evening terminator observations (Figures 16 

 21699100, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007276 by C
ochraneItalia, W

iley O
nline L

ibrary on [07/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

STOLZENBACH ET AL.

10.1029/2022JE007276

24 of 27

and 18). Nevertheless, we can observe slight differences in the vertical dust size profiles between the morning 
and evening terminator, with evening dust size profiles extending higher than the morning profiles. For example, 
in the southern hemisphere (Figure 16) at mid-latitudes 10°S to 30°S, vertical profiles of dust size start at 15 km 
at the morning terminator and 25 km at the evening terminator with a similar effective size of about 1.8 μm. But, 
looking at Figure 8, we note that these observations are taken at a difference in LS of ∼10° one from the other. 
This temporal delay in these observations, as the intensity of the GDS decreases could explain the differences 
between dust vertical profiles af the morning and evening terminator. It could therefore be the effect of the GDS 
decay, of a decrease in the upper extent of the aerosol content, and not an actual diurnal variability. The LS delay 
from one observation to the next cannot explain the greater diurnal behavior of water ice size in the upper layers 
described above.

6.  Conclusion
The NOMAD-SO channel (Vandaele et al., 2015) is a solar occultation infrared spectrometer onboard ExoMars 
TGO working in the 2.2–4.3 μm spectral range (2,200 to 4,500 cm −1). In this work we exploit the NOMAD-SO's 
spectral range, by selecting and combining five of its diffraction orders, to obtain vertical profiles of key aero-
sol properties, including extinction, particle sizes and variance, and the nature of aerosol particles. We use 
vertical profiles of calibrated transmittance from level 1 data provided by the PI team. These level 1 scans are 
pre-processed by an in-house algorithm developed to clean the data of any spectral shifts and/or continuum 
curvature. To retrieve the extinction vertical profile due to aerosol we use a state-of-the-art line by line radiative 
transfer forward model code called KOPRA, in conjunction with the iterative non-linear inversion scheme RCP, 
designed and developed at the Institute of Meteorology and Climate Research (IMK) of Karlsruhe Institute for 
Technology and previously used in J. Navarro and Aythami (2016). A priori and first guess profiles of the atmos-
pheric thermal structure and composition, required by RCP, are taken from specific runs of the Mars PCM (Forget 
et al., 1999) carried out at the IAA.

We have developed a fitting procedure based on a mixing of brute force and non-linear least-square methods. 
This allows us to evaluate the aerosol distribution's parameter for pure dust, water ice or a mixture of both. Our 
results cover the first Martian year of NOMAD-SO science operation, including the GDS of MY 34 (the focus 
of this article) but also the MY 34 C-Storm, the early dust event of MY 35 and the first half of MY 35, presented 
in Paper II.

This study takes place following the methodology of earlier works by Luginin et al. (2020), using ACS-TIRVIM, 
of Stcherbinine et al. (2020) using ACS-MIR and of Liuzzi et al. (2020) using NOMAD-SO data for MY 34. 
Our study focuses on the general trend in aerosol distribution and composition over a full Martian year. We 
have added to this method the evaluation of the effective variance with altitude, latitude, and season, along-
side the more usual effective radius. We show that the effective variance adopts a broad set of values and 
is largely represented by values <0.2, and that a slight N/S asymmetry occurred during the GDS of MY 34. 
Water ice particles are predominantly <0.5 μm with micron-sized particles typically found in the lower layers 
of aerosol content or in specific upper layers during the MY 34 GDS decay phase. The bimodal distribution 
of dust effective radius, 1 and 1.8 μm, results in a median radius close to 1 μm with a notable peak at 0.3 μm. 
Overall, our results concerning the MY 34 GDS are in good agreement with established knowledge and in 
particular with the results of ACS (Luginin et al., 2020; Stcherbinine et al., 2020) and NOMAD-SO (Liuzzi 
et al., 2020).

This study, and Paper II, represent the first step at the IAA to evaluate the Martian aerosol composition and 
distribution using NOMAD-SO data. We plan to study in more details the available data (our 5-orders selection 
represents roughly 55% of the data set used by Liuzzi et al. (2020) for MY 34), the one presented in this general 
study but also NOMAD-SO data for the end of MY35 and start of MY36.

Data Availability Statement
The results data from our inversion of NOMAD-SO data (extinction profiles) and aerosol fitting procedure, reff, 
νeff,γ and their derivatives, are being archived and available from [Dataset] Stolzenbach (2023).
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