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Abstract Observations of water ice clouds and aerosols on Mars can provide important insights into the
complexity of the water cycle. Recent observations have indicated an important link between dust activity
and the water cycle, as intense dust activity can signi� cantly raise the hygropause, and subsequently
increase the escape of water after dissociation in the upper atmosphere. Here present observations from
Nadir and Occultation for MArs Discovery/Trace Gas Orbiter that investigate the variation of water ice
clouds in the perihelion season of Mars year 34 (April 2018…2019), their diurnal and seasonal behavior, and
the vertical structure and microphysical properties of water ice and dust. These observations reveal the
recurrent presence of a layer of mesospheric water ice clouds subsequent to the 2018 global dust storm.
We show that this layer rose from 45 to 80 km in altitude on a time scale of days from heating in the lower
atmosphere due to the storm. In addition, we demonstrate that there is a strong dawn�dusk asymmetry in
water ice abundance, related to nighttime nucleation and subsequent daytime sublimation. Water ice
particle sizes are retrieved consistently and exhibit sharp vertical gradients (from 0.1 to 4.0� m), as well as
mesospheric differences between the global dust storm (<0.5� m) and the 2019 regional dust storm (1.0� m),
which suggests differing water ice nucleation ef� ciencies. These results form the basis to advance our
understanding of mesospheric water ice clouds on Mars, and further constrain the interactions between
water ice and dust in the middle atmosphere.

1. Introduction

Aerosols are an essential component of the atmospheric energy budget of Mars, and their constant presence
signi� cantly effects the climate, radiative equilibrium, and meteorology of the planet (e.g., Haberle et al.,
2017; Heavens et al., 2011; Määttänen et al., 2013; Madeleine et al., 2011; Whiteway et al., 2009). Studying
this aspect of Mars requires knowledge of water ice and dust microphysical properties, spatial distribution,
and temporal variability, which has bene� ted from observational data from several instruments on various
missions. A comprehensive picture of Martian water ice and dust, and of their temporal and spatial variabil-
ity, was presented in Smith (2004, 2008) using the Thermal Emission Spectrometer on Mars Global Surveyor
(MGS�TES; Christensen et al., 2001). These results showed that the perihelion season (LS = 180…360) is
relatively warm due to the enhanced solar� ux and has pronounced dust activity and limited water ice cloud
column opacities. On the other hand, the aphelion season (LS= 0…180) is generally cooler and has low dust
activity and interannual variability, with the formation of thick water ice clouds within the hygropause in
the tropical region.

Recent work (e.g., Clancy et al., 2019; Guzewich et al., 2014; Guzewich & Smith, 2019; Heavens et al., 2011;
Kleinböhl et al., 2009; Sefton�Nash et al., 2013; Smith et al., 2013; Wolff et al., 2009) constrains the vertical
distribution of water ice and dust using data acquired in limb geometry by the Compact Reconnaissance
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Imaging Spectrometer for Mars (CRISM; Murchie et al., 2007), the Mars Climate Sounder (MCS; McCleese
et al., 2007) on the Mars Reconnaissance Orbiter (MRO), and UV solar occultations by SPICAM
(Spectroscopy for Investigation of Characteristics of the Atmosphere of Mars; Bertaux et al., 2006;
Montmessin et al., 2017) on Mars Express. These data provide substantial evidence for complexity in the ver-
tical distribution of water ice and dust particles, showing that water ice clouds can be found at altitudes up to
80 km during perihelion season, and that dust is infrequently found above 60 km. Moreover, it has been
shown that water ice particles have a vertical gradient in their size distribution (Clancy et al., 2019;
Fedorova et al., 2014), with larger particles (1 to 5� m) found in the lower atmosphere, and much smaller
particles (0.1 to 0.6� m) in the mesosphere. CRISM data also suggest that particle size is seasonally depen-
dent (Guzewich & Smith, 2019), which may offer hints about the dynamics and time scale of the processes
that drive cloud formation and transport through the middle atmosphere.

Despite detailed studies that span a range of temporal and spatial coverage, the current description of
Martian water ice and dust is incomplete. Formation mechanisms of ice clouds and interactions with dust
and radiation were initially investigated in the theoretical works of Michelangeli et al. (1993) and Rodin
et al. (1999). Recent works (Heavens et al., 2018; Navarro et al., 2014; Neary et al., 2019) have gained detailed
insights into modeling the feedback between the dust and water cycles, and the mechanisms by which a dust
storm can expand on a global scale and affect atmospheric circulation. Previous observations have shown
that elevated, optically thick layers of dust in the atmosphere increase the temperature of the surrounding
air by tens of degrees up to 60 km (see, e.g., Gurwell et al., 2005). This behavior was characterized over many
Martian years (MYs), during dust storms, and in comparison with TES millimeter�wave studies (Clancy
et al., 2000), including an otherwise unobserved perihelion dust storm in 1994 (MY21). This feature of the
Martian atmosphere challenged the Viking characterization of a 15�K unusually warm aphelion atmosphere
(that incorrectly precluded the existence of the Aphelion Cloud Belt (Clancy et al., 1996)). Therefore, only
recent modeling and observations have demonstrated the effect this has on water vapor circulation, causing
it to lift in the atmosphere up to 70 km (Heavens et al., 2018; Vandaele et al., 2019) on a sol time scale.

Current circulation models and databases (e.g., Mars Climate Database (MCD); Millour et al., 2015) can
simulate a range of cloud formation processes and predict seasonal cloud morphologies and formation alti-
tudes with general agreement with observations. However, there are some open questions still unsolved: in
particular, the gradient in the particle size of water ice crystals between the troposphere and mesosphere
(e.g., Guzewich et al., 2014) is still challenging to explain, since small particles (~0.1� m) are unstable against
coagulation (Fedorova et al., 2014). While estimating the importance of coagulation and sedimentation
requires a precise knowledge of the number density of coagulating particles (Michelangeli et al., 1993), their
frequent observation implies a stable source of particles. Some have posited that dust could be lifted from
the surface (Spiga et al., 2013), yet the ef� ciency of this mechanism in triggering water ice nucleation in
the mesosphere at perihelion needs to be assessed. An additional hypothesis has been suggested due to
the recent discovery of ablated meteoric dust (Crismani et al., 2017), which forms meteoric smoke particles
that may act as ef� cient nucleation sites (Hartwick et al., 2019; Plane et al., 2018).

Data acquired during the MY34 perihelion season can offer important constraints about these novel hypoth-
eses, at least during the perihelion season. Although this work does not directly assess the role of coagulation
and sedimentation, it provides a large casuistry of water ice cloud observation and their properties from
which further modeling work can assess the verity of their assumed microphysical models. In general,
comprehensive data analyses that investigate the interactions of water ice and dust from the troposphere
to the mesosphere on a global scale are still rare.

Here we show a novel characterization of water ice and dust vertical distribution and properties, obtained
using the data acquired by the Nadir and Occultation for MArs Discovery (NOMAD) instrument of the
ExoMars Trace Gas Orbiter (TGO) spacecraft (Neefs et al., 2015; Vandaele et al., 2015, 2018). These results
include the entire perihelion season, between April 2018 (LS = 162.5, MY34) and April 2019 (LS = 15.0,
MY35) and altitudes up to 110 km. Such vertical coverage goes beyond the value of 80 km previously reached
by SPICAM (Fedorova et al., 2018). Besides trace gases, NOMAD data are suitable to retrieve aerosol proper-
ties. NOMAD was designed to observe primarily in Nadir and Solar Occultation geometry. The latter probes
the atmosphere vertically from the surface to high altitudes with high signal�to�noise ratios (SNR). Similarly
to SPICAM solar occultations, this permits retrievals of vertical pro� les of atmospheric aerosols closer to the
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surface of the planet (5…10 km) than generally obtained by limb radiance observations (e.g., CRISM and
MCS), which typically support vertical retrievals down to ~15…30�km altitudes subject to atmospheric aero-
sol loading. Similar to CRISM and MCS, the spectral interval observed by NOMAD (2.2 to 4.3� m) contains
clear signatures of water ice extinction, while dust absorption/scattering is mostly a continuum. Still, this
allows NOMAD to distinguish the two aerosols in the large majority of the cases. Moreover, since measure-
ments are acquired at both Mars' terminators (dawn and dusk) on a daily basis (up to 12 occultations per sol),
NOMAD retrievals provide information about the seasonal behavior of aerosols in the atmosphere with alti-
tude, latitude, and local time (dawn and dusk). Although TGO solar occultations do not obtain contiguous
latitudinal coverage daily, they nevertheless provide information about the global properties of aerosols at
the terminator. Particular attention has been dedicated to evaluate the impact of the 2018 global dust storm
(GDS) on water ice clouds formation and dissipation.

The manuscript is structured as follows: in section 2 we provide details about the NOMAD instrument and
observations, and how they have been used to retrieve aerosol concentration and properties. In sections 3
and 4 we describe the results, and discuss the temporal and spatial variability of aerosols. Conclusions are
drawn at in section 5.

2. The NOMAD Instrument and Data Structure
2.1. The NOMAD Instrument

The NOMAD (Vandaele et al., 2015, 2018) instrument is onboard the ExoMars Trace Gas Orbiter 2016, an
ESA/NASA mission to Mars. The spacecraft comprises also another multichannel spectrometer, the
Atmospheric Chemistry Suite (ACS; Korablev et al., 2017). The main objective of NOMAD and ACS is to
investigate Mars' atmosphere at unprecedented spectral resolution in the UV, Visible, and IR. NOMAD oper-
ates between 0.2…0.65 and 2.2…4.3 � m, and is a compact, high�resolution instrument composed of three
channels: a solar occultation channel (SO) that operates in the IR; a second infrared channel, LNO, mostly
used for nadir measurements (but capable also of limb observations); and an ultraviolet/visible channel
(UVIS) that can work in all observation geometries.

The design of SO and LNO channels is based on the SOIR spectrometer (Nevejans et al., 2006) that was
developed for the ESA Venus Express mission. The infrared channels of NOMAD have been described in
detail by Neefs et al. (2015) and Thomas et al. (2016), and here we recall only their main features. Besides,
Liuzzi et al. (2019) discuss the full calibration that used the in�� ight data acquired prior to the science phase.
ExoMars TGO is in a near�polar orbit, so NOMAD can ideally perform two occultations per orbit
(24 occultations per sol). However, this number reduces to 12…14 per sol due to constraints related to the
operability of all the instruments onboard TGO.

This work focuses on the data acquired by the SO channel, whose routine science operations started in April
2018 and are ongoing. The SO channel works at wavelengths between 2.2 and 4.3� m (2,325…4,500 cm� 1),
and is based on an echelle grating in a Littrow con� guration combined with an Acousto�Optic Tunable
Filter (AOTF) for spectral window selection. The AOTF is a narrow band�pass� lter, whose properties are
tuned by a suitable input Radio Frequency that selects the central frequency where the AOTF transfer
function peaks, limiting the signal that enters the spectrometer to a speci� c diffraction order. An order width
varies between 20 and 35 cm� 1, increasing linearly with the diffraction order number. As the SO channel is
pointed toward the Sun, it observes the solar radiation successively attenuated by the Martian atmosphere at
increasing/decreasing altitudes (dawn/dusk), enabling investigation of the vertical structure of
the atmosphere.

By switching diffraction orders with the AOTF, each measurement consists of repeated cycles of (typically)
� ve or six key diffraction orders, whose spectral ranges include absorption by gases/organics of interest.
Therefore, at each altitude the instrument produces observations in� ve to six narrow spectral intervals, pro-
viding effective broadband information covering the whole spectral range of NOMAD. Constraints in data
transmission, and the need to increase the SNR, limit the number of output rows (effective or binned) to
24, as previously done by SOIR (Mahieux et al., 2008). The 24 rows of the detector typically have an
Instantaneous Field of View of 7.5 km in tangent heights. Hence, a single detector row will sample a vertical
distance of 500 m. For routine science operations, data are usually transmitted to Earth in four bins, and
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each of them will contain the signal of four co�added rows of the detector. By correcting the Instantaneous
Field of View by the orbital velocity and the angle between the line of sight and the surface of Mars, the effec-
tive � eld of view (resolution) of each bin will vary between 0.6 and 1.5 km.

2.2. Data and Preprocessing

The radiation� ux observed by NOMAD is the result of a complex convolution between the� ux reaching the
instrument, and the spectral functions describing both the AOTF transmittance and the grating properties
(i.e., the Blaze function; Liuzzi et al., 2019). Therefore, the data need to undergo preprocessing before being
used for retrieval purposes. When observing in Solar Occultation geometry, the initial step is the derivation
of the transmittance for each observed order and each altitude from surface to the top of atmosphere (TOA).
Spectra acquired by NOMAD at altitudes at which atmospheric extinction is negligible, above the TOA, pro-
vide unity transmission spectra at wavelength� , F(� ). Each atmospheric transmission spectrum,I(� ), is
divided by an average of a subset of these•referenceŽspectra,F(� ). Once bothI(� ) andF(� ) signal intensities
are expressed in observed photons (derived from the data in ADUs knowing the detector quantum ef� -
ciency), the calculation of transmittanceT(� ) and related uncertainty� T is straightforward:

T �ð Þ ¼
I �ð Þ
F �ð Þ

(1)

� T �ð Þ¼T �ð Þ

���������������������������������������������
� I �ð Þ
I �ð Þ

� � 2

þ
� F �ð Þ
F �ð Þ

� � 2
s

(2)

Since in SO geometry the signal coming from the source is much larger than any thermal instrument back-
ground signal, it is reasonable to assume that the shot noise is dominant over other noise sources. Within this
hypothesis, the noise behaves according to a Poisson distribution, and the uncertainties� I and � F are simply
the square root of the signal:

� I �ð Þ ¼
���������
I �ð Þ

p
; � F �ð Þ ¼

1
�����
N

p
����������������������������
� j¼1;ƒ ;N Fj �ð Þ

q
(3)

with N the number of reference spectra.

The choice of the subset of reference spectra {Fj(� )}j = 1,ƒ ,N is critical to maximize the quality of the derived
transmittances. In fact, the instrument is affected by temperature variations even along an occultation that
cause two different effects. The� rst results in micromisalignments between the wave number scales of refer-
ence spectra and the observed spectrum (Liuzzi et al., 2019). This produces dispersion features in the derived
transmittance, in correspondence of solar lines, which can be comparable or larger than atmospheric
absorption features, especially at high altitudes, and can potentially signi� cantly degrade the SNR corre-
sponding to the uncertainties in equation (3). The second effect is the shift of the spectral response function
caused by the shift of the AOTF function center, which is related to thermally induced microdeformations of
the AOTF crystal itself. This typically results in artifacts in the transmittance continuum, producing� uctua-
tions around its average value as large as 1%. The impact of such systematics on retrievals will be shown in
section 3.2.

To mitigate these issues, the altitude at which the set of reference spectra is located is always chosen as clo-
sest as possible to the TOA, and the number of reference spectra to average in equation (3) is limited to make
them fall in an altitude range no larger than 20 km. This is done in the realistic assumption (veri� ed on the
data) that the instrument temperature varies slowly compared to the acquisition time of the six orders typi-
cally measured during an occultation (~1 s).

The de� nition of the TOA is not the same for each order. For the sake of normalization, the TOA depends on
the altitude at which atmospheric extinction is no longer detected, which depends strictly on the wave num-
ber at which each diffraction order is centered. This concept is illustrated in Figure 1, where we report a sum-
mary of the spectral absorptions by gases and aerosols in the Martian atmosphere in the spectral interval
covered by NOMAD. Based on these, different TOAs have been adopted in differing spectral intervals
(top panel of Figure 1). Because of the strong CO2 absorption, the spectra acquired at diffraction orders
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155 to 167 are not used for aerosol retrievals. If six diffraction orders are
measured in an occultation, one of them is always in the interval
155…167; therefore, all aerosol retrievals use� ve orders.

The spectra used in this study correspond to data Level 0.3, version 1.0 of
the data provided by the NOMAD PI institute (nomad.aeronomie.be).

2.3. Retrieval Methodology

In this work, NOMAD data are used to retrieve water ice and dust abun-
dance, simultaneously with their particle radii. As previously noted,
NOMAD measures� ve or six diffraction orders during a typical occulta-
tion. Besides those heavily affected by CO2 saturation (see Figure 1), all
of the spectra acquired in other diffraction orders show well�separated
absorption lines, and a continuum transmittance that provides informa-
tion about aerosol extinction. While the radiation is mostly extinct by
the aerosols through scattering, the contribution of multiple scattering
processes is negligible, because the observed� ux is highly directional
(the used detector rows are fully illuminated by the Sun disk). This
assumption has been veri� ed prior to retrievals, performing sample
retrievals on selected NOMAD data.

Aerosol concentrations and radii are retrieved for a set {hi}i = 1,ƒ ,H of H discrete points in altitude, which vary
occultation by occultation. For eachhi, � ve (one per order) are available. Any occultation with less than� ve
orders that are suitable for aerosol retrieval (outside the interval 155…167) are not considered, such that there
is suf� cient information content available for the retrieval process. Depending on the orders themselves, and
the wavelength at which they are centered, the overall information content in terms of aerosol properties
can vary.

For each spectrum Tilf g
i¼1;ƒ ;H

l¼1;ƒ ;M

, with M = 320 spectral points, we derive the average•continuumŽtransmit-

tance (free of gas absorption) by� tting a � fth�degree polynomial to the spectral continuum, and taking its
average value. While equation (3) holds in the hypothesis of pure shot noise, it is necessary to associate to
each continuum average an uncertainty re� ecting the systematics caused by� uctuations of the instrument
temperature. Therefore, to maximize the signal�to�noise ratio, we� t only the continuum of the central
M0 = 220 points (excluding the� rst and last 50 points), since the signal on the edges is signi� cantly sup-
pressed by the grating's blaze function, and the corresponding uncertainty is calculated as the standard
deviation of theM0 continuum points considered.

Once the average transmittance is calculated for each order and altitude, the input data for the retrieval
process are constituted by a matrixYikf g

i¼1;ƒ ;H

k¼1;ƒ ;5

, with k index indicating diffraction orders. An example of

NOMAD data is presented in Figure 2, where the process of deriving the matrix of dataY is also shown.
The data are presented in the form of a continuous contour plot, which is useful to demonstrate the variation
of the continuum properties with altitude. At each altitude sampled by NOMAD there will be a� ve�point
spectrum and some examples are shown in the bottom panels. It can be seen that the data demonstrate
signatures of water ice concentration and particle size, and their variation with altitude. Dust scattering is
instead visible throughout the entire spectral interval of NOMAD.

Figure 3 emphasizes the information content of NOMAD data for aerosols, illustrating a series of sample cal-
culations of transmittances (h = 40 km), obtained by individually varying the four parameters we retrieve.
NOMAD data in the form of matrix Y show distinct trends when water ice and dust concentration increase;
for water ice size, the data can discriminate between submicron and larger particles, with enhanced sensi-
tivity to variations in the submicron domain. For dust, we expect the information about particle size to be
partially entangled with concentration, as expected from previous studies in comparable spectral intervals
(e.g., Smith et al., 2013).
























