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Abstract: As part of the payload of the 2016 ExoMars Trace Gas Orbiter (TGO) mission, the Nadir
and Occultation for MArs Discovery (NOMAD) suite instrument has been observing the Martian
atmosphere since March 2018. NOMAD is mainly dedicated to the study of trace atmospheric species
taking advantage of a high-spectral resolution. We demonstrate that when NOMAD is observing
in nadir mode, i.e., when the line-of-sight points to the centre of Mars, it can be also exploited to
detect ice. In this study we present a method based on the investigation of nadir observations of the
NOMAD infrared channel, acquired during Mars Years 34 and 35 (March 2018 to February 2021).
We take advantage of the strong water ice absorption band at 2.7 um by selecting the diffraction
orders 167, 168, and 169. We derive the Frost and Clouds Index (FCI), which is a good proxy for ice
mapping, and obtain latitudinal-seasonal maps for water ice clouds. FCl is sensitive to the Polar Hood
clouds. Nevertheless, detections in the Aphelion Cloud Belt (ACB) are limited. This is consistent
with previous observations showing different physical properties between the two main Martian
atmospheric structures and making the ACB less detectable in the infrared. We hence derive the
infrared nadir channel sensitivity limit for the detection of these clouds.

Keywords: Mars; Martian atmosphere; high-resolution spectrometer; H,O ice clouds

1. Introduction

Understanding the exchanges between the atmosphere and the surface remains pivotal
in planetary climate research. On Mars, seasonal variations in the main atmospheric
gaseous components are strongly affected by their condensation and sublimation within
the polar caps [1]. In this framework, the formation of ice clouds plays a fundamental role
in sculpting the Martian climate. By observing their spatial and seasonal distributions, we
can improve our knowledge on atmospheric transport, as well as on water vapour and
CO; cycles. Moreover, studying the formation and composition of ice clouds can help to
better understand smaller scale phenomena such as convective regimes and thermal effects
of radiative forcing [2].

Over the two past decades, water ice clouds have been deeply analysed in their
composition, microphysical properties and vertical distribution [3-10], also identifying two
main seasonal cloud structures emerging at a planetary scale: the Aphelion Cloud Belt
(ACB) and Polar Hood (PH) clouds [11-19]. Important variations in the Martian topography
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can also promote the formation of water ice clouds. This is the case, for instance, of the
highest volcanoes in the Tharsis region, where extremely elongated orographic clouds
have been observed [20-22]. The interpretation of such observations can rely on theoretical
circulation models needed for a comprehensive understanding of the Martian climate
in its complexity [23-30]. These global climate models (GCMs) are in turn trained by
continuously comparing their outputs with new observations. Further observations are
hence always necessary.

In this work, we investigate the information content of the ExoMars-TGO NOMAD
infrared channel nadir dataset. NOMAD is a suite of high spectral resolution instruments
mainly dedicated to studying the Martian atmosphere trace gases and climatological
processes [31-35]. Given the peculiar mode of operations of the instrument for nadir
observations, it is difficult to discern clouds from suspended dust and surface ice deposits.
For that reason, we define here a method aimed to identify H,O ice clouds in NOMAD
infrared nadir data, based on the characterization of the 2.7 um ice absorption band. A brief
description of the NOMAD instrument and of the nadir observations that we used in this
study is presented in Section 2. Then, we describe the methodology of the study and derive
the Frost and Clouds Index in Section 3. The analysis of NOMAD nadir data for MY34
and MY35 is performed in Section 4, where the results obtained over 1.5 MY of NOMAD
acquisition are discussed and compared to previous studies and model predictions.

2. NOMAD Instrument

The Nadir and Occultation for MArs Discovery (NOMAD) instrument is a suite
of three high resolution spectrometers that was selected as part of the payload of the
2016 ExoMars Trace Gas Orbiter (TGO) mission. Led by the Royal Belgian Institute for
Space Aeronomy (BIRA-IASB), NOMAD has been observing the Martian atmosphere
since March 2018 (Ls = 150° in MY34) through three channels operating in the ultraviolet-
visible (UV-VIS), and infrared (IR) spectral ranges. A first spectrometer is devoted to
solar occultation observations (SO channel), operating in the 2.3—4.3 um IR spectral range.
A second spectrometer, capable of performing nadir, limb, and solar occultation observa-
tions (LNO channel) covers the 2.3-3.8 pm IR spectral range. A third spectrometer (UVIS
channel) can work in the three observation modes covering the 200-650 nm UV-VIS spectral
range. A complete description of the instrument can be found in the following papers:
Neefs et al. [36], Vandaele et al. [37,38], Thomas et al. [39], and Patel et al. [40].

In the present work, we select the LNO channel for the nadir observations covering
the 2.3-3.8 um IR spectral range with a spectral resolution of 0.3 cm ™! [8]. This channel
provides observations of the Martian surface and atmosphere with a typical integration time
of around 200 ms. The ground track footprint is approximately 0.5 km x 17.5 km from the
TGO orbit, 400 km above Mars. Therefore, NOMAD-LNO is able to map the majority of the
surface of the planet every 30 sols [39]. The spectrometer does not observe the whole LNO
spectral range simultaneously. Instead, acquisitions are performed nearly simultaneously
in 22 cm~! wide spectral windows (called here orders from now on), representing specific
diffraction orders of the diffraction grating. Considering the signal-to-noise ratio (SNR), a
maximum number of 6 diffraction orders can be selected for each observation every 15,
by suitably tuning the frequency of the entrance Acousto-Optical Tunable Filter (AOTF) [8]
through an internal radio-frequency generator.

We use level 1A LNO data, which provides data converted into a reflectance factor,
i.e., the LNO radiance divided by the measured Solar flux at Mars and by the cosine of the
solar zenith angle. The LNO reflectance factor defined at wavelength A can be written as

1 7T L/\
R, 1
c0s(SZA) Dgyy, d3yus

where L) is the LNO measured spectral radiance (W m~2sr ! um™1), @g,,, is the Solar
flux at 1 astronomical unit (AU), dp,s is the Sun—Mars distance in AU, and SZA is the
solar zenith angle. More details about the LNO calibration we adopt are presented in
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Thomas et al. [41]. A slightly different calibration approach, in agreement with the former,
within 3%, is given by Cruz Mermy et al. [42].

It is important to note that the general shape of the NOMAD raw spectra is strongly
affected by the AOTF transmission and by the spectral response of the grating, i.e., the Blaze
function [39]. While the Blaze function is defined by a Gaussian curve, the AOTF transmission
presents a strong peak with several side-lobes. A combination of a sinc function with a
Gaussian is used to represent the AOTF curve [8]. Nevertheless, these secondary peaks allow
photons from a larger spectral range to fall on the grating. As a result, an unexpected signal
is summed with the expected spectral information. This becomes significant on the edges
of each order. After the spectral and radiometric calibrations [8,41,42], the AOTF and Blaze
modulations also propagate to the reflectance factor conversion in the form of low-frequency
oscillations in the spectral continuum. For this reason, we only work with reflectance factors
at the central value of each spectral order in order to mitigate these oscillations.

Regarding the SNR of the data, Thomas et al. [39] made an analysis taking into account
different sources of uncertainty. The main source of noise is represented by the instrument
thermal background, which limits the integration times in order to avoid the saturation of the
detector. The 15 s period of observations is divided by the number of orders (maximum of 6).
Therefore, measuring fewer orders achieves a better SNR. In the same sequence of observations,
two or three orders are typically measured, given an average SNR value of 10. For the best
scenario, strongly affected by SZA, the measured SNR is expected to be around 1520 [41].

3. Methodology
3.1. Data Selection

The first step of this work is to identify the water ice spectral features covered by NO-
MAD diffraction orders. A brief description of the spectral content and main scientific focus
of each available LNO diffraction order is presented in Oliva et al. [43], who discussed the
capability of the NOMAD infrared nadir channel to detect surface ice by using a spectral ratio
with orders 190 (2322.9-2341.5 nm) and 169 (2611.8-2632.7 nm). These two orders allowed
estimation of the relative depth of the 2.7 um absorption band, which is the strongest CO,
and H,O ice absorption band in the LNO spectral range. However, this approach is less
effective for the detection of transient phenomena such as ice clouds. It hence requires a more
stringent temporal and spatial coincidence between the two orders. Nevertheless, as detailed
in Section 2, NOMAD is not capable of observing its entire spectral range simultaneously due
to its mode of operation and high resolution. Therefore, NOMAD alternates observations
according to diffraction orders. As a result, the observation period of order 190 does not
fully coincide with the other. We are therefore very limited in the temporal coverage. For
this reason, we investigate an alternative approach focused on orders 169 (2611.8-2632.7 nm),
168 (2627.2-2648.2 nm) and 167 (2642.8-2663.9 nm), all falling on the short-wavelength shoul-
der of the strong 2.7 um ice absorption band (see Figure 1).

Figure 1 presents simulated CO; ice, H,O ice, and dust reflectance spectra using
the Multiple scattering Inverse radiative TRansfer Atmospheric (MITRA) tool [44—47].
MITRA code is based on the multi-solver LibRadtran radiative transfer package [48] and
can be operated both as a forward model and as an inverse retrieval algorithm to study
planetary atmospheres [44-47]. In this study, we take advantage of the forward model in
order to reproduce spectra in the LNO spectral range. Nevertheless, we do not attempt to
derive aerosol microphysical information. Indeed, as we work in nadir mode, the signal
is highly convoluted with the surface properties and therefore, abundance and grain size
retrievals are characterised by non-negligible uncertainties when using only a few orders.
Regarding the ice reflectance spectra, surface CO, ice and HO ice are simulated with
effective radii of 100 pm (re = 100 um) (dark/light blue solid lines), while re¢ = 7 pm
and 10 pm are respectively used for CO; ice and H,O ice clouds (dark/light blue dashed
lines). Conversely, the red solid line represents the dust spectrum with reg = 1 um [43].
As highlighted by the vertical dashed green line, order 190 is located on the ice cloud
continuum. The challenge of this work is to define a technique that exploits only orders
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167,168, 169 and that allows detection of H,O ice clouds and frost separated from dust (see
Sections 3.2 and 4.2).
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Figure 1. Simulated ice and dust spectra in the 2-2.8 pm range obtained by the MITRA tool [44—-47].
The simulations have been performed with the following characteristics: a surface albedo of 0.2
(A =0.2), an incidence angle of 0° (i = 0°), and an optical depth at 2 um of 0.5 (tp = 0.5). We describe
all aerosol layers by adopting lognormal size distributions with an effective variance of 0.1 (Vg = 0.1)
and characteristic grain sizes (r.). Vertical dashed lines indicate the centres of orders. See the legend
on the panel for the colour definition.

3.2. Frost and Clouds Index through the 2.7 ym Absorption Band

In the LNO spectral range, the surface reflectance is the main source of signal variability.
Therefore, any effort to detect ice cloud’s spectral signatures has to account for the surface
contribution. Previous studies using MGS-TES [49], MEX-OMEGA [50], and CRISM [51]
nadir observations have demonstrated albedo spatial variations over the whole Martian
surface [49,52,53]. These albedo variations, coming from different surface mineralogy
absorptions, also represent the main source of variability in LNO reflectance factors. By
comparing LNO reflectance to a Martian albedo map it is possible to remove surface albedo
contributions and to spotlight anomalous detections resulting from, for example, an ice
cloud’s spectral signature. To this extent, OMEGA data provide reflectance spectra in
the NIR allowing the construction of albedo maps in the 0.97-2.7 pm spectral range [53].
Nevertheless, as cautioned by Riu et al. [54], OMEGA albedo maps can be partially biased
in low-albedo equatorial terrains, where plagioclase minerals predominate [54-56]. Indeed,
in the NIR, this mineral phase presents a lack of spectral absorption features that may
be altered by the presence of dust and could constitute a caveat for the construction of
OMEGA albedo maps. On the contrary, TES is able to detect plagioclase features in the TIR
range [55], and therefore, takes into account the low-albedo equatorial terrains effect on
the NOMAD spectra. Moreover, TES data are also filtered to partially minimise the effect
of atmospheric dust and clouds. For these reasons, we will rely on the TES bolometric
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albedo (0.3 to 2.9 um), instead of the NIR OMEGA albedo (0.97-2.7 um), as a reference for
evaluating anomalies in the LNO reflectance factors.

For each LNO observation, i, characterised by different longitudes and latitudes, we
define for simplicity the LNOpyy;, ratio as

R;

(LNONorm)i = TESi

@

where R is the reflectance factor value taken at the centre of the selected order (i.e., at
A =2622.3 nm, 2637.8 nm, and 2653.6 nm for orders 169, 168 and, 167 respectively), and TES
is the bolometric Martian albedo value averaged in each considered LNO footprint. Such a
ratio will be sensitive to anomalies pertaining to both ice and dust, and for this reason, we
investigate how it behaves with the two components by performing simulations with the
MITRA tool.

Figure 2 illustrates LNOpyyy;, simulations of dust and H,O ice, adopting average
effective radii and optical depths, and considering order 169 as an example (dashed lines).
The ice absorption makes the resulting curve depart significantly with respect to the dust
curve. Conversely, the same behaviour is not observed in order 190, also shown in Figure 2
as reference, where the two curves are quite similar (solid lines). It is important to stress
that changing the aerosol’s microphysics in the simulations has an impact on the LNOxnjyy
value, in principle making dust mimic ice anomalies especially on low-albedo terrains and
hence, possibly yielding false positive detections.
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Figure 2. Simulated LNOpy;;, vs. arbitrary albedo obtained by the MITRA tool. The simulations have
been performed for water ice and dust using orders 190 and 169. See the legend on the panel for the

colour definition.

Given that LNO data moderate SNR, the LNOny,, parameter is affected by non-
negligible fluctuations. In order to mitigate this effect, we combine LNOpy;y, of the three
orders defining a Frost and Clouds Index as
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1
FCl = LNONorm 167 * LNONorm 168 * LNONorm 169 ®)

where LNOnyp 167, LNOnoyp 168, and LNOnyyyy, 169 are respectively the LNOnyyy, values
defined in Section 3.2 for orders 167, 168, and 169.

Similarly to Figure 2, simulations have been performed for FCI in the presence of
suspended dust and water ice particles (see Figure 3). Given the way FCI is defined, as
expected, its simulated values are larger for water ice (blue line). While the LNOny,
ratio allows to spot anomalous detections in presence of water ice clouds, FCI allows to
emphasise simultaneous detections happening in the three orders and helps to potentially
derive a threshold value for ice detection as will be shown in Section 4.1. Nevertheless, it
is important to mention that, despite the TES map being filtered to minimise the effect of
atmospheric dust and clouds, it still contains surface ice [49], increasing the uncertainty in
transitional ice /no-ice regions. As in the case of the Ice Index [43], the discussion coming
from the FCl is semi-qualitative and the value that we derive later should not be considered
as an actual threshold for ice detection, but rather an indication for abundant frost or dense
water ice clouds.

1.3 —

o H.Oice-rz=10 pm-1,=0.5
g dust-r,=1um-1,=05

g 12—

=
Q J
=
-

><m 1.1

g -

2
g 1
o
) -

x

5 0.9-

£

= -
S
= 0.8 —
= -

0.7 T I T I T | T I T 1
0 01 02 03 04 05

albedo

Figure 3. Simulated FCI vs. arbitrary albedo obtained by the MITRA tool. The simulations have been
performed for water ice (in blue) and dust (in red) using orders 167, 168 and 169.

4. Data Analysis and Results

For this study, we analyse 1.5 Martian Years of NOMAD LNO nadir infrared observa-
tions thanks to the three orders mentioned in Section 3.1. Table 1 presents the number of
orbits acquired for each order. Even if order 168 has been deeply used in MY35, we globally
note a fair distribution in the total number of observations between MY34 and 35.
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Table 1. Number of LNO orbits through the 3 orders close to the 2.7 um ice absorption band (i.e., 169,
168, and 167) in MY34 (starting at Lg = 150° which is the beginning of the NOMAD science phase)
and MY35.

MY34: Lg = [150-360°] MY35: Lg = [0-360°] Total

Order 167 682 371 1053
Order 168 504 1144 1648
Order 169 694 403 1097
TOTAL 1880 1918 3798

In order to focus the analysis on seasonal ice coverage, we construct a latitudinal-
seasonal map of FCI (see Figure 4). Initially, all the LNO data are organised by latitude
(from 90°N to 90°S) and time (MY34 and 35), expressed in terms of Lg, with a 2° x 2°
binning. Each bin of latitude and Lg contains data averaged at all available longitudes. By
computing the FCI map, we keep track of the observations falling into common bins for
all the three orders. Then, we remove the worst-case scenarios with the lowest SNRs, i.e.,
below SNR~10. We hence select the LNO observations with a solar zenith angle lower than
60°, as larger illumination angles seriously affect the signal intensity measured by NOMAD.
In order to keep a significant colour dynamic, in Figure 4 we saturate the colour bar for
FCI values larger than 3. Important saturations can be observed at the highest latitudes
in both hemispheres, i.e., when Lg = 180-270° in MY34-35 in the Southern hemisphere
and when Lg = 0—45° in MY35 in the Northern hemisphere. These observations represent
the sublimation phase of the polar cap [1,43,57-61]. Indeed, surface ice presents a strong
absorption at 2.7 pm (see Figure 1) and directly impacts the FCI values. The polar regions
are deeply discussed in Oliva et al. [43], which investigates the LNO information content in
order to obtain latitudinal-seasonal maps for CO, ice in both polar regions. Being outside
the scope of this paper, the polar caps observations are not discussed in detail here.

However, we observe bins with a high FCI value also in non-polar regions. In the
Northern hemisphere, most of them can be found above latitude 40°N. Some high FCI
values are also present around the equator for Lg = 45-180° in MY35. In the South, from
latitude 20°S to 40°S, FCI returns some saturated pixels for Lg = 150-180° in MY34 and around
Ls = 90° in MY35. The investigation of these non-polar high FCI pixels is discussed in the
following section. First, we discuss the sensitivity of FCI to detect frost (see Section 4.1). Then,
we attempt to derive a detection limit for water ice clouds (see Section 4.2).

On the other hand, as already mentioned in Section 3.2, different surface mineralogies
are responsible for the global variations of surface albedo [62-64]. This affects the measured
reflectance, especially over regions of low surface albedo [18,52]. It is worth noting that
the high FCI values around latitude 60°N are over low surface albedo regions. This dark
latitudinal band covers Acidalia and Utopia Planitia [65]. Szantai et al. [18] studied the
diurnal cloud life cycle over these large regions using OMEGA data. Similar to the NOMAD
data analysis in this work, they defined a spectral ratio (Reversed Ice Cloud Index (ICIR)
based on Madeleine et al. [16]) at the 3.1 um water ice absorption band and used it as a
proxy of the water ice column. The results are not always in agreement with the model
predictions. They found the highest ICIR uncertainty (>20%) over Acidalia and Utopia
Planitia, regions with low surface albedo. For that reason, we also investigate the possibility
of having surface effect residues in the results (see Section 4.3).
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Figure 4. Latitudinal-seasonal map of FCI. Observations cover MY34, from Lg = 150° to 360°, and
all MY35.

4.1. Frost Detection

We discuss here the possibility to derive a threshold value for the detection of frost.
In order to define a quantitatively and statistically robust threshold value, we compute
the histogram of FCI values distribution in logarithmic X-scale. As shown in Figure 5,
the bulk of the histogram follows a Gaussian distribution peaked at —0.35 (n = —0.35)
with a standard deviation of 0.13 (o = 0.13). Nevertheless, the distribution is not totally
symmetrical around its mean value. We can observe a wing on the right-hand side of
the distribution, corresponding to the high FCI pixels in Figure 4. Similarly to what has
been done by Oliva et al. [43], we are able to tune the threshold value so that the edge of
polar caps is detectable. This happens for FCI values exceeding the average value of the
distribution by 3.50. This threshold is indicated by the vertical dashed red line in Figure 5.
As a comparison, we also estimate an average FCI value for polar deposits, represented by
the vertical dashed blue line (Figure 5). Sensitive to surface ice deposits, the FCI value over
the polar cap exceeds the average value of the distribution by 10c.

We apply it on the FCI map of Figure 4 and present the results in Figure 6A. As
expected, detections in the polar regions (see regions 1, 2, and 3 in red) are in good
agreement with the expected boundaries of the polar caps, but high values of FCI are also
found at mid-latitudes. We now focus on these detections found at latitudes within the
range of +/—30° (see regions from A to G in Figure 6A). A possible explanation for these
detections is the presence of ice surface deposits. In order to verify this hypothesis, we
need to take into account two parameters: the surface temperature (T) and the Local True
Solar Time (LTST). Indeed, even at mid-latitudes, temperatures may drop below the frost
point, i.e., T~148 K for CO, [66] and T~193 K for H,O [67] at 610 Pa (average Martian
pressure at 0 elevation). This can be achieved in the early morning just after the sunrise.
Piqueux et al. [66] observed surface temperatures consistent with CO; frost at all latitudes
and predicted a survival time of less than 1 h after sunrise. On the other hand, the Martian
topography may play an important role, especially within ancient volcanoes, cracks, and
craters. This complex geometry of terrain allows the existence of shadowed areas on a local
surface, which can maintain low temperatures even during the day. Taking into account



Remote Sens. 2022, 14,4143

9 of 20

the LTST (see Figure 6B), we use the Mars Climate Database v5.3 (MCD) [25,68] in order
to estimate the surface temperature for the mid-latitude detections in the end of MY34
(region A) and MY35 (from region B to G). For all these detections, the MCD predicted
surface temperatures are listed in Table 2. It can be seen that MCD predicts surface
temperatures that are always higher than the H,O frost point (T > 193 K). We can hence
exclude the presence of both CO, and H;O frost even for 8:20 and 8:25 LTST, where residual
night frost can survive (see Table 2 for D1 and F1). Moreover, the MCD predictions for
the regions A, E, F and, G seem consistent with Carrozzo et al. [67] who observed H,O
frost only before Lg = 150°. In contrast, as mentioned above, frost can survive in shadowed
regions along scarps and craters. However, this possibility is not easy to verify due to the
large NOMAD nadir channel footprint (see Section 2).

30

25 4

2.0 1

15 1

10 1

0.5 4

0.0 -

-1.0 -0.5 0.0 0.5 10
log( FCI )

Figure 5. FCI values distribution in logarithmic X-scale for MY34-35. Solid black line: mean value
of the distribution (1 = —0.35). Dashed black line: standard deviation of the distribution (o = 0.13).
Dashed red line: mean value of FCI at the polar cap edge (it + 3.50). Dashed blue line: mean value of
FCI on the polar cap deposits (i + 100).

Table 2. Solar longitudes (Lg), latitudes, local times (LTST), and MCD predicted surface temperatures (T)
of the regions of interest (A to F) identified in Figure 6. Numbers in the regions D, E, and F represent bins
from left to right in each region.

Region of Interest Ls (°) Latitude (°) LTST T (K)
A 301 (MY34) —27 16:12 282
B 51 11 to 29 16:00 254
C 133 16 to 21 13:18 236

D1 117 =5 08:25 220
D2 129 -7 15:40 260
E1l 225 17 15:55 251
E2 267 19 10:43 253
F1 205 —-25 8:20 240
F2 218 —23 15:56 279
F3 255 —24 to —30 15:57 286

G 347 —23to —36 15:38 265
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Figure 6. Latitudinal-seasonal maps of FCI. Observations cover MY34, from Lg = 150° to 360°, and
all MY35. (A) Yellow and red points indicate a FCI value above 3.50. The regions 1, 2 and, 3 in red
correspond to the expected boundaries of the polar caps. The letters define regions of interest for
cloud detection in yellow. (B) Colour points indicate the corresponding LTST.

Given the above discussion, we see that the interpretation of mid-latitude detections
(regions A to G in Figure 6A) as surface frost can be discarded. In contrast, the detections
in the regions B, C and, D fall in the Aphelion season, i.e., Ls~60-160°. During this season,
the Aphelion Cloud Belt occurs every year at low latitudes. Therefore, these regions could
be suitable for ACB detections. Moreover, in Figure 6A, we can also see many detections
present at high latitudes (above 40°N and below 30°S in MY34-35) which relate to another
important atmospheric structure, the Polar Hood. We hence decide to verify the cloud
hypothesis in the next section by selecting specific regions where clouds are expected to be
present by general circulation models or have been observed by other instruments.

4.2. Water Ice Cloud Detection

As already mentioned in the previous section, Figure 6A presents high FCI values
even outside the red regions 1, 2 and, 3. In the Northern hemisphere, they are found above
latitude 40°N. Moreover, we observe high values in the Southern hemisphere, mainly
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before Lg 180° (MY34) and around Lg 90° (MY35), in addition to the scattered detections at
mid-latitudes (see Section 4.1). In this section, we verify the possibility to spot potential
clouds using the FCI. To this extent, we highlight new regions of interest in which the
detections are spotted (see the regions H to O in Figure 6). As we can observe, for the
regions H to O in Figure 6b, the LTST mainly concentrates in a range of about 2 h around
noon. Nevertheless, early detections exist in region L (see at Lg 90° and 164° and latitudes
around 50°N), with a 7:13 LTST and 8:45 LTST respectively. MCD simulations always
predict surface temperatures higher than 197K and are, therefore, inconsistent with the
presence of frost. For this reason, we suggest that the detections are related to atmospheric
ice (see Section 3). However, it is important to keep in mind that this region may lead to
surface effect residues present in the results (see Sections 4 and 4.3 for more details).

Two main cloud structures can be observed on Mars: the Polar Hoods (PH) and the
Aphelion Cloud Belt (ACB) (see Section 1) [4,9,17]. The PH occurs above the high latitudes
(~40°N and ~40°S) of the winter hemispheres. The Northern Polar Hood (NPH) is usually
observed about three-quarters of the Martian Year, starting at Lg 150°, and covers all
longitudes. Moreover, the NPH is always extended to the pole [15]. Instead, the Southern
Polar Hood (SPH) is an annular ring that is not extended to the pole due to less available
water vapour in the South than in the North [12]. The SPH is only present during two
phases: between Lg = 10-70° (phase 1) and between Lg = 100-200° (phase 2) [14]. During
phase 1, the structure is extended over a large range of latitudes, namely from 30°S to 75°S.
As shown in region N, FCI detections are present from latitude ~25°S to 50°S. Given the
period of observations (Lg = 0-200°), the FCI results appear to be compatible with clouds
in the SPH. Figure 7 presents a direct comparison with the MCD simulations. However, the
limited coverage for the Southern hemisphere does not allow us to observe the whole cloud
structure. Nevertheless, we are able to observe the evolution of the SPH at equatorward
latitudes. Detections between Lg = 15-83° appear compatible with phase 1. On the other
hand, phase 2 seems to cover Lg 107° to 195°, following the recession of the polar cap. This
phase is partially observed in region I (Lg = 153-187°) due to the lack of observations in
MY34. Moreover, it is worth noting that the specifics of the TGO orbit influence the spatial
and temporal coverages of the NOMAD observations. Indeed, as shown in Figure 6B,
the LTST changes over the latitudes and Lg. Nevertheless, important diurnal variations of
water ice clouds occur in the Martian atmosphere. Such effects can hence affect the results,
underestimating the presence of clouds compared to the MCD predictions [19,69]. For
example, at Lg 20°, observations are acquired in the morning for the Southern Hemisphere.
At that time, MCD predicts a low water ice column at the probed latitudes (see Figure 7A).
On the other hand, at Ls~100°, MCD simulations seem to be more in agreement with the
FCI results by selecting a LTST in the early afternoon (see Figure 7B).

In the Northern hemisphere, we observe detections at the highest probed latitudes (see
the regions J, K, M and, O) and around latitudes 50°N and 60°N (see the regions H and L).
Detections in the regions H and M are compatible with the start of the NPH. Nevertheless,
the limited coverage considerably reduces the number of observations during the northern
autumn and winter in MY34 and 35. On the other hand, the regions ] and O appear in
agreement with the end of the NPH. During spring (before Lg 40° in region J), the FCI
indicates the presence of clouds up to latitude 50°N, suggesting an extended NPH. During
the rest of spring and summer (Ls~50-150° in region K), detections are not consistent
with previous studies [9,10,15,17]. It is important to mention that the NOMAD instrument
provides simultaneous observations of these clouds in the UV through the UVIS channel
(see Section 2), that is sensitive to clouds and confirms their presence at latitude ~74°N
(personal discussion with Y. Willame, ice clouds retrieval based on Willame et al. [17]).
Moreover, these results are also supported by the MCD predictions. Nevertheless, FCI
detections in region L are uncommon, especially between Lg~50° and 150°. At Lg~50° and
150°, they cover latitudes up to 35°N. A possible explanation is that they are related to the
northern part of ACB, which seems to connect with the NPH. Although these detections are
not predicted by MCD, they probably represent the so called ‘cloud bridge’ [70] detected
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during previous Martian Years [6,14,17,18,71,72]. Given the disagreement between the
model predictions and FCI detections, we decide to discuss the results for the region L in
the next section.
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Figure 7. Comparison between the latitudinal-seasonal map of FCI (grey scale) with the one of MCD
Water Ice Column (colour scale) for latitudes from 0° to 90°S and Lg 0° to 200°. Grey scale: FCI results
in region N (see Figure 6). Saturated FCI values are in white (>3.50, see Section 4.1). Colour scale:
MCD Water ice column at 9 LTST (A), and 13 LTST (B).

Regarding the ACB, it is not visible in our results in Figure 6. The structure is known
to appear at low latitudes (10°S to 30°N), with enhancements over volcanoes in the Thar-
sis region [13]. Different types of clouds compose the cloud belt, ranging from formless
morning thin haze to large-scale thick clouds. In terms of microphysical properties, two
main groups have been observed for the thick clouds. The difference in particle size de-
fines the core and the periphery of ACB. The first group corresponds to regions strongly
controlled by local dynamics and topography. These clouds are observed over the Tharsis
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region with a 5 um grain size. On the other hand, regional wind circulation forms the
second group composed of large-scale clouds and is characterised by particle sizes of
2-3.5 um [5,16]. In our results (Figure 6), only a couple of detections are present at equa-
torial regions during this season (see regions B, C and, D) and could be explained on the
basis of the differences in morphology and microphysical properties described above. One
of the reasons could be that the large LNOs footprint (Section 2) makes it difficult to detect
optically thin hazes and clouds. On the other hand, large-scale cumulus clouds, from
5 to 10 km in size, could be detectable in the NOMAD nadir footprint. Nevertheless, they
are relatively thin at the beginning of the northern spring and only become thicker late in
the ACB season. The thickest of these clouds have been observed during the early northern
summer, forming at the beginning of the afternoon [16,20] consistently to the regions C
and D. Moreover, the clouds’ ice abundance could play an important role in their detection.
Olsen et al. [10] derived the water ice column (WIC) for MY26-32 using the nadir IR observa-
tions of OMEGA. They estimated two ranges of values, about 1.2-1.6 pr. um over the ACB
and 1.5-2.5 pr. pm over the PH. This distinction between the two cloud structures can explain
the global results presented in Figure 6. While we register several detections over the PH, only
a few isolated clouds are detected over the ACB. This behaviour suggests that the LNO nadir
dataset is only sensitive to clouds with ice columns larger than 1.5 pr. pm.

As mentioned in Section 4.1, detections are also present at mid-latitudes during the
perihelion season (Lg = 180-360°, see regions A, E, F and, G in Figure 6). These results are
difficult to confirm with the MCD predictions, although the simulations agree with the
presence of clouds in region E for a 10:30-11 LTST. Moreover, the results for the regions A, E
and, F are not consistent with the OMEGA data analysis [10]. During the perihelion season,
the solar flux increases and relatively warms the Martian atmosphere promoting dust
activity. This hence limits water ice cloud column opacities [12]. Nevertheless, previous
works have demonstrated the presence of water ice clouds during this period. They mainly
occur in the mesosphere (at altitudes above 50 km) [4,8,73]. The results in the regions A, F,
and G appear to be in agreement with the previous studies focused on MRO-CRISM [51]
and NOMAD-SO (SO channel, see Section 2) data analysis [4,8]. They spotted water ice
clouds around Lg 200°, 270°, 300°, and Lg 345°, which were also observed by SPICAM [17]
for the regions A and G. Moreover, especially for the regions A and F, the detections
correspond to the period of the perihelion cloud trails (PCT). This class of mesospheric
clouds are formed between Lg 210° and 310° in the late morning to the mid-afternoon.
Horizontally extended (200 to 1000 km), they are observed over specific regions between
latitudes 5°S and 40°S, i.e., in the Arsia Mons, Syria, and Solis regions and along the
Thaumasia Planitia, Valles Marineris margins, and the north east of Hellas Basin [74,75].

Given the above discussion, it is important to remind that the kind of threshold value
that we use indicates abundant frost or dense water ice clouds instead of an absolute value
for ice detection (see Sections 3.2 and 4.1). Therefore, the FCI appears to be sensitive only
to ice that is characterised by a particular microphysics. Nevertheless, some FCI detections
(especially region L in Figure 6) are still difficult to justify with previous studies or the
MCD predictions. For that reason, we discuss these results in the next section.

4.3. FCI Sensitivity

It is worth noting that the detections in region L are over low surface albedo regions
covering Acidalia and Utopia Planitia [65]. As already mentioned in Section 4, the dark
latitudinal band around 60°N affects the measured reflectance [18,52]. Therefore, we
investigate in this section the possibility of having surface effects residues in the results of
the region L (see Figure 6). We apply the FCI on observations between Lg 30° and 150° in
MY35. In order to verify an eventual correlation between the FCI and the dark terrains, we
can perform a direct comparison with the TES albedo map. The results are given in terms
of latitude and longitude in Figure 8. As we can see, saturated values of the FCI (>3.50,
see Section 4.1) are present over Acidalia Planitia and the north of that region (see red
rectangle on the left panel). They can also be seen at the highest-probed latitudes in both
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hemispheres (see black circles on the left panel). These high index values should be related
to the presence of water ice clouds (see Sections 3.2 and 4.2). Nevertheless, by comparison
with the right panel, we see that the high FCI values inside the red rectangle present a
correlation with dark terrains. Since TES albedo is bolometric, the correlation we observe
can result from an overestimation of albedo values over dark regions at 2.7 um with respect
to LNO. Therefore, the high values in the red rectangle (see left panel) are likely linked to
the presence of surface effect residues over Acidalia Planitia in the LNO data. This is hence
in agreement with the OMEGA results in Szantai et al. [18].

Lg = 30° - 150° (MY35) L = 30° - 150° (MY35)

Latitude (")
FCI
Latitude (")
TES albedo

-100 -50 o -100 -50 0
Longitude () Longitude (*)

Figure 8. Left panel: LNO observations in MY35, from Lg = 30° to 150°. Colour points indicate the
FCI values saturated at 3.50 (see Section 4.1). Right panel: TES albedo values falling in each bin of the
LNO tracks in MY35, from Lg = 30° to 150°. Red rectangle: correlation between high FCI values and
region of low surface albedo. Black circle: example of high FCI values not correlated with regions of
low surface albedo.

In Figure 8, the selected period corresponds to the aphelion season. The circles cover
regions with an intermediate surface albedo. These regions are not comparable with dark
regions in the northern high latitudes [65]. Therefore, the saturated FCI values in both
hemispheres are likely linked to the presence of clouds. As highlighted in Section 4.2, the
low WIC of the ACB makes its detection difficult in the LNO spectral range [10]. The
full ACB structure is not hence visible. For that reason, we attempt to derive the FCI
sensitivity limit for cloud detection. From MCD simulations, we notice that the PH water
ice column can take values of the same order as those of the surface water ice (~10~2 kg/m?).
They are then superior by a factor 10 to those of the ACB (~10~2 kg/m?). However, the
PH is not always fully detected (see region I in Figure 6). Moreover, some detections
have been recorded around the equator during the Aphelion season (see the regions B-D
in Figure 6). Local thick clouds in the ACB can hence be detected. In order to estimate the
sensitivity limit of the FCI, we compare the FCI results in Figure 8 with the MCD predictions
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(see Figure 9). We can see that the WIC of the ACB takes values lower than 3 x 103 kg/ m2.
In contrast, those in the centre of the SPH are generally higher than 5 x 1073 kg/m?, while
the WIC of the NPH can reach 1.3 x 1072 kg/m?. From the saturated index values at the
highest latitudes (white pixels), we can estimate the limit of the FCI sensitivity for cloud
detection at ~4 x 1073 kg/m?. Some saturated pixels are found at mid latitudes, which
may indicate the presence of thicker clouds compared to the rest of the ACB (see black
circle). Nevertheless, as over Acidalia Planitia (see red rectangle), we suspect a surface
effect in the detection inside the yellow rectangle. Indeed, this region covers a terrain with
a low surface albedo (TES albedo lower than 0.1, see Figure 8).

%1073

MCD WIC (kg/m2)

=100 50 0
Longitude (°)

Figure 9. Comparison between the FCI results (grey scale) with the MCD Water Ice Column (colour
scale) for all latitudes and longitude from 100°W to 0°. Grey scale: LNO observations in MY35, from
Lg 30° to 150°. Saturated FCI values are in white (>3.50, see Section 4.1). Colour scale: MCD Water
ice column simulation for Lg 150° and 15 LTST.

5. Conclusions

NOMAD-LNO is a spectrometre mainly designed to investigate the presence of trace
gases in the Martian atmosphere. The instrument uses preselected spectral orders to
resolve the absorption lines of the single species. Due to this mode of operations and to
its high resolving power, it cannot acquire a single spectrum over the full spectral range
(see Section 2). Therefore, the spatial coverage linked to the full spectral range is also
limited, since each spectral order observes a different footprint. Moreover, due to technical
constraints imposed by the spacecraft, the SNR is not optimal. Finally, there is an intrinsic
limitation linked to the spectral behaviour of ice clouds and dust. Depending on their
microphysical properties, it can be really challenging to distinguish between them. Having
all these constraints and limitations in mind, we have described a technique that takes
advantage of three NOMAD-LNO diffraction orders (167, 168, and 169), covering the short
wavelength shoulder of the 2.7 um ice absorption band. The application of such a technique
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allows us to map surface ice and H,O ice clouds into the Martian atmosphere. We applied
the method on regions where ice clouds are either expected by general circulation models or
have been observed by other instruments. The method is based on spectral ratios between
LNO reflectance factor spectra and TES bolometric dust-clean albedo. We have defined a
Frost and Cloud Index (FCI) as a useful proxy for ice mapping (see Section 3). We applied
the method to the LNO dataset in Martian years 34 and 35 (March 2018 to February 2021)
excluding observations with SZA larger than 60° to avoid the lowest SNRs (see Section 4).
As discussed in Section 4.2, the acquisition of data during MY34-35 allows us to construct
seasonal maps for water ice clouds. The results appear in agreement with previous studies
focused on Mars Express SPICAM/UV and OMEGA data analysis [10,17]. FCl is sensitive
to the Polar Hood clouds, although the full structure is not detected. Moreover, detections
in the Aphelion Cloud Belt (ACB) are limited. This is consistent with previous OMEGA
observations [10] showing different physical properties between the two main Martian
atmospheric structures and making the ACB less detectable in the infrared. We hence
derived the LNO channel sensitivity limit for cloud detection (see Section 4.3).

Finally, the analysis presented in this paper represents one of several studies dedicated
to the exploitation of the LNO nadir dataset and opens the way for different follow-up
papers. As a direct continuation to this work, further comparison with the NOMAD-
UVIS channel about the cloud’s detection is already planned. It will help to tune the FCI,
hopefully to increase its sensitivity to ice clouds and to limit the number of false detections.
In addition, an in-depth radiative transfer analysis of the 2.35 um feature in CO, ice clouds
spectra is currently being performed.
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List of Abbreviations

Abbreviation Definition

ACB Aphelion Cloud Belt
AOTF Acousto-Optical Tunable Filter
AU Astronomical unit
BIRA-TIASB Royal Belgian Institute for Space Aeronomy
CRISM Compact Reconnaissance Imaging Spectrometer for Mars
FCI Frost and Clouds Index
GCMs Global climate models
ICIR Reversed Ice Cloud Index
IR Infrared
LNO Limb, nadir, occultation observation
Ls Solar longitude
LTST Local True Solar Time
MCD Mars Climate Database v5.3
MEX Mars Express
MGS Mars Global Surveyor
MITRA Multiple scattering Inverse radiative TRansfer Atmospheric
MY Martian Year
NIR Near infrared
NOMAD Nadir and Occultation for MArs Discovery
NPH Northern Polar Hood
OMEGA Observatoire pour la Minéralogie, 1'Eau, les Glaces et " Activité
PCT Perihelion cloud trails
PH Polar Hood
R Reflectance factor
SNR Signal-to-noise ratio
SO Solar occultation observation
SPH Southern Polar Hood
SPICAM SPectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars
SZA Solar zenith angle
T Surface temperature
TES Thermal Emission Spectrometer
TGO ExoMars Trace Gas Orbiter
TIR Thermal infrared
uv Ultraviolet
UVIS Ultraviolet-visible observation
WIC Water ice-column
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