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Abstract

Using spectral images recorded by the OMEGA instrument on Mars Express
(Observatoire pour la Minéralogie, I'Eau, les Glaces et I’Activité), we are
able derive physical properties of aerosols in water-ice clouds on Mars for a
distribution of pixels over an observed cloud formation. These properties,
mean effective radius, 7., and optical depth (at 0.67 pm), 7, were used to
estimate the water ice-column (WIC), and we found an empirical relationship

between the WIC and an ice cloud index (ICI). The overall mean of retrieved
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Tef 18 ~ 2.2 pum, with a standard deviation of 0.8pym, and cloud formations
with r.g between 4.4 and 5.4pm are observed. The optical depth varies
between 0.2 and 2.0. The OMEGA spectra are primarily sensitive to water
ice mass due to absorption, and we find that the ICI, very easy to compute,
is a good proxy for the mass of the water-ice column (WIC) along the optical
line of sight. Our retrieval of physical properties is limited in time (to before
2010) by the exhaustion of coolant for one of the OMEGA channels, and in
space (to equatorial observations between 140°W-90°E) by the availability
of surface albedo measurements. However, we used the ICI to compute WIC
values for the entire OMEGA data set, which has near-global coverage for
Mars years 26-32, and we present a climatology of the WIC derived from the
OMEGA data, which features enhancements on the order of 1.2-1.6 pr. pm
over the aphelion cloud belt, and 1.5-2.5 pr. pum over the polar hoods. The
data set analyzed is for observations between 140°W and 90°E, and between
35°S and 35°N. No restriction is placed on season, but the majority of cloudy
observations were during the aphelion period from Ls 35° to 135°. This
work was motivated by the ability of the OMEGA instrument to observe the
distribution of water-ice cloud physical properties, and by the availability of
new a priori data sets, especially multi-spectral, aerosol-free surface albedo
retrieved from a subset of the OMEGA data featuring a cloud-free sky. The
main limitations of the retrieval algorithm are linked to the uncertainties on
surface albedo, the dust opacity, and the quantity of water-ice suspended
in the atmosphere, which can lead to spectral fits with lower accuracy or
unrealistic results. We present distributions of each retrieved parameter,

goodness of fit, ICI, and cloud mass, and our investigation of relationships
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between each parameter. Our approach was to maximize the amount of data
analyzed, apply stringent data quality cuts and take a statistical approach
to interpretation.

Keywords: Mars atmosphere, Mars Express, OMEGA, water ice, aerosols,

clouds, retrievals, ICI, Climatology

1. Introduction

Mars has an active hydrological cycle driven by strong diurnal tempera-
ture variations and periodic polar sublimation and condensation activities.
Seasonal variations in water content are the result of exchange between dif-
ferent reservoirs, such as polar ice and the atmosphere. Clouds play several
important roles in the Martian hydrological cycle, notably influencing inter-
hemisphere transport. In this study, we present the retrieval of physical
properties of water-ice particles in Martian clouds: the mean effective radius
and optical depth. Observing these properties and understanding their tem-
poral and spatial distribution can lead to improved understanding of several
aspects of the Martian hydrological cycle. Clouds and their formation are
associated with the changing meteorological state of the atmosphere, tem-
perature, aerosol and water content, and air parcel dynamics. In turn, they
affect the radiative state of the atmosphere by modifying its absorptive and
reflective properties, as well as its chemical balance through heterogeneous
processes (e.g., Haberle et al., 2017, and references therein). Water is consid-
ered essential for the emergence of life and its presence on Mars has guided
remote sensing and in situ research activities since the planet was first vis-

ited. In order to improve our knowledge of the history and habitability of
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Mars, we seek to better understand the current climate by identifying and
quantifying the water reservoirs, and the exchange of water mass between
them, which cloud processes are an integral part of.

The physical properties of water-ice clouds on Mars have previously been
measured by instruments on Mariner 9 (Curran et al., 1973; Zasova et al.,
2001), Phobos 2 (Petrova et al., 1996), Viking 1 and 2 (Christensen and
Zurek, 1984; Tamppari et al., 2003), Mars Pathfinder (Smith and Lem-
mon, 1999), Mars Global Surveyor (Clancy et al., 2003; Wolff and Clancy,
2003), Phoenix (Whiteway et al., 2009), Mars Express (Zasova et al., 2006;
Madeleine et al., 2012; Fedorova et al., 2014), and Mars Reconnaissance Or-
biter (Smith et al., 2013; Guzewich et al., 2014) These studies are generally
in agreement and observed aerosols with a mean effective radius between 2—
3.5 um. Observations have also been made using the Hubble Space Telescope
(James et al., 1996) and from terrestrial observatories (see e.g. Parker et al.,
1999; Glenar et al., 2003).

This work follows that of Madeleine et al. (2012) who presented a retrieval
technique for estimating the mean effective radius, r.g, and optical depth,
7 (at 0.67 pm), by fitting portions of spectra recorded by the OMEGA in-
strument, (Observatoire pour la Minéralogie, I'Eau, les Glaces et I’Activité)
on Mars Express. This paper was motivated by the availability of new prior
data sets, which are critical to the accuracy and reliability of the retrieval. Of
particular importance are the surface albedos at each wavelength used in the
fitting and at the precise locations observed in each pixel. Our objective was
to exploit the spatial extent of OMEGA spectral images to investigate the

distribution of water ice aerosol physical properties within cloud formations.
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Madeleine et al. (2012) examined water-ice cloud formations in the aphe-
lion cloud belt using an ice cloud index (ICI) and analyzed clouds over the
Tharsis plateau, seeking diurnal and seasonal trends in particle size and opac-
ity. However, their study was limited to only 14 Mars Express orbits, and the
retrieval only used a small subset of OMEGA spatial pixels to represent the
cloud formations. Our approach differs from that of Madeleine et al. (2012)
in that we have attempted to automate the analysis and retrieve cloud prop-
erties from as many pixels as possible, and evaluate the results statistically.

A new method to retrieve multi-spectral surface albedo from OMEGA im-
ages using principal component analysis has been used to recreate OMEGA
images where each pixel contains the surface albedo as a function of wave-
length (Geminale et al., 2015). We have used the ICI to find OMEGA pixels
containing clouds that overlap with the available cloud-free, multi-spectral
surface albedo maps over the aphelion cloud belt region (between 5° S and
35° N). We have performed retrievals of rg and 73 on over 200,000 pixels from
94 cloudy OMEGA spectral images that overlap 60 surface albedo maps

The majority of OMEGA observations analyzed have very narrow longitu-
dinal ranges, which makes studying the distribution of r.¢ difficult. However,
rog and 7; are inversely related and can be used to compute the mass, M,
of the water-ice column, which can more directly inform us about daily, sea-
sonal, or geographical trends in their formation. The position of the curve
resulting from plotting 73 against r.g varies depending on the ICI of the pixels.
These are, in fact, curves of equal mass in the r.g — 73 parameter space. The
OMEGA spectra are primarily sensitive to absorption by water-ice aerosols,

and therefore to the mass of water-ice along the line of sight. The slope of
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the relationship 7, o< 1/reg exhibits an empirical dependence on ICI, and,
therefore, we find that the easily-computed ICI is a proxy for water-ice col-
umn mass. We observe that the relationship between the two parameters
is strongly obeyed, and that within a single cloud formation there can be
large variations in the spatial distribution of retrieved r.g values, with corre-
sponding variations in 7;. The cloud mass, however, has a more homogeneous
spatial distribution and is similar to that seen in the visible channel of the
OMEGA pixels and the ICI maps.

The water-ice column (WIC) is defined as M/p and expressed in precip-
itable (pr.) pm, with p being the density of water-ice. We have used the ICI
to estimate the WIC for the entire OMEGA data set to produce a multi-year,
near-global climatology of water ice aerosols.

After an introduction to the OMEGA instrument and its data product in
Section 2, we will introduce the retrieval algorithm in Section 3 and the new
prior data sets in Section 4. The subset of OMEGA data used in this study
is given in Section 5. Results are presented in Section 6 and will examine
the parameter spaces of the retrieved, fixed, and computed variables; the
spatial distributions of those variables; seasonal and diurnal trends; the link
between water-ice column mass and ICI; and efforts to constrain the retrieval

to obtain better performance in the presence of very thin clouds.

2. OMEGA

The OMEGA instrument, on Mars Express, records three-dimensional
image cubes where each z-y position contains the reflectance spectrum be-

tween 0.35-5.1pm. The Mars Express orbit is an ellipse with periareion
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and apoareion of 298 km and 10,107 km, and OMEGA records images that
are 16, 32, 64, or 128 pixels wide, depending on the orbital characteristics
at the time, and that may be thousands of pixels long. The spectra are
recorded by a 352 detector array in three channels: visible (0.35-1.05um),
C (1-2.77pm), and L (2.65-5.1 pm). Spatial resolution of the image cubes
depends on the orbital parameters at the time of observation, but they are
typically 20-30 km wide for 32 pixels, or 5-7 km wide for 16 pixels (these two
cases account for 80% of our data set), but can be several hundred kms wide
for 128 pixels. The signal-to-noise is at least 100 and the spectral resolution
is generally between 0.013-0.02 pm (Bibring et al., 2004).

Mars Express was launched in June 2003, arrived at Mars in December
2003, began returning OMEGA data in January 2004, and continues to do so,
having completed over 14,000 orbits. Unfortunately, instrument degradation
over time has led to the death of several pixels, and in September 2010 the
coolant supply used by the C channel detectors was exhausted. OMEGA
continues to record cubes with the visible and L channels, but our analysis
requires the C channel, and so data is limited to 2004-2010, covering three
Mars years (MY), in this study.

3. Retrieval Algorithm

The inversion method used here, as described in Madeleine et al. (2012),
fits a computed spectrum at seven wavelengths which cover the 1.5 pm, 2 pm,
and 3.1 pm water absorption bands. The steps in our analysis are: identifying
OMEGA observations with sufficient cloud cover that overlap the OMEGA

surface albedo data set, selecting pixels for analysis, matching cloudy pixels
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to surface albedo pixels, and performing spectral fitting to retrieve r.g and
i

The OMEGA albedo cubes are divided into groups by quadrangle (Bat-
son et al., 1979), and pixel matching was done independently for each group.
A bounding box is defined for each group by their latitude and longitude
extrema. An OMEGA image cube is selected for pixel matching if a portion
of its spatial coverage is within the bounding box, and if the cloud cover
is greater than 10%. Cloud coverage is defined as the percentage of pixels
in a cube with an ICI of < 0.72. The ICI is defined as the ratio of mea-
sured reflectances at 3.4 and 3.52 pm (Langevin et al., 2007), which indicates
whether the shape of the 3.1 pm water absorption band reflects the presence
of ice. Note that with this definition a lower value means thicker clouds, and
the quantity 1 — ICI is also used elsewhere. The threshold value of 0.72 is a
qualitative convention adopted by past studies of the ICI (Madeleine et al.,
2012; Szantai et al., 2017b, 2019).

For each pixel in a cloudy OMEGA cube, a set of criteria must be met for
it to be selected for analysis. The ICI must have been successfully retrieved
and be < 0.72. We want to avoid areas with strongly changing brightness
features, so the ICI is compared to those of the surrounding pixels. We
required that each of the eight surrounding pixels had a successfully retrieved
ICI and that the difference between the candidate pixel and each of the
surrounding pixels be less than 6%. Smoothing will be implemented by
taking the average spectrum with surrounding pixels. To avoid introducing
a bias by introducing pixels several times, we also required that no more

than three of the surrounding pixels overlap with those of the previously
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selected pixel. Finally, the closest pixel in the set of albedo cubes is found.
The distance between a candidate pixel and the nearest albedo pixel must
be within 1.5 km.

The spectrum to be fitted is the mean of the selected pixel and the eight
pixels surrounding it. This reduces instrumental noise, but increases the foot-
print of the observation being analyzed. The surface albedo is the most criti-
cal parameter in the computed spectrum, but the footprint of the observation
used to retrieve albedo can already be very large and will not perfectly over-
lap the footprint of the cloudy pixel being analyzed. The averaging smooths
the spectrum, and reduces the effects of small-scale topographical features
on reflectance. Our requirement on the similarity of the ICIs of all pixels
in the mean improves the likelihood that we are analyzing a homogeneous
cloud mass.

Spurious behaviour has been observed in portions of the OMEGA spectral
images during different time periods. These pixels are excluded. No orbits
after 8485 (MY 30, Ls 135°) are considered due to the loss of coolant in the
C-channel detectors. A known misalignment exists between the L- and C-
channels during different time periods. This is corrected in both the cloudy
OMEGA cubes and the albedo cubes.

The wavelengths in the OMEGA spectra used for the retrieval were cho-
sen to avoid interfering gaseous absorption. A transmission spectrum of the
Martian atmosphere in this wavelength region is characterized by several
gaseous absorption features (see Madeleine et al. (2012)) which can be ex-
cluded from the fitting to reduce the number of parameters fit and avoid

steps taken to correct for gaseous absorption, which both result in reduced
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uncertainties. The detectors for two of the wavelengths previously used be-
came faulty during later orbits, so we use adjacent wavelengths. This version
of the retrieval method computes spectral reflectances at 1.18, 1.49, 1.73,
2.23, 2.43, 3.40, and 3.52 pm (previous pixels included 1.51 and 2.46 pm).

Reflectances are computed using the DISORT radiative transfer code
(Stamnes et al., 1988), and the a priori discussed in Section 4: the surface
albedo at each wavelength retrieved from a cloud-free, overlapping OMEGA
cube, climatological dust opacity, surface temperature and pressure, and the
atmospheric temperature profile. Details about the forward modelling of the
computer spectrum and sources of error are given in Madeleine et al. (2012).
The cloud layer is assumed to be at 25 km, and dust is assumed to be uni-
formly mixed. Single scattering parameters for dust are calculated using the
T-Matrix code (Mishchenko et al., 1996), refractive indices from Wolff et al.
(2009), and Gamma size distribution with regq = 1.5um, vegq = 0.3, as
recommended by Wolff et al. (2009). For water ice, single scattering param-
eters are deduced from Mie theory, refractive indices are taken from Warren
and Brandt (2008), and a log-normal distribution of effective variance, v,
of 0.1 is used. The computed spectrum is then fitted to the measured spec-
trum, with r.¢ and 7, as free parameters. Minimization is done using a
Levenberg-Marquardt least squares routine. An example OMEGA spectrum
and corresponding surface albedo and best fit are shown in Fig. la. Fig.1b
shows the water absorption features present in the OMEGA data by com-
paring a spectrum obtained in the presence of clouds, and the corresponding
cloud-free spectrum used to retrieve surface albedo.

The retrieval of water-ice cloud properties from the OMEGA image cubes

10
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Figure 1: a) An example OMEGA spectrum and best fit for a single selected pixel. Shown
are the spectrum, in blue, from the C channel (1-2.6 pm) and L channel (2.6-4 pm); the a
priori albedo, blue circles; and the best fit results, black x. b) Comparison of two OMEGA
observations of the same location for periods when water ice clouds were present, blue,
and when the region was cloud free, red, and the spectrum was used to retrieve surface

albedo.

is very difficult and not always successful. The majority of clouds observed
are too optically thin for significant water-ice absorption features to appear
in the spectra. The OMEGA instrument has limitations for this sensitive
application, such as a narrow spectral range, coarse spectral resolution, and

a noise level that is significant relative to the water-ice features. The retrieval
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depends on several a priori parameters which are uncertain. Errors made in
each a priori parameter will propagate to the retrieved values of r.g and 7.
Of critical importance are the retrieved albedo values. Our retrieval is most
sensitive to this parameter. Note, however, that both the surface albedo
retrieval and the cloud properties retrieval use the same source data for the
dust optical depth. Changing the a priori dust optical depth, atmospheric
temperature, or surface temperature results in small changes in the results.
Varying the albedo, however, can result in non-convergence.

In Fig. 2, we show the distribution of y? values (see Madeleine et al.
(2012) for details) resulting from a range of r.¢ and 73 values for two spectra,
for which we found retrieved r.g values of 3.8 pm (panel a) and 7.6 pm (panel
b). The higher retrieved r.g value is associated with a lower optical depth.
The curves visible in both panels show allowed r.¢ and 7; combinations for
an equal water ice column mass. The OMEGA instrument is sensitive to
the mass of water ice and any errors made in the retrieval of r.¢ and = will
still reflect the mass of the column. Combinations of r.g and 7; that lie far
from this curve (e.g., large particle sizes and optically thick clouds) cannot be
used to accurately model an OMEGA spectrum. The relationship between
reg and 7; is discussed in sections 6.2 and 6.3.

We also see that the regions of low 2, where good spectral fits and likely
solutions are found, tend to be large areas where several possible solutions
can produce reasonable fits. For optically thin clouds, with low 7; values,
these regions can be broad, but still follow a curve of equal mass in the
parameter space, as shown in Fig. 2b. For retrievals with , < .4 a wide

range of reg values produce reasonable fits, and the minimization can find
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best-fit solutions with r.g values greater than our expectations of 2-5num,
which are based on past observations such as those shown in Fig. 4c.

A large effort was made to understand what causes these high-r.g re-
trievals and whether they were reliable and properly representative of the
state of the atmosphere. This effort is discussed in Section 7. This type
of solution is highly degenerative and occurs only for thin clouds when the
water-ice absorption in the spectrum is weakest. Small errors in our signal
(e.g., noise) or our model (e.g., errors in a priori) can lead to large errors
in 7. Often, these results will occur within a cloud formation alongside
retrieved rog values of ~ 3 pum, such as those shown in Fig. 6¢, while we do
not expect such extreme variation in r.¢ within a single formation. However,
we also find cloud formations predominantly made up of large particles, as
shown in Section 7 (Fig. 12a). We have identified conditions that preferen-
tially cause high-r.g results, but we do not discount this data, as it may be
real in some cases, and there are exceptions to any rule for data rejection. In-
stead, we present the full set of retrievals, pushing the limitations of our data
and method, and urge caution when interpreting retrievals of rog = 10 pm,

which may be viable in some instances.

4. Prior Information

The retrieval algorithm requires accurate prior knowledge of the surface
albedo at each fitted wavelength, the surface temperature the surface pres-
sure, the vertical profiles of atmospheric pressure and of temperature, and
the opacity of atmospheric dust. To select pixels for analysis, we also require

the ICI. To aid studies of the cloud cover on Mars, pre-computed ICI maps
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Figure 2: The distribution of x? values for two OMEGA spectra with features that result
in retrievals of: a) 7oy = 3.8 um and 7 = 1.35; and b) reg = 7.6 pym and 73 = 0.51. The x?

minimization results are shown with white x.

have been created for the entire OMEGA data set, along with a database
of parameters and statistics (such as percent of pixels with water ice cloud
cover) for each OMEGA cube (Szantai et al., 2017a).

To obtain the temperature of the surface and atmosphere for each pixel,
we used the latest version of the LMD Mars general circulation model (LMD-
GCM) (Forget et al., 1999) accessed through the Mars Climate Database
(MCD) V5.2 (Millour et al., 2015). Madeleine et al. (2012) computed the ICI
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for each analyzed pixel at the time of the retrieval and used an older version
of the MCD (V4.3) to obtain temperature information. The more recent
version of the MCD reflects significant improvements in the modelling of the
main atmospheric cycles on Mars, such as dust, water, and CO,, due to large
improvements in the LMD-GCM, such as the inclusion of radiatively active
clouds (Madeleine et al., 2012), semi-interactive dust transport, and new
dust radiative properties (Madeleine et al., 2011). Other improvements were
made to the cloud micro-physics (Navarro et al., 2014), convective boundary
layer scheme, CO, cycle, and the representation of non-local thermodynamic
equilibrium cooling in the upper atmosphere.

To get the atmospheric dust content, Madeleine et al. (2012) scaled the
measurements from the nearest Mars Exploration Rover on the day of the
observation, which would have been thousands of km away, assuming that
dust was uniformly mixed horizontally and vertically. A new climatologi-
cal database of dust opacities has been developed using observations from
the Mars Global Surveyor Thermal Emission Spectrometer (TES), the Mars
Odyssey Thermal Emission Imaging System (THEMIS), and the Mars Re-
connaissance Orbiter Mars Climate Sounder (MCS), and including observa-
tions from the Martian surface when available (Montabone et al., 2015). In
our analyzed data set, there are no directly coincident dust measurements in
the database, so we used the complete-coverage reconstructed maps (kriged
data rather than gridded). In order to use the data in our retrieval algo-
rithm, several steps were taken: the dust column provided is at a constant
pressure level, and we correct to the surface pressure and elevation of each

pixel location; the data provided are absorption optical depths and we re-
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quire extinction optical depths, so they are converted by multiplying by a
factor of 1.3 (Wolff and Clancy, 2003); the data provided are at 9.3 pm, and
we require the optical depth at 0.88 um, obtained by multiplying by a factor
of 2.0 as recommended by Montabone et al. (2015). These approximations
introduce non-negligible uncertainties into the dust content used by both the
surface albedo retrievals and cloud properties retrievals.

In order to retrieve cloud properties from OMEGA spectra, Madeleine
et al. (2012) first searched for a cloud-free OMEGA spectrum at the same
location. A strict set of criteria were applied to the selection of a cloud-
free spectrum, restricting the slope of the ground, difference in dust content
between the cloud and cloud-free spectra, and the difference in their obser-
vation angles. The cloud-free spectrum was first used to retrieve the surface
albedo using spectral fitting between the observed spectrum and a spectrum
computed using the DISORT radiative transfer code (Stamnes et al., 1988)
using the surface albedo as the free parameter. A priori information for the
cloud-free spectrum came from the same sources as for the cloudy spectrum.

Geminale et al. (2015) have analyzed a subset of OMEGA image cubes
to retrieve surface albedo for each wavelength of the OMEGA spectra. Their
retrieval method uses a combination of principle component analysis and
target transformation to remove the gaseous atmospheric contribution to the
OMEGA spectra in the spectral range between 0.4—4pm. Their aim is to
remove the spectral components produced by the atmosphere to improve
studies of Martian surface mineralogy. The covariance matrix for a set of
OMEGA spectra is used to derive a set of eigenvectors which are trans-

formed into a set of spectral end-members that can be used to reproduce the
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observed spectra. A spectrum of the surface reflectance is constructed from
a linear combination of spectral end-members with those attributed to the
gaseous atmospheric contribution removed. Moreover, the dust contribution
has been removed by the spectrum considering that the observed reflectance
factor at a given wavelength is a function of surface reflectance and dust
optical depth (Vincendon et al., 2007). Taking advantage of this relationship
and using dust opacities from Montabone et al. (2015), it is possible to sim-
ulate reflectance factors using a multiple-scattering radiative transfer code
(Ignatiev et al., 2005). The surface reflectance factor is determined as the
value that corresponds to the best fit between the observed reflectance factor
and simulated one for each wavelength. Finally, the surface thermal contri-
bution is removed in the spectral range between 3-4pum (Audouard et al.,
2014). It should be taken into account that the surface spectra retrieval
strongly depends on the assumptions made on dust (grain size distribution,
radius, and variance) and on the dust optical depth values. Indeed, dust
properties could depart from the ones assumed in the model and this can
be even more important when dust optical depth is high. This is the same
conclusion reached by Madeleine et al. (2012).

In their original publication, Geminale et al. (2015) analyzed two OMEGA
image cubes, but have since expanded their data set. We used 60 multi-
spectral albedo cubes in this study. A comparison of the albedos retrieved
by Madeleine et al. (2012) and by Geminale et al. (2015) is discussed in Sec-
tion 6 and shown in Fig. 4. Using the ICI as an indicator, and considering
the fraction of pixels with an ICI less than 0.72, 55 of the 60 OMEGA image

cubes are cloud free, and four of them have cloud cover over less than 0.3%
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of their area. The remaining one cube has a cloud fraction of 9%, but none
of the overlapping pixels used from this cube bore clouds. Dust affects the
accuracy of the albedo retrieval and can impact cloud properties retrievals.

This is discussed in Section 7.

5. Data Set

The OMEGA data were produced in groups and cover the Mars quad-
rangles MC09 (Tharsis) to MC13 (Syrtis Major). This region stretches from
140°W to 90°E and from 35°S to 35°N. The coverage of the albedo data is
presented in Fig. 3, which shows the surface albedo at 1.51 pm. From these
60 albedo cubes, we found 94 cloudy OMEGA image cubes with overlap-
ping pixels suitable for analysis. Table 1 gives a summary of the number of
pixels analyzed over each region, and shows that the highest number were
found over the Tharsis region, where the extreme topography of the Tharsis
volcanoes drives cloud formation. In total, we analyzed 209,936 pixels, with
158,190 coming from the MC09 and MC17 regions.

No restriction was places on Ls, but the majority of cloudy observations
found come from the aphelion period, between Ls 35° and Ls 135°. The
distribution of observations has two peaks near Ls 50° and Ls 100°. There
are four observations between Ls 200°-208°, one observation at Ls 12.5°, and
another at Ls 351.2°.

A set of data quality cuts were applied to the data to remove poor fits, ex-
treme outliers, and physically unrealistic values. The data have been archived
conforming to the Planetary Data System (Version 4) for distribution as part

of the UPWARDS project through the ESA Planetary Science Archive at
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Table 1: Summary of analyzed pixels from the OMEGA data set showing the locations,
Mars quadrangles (MC), number of OMEGA observations used (Obs.), the total number

of pixels analyzed, and the number of analyzed pixels passing data quality cuts.

Region MC Area Obs. pixels After cuts
0°-30°N
Tharsis 09 65 142498 100891
90°-135°W
0°-30°N
Oxia Palus 11 20 30771 9203
0°-45°W
0°-30°N
Arabia 12 4 10926 7202
0°-45°E
0°-30°N
Syrtis Major 13 10 10049 6959
45°-90°E
Phoenicis -30°-0°N
17 12 15692 5517
Lacus 90°-135°W
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Figure 3: A map of available retrieved surface albedo data, showing the surface albedo at
1.51 pm. The background is a relief of MOLA surface elevation. The outlines indicate the
Mars quadrangle, from left to right: MC17 (red), MC09 (orange), MC11 (blue), MC12
(green), and MC13 (violet).

open.esa.int/esa-planetary-science-archive/. The data quality re-
quirements applied are: x2 < 2000, 0.5 < reg < 25, and 73 > 0.15. The
X2 requirement affects 49306 (23%) pixels, the requirement imposed on 7.
affects 60736 (29%) pixels, and the 7; requirement affects 6519 (3%) of pix-
els. Overall, 62% of analyzed pixels passed the data quality cuts. The total
number of pixels passing the cuts for each region is given in Table 1. The
fitting of 30056 pixels failed to converge, only two thirds of which resulted in
x2 outside our criterion. Fitting fails to converge when our computed spec-
trum does not properly model the measured spectrum, which can occur for a
variety of reasons that include: errors made in the measurement (e.g., detec-
tor degradation over time), a water-ice signal below the instrument noise, or
topographic features impacting reflectance (e.g., crater rims). Our investiga-
tion into results with good fits, but large retrieved values of r.g is discussed

in Section 7.
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6. Results

Armed with the new multi-spectral albedo data set, the first thing we
examined was the effect the new a priori had on retrievals by comparing
them with those presented in Madeleine et al. (2012). We also examined the
sensitivity of the retrieval to each piece of a priori information by comparing
retrievals after updating only one parameter at a time. What we observed,
for 13 of the 14 locations examined in Madeleine et al. (2012) (the fourteenth,
orbit 10346 (MY 27, Ls 111.9°), had errors in its ICI analysis and so was
omitted here), was that changing the a priori dust, surface temperature, or
atmospheric temperature vertical profiles caused changes in the retrieved rqg
on the order of tenths of pm, with the dust having the largest impact. Two
of the locations, in orbits 0887_5 (MY 27, Ls 93.4°) and 1023.6 (MY 27,
Ls 110.6°), proved challenging to reproduce the results in Madeleine et al.
(2012) with any changes to the a priori. Madeleine et al. (2012) showed that
orbit 0887_5 had the highest sensitivity to initial conditions in their study,
resulting in the highest uncertainty, while orbit 1023_6 had the lowest water-
ice column (WIC), implying the thinnest layer of cloud cover analyzed. We
confirm that this pixel also had the highest ICI value within the data set.
Finally, changing the a priori surface albedo had a critical impact on the
results, causing differences of a few tenths of pm to a few pm in the retrieved
Teff -

A comparison of the albedo data retrieved by Madeleine et al. (2012) and
Geminale et al. (2015) is shown in Fig. 4, which shows a correlation plot
of all the spectral points for the 13 pixels re-analyzed, as well as the mean

difference at each spectral point between the albedos retrieved by Madeleine
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et al. (2012) and Geminale et al. (2015). We observe a small bias in the
results, with those from Geminale et al. (2015) having higher albedos in the
C channel region, and much lower albedos in the L channel region. The L
channel has the strongest water-ice absorption feature, is the most difficult
region of the spectrum to fit, and has a significant impact on the results.
It should be noted that the results of (Geminale et al., 2015) also benefit
from improvements made to the sources of surface temperature, dust optical
depth, and an updated version of the L channel calibration.

Fig. 4 also compares the retrieved r.g results using the new a priori in-
formation to those reported in Madeleine et al. (2012) by reproducing Fig.
11a in that paper, which shows r.¢ as a function of Ls. We find that after
updating the a priori, we no longer observe the trend in Fig. 4c discussed in
Madeleine et al. (2012), and that some of our results now deviate strongly,
illustrating how sensitive and difficult this retrieval is.

In the original analysis of Madeleine et al. (2012), they carefully examined
the sensitivity of the retrieval to each piece of a priori information to quantify
the uncertainty of their results, and we refer the reader there to further
explore the retrieval sensitivity. They obtained uncertainties for retrieved
rog between 0.4—1pm, as indicated in Fig. 4c, and between 0.09-0.13 for 7.
In all cases, the new apriori data produce better fits for the spectra analyzed
by Madeleine et al. (2012). Because of that, and our belief that the new
surface albedo is more accurate than before, the uncertainties will be on
the same order, but less than those presented by Madeleine et al. (2012).
Uncertainties for individual pixel retrievals had not been computed for the

entire 200,000 pixel data set at the time of writing due to the unavailability of
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Figure 4: A comparison of the inputs and retrievals presented in Madeleine et al. (2012)
and here. Panel a) shows the correlation plot between retrieved aerosol-free surface albedos
from Madeleine et al. (2012) and Geminale et al. (2015) (labelled MAD12 and GEM15,
respectively). Data shown are for the OMEGA orbits analyzed in Madeleine et al. (2012).
Each observation has seven points for each wavelength fit in Fig. 1, and is given a unique
colour and symbol combination. Panel b) shows the mean albedo differences at each
retrieval wavelength for the same data as in panel a). Panel ¢) shows the retrieved mean
effective radius as a function of solar longitude. Results found for single pixels by Madeleine
et al. (2012) are shown in black, and our results, which are the mean of the analysis of
many pixels, are shown in blue. Also shown are measurements made by Zasova et al.

(2001) (red triangles) and Wolff and Clancy (2003) (red diamond).

rigorously quantified uncertainties in the surface albedo data set, which our
calculation is critically dependant on. However, a very good estimate of the
uncertainties is determined by considering the ensemble of analyzed pixels,
shown in Fig. 5. The standard deviation of retrieved r.g¢ in the primary
peak centred near 2pm is 0.81 pm. The corresponding standard deviation
for retrieved 7 is 0.51, indicating that the particle size has less variability
than the optical depth.

The objective of this analysis is two-fold: to circumvent the pitfalls of
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fitting a single spectrum from a cloud with uncertain a priori information
by analyzing a great number of spectra and considering the entire sample
of their results; and to explore the variability of water-ice cloud physical
properties within a cloud formation.

We have analyzed 94 OMEGA image cubes, with the number of pixels
used ranging from a few hundred to several thousand. Fig. 5 presents his-
tograms of 7.g, 7, ICI, and x? for the entire data set, after applying data
quality cuts outlined in Section 5. The rqg results are characterized by hav-
ing two distinct peaks: a tall, narrow peak centred around 2.21 pm (with a
standard deviation of 0.81); and a wide, low peak centred around 12.4 pm.
(standard deviation of 6.2). Note that the appearance of a minor peak near
5 pm is due to two observations, 0887_5 and 0898_5, with large samples of
analyzed pixels and means r.g of 5.2 and 4.7 nm, respectively. These obser-
vations were both analyzed by Madeleine et al. (2012) who found similarly
large reg values (5.4 and 4.7 pm). They were recorded on Ls 93.5° and 94.8°
in MY 27. Two distinct populations of water ice aerosols were also observed
by Wolff and Clancy (2003) and were interpreted to represent distinct cloud
types.

These results are in agreement with previous observations and analyses
(e.g. Toon et al., 1977; Clancy et al., 1995; Pollack et al., 1995; Wolff and
Clancy, 2003), which found water ice aerosol sizes to be around 1-2 pm. Fe-
dorova et al. (2014); Guzewich et al. (2014); Clancy et al. (2003) observed an
altitude-dependence in water ice aerosols formed over the aphelion cloud belt,
with smaller particles (1-2pm) forming at higher altitudes, and larger par-

ticles (3-4 um) forming closer to the surface. Smaller particle sizes (0.1 pm)
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Figure 5: Histograms of: a) retrieved reg; b) retrieved 7i; ¢) ICI; and d) x? of the best fit

for all analyzed pixels in our data set, after applying data quality cuts.

were also observed by Rannou et al. (2006). Note that 7; is generally less
easy to directly compare since it is not always reported at the same wave-
length. Madeleine et al. (2012) compares the 0.67 pm 7; retrieved with the
method used here to the 0.4 pm 7; reported by Benson et al. (2003), and note
agreement within uncertainty.

The 7; results also exhibit a less distinct pair of peaks, with the rqg results
above 7pm corresponding to the 7; results less than 0.6. The relationship
between rqg, 73, and ICI is discussed in sections 6.2 and 6.3, and the results

with reg > 7pm are discussed in Section 7.
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6.1. Spatial Distributions

Our approach to cloud properties retrievals has yielded a data set that
allows us to examine the distribution of cloud properties within cloud for-
mations. At this time, however, our data set is limited in size, but also by
the viewing geometry of the OMEGA instrument. Fig.s 6 and 7 provide two
examples of the mapping of retrieved cloud properties, and show observa-
tions from OMEGA orbits 0937_5 (MY 27, Lss 99.7°) and 3272_3 (MY 28, Ls
85.0°), respectively. From left to right they show a visible image derived from
OMEGA, the ICI, retrieved r.g, and retrieved 7;, with backgrounds showing
the topography and overlapping retrieved surface albedo. The visible images
are useful to identify the presence of cloud cover and distinct surface fea-
tures. A quick comparison of panels a) and b) in both figures highlights the
usefulness of the ICI to identify the presence of clouds.

The topography and visible images in panels a) also help evaluate aspects
the retrieved surface albedo. The surface albedo does not reflect changes in
elevation, but rapid changes in topography, such as craters visible in Fig. 6
and a large cliff band in Fig. 7, appear visible in the albedo data. Since
albedo values in these regions reflect physical changes in the surface and in
the illumination conditions rather than constant radiometric properties, they
prevent accurate cloud properties retrievals. In Fig. 6 there are three large
craters. Retrievals were not possible near 9°N, and retrievals resulted in very
high estimates of r.g¢ along the crater edges near 10 and 15°N. In Fig. 7, the
cliff band near 5°N affects the OMEGA spectra in such a strong way that
this feature is visible in the ICI measurements. Cloud properties retrievals

in this region result in unrealistically high 7; values.
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Figure 6: Spatial distributions of retrieved water-ice cloud properties for OMEGA orbit
0937_5 (Ls 99.7, and 16:15 LT). The foregrounds of each panel show the: a) visible image
generated from the OMEGA observation, b) the ice cloud index, ¢) retrieved mean effective
radius, and d) retrieved optical depth. The background of panel a) shows MOLA surface
elevation, and the backgrounds of panels b), c¢), and d) show the surface albedo at 1.51 pm

retrieved from a co-located cloud-free OMEGA observation.

These figures also illustrate the limitations of the retrieval when cloud
thickness, as measured by the ICI, is low. Both figures feature regions with
very thin clouds, indicated by high ICI values, where the retrievals result in
unrealistic values. This occurs between 15 and 18°N in Fig. 6, where the
retrieval found optically thin clouds with very large particles, and between
1 and 3°N in Fig. 7, where the retrieval found optically thick clouds when

none were present.

6.2. Cloud Mass

The WIC and water-ice column mass can be computed from the product
of the retrieved parameters, o and 7, (Mateshvili et al., 2007; Madeleine

et al., 2012). Therefore, 1o and 7; are inversely related to one another
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Figure 7: Spatial distributions of retrieved water-ice cloud properties for OMEGA orbit
32723 (Ls 85.0, and 14:11 LT). Panels are as in Fig. 6.

through the mass, extinction efficiency, and density of the scattering water-

ice aerosols:
_ 3MQext (1>
4:0Teff

where M is the water-ice column mass along the line of sight, p is the den-
sity of water ice, and Qe is the extinction efficiency. A database of Qext
values were pre-computed for range of r.g values using method of Bohren
and Huffman (1983) for a log-normal distribution of scattering particles with
an effective variance of 0.1, as in Wolff and Clancy (2003) and refractive
indices from Warren and Brandt (2008). M is directly proportional to WIC
(WIC = M/p) which was derived from OMEGA retrievals by Madeleine
et al. (2012).

Eq. 1 allows us to calculate the column mass of water-ice for each pair

of retrieved values. Fig. 8 shows four examples of the spatial distribution

of column mass. This is more homogeneous than the individual parameters
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Figure 8: Spatial distributions of retrieved water-ice cloud column mass for OMEGA
orbits: a) 09375 (Ls 99.7, LT 16:15, MY 27), b) 3272_3 (Ls 85.0, LT 14:11, MY 28), c)
29575 (Ls 46.3, LT 16:54, MY 28), and d) 32764 (LS 85.5, LT 14.22, MY 28).

and well correlated to the distribution of ICI maps. For example, compare
Fig.s 6b and 7b to Fig. 8a and 8b. With the exception of areas around crater
edges, we find that the mass distribution is aligned with the ICI distribution,

with greater mass correlated to thicker clouds, as expected.

6.3. ICI and Cloud Mass

The relationship given in equation 1 is extremely well obeyed by the cloud
properties retrievals from OMEGA observations. This implies that even when
a retrieval results in an unrealistic value of rg, the retrieval is still well enough
constrained to obtain a reasonable estimate of water-ice cloud column mass
because the cloud spectral signature is primarily controlled by absorption.
Fig. 9a shows the relationship between retrieved r.¢ and 7; values. The colour
scale is the ICI and the shapes exhibited by monochromatic bands are curves

of equal mass. What we observe is that a retrieval resulting in high mean

29



516

517

518

519

520

521

522

523

524

525

526

527

b)

0.8 3.0

07 2.5 4

2.0 4
0.6

ICI
T

0.5

0.4

0.5 0.5

T T T T T T 0.3 T T T T
1 2 3 4 5 6 7 500 1000 1500 2000

Teff (Um) EI
Aprefe

Figure 9: The parameter space of retrieved water-ice cloud properties. Panel a) shows
as a function of reg, with the ICI represented with the colour scale. The contours show
ICIs calculated from synthetic spectra generated for the range of rog and 7; values shown
and represent curves of equal mass. Panel b) shows the same data as in panel a) linearized
using equation 1. The data was binned according to ICI (each bin represented by a colour)

and the slope found. Best fit lines for each ICI are shown, coloured to match the data.

effective radius is always associated with a very low optical depth. We also
see a trend in the position of the inverse relationship with ICI, and therefore
infer that column mass, M, is be related to ICI. This relationship between
reg and 7 is also exhibited in the x? distributions shown in Fig. 2.

To confirm this relationship we created a model of the r.g—7; parameter
space. For a grid of rog and 7; values covering the domain and range of Fig. 9a,
and a synthetic spectrum was computed at each location. The ICI was found
for each synthetic spectrum and the model results are shown in Fig. 9a as
contours of ICI. A trend in the contour location with ICI is clearly seen, and
the colour scale agrees with the retrieval results. However, the relationship is
not exact since the synthetic spectra also depend on surface albedo and the

atmospheric dust loading. The model was recreated for several albedo and
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dust configurations, and each different scenario alters the contour locations.
The spread in the data that have similar ICI values in Fig. 9a is due to
variations in those physical parameters.

Fig. 9b presents the data from Fig. 9a in a linearized form, showing the
relationship between 7, and 1/r.g. The data were grouped into ICI bins
(22 bins, widths of 0.019), which are represented by the colours in Fig. 9b,
and the slope and intercept of each group were found, with the slope being
directly proportional to column mass as in equation 1. The resulting column
masses as a function of ICI are shown in Fig. 10. Fig. 10 also shows the
results of the same analysis performed for the synthetic data shown in Fig. 9,
as well as the distribution of individual retrievals (restricted to 7 values
below 7 pm).

What we have found is that the ICI, which is very straight-forward to
compute (ratio of reflectances at 3.4 and 3.52pm), is a good proxy for the
column mass of the water-ice aerosols present, or the WIC. Though estimat-
ing M or WIC from the resulting relationship shown in Fig. 10 will not be as
accurate as performing a full retrieval of r.g and 7, it is much less computa-
tionally expensive and has applications for other data sets. For example, full
retrievals of r.¢ and 7, cannot be made for the entire OMEGA data set due
to a lack of retrieved surface albedo data, a lack of suitable overlapping cloud
free observations to use for the albedo retrieval, and the relatively short life
of the C-channel over the mission duration. This relationship allows us to
generate maps of the distribution of M or WIC for the entire OMEGA data
set between 2004 to the end of life, when water-ice clouds are present, as

determined by the ICI. The primary limitation in this method is that the
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Figure 10: The relationship between water-ice cloud column mass and the ICI. The entire
data set, limited to retrievals with reg < 7 pm, is shown in green, with the colour scale
indicating r.g value. The slopes from the binned data in Fig. 9b are shown in blue, as a
function of ICI bin centre. The same analysis was performed for the synthetic data shown
in Fig. 9a, and its results are shown in orange. Least squares regression results for the reg

— 77 data set are indicated.

distribution of calculated M values will be narrow and will not fully reflect
anisotropies in less well constrained parameters such as atmospheric dust
opacity and surface albedo.

Regression in the data shown in Fig. 10 is not very well constrained at
low ICI and future work will aim to increase the sample size of retrievals
from this type of spectra. The slope and intercept given in Fig. 10, —0.00653
and 0.00587, respectively, are the regression statistics for the individual M
and ICI values shown. The same analysis has been done for binned data
(resulting in b = —0.009 and a = 0.007),but this is strongly affected by the
lack of data below an ICI of 0.4. We also fit various curves to the data, but
this leads to unrealistically high and poorly constrained results at low-ICI.

We have used this relationship to estimate the WIC for the entire available
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OMEGA data set covering Mars years 26 to 32 (455 million pixels contain-
ing clouds). Results were binned and averaged according to Ls and latitude.
Fig. 11a) shows the climatology of WIC estimated from the OMEGA data
using our empirical relationship between ICI and M. Clearly visible is the
aphelion seasonal cloud belt which peaks near Ls 90°. This matches water
ice aerosol climatologies derived from other instruments, such as the TES
(Smith, 2004), THEMIS (Smith, 2009), and the Mars Express Ultraviolet
and Infrared Atmospheric Spectrometer (SPICAM) (Mateshvili et al., 2009;
Willame et al., 2017). These climatologies have been made for water ice
optical depth, are generally in agreement with one another, and feature two
prominent features: the aphelion clouds between Ls 30° and 180°, and be-
tween 30°S and 30°N; and the polar hoods, along the northern and southern
limits of coverage. The climatologies derived from TES and THEMIS have
very good coverage, but view less of the polar hoods than what we show in
Fig. 11, while those derived from SPICAM are very sparse. In the fringes
of the polar hoods observed by TES and THEMIS, the opacity of the water
ice clouds is equal to those over the aphelion belt, while we have observed
clouds with greater mass in the polar hoods than in the aphelion belt. This
was also observed by SPICAM, though with limited coverage.

The magnitude of the WIC within the aphelion cloud belt is between
1.2-1.6 pr. pm, but climbs above 2.5pr.pm in the polar hoods, where the
WIC is generally between 1.5-2.5pr.pm. It must be noted that the polar
hoods are only covered on the fringes of the spatial domain of OMEGA
observations, fewer data points are used in the climatology, resulting in higher

standard errors for these points. Madeleine et al. (2012) reported WIC values
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between 2-3.5 pr. um for single OMEGA pixels over the aphelion belt, and
noted that this result was higher than previous measurements presented by
Benson et al. (2003) and Mateshvili et al. (2007), who reported WIC values
of 0.07-2.1pr.pm and 1.35-1.8 pr. pm, respectively.

The standard deviations of the climatology pixels are distributed between
0.1-0.3 pr. pm over the majority of the covered area, as shown in Fig. 11b).
Higher standard deviations, between 0.2—0.7 pr. pm, are seen in regions where
clouds may be present, such as the aphelion belt. Outliers, with standard
deviations between 1-2 pr. pm, appear on the southern edge of the OMEGA
limit near the south polar hood (Ls 30°~160°). These pixels correspond to
WIC enhancements in Fig. 11 (dark red and orange), and suffer below average
sample sizes (< 5,000 compared to a mean of 50,000). The enhancements
seen in the north polar hood (Ls > 280°) have nominal sample sizes (>
10,000) and low standard deviations (0.25-0.75 pr. pm). The standard errors
for the WIC climatology pixels shown in Fig. 11 are distributed between
0.0002-0.0015 pr. pm.

A detailed analysis of the ICI distribution and climatology has already
been performed by Szantai et al. (2017b, 2019), with a focus on examining
the extent of cloud cover and the diurnal cycle of water-ice clouds. That
work compared the ICI and the percentage of cloudy pixels for an OMEGA
observation to the integrated water ice optical thickness derived from TES
(Smith, 2004) and the integrated water ice column from the MCD (Forget
et al., 1999; Navarro et al., 2014). OMEGA water ice and cloudiness indica-
tors were temporally averaged onto maps (latitude and longitude) and were

compared to spatially and temporally collocated TES and MCD data.
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Figure 11: a) Water-ice column (WIC) climatology estimated from OMEGA ICI data.
Data shown are for all years (MY 26-32) restricted to local daytime(06:00 to 20:00). Data
are binned in a grid of 2° Ls and 3° latitude. Panel b) shows the corresponding standard

deviation of the WIC computed for each bin.

7. Constraining r.g

A very large number of the analyzed pixels resulted in higher than ex-
pected values of reg (e.g., with respect to Wolff and Clancy, 2003; Fedorova
et al., 2014), as seen in Fig. 5a. A large effort was dedicated to understand-
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ing these results, to determine whether they were real and truly reflected the
state of the atmosphere, to diagnose what elements of the spectral modelling
and fitting were responsible, and to establish whether the retrieval could be
modified or constrained to reduce their occurrence.

While some results are related to surface features, as seen in Fig.s 6 and
7, it is difficult to quantify their contribution to Fig. 5a without a method
for identifying cratering and cliffs in the OMEGA images. The slope of the
surface at a given pixel centre can be computed from the MOLA data, but
due the spatial resolution, the maximum slopes found within our data set are
only around 10-11°, very few pixels lie on slopes greater than a few degrees,
and we found no correlation between pixels with steep slopes and high-rqg
retrievals or y2.

To investigate these high-r.g results, we looked for correlations between
each parameter in the retrieval results (reg, 73, and x?) and any other prop-
erties of the pixels. For every property we investigated, we found poor cor-
relations between it and our results. There are no clear rules that can be
applied to the data to reject a pixel’s result. We can obtain a good fit and
a reasonable result when a pixel is abnormal in some aspect, while having a
failed retrieval, either a very poor fit or a very high r.¢, when all aspects are
nominal.

The properties of an OMEGA pixel that we investigated are: the sur-
face elevation, the surface slope, the surface temperature, the ICI, the mean
retrieved surface albedo (at spectral points used, below 2.5 um), the mean
level of the cloudy spectrum (at spectral points used, below 2.5 pm), the
difference between the mean spectrum levels, the H,O band depth at 1.5 pm

36



644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

(Langevin et al., 2007), the dust opacity in the cloudy spectrum, the dust
opacity in the cloud-free spectrum used to retrieve surface albedo, the ratio
of dust opacities between the cloudy and cloud-free spectra, the spatial res-
olution of the pixel, the spatial resolution of the cloud-free pixel, the ratio
of the spatial resolutions, the maximum of the digital number (raw OMEGA
signal), phase angle, and the incidence angle. No trends were found for the
majority of the listed properties, but some provided insight into the limita-
tions of our retrieval. We found correlations between high-r.¢ results and
the ICI, which was expected, and surface elevation, which was coincidental.
The following four properties, which are all related to one another, may con-
tribute to unreliable retrievals: the dust opacity in the cloud-free pixels, the
mean retrieved surface albedo, the difference between the mean albedo and
the mean spectrum level, and the ratio of dust opacities between the cloudy
and cloud-free pixels.

Large ICI values infer that cloud cover is thin, which limits the infor-
mation content of the data in our retrieval. As the amount of water-ice in
the atmosphere decreases, so too does our ability to accurately determine its
properties. Therefore, we did find that the occurrence of high-r.g retrievals
tends to increase with the ICI, but the variability of retrieval results for thin
clouds is still very large, and we must understand what other factors are at
play.

The appearance of a correlation between high-r.g retrievals and surface
elevation is coincidental. We observed an increase in high-r.g¢ values at el-
evations near zero, but that was only because the majority of observation

occur at low elevations. Observations made at higher elevations tend to be
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of thicker clouds due to cloud formation processes near the Tharsis volcanoes
(e.g., Pearl et al., 2001; Benson et al., 2003; Smith, 2004), where the majority
of our data comes from.

The correlation between r.g and the ratio of dust opacities in the cloudy
and cloud-free spectra is also coincidental. In both cases, the dust opacity is
frequently low and their ratio is close to unity. Thus we see many high-r.g
retrievals with this ratio, but we see the same thing for all values of rqg.

We searched for aspects of the a priori multi-spectral surface albedo,
which we established that our retrievals are critically dependent on, that
systematically lead to unrealistic results. We found that as the dust opac-
ity of the cloud-free pixels used in the surface albedo retrieval increases, the
retrieved albedo values can as well. Indeed, the presence of dust in the atmo-
sphere decreases the reflectance factor of bright surfaces and increases that of
dark surfaces (Vincendon et al., 2007). Therefore, when dust is removed from
the observed spectra, the brightness factor increases for bright regions and
decreases for dark regions. To retrieve albedo, OMEGA observations were
chosen to have low dust opacities and to be cloud-free, but dust is always
present to a small extent and is generally between 0.04-0.45. Dust opaci-
ties used in the albedo retrieval come from the climatology of Montabone
et al. (2015) and tend to be fairly homogeneous over the area covered by an
OMEGA observation. There is more variability in the levels of the resulting
multi-spectral surface albedo among the pixels in an OMEGA image cube
than in the dust opacities used, due to intrinsic variations in the properties
of the surface. High levels of dust optical depth do not necessarily imply

high values for the retrieved surface albedos.
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7.1. High-reg Case Studies

To further explore these high-r.g results, we looked at several distinct
cases, or groupings, within the data. Two such groups were the set of
OMEGA image cubes with the highest percentage of high-r.g results, and
the sets of retrievals with the highest, and lowest, resulting values of 7.g.

In the first case we calculated the ratio of retrievals with reg < 7 pm
to those with r.¢ > 7 pm, and took the ten OMEGA observations that
had the lowest ratio and that had more than 1000 pixels analyzed (without
applying data quality cuts). These observations are: 0902_5 (MY 27, Ls
95.3°), 09315 (MY 27, Ls 98.9°), 09425 (MY 27, Ls 100.3°), 0942 6 (MY
27, Lis 100.3°), 10226 (MY 27, Ls 110.4°), 1030_7 (MY 27, Ls 111.4°), 1055_6
(MY 27, Ls 114.7°), 3305-3 (MY 28, Ls 89.0°), 33163 (MY 28, Lis 90.4°), and
83711 (MY 28, Ls 111.7°). These ten observations collectively have 41019
analyzed pixels, but account for about half of the results with reg > 7 pm
in Fig. ba. Histograms of the retrieved r.g values for these observations are
shown in Fig. 12a, and they infer that the cloud formations they represent
are predominantly made up of very large water-ice particles. Fig. 12b shows
a histogram of the combined data from Fig. 12a, compared with the entire
data set (same as Fig. ba).

We compared the properties of this group of pixels to the whole data set
and found that most properties, such as ICI, phase angle, incidence angle,
surface temperature, elevation, HoO band depths, spatial resolutions, etc.,
were average. However, two properties stood out: the dust opacity in the
cloudy observations, and the dust opacity in the cloud-free observation used

to retrieve surface albedo. Fig. 12c shows a histogram of the dust opacities
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Figure 12: Results from a case study of the ten OMEGA observations returning the highest
proportions of high-r.g retrievals. Panel a) shows histograms of retrieved reg for each of
the ten observations, and panel b) compared histograms of r.g after combining all ten
observations in panel a) to the entire data set. Panel ¢) and d) are the same as panel b),
but comparing a) the dust opacity used for the cloudy pixels used in the r.g retrievals,
and b) the dust opacity in the cloud-free pixels used in the surface albedo retrieval. Panel
e) shows the parameter space between the retrieved rog and the sum of the dust opacities

used in the r.g retrieval and the surface albedo retrieval.

from the cloud-free pixels used for albedo retrievals used here, and Fig. 12d
shows a histogram of the dust opacities from the cloudy pixels. These fig-
ures also show the contributions from the ten observations identified in this
investigation. The dust present in both the cloudy and cloud-free spectra is

above average
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What we learned from this analysis was that we can use surface albedos
retrieved when the dust opacity is elevated, and we can successfully retrieve
water-ice cloud properties when the dust opacity is elevated, but we cannot
perform retrievals when the dust opacity is elevated in both the cloudy and
cloud-free OMEGA observations. A generalization of this observation is in-
ferred from Fig. 12e, which shows the relationship between the retrieved r.g
and the sum of the dust opacities used for the albedo and cloud properties
retrievals. While high-r.g retrievals may occur in any dust situation, when
the sum of the dust opacities is above 0.5, the retrieval favours r.g > 5 pm.

In a second case study, we compared groups of OMEGA pixels that were
distinguished by the magnitude of their retrieved r.g values. Within each
grouping, we compared different properties and calculated the mean spec-
trum and mean multi-spectral albedo for hundreds of pixels. In general, we
found that the level of the baseline of the spectra tended to be related to
high-r.g results. The baseline is affected by the intrinsic surface albedo as
well as dust suspended in the atmosphere. If the albedo was measured with a
dust-free atmosphere, then dust in the cloudy observation can be decoupled
from the water ice signature. However, if dust absorption contaminated the
albedo measurement, then dust in the cloudy spectrum is not fully corrected
for, resulting in compensation in the r.g and 7 retrieval.

Three groups of particular interest were pixels with: 1 pm < reg < 3 pm,
representing retrievals with expected values; 16 pm < reg < 25 pm, repre-
senting retrievals with un-physically large results; and rog > 40 pm, repre-
senting failed retrievals (see Fig. 5a). A striking feature of the last group is

in the ICIs data. It is made up predominantly of pixels with very thin clouds
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and high-ICI. In this region, the retrieval is unreliable as the water-ice infor-
mation content in the spectra is minimal. By comparing these groups, we
are able to see that there is a strong correlation between the shape of the
spectrum and the result.

Fig. 13a shows averaged spectra representing the following criteria: low
Teg, With 2.3pm < reg < 2.8pum and 1.1 < 73 < 1.7; and high 7o, with
40pm < 7eg < 48um, 0 < 715 < 1, and x? < 2000. The means of their
corresponding multi-spectral surface albedo are also shown. The difference is
striking between the two groups. Because this large difference is also reflected
in the albedo data, which are taken from different OMEGA observations over
the same location, we believe that these data are not anomalous and that the
spectra reflect aspects of the surface not accounted for by the retrieval. This
could be strong shadowing, or steep surfaces around crater rims (Vincendon
et al., 2007).

To further investigate these data, we estimated a baseline for the C-
channel portion of the spectra by computing the average value of the points
used in the retrieval below 2.5 nm.Fig. 13b shows the relationship between
the mean baseline and the retrieved r.g. There are three large clusters: the
data with expected rog values, and the majority, lies below 7 pu; there is a
large group between 7-25 pu, explored above and in Fig. 12; and there is
a group covering the entire r.g range, but with baselines below 0.37. This
group of pixels, with low baseline and high-r.g results, tends to have lower
than average maximum digital number (the raw OMEGA signal strength is
lower than average), and lower than average surface elevation. These pixels

are most likely affected by shadowing on the surface, which our model does
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Figure 13: Case study for extremely large retrieved rog. Panel a) shows the means of
1000 randomly selected spectra that resulted in retrieval results that satisfied: low reg
(blue) 2.3 pm < 7o < 2.8um, 1.1 < 73 < 1.7; and high reg (green) 40 pm < reg < 48 pm,
0< 7 <1, and x? < 2000. Also shown are the means of the multi-spectral albedo data
used in each retrieval, and the mean best-fit results. Panel b) shows the parameter space
of the retrieved reg and the baseline of the C-channel spectra, which is defined as the

mean of the spectral points at 1.18, 1.49, 1.73, 2.23, and 2.43 pm.

not accommodate for.

7.2. Mitigation

We made several attempt to alter the retrieval method to try to get more
realistic results from all the analyzed pixels. The objective was to affect the
the x? minimization for retrievals with low values of 7 in order to favour a
position in the phase space with equal mass, but lower 7.¢ (e.g., see Fig. 2b).
While some methods returned some desirable results, they came at the cost
of impacting our already reliable retrievals, made with a robust method, in
negative ways. In the absence of a precise method of identifying low-quality

results, and the desire to maintain a consistent data product, we have not
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incorporated any retrievals derived from these modifications into our data
product. Instead, we provide our understanding of the limitation of the
retrieval and the causes of high r.g results, which may be real in some cases.

We varied the number of parameters, and the position of the spectral
points we used in the retrieval. These tests resulted in surprising results
that reflected water vapour as well as ice aerosols. We included a third free
parameter, such as the dust opacity, or a multiplicative or additive parameter
to modify the albedo data. The spectra, especially when using a limited
number of spectral points, do not support this many degrees of freedom.
The computation of the x? was modified with a parameter to favour a reg of
2 or 2.2, but this had a negative impact on retrievals which already returned
reg < 7. We attempted to remove the signature of CO, gas in the spectra
prior to the retrieval, but this resulted in worse fits, higher 2, and more
convergence failures.

We also tried to use the ICI to constrain the r.g retrievals by applying the
relationship presented in Section 6.3 to the degenerate data. For retrievals
with a reg above a threshold (e.g., 7 or 9 pm), we assume that the 7; retrieval
is more accurate than that of r.¢. We use the ICI to compute the empirical
column mass, then use equation 1 to compute a new value for r.g from the
retrieved 73 and the estimated M. While this method works and does not
have an impact on nominal 7. retrievals, there is a lack of variability in
the ro¢ and 7, parameter space after applying such a simple estimation to
constrain r.g. The variability we see in Fig. 9a, for example, reflects physical
aspects of the OMEGA spectra. This method imposes a forced smoothing

on the high-r.g data, making it difficult to re-combine the constrained data
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with the original data.

8. Conclusions

In this manuscript we have presented a novel, statistical approach to the
retrieval of physical cloud properties from OMEGA spectral images. We
have applied that retrieval to a large subset of OMEGA data motivated
by the availability of improved prior information, especially maps of multi-
spectral surface albedo derived from co-located, cloud-free OMEGA observa-
tions. The average water-ice aerosol size in low-latitude cloud formations is
2.2 pm (standard deviation of 0.83). One of our objectives was to examine the
spatial distribution of cloud properties in single cloud formations. However,
this is challenged by the limitations of the shape of the OMEGA observations
(often only 16 or 32 pixels wide) and the size of the subset of OMEGA data
analyzed (limited by the lifetime of the OMEGA C-channel detector and the
amount of processed albedo data). We also found that applying the retrieval
over many pixels of varying cloud thickness reaches the limitations of the
technique and the water-ice information content in the spectra.

The retrieved parameters, water-ice optical depth, 73, and mean effective
radius, Teg, closely conform to an inverse relationship (see equation 1 and
Fig. 9a). We found that for optically thin clouds, it is difficult to get an
accurate retrieved r.g value, and that there is some degeneracy in the re-
trieval parameter space (see Fig. 2b). A large effort was made to understand
retrievals with higher than expected r.g. We believe that these results may
be real in some cases, but that several aspects may lead to unreliable results,

such as the impact of dust in both of the co-located OMEGA observations
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used to retrieve surface albedo and cloud properties, or OMEGA spectra
with uncharacteristically low reflectances.

We have found an empirical relationship between the ice cloud index,
ICI, and the column mass of water ice, M, or the water ice column, WIC.
The temporal and spatial extent of the ICI data is much larger than those
of the cloud properties retrievals, and work is being done to study the cli-
matology of clouds using the ICI data, and to compare them to other data
sets. We have applied our empirical relationship to the entire OMEGA data
set and presented a climatology, binned by latitude and solar longitude, of
derived WIC from daytime OMEGA observations covering Mars years 26-32
(Fig. 11). The primary features seen are the aphelion cloud belt centred on
LS 90°, and the polar hoods. These are both observed in other water-ice
aerosol climatologies. WIC values range from 1.2-1.6 pr. pm over the aphe-
lion belt, and 1.5-2.5pr.pm over the poles. Future work will expand the
retrieved surface albedo and cloud properties data sets, focusing on increas-
ing the number of results for pixels with ICI < 0.35 to better constrain our
empirical relationship and the derived WIC climatology.

The results of this work have been uploaded to the ESA Planetary Science
Archive at open.esa.int/esa-planetary-science-archive/ in a format

conforming to the Planetary Data System (Version 4).
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